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Background and Aims. Endotoxemia (ET) is a common critical illness in patients receiving intensive care and is associated with
high mortality and prolonged hospital stay. The intestinal epithelial cell dysfunction is regarded as the “engine” of deteriorated
ET. Although electroacupuncture (EA) can mitigate endotoxin-induced intestinal epithelial cell dysfunction in ET, the
mechanism through which EA improves endotoxin-induced intestinal injury for preventing ET deterioration needs further
investigation. Methods. An in vivo ET model was developed by injecting lipopolysaccharide (LPS) in wild-type and PINK1-
knockout mice. An in vitro model was also established by incubating epithelial cells in the serum samples obtained from both
groups of mice. Hemin and zinc protoporphyrin IX (ZnPP) were applied to activate or inhibit heme oxygenase 1 (HO-1)
production. EA treatment was performed for 30min consecutively for 5 days before LPS injection, and on the day of the
experiment, EA was performed throughout the process. Samples were harvested at 6 h after LPS induction for analyzing tissue
injury, oxidative stress, ATP production, activity of diamine oxidase (DAO), and changes in the levels of HO-1, PTEN-induced
putative kinase 1 (PINK1), mitochondrial fusion and fission marker gene, caspase-1, and interleukin 1 beta (IL-1β). Results. In
the wild-type models (both in vivo and vitro), EA alleviated LPS-induced intestinal injury and mitochondrial dysfunction, as
indicated by decreased reactive oxygen species (ROS) production and oxygen consumption rate (OCR) and reduced levels of
mitochondrial fission proteins. EA treatment also boosted histopathological morphology, ATP levels, DAO activity, and levels
of mitochondrial fusion proteins in vivo and vitro. The effect of EA was enhanced by hemin but suppressed by Znpp.
However, EA+AP, Znpp, or hemin had no effects on the LPS-induced, PINK1-knocked out mouse models. Conclusion. EA
may improve the HO-1/PINK1 pathway-mediated mitochondrial dynamic balance to protect the intestinal barrier in patients
with ET.

1. Introduction

Endotoxemia (ET) is common in clinically ill patients
receiving intensive care and can easily induce multiple organ
dysfunction syndromes (MODS) and threaten patients’ life.
Intestinal epithelial cell dysfunction is considered the main
cause of systemic inflammation, such as MODS after ET.

Early and effective interventions to prevent gut barrier dys-
function have been proved to be beneficial for patients with
ET [1].

The mitochondria are highly dynamic organelles that
undergo delicate fusion and fission cycles to maintain their
functions and shape when cells experience metabolic or
environmental stress [2]. In mammals, mitochondrial fusion
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is regulated by mitofusin 1 and 2 (Mfn1/2), situated in the
outer membranes of the mitochondria, and optic atrophy 1
(OpA-1), situated in the inner membranes of the mitochon-
dria. Mitochondrial fission is promoted by dynamin-related
protein 1 (Drp1) in the cytoplasm and mitochondrial divi-
sion protein 1 (Fis1) located in the outer membrane of the
mitochondria [2, 3]. Dysregulation of these processes results
in an abnormally fused or fragmented mitochondrial net-
work that is unable to meet cellular energy demands.

Dysregulated mitochondrial dynamics has been found to
be related to disease development and progression. Intestinal
disease causing intestinal dysfunction has been reported to
be related to disrupted mitochondrial dynamics [4]. Our
previous studies have demonstrated that the mitochondria
with a proper dynamic balance of fusion/fission could resist
endotoxin-induced acute lung injury [5–7]. Previous studies
have also proved that the progression of organ failure during
sepsis is partially due to mitochondrial dysfunction initiated
by oxidative stress, along with a decreased mitochondrial
respiratory control ratio [8, 9]. However, whether modulat-
ing the mitochondrial fusion/fission balance can alleviate
the gut barrier dysfunction in ET is currently unknown.
Exploring a potential antioxidant to preserve mitochondrial
dynamics may be a vital determinant for protecting the
mitochondria from oxidative damage in animal models of
sepsis-induced organ failure.

Heme oxygenase-1 (HO-1) can regulate mitochondrial
dynamic equilibrium and impede oxidative cellular injury
by catalyzing the breakdown of heme to free iron, carbon
monoxide, and biliverdin in mammalian cells [10–12].
PTEN-induced putative kinase 1 (PINK1), the only kinase
located mainly in the mitochondrial intima, has been found

to have a certain protective effect on the mitochondria dur-
ing cellular stress, which is important in the HO-1 pathway.
However, the basic mechanism remains to be investigated
[13–15].

In recent years, electroacupuncture (EA) on proper acu-
points (AP) has gained popularity as a nonpharmaceutical
treatment for intestinal injury [16–18]. Our previous studies
have demonstrated the protective effect of EA on ET-
induced lung injury, wherein we found an increase in HO-
1 expression and mitochondrial fusion activities [19–21].
However, whether EA is effective in protecting intestinal epi-
thelial cells in patients with ET by regulating the mitochon-
drial fusion/division homeostasis is currently unknown.
Therefore, in the present study, we hypothesized that EA
may protect the intestinal epithelial cells in patients with
ET by regulating the mitochondrial fusion/fission dynamics
and protect the intestinal barrier by activating the HO-1/
PINK1 pathway. Both wild-type and PINK1-knockout mice
and cells were used in the study, and an ET model was estab-
lished both in vivo and vitro. We attempted to validate our
hypothesis to explore the basic mechanism of EA treatment
for ET (Figure 1).

2. Materials and Methods

2.1. Ethics Approval. All animal procedures were approved
by the Animal Ethics and Welfare Committee of Nankai
University (No.81803899) and performed according to the
Guidelines for the Care and Use Experimental Animals.

2.2. Establishment of an In Vitro LPS-Induced Cell Intestinal
Barrier Model. Human colon adenocarcinoma cells (Caco-2
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Figure 1: Outline of the experimental design.
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cells) were cultured in the DMEM complete medium (contain-
ing 20% fetal bovine serum) at 37°C in a 5% CO2 incubator and
passaged by trypsin digestion every 3–5 days. The cells were
counted using a blood cell counting plate, which were seeded
on the top of a Transwell chamber at a density of 2 × 105
cells/ml. Then, 400μl of cells and 600μl of DMEM complete
medium were added to each well. After inoculation, the
medium was changed every day. The growth status of cells
was observed by determining trans-epithelial electrical resis-
tance (TEER). After 21 days of culture, the cells were dense
and well-connected per our observation under a light micro-
scope, and TEER was significantly increased and stabilized at
450–500Ω/cm, which indicated that an in vitro Caco-2 cell
intestinal barrier model was established successfully. The intes-
tinal barrier model cells were further exposed to LPS (100μg/
mL, dissolved in 1mL of 0.9% normal saline) for 24h to estab-
lish an LPS-induced cell intestinal barrier model in vitro.

A certain amount of blood was taken from the heart of the
mice treated with EA on AP via a 5mL vacuum blood sampling
needle. The blood was cooled for 1h and centrifuged
(2,500 rpm) for 25min. The sediment was discarded, and the
serum was retained. The serum was inactivated in a water bath
at 56°C for 30min and then sterilized using 0.22μM semiper-
meable membranes. The prepared serum was added to the
Caco-2 cell intestinal barrier model at a ratio of 10%. After
12h of incubation, the Caco-2 cell intestinal barrier model with
EA on AP intervention was established [22]. The Caco-2 cells
were subcultured for three passages. Tests were performed at
each passage. Each test was repeated three times. Mycoplasma
detection was performed through PCR analysis to ensure that
the cells were not infected by mycoplasma [23].

2.3. Establishment of the Mouse Intestinal Injury Model of
ET. Eight-week-old, male C57BL/6 mice (weighing 18 to
22 g) were provided by the Laboratory Animal Center of
Nankai University, Tianjin, China. The mice were caged
individually at 30%–70% humidity (18 to 25°C) and acclima-
tized to a 12 h light-dark cycle, with access to food and water
ad libitum. The animals were anesthetized and operated, as
described previously [24]. To induce intestinal injury,
10mg/kg LPS (dissolved in 1mL of 0.9% normal saline)
was injected intraperitoneally, and the control group was
injected with an equal volume of normal saline. Further
experimental details were described in our previous study
[23]. The mice were sacrificed 6h after the LPS injection,
and the specimens were isolated for further analysis (the ani-
mals who died within 6 h were excluded). The mice were
acclimated for three days prior to the experiments.

2.4. Different Groups of Cells and Mice with/without
Treatment. The cells were divided into 5 groups, namely
control, LPS (LPS-induced cells), LPS+EA+AP group
(LPS cells treated with EA on AP targets), LPS+EA+AP
+ZnPP group (LPS cells treated with EA on AP targets
and incubated with ZnPP), and LPS+EA+AP+hemin
group (LPS cells treated with EA on AP targets and incu-
bated with hemin). For EA intervention, the cells were cul-
tured with the serum obtained from the LPS mice treated
with EA. The cells were digested after 6 h. Then, the cell pel-

lets were resuspended in 1mL phosphate buffer saline for
complete homogenization. The supernatants of the cell
homogenate were extracted by centrifugation at 4°C and
15,000 rpm for 10min. The samples were frozen in liquid
nitrogen and stored at -80°C until further assays.

The mice were divided into 5 groups, with 10 mice in
each group: Control group (wild mice injected with normal
saline), LPS group (mice injected with LPS), LPS+EA+AP
group (LPS mice treated with EA on AP targets), LPS+EA
+AP+ZnPP group (LPS mice treated with EA on AP targets
and injected with ZnPP), and LPS+EA+AP+hemin group
(LPS mice treated with EA on AP targets and injected with
hemin). For the LPS+AP+EA group, the bilateral acupoints
of Zusanli at 5mm depth and Hegu at 1mm depth were
selected as the AP locations (for more details, please refer
to supplementary materials and methods). During the treat-
ment period, the needle handles were connected to a Han’s
nerve AP stimulator with a disperse-dense wave of 2Hz/
15Hz frequency and 1mA intensity applied. A daily
30min EA treatment was performed for 5 days before
administering the LPS injection. On the day of the experi-
ment, EA was performed 30min before the LPS injection.
The needles were retained in the APs until the end of the
experiment. On the other hand, the LPS+EA group received
EA treatment on locations beyond the selected targets. An
experienced acupuncturist identified the AP and non-AP
targets. In the groups treated with drugs, ZnPP or hemin
was injected via the tail vein; hemin was injected at the dose
of 100mg/kg dissolved in 1mL of NaOH, and Znpp was
injected at a dose of 10μmol/kg dissolved in 1mL of
NaHCO3.

All the mice were euthanized 6h after LPS injection, and
a 10 cm long small intestine was dissected from the terminal
ileum. The small intestine was carved along with the antime-
senteric attachment, and a mucosal homogenate was
obtained. The mucosal homogenate (1mL) was centrifuged
at 15,000 rpm and 4°C for 5min, and the cell pellets were
resuspended in 1mL phosphate buffer saline for complete
homogenization. Then, the supernatant of the cell homoge-
nate was extracted by centrifugation at 4°C and 15,000 rpm
for 10min. The samples were frozen in liquid nitrogen and
stored at -80°C until further analysis.

2.5. Determining Mitochondrial Function. The level of reac-
tive oxygen species (ROS) in the intestinal mucosal epithelial
cells was determined spectrofluorometrically using the
DCFH-DA as a fluorescent dye. Briefly, the intestine mucosal
cell suspension was treated with 10μmol/L DCFH-DA at
37°C for 30min in the dark. DCF fluorescence was monitored
with Ex/Emof 480nm/530nm by using the Chameleon
microplate reader (Hidex, Turku, Finland). The fluorescence
intensity of the sample was determined as the differences rel-
ative to the initial fluorescence. The oxygen consumption
rate (OCR) of the intestinal mucosal epithelial cells was
detected using the Cayman oxygen consumption rate detec-
tion kit and analyzed by flow cytometer (Beckman Coulter,
CA, USA). The data were analyzed using FlowJo software
(Tree Star, OR, USA). The ATP level was determined using
an ATP assay kit, and the absorbance of every well was
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Figure 2: The levels of mRNAs (a, b) and proteins (c, d, e, and f) known as mitochondrial fusion/fission markers and pyroptosis factors in
the wild-type mice (a, c, and d) and PINK1-knockout mice (b, e, and f). HO-1: heme oxygenase-1, PINK1: PTEN-induced putative kinase 1,
Drp1: the dynamin-related protein 1, Mfn1/2: the mitofusin 1 and 2, Fis1: mitochondrial division protein 1, OpA-1: the optic atrophy 1, IL-
1β: interleukin-1β, LPS: lipopolysaccharide, EA+AP: electroacupuncture (EA) performed on acupoint (AP), hemin: a substrate and inducer
of HO-1, and ZnPP: zinc protoporphyrin IX, an inhibitor of HO-1, +/-. The mice were or were not treated with corresponding factors. β-
Actin served as an internal standard to ensure similar gel loading of the starting material in each sample. The mRNA and protein levels are
compared using the paired sample t-test. ∗: significant difference compared with the control mice (P < 0:05). #: significant difference
compared with the LPS-exposed mice (P < 0:05).
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monitored at the optical density (OD) of 570 nm by using a
microplate reader (Bio-Tek Instruments, VT, USA) [25].

2.6. Assessment of the Extent of Intestinal Epithelial Cell
Injury. The extent of intestinal epithelial cell injury was assessed
by determining the diamine oxidase (DAO) levels. The activity
of DAO was determined by ELISA. The activity of DAO in
animal plasma and cell culture supernatant samples was
determined using the double antibody sandwich method.
The specific methods used are as follows: first, the micro-
plates were coated using the purified DAO antibody to make
a solid-phase antibody. Second, standard DAO and animal
plasma and cell culture supernatants were added to the
coated microplates. Third, HRP-labeled DAO antibody was
added to the microplates to form antibody antigen enzyme-
labeled antibody complexes. After thorough washing, the
substrate 3,3′,5,5′ -tetramethylbenzidine (TMB) of HR was

added for color development. The color of TMB turned blue
because of the catalysis of the HRP enzyme and turned yel-
low under the action of the acid. The color density was pos-
itively correlated with the activity of DAO. The absorbance
(OD value) was measured at a wavelength of 450nm by
using a microplate reader. The activity of DAO was calcu-
lated by determining the standard curve.

2.7. Real-Time Quantitative Reverse Transcription PCR.
Total RNA was isolated from cultured Caco-2 cells or mouse
intestine mucosa by using a high-purity RNA kit (Roche,
Switzerland). Total RNA was quantified using a spectropho-
tometer at 260 nm. Then, 2μg of total RNA was reverse
transcribed to produce first-strand cDNA by using the SYBR
Green Master Mix on the ABI Prism 7000 sequence detector
system (Applied Biosystems, Foster City, USA). The PCR
conditions were as follows: predegeneration at 95°C for
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Figure 3: The levels of mRNAs (a, b) and proteins (c, d, e, and f) known as mitochondrial fusion/fission markers and pyroptosis factors in
the wild-type Caco-2 cells (a, c, and d) and PINK1-knockout Caco-2 cells (b, e, and f). HO-1: heme oxygenase-1, PINK1: PTEN-induced
putative kinase 1, Drp1: the dynamin-related protein 1, Mfn1/2: the mitofusin 1 and 2, Fis1: mitochondrial division protein 1, OpA-1:
the optic atrophy 1, IL-1β: interleukin-1β, LPS: lipopolysaccharide, EA+AP: electroacupuncture (EA) performed on acupoint (AP),
hemin: a substrate and inducer of HO-1, and ZnPP: zinc protoporphyrin IX, an inhibitor of HO-1, +/-. The cells were or were not
treated with corresponding factors. β-Actin served as an internal standard to ensure similar gel loading of the starting material in each
sample. The mRNA and protein levels were compared using the paired sample t-test. ∗: significant difference compared with the control
cells (P < 0:05). #: significant difference compared with the LPS-exposed cells (P < 0:05).
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10min, followed by 40 thermal cycles of denaturation for
30 s at 95°C; annealing for 5 s at 95°C; and extension for
30 s at 60°C. Specific primers used for marker genes of the
status of the mitochondrial dynamic equilibrium are
described in Supplementary Methods. The housekeeping
gene β-actin served as an internal control to normalize all
PCR products. Target gene expression was quantified using
the comparative cycle threshold (CT) methods [26, 27].

2.8. Western Blot Analysis. At the indicated time after pre-
treatment with various factors, the cultured Caco-2 cells or
mouse intestine mucosa were homogenized in the ice-cold
lysis buffer for 30min. The protein extracts were centrifuged
at 4°C and 15,000 rpm for 15min, and the supernatants were
quantified using the bicinchoninic acid protein assay kit
(Thermo Fisher Scientific, MA, USA). Equal amounts of
protein (50μg per lane) were separated by 12% SDS-PAGE
and then transferred to PVDF membranes (Bio-Rad, Hercu-
les, CA, USA) by using the Bio-Rad transblot apparatus. The
blots were washed with 1X Tris-buffered saline (TBS;
200mmol/L Tris and 1.5mol/L NaCl) three times and then
blocked using 5% skim milk for 40min at room temperature.
The proteins were incubated overnight at 4°C with primary
antibodies against HO-1 (1 : 500), PINK-1 (1 : 500), Drp1
(1 : 500), Mfn1 (1 : 400), Mfn2 (1 : 300), Fis1 (1 : 500), OPA1
(1 : 500), caspase-1 (1 : 500), IL-1β (1 : 500), and β-actin
(1 : 500). The blots were washed with TBS-0.05% Tween 20
three times and incubated for 2 h at 37°C with HRP-
conjugated secondary antibody (1 : 300). The protein signal
was visualized using the Immobilon Western Chemilumi-
nescent HRP Substrate detection reagent (Millipore, MA,
USA) and imaged using Image Lab software (Bio-Rad, VA,
USA). Finally, the proteins were quantified through densi-
tometry using the Molecular Analyst Image-analysis Soft-
ware (Bio-Rad Laboratories, CA, USA). The protein
concentration of the marker genes was normalized to β-
actin concentration by using the OD ratio.

2.9. Histopathological Examination of Cells and Observation
of Mitochondrial Ultrastructure. After sacrificing the mice, 2
jejunum tissues were extracted from each mouse, of which
one was used for histopathological examination and the
other for observing the change in the mitochondrial ultra-
structure. For the tissue histopathological examination, the
jejunum tissues were cut into 5mm sections, sliced into thin
slices, fixed in 10% formalin, embedded in paraffin, and
stained with hematoxylin and eosin (H&E) dye. We then
evaluated the extent of injury to the intestine mucosa tissue
according to inflammatory cell infiltration. To observe
changes in the mitochondrial ultrastructure, the mucosal
layer of the injured jejunum was fixed in 2.5% glutaralde-
hyde overnight at 4°C and then fixed in 1% aqueous osmium
for 1 h, dehydrated with acetone, and embedded in resin
based on routine protocols. The ultra-thin sections
(<100nm) were prepared using a microtome and mounted
on copper grids. The mitochondrial ultrastructure was
observed under a transmission electron microscope.

3. Results

3.1. The Mechanism of EA+AP Treatment in LPS-Induced
Intestinal Injury In Vivo and In Vitro. The LPS-treated
wild-typemice or cells and PINK1-knockoutmice or cells were
used to understand the mechanism of EA+AP treatment in
LPS-induced intestinal injury both in vivo and in vitro
(Figures 2 and 3). Figures 2(a), 2(c), and 2(d) and
Figures 3(a), 3(c), and 3(d) show that LPS injection downregu-
lated HO-1, PINK1, Mfn1, Mfn2, and OPA-1 mRNA expres-
sions, decreasing respective protein levels (P < 0:05), and
upregulated Drp1, Fis1, caspase-1, and IL-1β mRNA expres-
sions, increasing respective protein levels, in the wild-typemice
or cells (P < 0:05). When the wild-type mice and cells were
subjected to EA+AP treatment, the mRNA and protein levels
induced by LPS were alleviated (Figures 2 and 3; P < 0:05).
Znpp (the HO-1 inhibitor) and hemin (a substrate and potent
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Figure 4: Effect of EA on ROS production, ATP content, OCR, and DAO levels in the LPS-exposed wild-type (a, b, c, and d) and PINK1-
knockout mice (e, f, g, and h). LPS: lipopolysaccharide, EA+AP: electroacupuncture (EA) on acupoint (AP), hemin: a substrate and inducer
of HO-1, ZnPP: zinc protoporphyrin IX, an inhibitor of HO-1, OCR: oxygen consumption rate, ROS: reactive oxygen species, DAO: diamine
oxidase, and ATP: adenosine triphosphate. The mRNA and protein levels were compared using the paired sample t-test. ∗: significant
difference compared with the control mice (P < 0:05). #: significant difference compared with the LPS-exposed mice (P < 0:05).

13Oxidative Medicine and Cellular Longevity



0

Co
nt

ro
l

LP
S

LP
S+

EA
+A

P

LP
S+

EA
+A

P+
Zn

pp

LP
S+

EA
+A

P+
H

em
in

ROS

U
/m

L
0.5

1
1.5

2
2.5

3
3.5 ⁎

#⁎
#⁎

⁎

(a)

0

Co
nt

ro
l

LP
S

LP
S+

EA
+A

P

LP
S+

EA
+A

P+
Zn

pp

LP
S+

EA
+A

P+
H

em
in

ATP

nm
ol

/L

130

260

390

520

650

⁎

#⁎

#⁎

#⁎

(b)

0

Co
nt

ro
l

LP
S

LP
S+

EA
+A

P

LP
S+

EA
+A

P+
Zn

pp

LP
S+

EA
+A

P+
H

em
in

OCR

𝜇
s/

m
in

0.1

0.2

0.3

0.4

⁎
⁎

#⁎
#⁎

(c)

0

Co
nt

ro
l

LP
S

LP
S+

EA
+A

P

LP
S+

EA
+A

P+
Zn

pp

LP
S+

EA
+A

P+
H

em
in

DAO

pg
/m

L
50

100
150
200
250

⁎ ⁎

#⁎ #⁎

(d)

0

Co
nt

ro
l

LP
S

LP
S+

EA
+A

P

LP
S+

EA
+A

P+
Zn

pp

LP
S+

EA
+A

P+
H

em
in

ROS

ng
/m

L

0.5

1.5
1

2
2.5

3
⁎ ⁎ ⁎ ⁎

(e)

0

Co
nt

ro
l

LP
S

LP
S+

EA
+A

P

LP
S+

EA
+A

P+
Zn

pp

LP
S+

EA
+A

P+
H

em
in

ATP

nm
ol

/L

140
280
420
560
700

⁎ ⁎ ⁎ ⁎

(f)

Figure 5: Continued.

14 Oxidative Medicine and Cellular Longevity



inducer of HO-1) were used alone to treat the wild-type mice
and cells. The effect of EA+AP was reversed by the HO-1
inhibitor Znpp in the wild-type mice and cells; however, the
HO-1 substrate and potent inducer hemin reversed the inhibi-
tory effect of Znpp (Figures 2 and 3; P < 0:05).

However, the EA+AP, Znpp, and hemin treatments did
not affect Drp1, Mfn1, Mfn2, Fis1, OPA-1, caspase-1, and
IL-1β mRNA expressions and respective protein levels in
the LPS-induced and PINK1-knockout mice and cells.
(Figures 2(b), 2(e), and 2(f) and Figures 3(b), 3(e), and 3(f)).

3.2. EA Exerted a Protective Effect by Regulating the HO-1/
PINK1 Pathway in LPS-Induced Mitochondrial Dysfunction
and Intestinal Epithelial Cell Injury In Vivo and In Vitro.
The four indices of mitochondrial function and intestinal epi-
thelial cell injury degree, namely OCR, ROS, ATP, and DAO,
were compared between the wild-type and PINK1-knockout
mice and cells. As shown in Figures 4 and 5, LPS increased
the ROS contents in the mitochondria (Figures 4(a), 4(e),
5(a), 5(e)), whereas it decreased the ATP (Figures 4(b), 4(f),
5(b), 5(f)), OCR (Figures 4(c), 4(g), 5(c), 5(g)), and DAO
(Figures 4(d), 4(h), 5(d), 5(h)) levels (P < 0:05) in both the
wild-type and PINK1-knockout mice and cells. The EA effect
on the wild-type cells was reversed by Znpp, whereas hemin
reinforced the effect of EA+AP in the wild-type mice and
cells. EA+AP, Znpp, and hemin did not affect the LPS-
induced and PINK1-knockout mice and cells.

3.3. EA Changed the Histopathological Morphology of LPS-
Induced Intestinal Epithelium Tissues in the Wild-Type
Mice. As shown in Figure 6, the LPS group showed a
decreased number of normal cells in the jejunal epithelial tis-
sue than the control group. The tissues in the LPS group
showed cellular vacuolization, swelling, desquamation, and
interstitial edema. In the LPS+EA+AP group, the degree
of the jejunal epithelial tissue injury was attenuated to a cer-
tain extent, which was shown by the increased normal cell
density and reduced cellular vacuolization, swelling, desqua-
mation, and interstitial edema. Additional treatment with

hemin augmented the effects of EA+AP. However, addi-
tional treatment with ZnPP weakened the protective effects
of EA+AP (the LPS+EA+AP+ZnPP group), and hemin
reinforced the effect of EA+AP against the LPS-induced
jejunal epithelial tissue injury.

3.4. EA Changed the Mitochondrial Ultrastructure in the
Wild-Type Mice. As shown in Figure 7, LPS-induced mito-
chondrial edema and crest fracture (the LPS group) were
attenuated by EA+AP treatment (the LPS+EA+AP group)
and further attenuated by hemin (the LPS+EA+AP
+hemin group). However, Znpp partially inhibited the pro-
tective effects of EA+AP (the LPS+EA+AP+Znpp group).

4. Discussion

This study showed that EA exerted a protective effect on ET-
induced intestinal injury by regulating the HO-1/PINK1
pathway-mediated mitochondrial dynamics both in vitro
and in vivo. The study showed that EA+AP can regulate
the mitochondrial fusion/fission balance and preserve the
mitochondrial function by increasing ATP production,
DAO activity, and OCR; upregulating mitochondrial fusion
marker gene expression; increasing respective protein levels;
decreasing the ROS content and OCR; and downregulating
mitochondrial fission marker gene expressions and the
respective protein levels. The study also showed that the
HO-1 inhibitor mitigates the positive effect of EA+AP on
LPS-induced intestinal injury and that the positive effect of
EA+AP can be enhanced by the HO-1 inducer hemin. To
further investigate the role of HO-1, we used PINK1-
knockout models and found that the protective effect of
EA+AP against endotoxin-induced intestinal injury disap-
peared. The function of the intestinal epithelial barrier
mainly depends on the balance between apoptosis and pro-
liferation of intestinal epithelial cells [28]. Usually, the
dynamic renewal of intestinal epithelial cells plays an impor-
tant role in maintaining the normal structure and function
of the intestinal epithelium. The destruction of the inherent
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Figure 5: Effect of EA on ROS production, ATP content, OCR, and DAO levels in the LPS-exposed wild-type (a, b, c, and d) and PINK1-
knockout mice (e, f, g, and h). LPS: lipopolysaccharide, EA+AP: electroacupuncture (EA) on acupoint (AP), hemin: a substrate and inducer
of HO-1, ZnPP: zinc protoporphyrin IX, an inhibitor of HO-1, OCR: oxygen consumption rate, ROS: reactive oxygen species, DAO: diamine
oxidase, and ATP: adenosine triphosphate. The mRNA and protein levels were compared using the paired sample t-test. ∗: significant
difference compared with the control cells (P < 0:05). #: significant difference compared with the LPS-exposed cells (P < 0:05).
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dynamic balance of intestinal epithelial cells can cause intes-
tinal injury. ET induces inflammatory factors in the gastro-
intestinal microenvironment, which can facilitate apoptosis
by activating the proapoptotic signal in intestinal epithelial
cells via the cell membrane death receptor [29]. Excessive
apoptosis of intestinal epithelial cells may disrupt the intes-
tinal epithelial barrier function and accelerate the migration
of intestinal bacteria from the intestine to the systemic blood
circulation along the mesenteric lymphatic vessels, thus
inducing ET deterioration and MODS development [30].

Pyroptosis is a form of programmed cell death character-
ized by the cysteinyl aspartate-specific proteases-1 (caspase-

1) and the release of a large number of proinflammatory cyto-
kines such as IL-1β [31–33]. Pyroptosis plays a role in the
occurrence and development of infectious diseases including
ET. The mitochondrion is the central link in the regulatory
mechanism of apoptosis, in which tube network fragmenta-
tion occurs in the early stage of apoptosis [34]. Studies have
proposed the concept of “microcirculation and mitochondrial
distress syndrome”, pointing out the fundamental role of
mitochondrial dysfunction in ET pathogenesis [35].

The stability of mitochondrial dynamics (the dynamic
process of mitochondrial fusion and division) is important
to ensure the normal spatial structure and morphology of

Control LPS LPS+EA+AP

LPS+EA+AP+heminLPS+EA+AP+ZnPP

Figure 7: The change in the ultrastructure of the mitochondria in the small intestine epithelial cells. Electron microscopy images of the
mitochondria in small intestine epithelial tissues from the control group (the mice were injected with normal saline instead of LPS), LPS
group (the mouse intestinal injury model of ET), LPS + EA+AP group (the mouse intestinal injury model of ET treated by EA on AP),
LPS + EA+AP+ZnPP group (the LPS + EA+AP group was injected with ZnPP), and LPS + EA+AP+hemin group (the LPS+ EA+AP
group was injected with hemin). LPS: lipopolysaccharide, EA: electroacupuncture, AP: acupoint, ET: endotoxemia, and Znpp: zinc
protoporphyrin IX.

Control LPS LPS+EA+AP

LPS+EA+AP+heminLPS+EA+AP+ZnPP

Figure 6: Microphotographs of histopathologic changes in the small intestine epithelial tissue stained with H&E. Representative images of
H&E-stained small intestinal epithelial slices from the control group (mice were injected with normal saline instead of LPS), LPS group (the
mouse intestinal injury model of ET), LPS + EA+AP group (the mouse intestinal injury model of ET treated by EA on AP), LPS + EA+AP
+ZnPP group (the LPS +EA+AP group was injected with ZnPP), and LPS + EA+AP+ hemin group (the LPS +EA+AP group was injected
with hemin). H&E: hematoxylin and eosindye, LPS: lipopolysaccharide, EA: electroacupuncture, AP: acupoint, ET: endotoxemia, and Znpp:
zinc protoporphyrin IX.
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the mitochondria [36]. In cells, mitochondria form a
dynamic network structure by connecting with each other,
which may represent an efficient energy-transport system
or calcium channels between different regions of a cell. The
dynamic balance of fusion/division maintains the stability
of the morphological functions of mitochondria. Studies
have shown that the imbalance of mitochondrial dynamics
is involved in the occurrence and development of various
acute/chronic major diseases. However, the underlying
mechanism of mitochondrial dynamic destruction is
unknown [37, 38]. Using the LPS-induced ET model, we
showed that the mitochondrial fusion/division movement
can be adjusted by regulating mitochondrial movement-
related proteins, thus treating ET-induced intestine injury
via restoring the mitochondrial dynamic balance [5, 7, 24].

ET increases free oxygen and nitrogen radicals and pro-
duces peroxynitrite. The persistently high levels of ROS and
reactive nitrogen substances are harmful to the mitochon-
dria, as they inhibit the mitochondrial respiratory chain
function, thus reducing mitochondrial DNA replication and
accelerating free radical generation. Hence, in this study, a
vicious cycle of “free radical generation-mitochondrial struc-
ture destruction-free radical generation” was initiated. In the
early stage of stress, fusion compensates for defects in mito-
chondria to maintain the energy needs. When mitochondrial
damage exceeds a certain threshold, a mitochondrial division
is much faster than fusion, resulting in the accumulation of
many fragmented mitochondria in cells, which cannot be
removed, causing irreversible damage to cells including intes-
tinal epithelial cells [39, 40]. Therefore, the regulation of
mitochondrial fusion/division and the maintenance of its
dynamic stability are the prerequisite for the protection of
the intestinal epithelial barrier function in ET.

Recent studies have shown that PINK1 plays an important
role in regulating mitochondrial dynamics and mediating the
autophagic clearance of damagedmitochondria [41, 42]. In this
study, the positive effect of EA+AP was not observed on the
ET-induced intestinal injury in the PINK1-knockout cells and
mice. A possible reason is that HO-1 regulates mitochondrial
homeostasis via PINK1 located in the mitochondrial intima.

5. Conclusions

EA+AP protects the intestine against endotoxin-induced
injury by inducing HO-1 translocation to the mitochondrial
intima, which may further regulate the mitochondrial
fusion/division balance and protect the intestinal barrier
function by activating PINK1. This study provides atheoret-
ical basis for the novel therapy using EA on specific acu-
points to treat ET-induced intestinal injury.
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Xanthine oxidase (XO) utilizes molecular oxygen as a substrate to convert purine substrates into uric acid, superoxide, and
hydrogen peroxide, which is one of the main enzyme pathways to produce reactive oxygen species (ROS) during septic
inflammation and oxidative stress. However, it is not clear whether XO inhibition can improve sepsis-induced renal hypoxia in
sepsis-induced acute kidney injury (SI-AKI) mice. In this study, pretreatment with febuxostat, an XO-specific inhibitor, or
kidney knockdown of XO by shRNA in vivo significantly improved the prognosis of SI-AKI, not only by reducing the levels of
blood urea nitrogen, serum creatinine, tumor necrosis factor-α, interleukin-6, and interleukin-1β in peripheral blood but also
by improving histological damage and apoptosis, reducing the production of ROS, and infiltrating neutrophils and
macrophages in the kidney. More importantly, we found that pharmacological and genetic inhibition of XO significantly
improved renal hypoxia in SI-AKI mice by a hypoxia probe via fluorescence staining. This effect was further confirmed by the
decrease in hypoxia-inducible factor-1α expression in the kidneys of mice with pharmacological and genetic inhibition of XO.
In vitro, the change in XO activity induced by lipopolysaccharide was related to the change in hypoxia in HK-2 cells.
Febuxostat and XO siRNA significantly relieved the hypoxia of HK-2 cells cultured in 2% oxygen and reversed the decrease in
cell viability induced by lipopolysaccharide. Our results provide novel insights into the nephroprotection of XO inhibition in
SI-AKI, improving cell hypoxia by inhibiting XO activity and reducing apoptosis, inflammation, and oxidative stress.

1. Introduction

Sepsis is the leading cause of acute renal injury (AKI) and is
associated with increased morbidity and mortality in inten-
sive care units [1, 2]. Palliative interventions such as fluid
resuscitation, antibiotics, vasopressin, and renal replacement
therapy are recommended to treat sepsis-induced AKI (SI-
AKI) patients and wait passively for the kidney function to
recover [3–5]. The experimental AKI induced by lipopoly-
saccharide (LPS), a key component of the outer membrane
of gram-negative bacteria, is commonly used in vivo model
closely recapitulating SI-AKI in humans, which hosts a
complex inflammatory milieu comprising neutrophils, mac-
rophages, epithelial cells, reactive oxygen species (ROS), pro-
inflammatory mediators, and enzymes [6, 7]. An in-depth

understanding of the SI-AKI pathophysiology is of great
benefit to formulating effective mechanism-mediated treat-
ment strategies.

Xanthine oxidase (XO) is one of the main enzyme
pathways that produce ROS during oxidative stress and
inflammation. It utilizes molecular oxygen to catalyze the
oxidation of purine substrates (such as hypoxanthine and
xanthine) to uric acid and generates superoxide (O2

•-) and
hydrogen peroxide (H2O2) [8, 9]. XO has been suggested to
participate in the pathogenesis of acute organ injury, includ-
ing SI-AKI. Its activity and expression can be upregulated by
various inflammatory stimuli, such as LPS, cytokines, and
hypoxia [10–16]. Febuxostat, a selective and potent inhibitor
of XO, can alleviate AKI, which may be related to antioxidant
stress, anti-inflammation, and antiendoplasmic reticulum
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stress and reducing uric acid production [17–19]. The pro-
tective role of febuxostat in animal models of SI-AKI has
only recently been reported. Ramos and his colleagues [20]
found that febuxostat, rather than allopurinol, improved
renal function in experimental SI-AKI animals induced by
LPS. The mechanism may be associated with antioxidant,
anti-inflammatory, and antiapoptotic effects. Similarly, Ibra-
him et al. [21] confirmed the protective effect of febuxostat
on liver and kidney injuries in sepsis after cecal ligation
through its antioxidant, anti-inflammatory, and antiapopto-
tic properties and the weakening of the c-Jun N-terminal
kinase signaling pathway.

In addition to the inflammatory cascade and oxidative
stress, renal ischemia/hypoxia is emerging as a common
pathophysiological feature of SI-AKI, an essential driver in
the transition and/or propensity for the progression from
AKI to chronic kidney disease (CKD) [22, 23]. Based on
the characteristic that XO utilizes molecular oxygen to cata-
lyze purine substrates, we hypothesize that downregulation
of XO can alleviate local hypoxia in renal tissue of the SI-
AKI model, which has not been reported thus far. Therefore,
this study is aimed at exploring the effects and potential
mechanisms of XO inhibition on LPS-induced renal hypoxia
in SI-AKI mice.

2. Materials and Methods

2.1. Chemicals and Reagents. LPS (Escherichia coli serotype
O55:B5, L2880) was obtained from Sigma-Aldrich (USA).
F4/80 (cat no. 29414-1-AP) and myeloperoxidase (MPO,
cat no. 22225-1-AP) antibodies were from Proteintech
(Wuhan, China), and hypoxia-inducible factor-1α (HIF-
1α) antibody (cat no. BF8002) was from Affinity Biologicals
(Jiangsu, China). XO (cat no. sc-398548) antibody was from
Santa Cruz (USA). The XO activity assay kit (cat no.
KTB1070), goat anti-mouse IgG H&L (DyLight 649) (cat
no. A23610), goat anti-mouse IgG H&L (DyLight 488) (cat
no. A23210), and goat anti-mouse IgG HRP (cat no.
A21010) were purchased from Abbkine (Wuhan, China).
Pimonidazole HCl and anti-pimonidazole mouse antibody
was purchased from Hypoxyprobe (USA). ELISA kits for
tumor necrosis factor-α (TNF-α, cat no. BMS607-3),
interleukin-6 (IL-6, cat no. KMC0061), and IL-1β (cat no.
KMC0061) were from Thermo Fisher Scientific (USA). The
fluorescein (FITC) TUNEL Cell Apoptosis Detection Kit was
from Servicebio (cat no. G1501, Wuhan, China). Dihy-
droethidium (DHE) for probing superoxide radicals was
purchased from Beyotime (cat no. S0063, Shanghai, China).

2.2. Animals and Experimental Protocol. All animal experi-
ments were conducted in strict accordance with the Guide-
lines for Care and Use of Laboratory Animals and were
permitted by the Animal Welfare and Ethics Institution of
the Fourth Military Medical University. Male C57BL/6 mice
aged 6-8 weeks, weighing 20-25 g, were raised in the SPF lab-
oratory of the Animal Experiment Center of the Air Force
Military Medical University (Fourth Military Medical Uni-
versity). They were randomly divided into three groups:
control (received water by gavage) group (n = 10), LPS

(10mg/kg dissolved in sterile deionized water) only group
(n = 10), and LPS+febuxostat (Feb, 10mg/kg/day dissolved
in saline) (n = 10). The mice were given febuxostat by gavage
every 24 h for 7 days, followed by intraperitoneal injection of
LPS. For XO knockdown in vivo, we constructed an AAV
vector carrying XO shRNA (pAAV-shXO) with a target
sequence of 5′ AAGTGTAGCAATCGCGTCC 3′ (Shanghai
Genechem Co., Ltd). Mice were divided into two groups:
LPS+pAAV-shNC (LPS+Ctrl-shR) and LPS+pAAV-shXO
(LPS+XO-shR) (n = 10). AAV injection was conducted
according to the previous research [24]. Briefly, mice were
anesthetized with 50mg/kg sodium pentobarbital, the
abdominal hair of the mice was removed with a shaver,
and the mice were fixed in a supine position on the operat-
ing table with tape. Make a longitudinal incision about
2.0 cm long along the midline of the abdomen below the cos-
tal margin. Then, renal vein was isolated and clamped, and
50μl of 1× PBS containing 1E + 11V.G. of AAV was slowly
injected using a 30G needle. The clamp was removed after
15min postinjection, and the incision sutured. Three weeks
later, LPS was administered to induce SI-AKI in mice. Ani-
mals were ethically sacrificed by administrating pentobarbi-
tal sodium (Sigm-Aldrich, USA) at 24h after LPS injection,
and whole blood and kidneys were collected for further
analysis.

2.3. Blood Physiochemical Assays. The whole blood collected
from the eyeballs was centrifuged at 4°C and 4000 rpm for
10min to acquire the serum sample. The levels of serum cre-
atinine (Scr, cat no. C011-2-1) and blood urea nitrogen
(BUN, cat no. C013-2-1) were measured according to the
manufacturer’s instructions using the creatinine and urea
nitrogen assay kit (Nanjing Jiancheng, China).

2.4. Renal Histopathology. Kidney tissues were carefully sep-
arated, washed with ice-cold stroke-physiological saline
solution, and stored in 4% paraformaldehyde. Hematoxylin
and eosin (H&E) staining of paraffin-embedded kidney tis-
sue slices was performed, and a double-blind method was
utilized to assess the damage to renal tubular epithelial cells.
H&E-stained sections were scored by calculating the per-
centage of tubules in corticomedullary junction that dis-
played cell necrosis, loss of brush border, cast formation,
and tubular dilation as follows: 0, none; 1, <10%; 2, 11-
25%; 3, 26-45%; 4, 46-75%; and 5, >76%. At least 10 ran-
domly selected areas per mouse were assessed. The scores
of ten fields per kidney section were averaged and used as
the score of individual mouse kidneys.

2.5. Determination of XO Activity and Expression in Serum
and Kidneys. After renal tissue homogenization, kidney XO
activity was detected according to the manual instructions,
and the XO activity in the serum was detected at the same
time. XO expression in renal tissue was further detected by
immunofluorescence. Briefly, kidney tissues were sliced into
5μm sections, stained with XO antibody (1 : 100) for 18 h at
4°C, washed with phosphate buffered saline with Tween 20
(PBST), incubated with goat anti-mouse IgG (DyLight 488)
(1 : 3000), and stained for 1 h at room temperature in the
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dark. After washing with PBST, DAPI solution was added to
stain the nucleus, and photos were taken with a laser confo-
cal microscope (Leica SP8).

2.6. Determination of Hypoxia in Kidneys. Hypoxyprobe, the
component of which is pimonidazole hydrochloride, has
been an effective approach to assessing hypoxia in cells
[25]. Pimonidazole hydrochloride could be reduced, acti-
vated, and combined with thiol groups from peptides or
proteins which could be detected with goat anti-mouse
hypoxyprobe antibody. Twenty-four hours after the SI-AKI
model was established, and the mice were injected intraper-
itoneally with 60mg/kg hypoxyprobe and anesthetized with
50mg/kg sodium pentobarbital 2 h later. The kidney tissues
were collected and stored at -80°C. Kidney tissues were sliced
into 5μm sections, stained with goat anti-mouse hypoxyp-
robe antibody (1 : 200) for 18 h at 4°C. Kidney slices were
washed with PBST; then, goat anti-mouse IgG (DyLight
649) (1 : 3000) was added and stained for 1 h at room tem-
perature in the dark. After washing with PBST, DAPI solu-
tion was added to stain the nucleus, and photos were taken
with a laser confocal microscope (Leica SP8).

2.7. Western Blot Analysis. Equal amounts of protein from
HK-2 cells or kidney tissue lysates were loaded and sepa-
rated using 10% sodium dodecyl sulfate (SDS) polyacryl-
amide gels and transferred to polyvinylidene fluoride
membranes (cat no. IPVH00010, Millipore, USA). The
membranes were incubated with 5% nonfat milk for 1 h at
room temperature and probed with HIF-1α or XO primary
antibody for 18 h at 4°C, followed by a peroxidase-
conjugated secondary antibody. Antibody-antigen com-
plexes were detected using an ECL system (cat no.
P0018AS, Beyotime, Shanghai, China). The intensity of each
band was measured using ImageJ. The results were normal-
ized to the intensity of beta-actin for standardization.

2.8. ROS Detection in Kidneys. Dihydroethidium (DHE) was
used to detect the ROS levels in the renal tissues, as previ-
ously reported [26]. The renal tissues were immersed in sac-
charose (30% w/v), embedded at the optimal cutting
temperature (OCT), sliced into 5μm sections, and stored
at -20°C until fluorescence detection. Tissue sections were
incubated with 10μM DHE for 60min at 37°C in a humidi-
fied chamber in the dark, incubated with DAPI solution at
room temperature for 5min, and kept in the dark. In the
presence of superoxide anions, DHE is oxidized to ethidium,
producing bright red fluorescence. After washing with PBS,
sections were visualized and imaged via a laser confocal
microscope (Leica SP8).

2.9. Macrophages and Neutrophils Infiltrated the Kidney
Tissues. Tissues were fixed with 4% paraformaldehyde
and subsequently processed for immunofluorescence stain-
ing. MPO and F4/80 staining was performed after antigen
retrieval (1% SDS for 3min). MPO+ and F4/80+ cells were
quantified by counting the number of stained cells per
field. We collected 10-15 images of a kidney from each
animal at 400x magnification with a laser confocal micro-
scope (Leica SP8).

2.10. Cytokine Analysis. The concentrations of the cytokines
TNF-α, IL-6, and IL-1β in serum were measured with
mouse TNF-α, IL-6, and IL-1β ELISA kits according to
the instructions.

2.11. Kidney Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling (TUNEL) Assay. Kidney tissue TUNEL
analysis was conducted in accordance with our previous
research [27]. Briefly, kidney tissues were fixed with 4%
paraformaldehyde (PFA) for 24 h at room temperature,
followed by dehydration and paraffin embedding. Tissues
were cut into 5μm sections for immunofluorescence stain-
ing. The sections were incubated with TdT enzyme solution
for 90min at 37°C. Then, FITC-12-dUTP was added and
incubated for 30min at 37°C. The reaction was terminated
by incubation in stop/wash buffer for 30min at 37°C. The
number of TUNEL-positive cell nuclei and the total num-
bers of cell nuclei stained with DAPI were counted in 10 ran-
dom areas, and the percentages of the numbers of TUNEL-
positive nuclei to the numbers of total cell nuclei were then
calculated.

2.12. Cells and Experimental Protocol. Cell culture experi-
ments were performed using HK-2 cells, a human kidney
proximal tubular cell line, which was purchased from the
American Type Culture Collection. HK-2 cells at a concen-
tration of 5 × 103/well in 96-well plates were cultured with
or without LPS (10μg/ml) in a trigas incubator (Thermo
Fisher Scientific, USA) under 21% O2 or 2% O2 for 6 h in
the presence or absence of febuxostat (100μM). Then, we
added 10μL CCK-8 (Dojindo, Japan) to each well and mea-
sured the optical density (OD) values at 450 nm after 1 h of
incubation. For hypoxia condition evaluation, HK-2 cells
were thus divided into three groups: control, LPS (10μg/
ml), and LPS (10μg/ml) plus febuxostat (100μM). After
administration of LPS and febuxostat, cells were incubated
for 6 h. For XO knockdown analysis, HK-2 cells were trans-
fected with siRNA of XO (XO-siR) or negative control (Ctrl-
siR) using Lipofectamine® 2000 (Invitrogen) according to
the manufacturer’s protocol. The target sequence of si-XO
was 5′-GGCATTGAGATGAAGTTCA-3′. The oligonucleo-
tide dose used was 100nM. All transfections were transient.
Thirty-six hours later, the cells were treated with LPS (10μg/
ml) with or without 2% oxygen. Then, 150μM pimonidazole
HCl was added to the cells 1 h before being harvested for
hypoxia evaluation, after fixation with 4% paraformaldehyde
(PFA) for 20min at room temperature. Anti-pimonidazole
mouse antibody was incubated with the cells at 4°C for
18 h. Afterward, goat anti-mouse DyLight 488 antibody
was added and incubated for 1 h at room temperature in
the dark. Finally, confocal imaging was conducted with a
Leica SP8 confocal microscope. For XO activity analysis,
HK-2 cells at a concentration of 5 × 104/well in 6-well plates
were cultured with or without LPS (10μg/ml) in a trigas
incubator under 21% O2 or 2% O2 for 6 h in the presence
or absence of febuxostat (100μM) or siXO transfection.
After that, the cells were harvested for the XO activity assay
conducted according to the assay kit instructions.
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2.13. Statistical Analysis. Data are presented as the mean ±
standard deviation ðSDÞ. Differences between different data
means were compared by using Student’s t-test and one-
way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison tests using GraphPad Prism 7. P <
0:05 indicates that the difference is statistically significant.

3. Results

3.1. Effects of Febuxostat on Attenuating Renal Injury in SI-
AKI Mice. The schedule of LPS (10mg/kg, ip.) and febuxo-
stat (Feb, 10mg/kg/day, po.) administration was outlined
(Figure 1(a)). We first administered febuxostat daily one
week before establishing the LPS-challenged SI-AKI model.
We recorded the survival of SI-AKI mice with or without
febuxostat pretreatment within one week (Figure 1(b)). Con-
trol mice exhibited 100% survival. Forty-eight hours after
LPS administration, 40% of septic mice died, and after
another 48h, the remaining septic mice died. In contrast,
febuxostat pretreatment dramatically increased the survival
rate by 90% compared to the LPS group (Figure 1(b)).
Therefore, the SI-AKI mice were killed 24h after LPS injec-
tion for the subsequent experiments.

Febuxostat pretreatment showed remarkable resistance
to weight loss in SI-AKI mice (Figure 1(c)). Induction of
sepsis by LPS caused a significant increase in blood urea
nitrogen (BUN, Figure 1(d)) and serum creatinine (Scr,
Figure 1(e)) compared to the control group. Pretreatment
with febuxostat exerted a significant decrease in BUN and
Scr levels compared to the LPS group (Figures 1(d) and
1(e)). The specific histopathological features of SI-AKI
showed that many renal tubular epithelial cells were vacuo-
lated, the brush border was lost and flattened, and protein
cast was also observed (Figure 1(f)). After febuxostat pre-
treatment, renal tubular epithelial cell injury was signifi-
cantly improved (Figure 1(g)).

3.2. Febuxostat Relieves Serum and Renal Tissue XO Activity,
and XO Knockdown Attenuates Kidney Injury in SI-AKI
Mice. Although febuxostat has shown an inhibitory effect
on XO activity in other kidney injury models, this effect has
not been reported in SI-AKI animal models. Consistent with
the changes in renal function and histology, SI-AKI mice dis-
played higher XO activity in the serum and kidneys than con-
trol mice, and the increase in XO activity induced by LPS was
reversed by febuxostat pretreatment (Figures 2(a) and 2(b)).
Immunofluorescence assays further confirmed that the
increased expression of XO in the kidney induced by LPS
was inhibited by febuxostat pretreatment (Figures 2(c) and
2(d)). To further confirm the role of XO in SI-AKI, we con-
structed an AAV vector with XO shRNA (pAAV-shXO),
and administration of pAAV-shXO significantly inhibited
XO expression in the kidney (Figures 2(e)–2(i)). Serum and
kidney XO activity were also decreased by XO knockdown
(Figures 2(j) and 2(k)). Moreover, renal function, as indi-
cated by BUN and Scr levels, was protected from the marked
increase induced by XO knockdown in SI-AKI mice
(Figures 2(l) and 2(m)). HE staining of kidney tissues from
each group showed that XO knockdown dampened kidney
tubular injury in SI-AKI mice (Figures 2(n) and 2(o)).

3.3. The Inhibition of XO Improves Hypoxia and ROS
Production in the Kidneys of SI-AKI Mice. XO is an enzyme
that utilizes molecular oxygen to produce ROS. Still it is
unclear whether the inhibition of XO can improve renal
hypoxia in SI-AKI mice by reducing the utilization of molec-
ular oxygen. The hypoxia distribution in renal tubular cells
can be detected by fluorescence labeling of the hypoxia
probe pimonidazole, which can conjugate with intracellular
thios under hypoxia and then be detected with a pimonida-
zole secondary antibody. The fluorescence intensity of the
hypoxia signal in the kidney tissue of the SI-AKI group
was the strongest, while that of the febuxostat pretreatment
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Figure 1: Therapeutical effects of febuxostat on attenuating renal injury in SI-AKI mice. (a) Mice pretreated with febuxostat (10mg/kg/day,
po.) for 7 days were administered intraperitoneal injections of LPS (10mg/kg) and then were executed 24 h after LPS injection. (b) The death
of mice in 7 days after intraperitoneal injection of LPS (10mg/kg). (c–e) Body weight changes and BUN and Scr levels were measured at 24 h
after the injection of LPS. (f, g) Histopathology analysis of the kidneys in SI-AKI mice was performed by hematoxylin-eosin (HE) staining
(600x magnification), and the kidney tubular injury score was graded in a double-blinded manner. Scale bar = 50μm. ∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗P < 0:001 vs. Ctrl; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. LPS+Veh (n = 10). Ctrl: control; Veh: vehicle; LPS: lipopolysaccharide;
Feb: febuxostat; BUN: blood urea nitrogen; Scr: serum creatinine.
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group was significantly decreased (Figures 3(a) and 3(b)).
We also detected the expression of HIF-1α in the kidneys
of SI-AKI mice. The results showed that the expression of
HIF-1α in the kidneys of SI-AKI mice was significantly
higher than that in control mice. At the same time, febuxo-
stat pretreatment decreased the expression of HIF-1α in the
kidneys of SI-AKI mice (Figures 3(c) and 3(d)). In addition,
DHE fluorescence staining showed that febuxostat pretreat-
ment significantly decreased the level of ROS in the kidneys
of LPS-induced SI-AKI mice (Figures 3(e) and 3(f)). We fur-
ther investigated the impact of XO on hypoxia and ROS in
SI-AKI mice by knocking down XO in the kidney using
pAAV-shXO. Downregulation of XO improved severe hyp-
oxic conditions (Figures 3(g) and 3(h)) in SI-AKI mice and
inhibited HIF-1α expression in the kidney (Figures 3(i)
and 3(j)). The ROS level was also decreased by XO knock-
down (Figures 3(k) and 3(l)).

3.4. Hypoxia Increased LPS-Induced XO Activity in HK-2
Cells, but the Inhibition of XO Conversely Improved
Hypoxia. Since we observed the protective effect of febuxo-
stat against renal hypoxia in SI-AKI mice in vivo, we further
evaluated the relationship between XO activity and cellular
hypoxia and the role of febuxostat. For this purpose, HK-2
cells were treated with LPS (10μg/ml)±febuxostat (100μM)
and cultured under normoxic (21% O2, 5% CO2, and 74%
N2) or hypoxic (2% O2, 5% CO2, and 93% N2) conditions
for 6 h in vitro. The results from the cell counting kit-8
(CCK-8) assay showed that hypoxia for 6 h did not change
the viability of HK-2 cells, which was decreased by LPS, espe-
cially under the condition of hypoxic culture (Figure 4(a)).
The above results indicated that febuxostat reversed the

increase in LPS-induced cytotoxicity under normoxia and
hypoxia. Consistent with the results of CCK-8, LPS induced
a slight increase in XO activity in HK-2 cells under normoxia
and a significant increase in hypoxia, suggesting that hypoxia
has a positive effect on the increase in XO activity induced by
LPS (Figure 4(b)). Febuxostat inhibited the increase in XO
activity induced by LPS under both normoxic and hypoxic
conditions (Figure 4(b)). Importantly, the green fluorescence
of the hypoxia probe showed that no obvious hypoxia
occurred in HK-2 cells cultured in 21% oxygen with or with-
out LPS±febuxostat treatment (Figures 4(c) and 4(d)). After
culturing with 2% O2 for 6 h, HK-2 cells showed weak green
fluorescence but LPS significantly enhanced the green fluo-
rescence brightness, while febuxostat significantly reduced
LPS-induced hypoxia (Figures 4(c) and 4(d)). To further
confirm the function of XO in hypoxia- and LPS-induced cell
injury, we knocked down XO in vitro using siRNA
(Figures 4(e) and 4(f)). Loss of XO also alleviated hypoxia-
and LPS-induced cell injury (Figure 4(g)) and XO activity
(Figure 4(h)) and further relieved hypoxia in HK-2 cells
(Figures 4(i) and 4(j)).

3.5. The Inhibition of XO Reduced Inflammation and
Apoptosis in SI-AKI Mice. Hypoxia and oxidative stress
induce mitochondrial damage, which further leads to the
release of inflammatory cytokines and subsequent cell death
[10]. Therefore, we further focused on the effects of XO
inhibition on inflammation and apoptosis in SI-AKI mice.
The ELISA results showed that febuxostat pretreatment
significantly reduced the levels of serum inflammatory
factors such as TNF-α (Figure 5(a)), IL-1β (Figure 5(b)),
and IL-6 (Figure 5(c)) in SI-AKI mice triggered by LPS.
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Figure 2: Febuxostat relieves serum and renal tissue XO activity, and XO knockdown attenuates kidney injury in SI-AKI mice. (a, b) The
XO activity in serum and renal tissue homogenates was measured 24 h after LPS injection. XO could oxidize xanthine and produce O2

●¯,
which could react with WST-8, and the color of the reaction products could be detected with a micro reader at 450 nm. (c, d) Changes
in XO expression in the kidneys of SI-AKI mice were detected by immunofluorescence assay (400x magnification). (e) Timeline of AAV
injection displayed. (f–i) Knockdown of XO expression was confirmed using western blot and immunofluorescence assays. (j, k) Serum
and renal XO activity were evaluated. (l, m) BUN and Scr were analyzed after downregulation of XO and challenge with LPS (10mg/kg).
(n, o) Representative images of kidney tissue are presented, and the injury score was graded in a double-blinded manner. ∗P < 0:05, ∗∗P
< 0:01, and ∗∗∗P < 0:001 vs. Ctrl; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. LPS+Veh or LPS+Ctrl-shR (n = 10). Ctrl: control; Veh:
vehicle; LPS: lipopolysaccharide; Feb: febuxostat; XO: xanthine oxidase; BUN: blood urea nitrogen; Scr: serum creatinine.
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Immunofluorescence detection of neutrophils and macro-
phages in renal tissue labeled with MPO (Figures 5(d)
and 5(g)) and F4/80 (Figures 5(e) and 5(h)), respectively,
showed that the infiltration of neutrophils and macro-
phages at the outer stripe of the outer medulla of the kid-
neys in SI-AKI mice increased significantly. Febuxostat
pretreatment remarkably reduced neutrophil and macro-
phage infiltration. TUNEL assay in the kidneys indicated
that febuxostat pretreatment significantly decreased the
number of apoptotic cells induced by LPS (Figures 5(f)
and 5(i)). We further investigated the impact of XO on
inflammation and cell apoptosis in SI-AKI mice by knock-
ing down XO in the kidney using pAAV-shXO. Downreg-

ulation of XO reduced the levels of serum TNF-α
(Figure 5(j)), IL-1β (Figure 5(k)), and IL-6 (Figure 5(l)) in
SI-AKI mice. Furthermore, neutrophil (Figures 5(m) and
5(p)) and macrophage (Figures 5(n) and 5(q)) infiltration
was also reduced by XO knockdown. Cell apoptosis in the
kidney was prevented by XO downregulation, as suggested
by TUNEL staining (Figures 5(o) and 5(r)).

4. Discussion

Lipopolysaccharide (LPS), which is a component of the
outer membrane of gram-negative bacteria, has been the
most widely studied pathogen-associated molecular pattern
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Figure 3: The inhibition of XO improves hypoxia and ROS production in the kidneys of SI-AKI mice. (a, b) Intracellular hypoxia in the
kidneys of SI-AKI mice was detected by an immunofluorescence assay using a hypoxia probe (400x magnification). (c, d) Detection of
HIF-1α protein expression in mouse renal homogenates by western blot. (e, f) The ROS level of kidney tissues was captured by CLSM at
24 h after LPS injection (dihydroethidium fluorescent staining, 400x magnification). (g, h) Intracellular hypoxia in the kidneys of SI-AKI
mice after the knockdown of XO was captured by CLSM (400x magnification). (i, j) HIF-1α protein expression in SI-AKI mouse renal
homogenates after downregulation of XO by western blot. (k, l) ROS levels in SI-AKI mouse renal tissue after the knockdown of XO
were assessed using CLSM. Scale bar = 100 μm. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control; #P < 0:05, ##P < 0:01, and ###P < 0:001
vs. LPS+Veh or LPS+Ctrl-shR (n = 10). Ctrl: control; Veh: vehicle; LPS: lipopolysaccharide; Feb: febuxostat; HIF: hypoxia-inducible
factor; ROS: reactive oxygen species.
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(PAMP) in sepsis [28, 29]. LPS activates the Toll-like receptor
to activate XO, which utilizes oxygen as a substrate to decom-
pose hypoxanthine and xanthine into uric acid, producing

superoxide and hydrogen peroxide during the reaction, and
is mainly expressed during cellular stress or immune activa-
tion [30–32]. Hypoxemia caused by hemodynamic changes
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Figure 4: Hypoxia increased LPS-induced XO activity in HK-2 cells, but the inhibition of XO also improved hypoxia. (a) CCK8 showing the
viability of HK-2 cells treated with LPS (10 μg/ml)±febuxostat (100 μM) under normoxic (21% O2) and hypoxic (2% O2) conditions for 6 h.
(b) The XO activity of HK-2 cells treated with LPS±febuxostat under normoxic and hypoxic conditions for 6 h. (c, d) The intracellular
hypoxia of HK-2 cells treated with LPS±febuxostat under normoxic and hypoxic conditions for 6 h was detected by an
immunofluorescence assay using a hypoxia probe (800x magnification). (e, f) Knockdown of XO in HK-2 cells was confirmed using
western blotting. (g) After the knockdown of XO with siRNA transfection, HK-2 cells were stimulated with LPS with 21% or 2% oxygen.
Six hours later, the cells were harvested, and cell viability was assessed with the CCK8 method. (h) XO activity was assayed with the
same method as in (b). (i, j) The intracellular hypoxia of HK-2 cells treated with LPS under normoxic and hypoxic conditions for 6 h
was detected by an immunofluorescence assay using a hypoxia probe (800x magnification). Scale bar = 20 μm. ∗P < 0:05, ∗∗P < 0:01, and
∗∗∗P < 0:001 vs. control; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. LPS+Veh or LPS+Ctr-siR (n = 10). Ctrl: control; Veh: vehicle; LPS:
lipopolysaccharide; Feb: febuxostat; XO: xanthine oxidase.
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in sepsis can also activate XO, which is widespread in ische-
mia–reperfusion models [8, 17, 20, 21, 33]. Several experi-
mental and clinical studies have proven that XO activity
has proinflammatory and prooxidative effects and can medi-
ate vascular and endothelial dysfunction. The inhibition of
XO by allopurinol or Feb has a protective effect [14, 15,
17–21, 33, 34]. In this study, we found that febuxostat, an
XO-specific inhibitor, and knockdown of XO expression
with pAAV-shXO showed antioxidant stress and anti-
inflammatory effects and weakened the local hypoxia of renal
tubular epithelial cells by inhibiting XO activity, thus alleviat-

ing SI-AKI. The results of inhibition of XO in HK-2 cells
with febuxostat and XO-siRNA in vitro showed that the
downregulation of XO remarkably reduced the hypoxia con-
dition in HK-2 cells induced by LPS and 2% oxygen. Taken
together, our results indicated important roles of XO in oxi-
dative stress- and hypoxia-induced injury in SI-AKI.

Currently, XO inhibitors approved by the US Food and
Drug Administration (FDA) include three drugs, allopurinol,
febuxostat, and topiroxostat, which all show antioxidant,
anti-inflammatory, and renoprotective effects in addition to
reducing uric acid [33]. Moreover, allopurinol and febuxostat
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Figure 5: The inhibition of XO reduced inflammation and apoptosis in SI-AKI mice. (a–c) The levels of TNF-α, IL-1β, and IL-6 in renal
homogenates of SI-AKI mice were detected by ELISA. (d, g) Immunofluorescence detection of neutrophils in the kidneys of SI-AKI mice
by anti-MPO antibody (400x magnification). (e, h) Immunofluorescence detection of macrophages in the kidneys of SI-AKI mice by anti-
F4/80 antibody (400x magnification). (f, i) Representative TUNEL-stained sections of the kidney in SI-AKI mice (400x magnification).
Semiquantitative analysis of TUNEL-positive cells in each group is also displayed. (j–l) After the downregulation of XO, mice were
treated with LPS (10mg/kg), and the levels of TNF-α, IL-1β, and IL-6 in renal homogenates of SI-AKI mice were detected by ELISA.
(m and p, n and q) After knockdown of XO with pAAV-shRNA, immunofluorescence detection of neutrophils and macrophages in
the kidneys of SI-AKI mice by anti-MPO and anti-F4/80 antibodies (400x magnification). (o, r) Kidney cell apoptosis was analyzed
with TUNEL staining in SI-AKI mice after XO knockdown. Scale bar = 100 μm. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control;
#P < 0:05, ##P < 0:01, and ###P < 0:001 vs. LPS+Veh or LPS+Ctr-shR (n = 10). Ctrl: control; Veh; vehicle; LPS: lipopolysaccharide; Feb:
febuxostat; TNF: tumor necrosis factor; IL: interleukin; MPO: myeloperoxidase; TUNEL: terminal deoxynucleotidyl transferase dUTP
nick-end labeling.
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have been confirmed to play an important role in myocardial
mechanoenergetic uncoupling. Febuxostat is superior to allo-
purinol in reducing systolic blood pressure, pulse-wave
velocity, and left ventricular mass index in hyperuricemic
patients undergoing cardiac surgery [35]. Moreover, febuxo-
stat was more effective and faster than allopurinol in achiev-
ing the serum uric acid target in patients with gout [36].
Similarly, febuxostat has an advantage over topiroxostat in
cardiorenal protection in hyperuricemic patients with car-
diovascular disease [37, 38]. Recently, there have been only
two reports on the treatment of SI-AKI with febuxostat
showing that febuxostat improves the prognosis of SI-AKI
animals through antioxidant stress and anti-inflammation
[20, 21]. In this study, we also confirmed that pretreatment
with febuxostat or kidney knockdown of XO by shRNA
in vivo significantly improved the prognosis of SI-AKI mice
by reducing the levels of BUN, Scr, TNF-α, IL-6, and IL-1β
in peripheral blood and by improving histological damage,
reducing kidney tubular cell apoptosis and ROS production,
and inhibiting infiltration of neutrophils and macrophages
in the kidneys. This suggests that the inhibition of XO has a
nephroprotective effect on SI-AKI through anti-inflamma-
tion, antioxidant stress, and antiapoptosis.

Sepsis is often accompanied by organ dysfunction, poor
tissue perfusion, or hypotension, which is bound to ische-
mia/hypoxia of damaged organs [2–6]. Renal dysfunction
in sepsis is usually secondary to septic shock and sometimes
to hypovolemia [39, 40]. AKI, including endotoxemia, can
reduce tissue oxygen delivery and increase renal tissue oxy-
gen consumption, resulting in renal medullary hypoxia,
which can be the main driver of a cascade of events leading
to renal tubular dysfunction, vascular injury, and cell injury
[41]. This study found that LPS induced significant hypoxia
in renal tubular epithelial cells through hypoxia probe fluo-
rescence detection. However, pretreatment with febuxostat
or kidney knockdown of XO by shRNA in vivo significantly
improved renal hypoxia in SI-AKI mice, suggesting that the
inhibition of XO elicits a favorable effect on alleviating renal
medullary hypoxia in SI-AKI mice. We further evaluated the
effect of pharmacologic (febuxostat) and genetic (XO
siRNA) inhibition on XO activity and the viability of HK-2
cells under LPS and hypoxia in vitro. Our results showed
that LPS caused a slight increase in XO activity under nor-
moxia and a significant increase under hypoxia, accompa-
nied by consistent changes in the degree of hypoxia,
suggesting that the effect of LPS on XO activity is closely
related to cell hypoxia. Importantly, for HK-2 cells treated
with LPS, pharmacologic and genetic inhibition of XO
improved cell hypoxia at 2% oxygen concentration and
reversed the decrease in cell viability induced by LPS, sug-
gesting the positive effect of inhibition of XO in improving
cell hypoxia.

Hypoxia-inducible factor (HIF) is a cellular oxygen sen-
sor that is a heterodimeric protein composed of an α subunit
and a β subunit [42]. Under normoxia, the α subunit is
unstable, degraded by the ubiquitin–proteasome system
and does not function [42]. Under hypoxia, stabilization of
the α subunit results in the formation of a dimer with the
β subunit, which translocates to the nucleus, initiating

mRNA synthesis for multiple genes [42, 43]. For example,
it can upregulate erythropoietin and endothelial nitric oxide
synthase (eNOS) and ameliorate tissue hypoxia [22]. How-
ever, HIF can be a double-edged sword because early onset
of renal medullary hypoxia in sepsis prolongs the phases of
tissue hypoxia, leading to the destabilization of HIF that
aggravates oxidative and nitrosative injuries, culminating in
AKI [44]. In addition, excessive production of HIF in
response to prolonged hypoxia in severe sepsis can lead to
excessive production of vasoconstrictive and ROS-induced
proteins, such as inducible nitric oxide synthase (iNOS),
thereby promoting fibrogenesis [22]. Although our study
did not further explore the advantages and disadvantages
of high expression of HIF-1α in the kidneys of SI-AKI mice,
the decrease in HIF-1α expression in the kidneys of mice
with pharmacological and genetic inhibition of XO did not
rule out the improvement of cellular hypoxia increased the
degradation of HIF-1α, which further enriched the effect of
XO inhibition in improving renal medulla hypoxia.

5. Conclusions

In summary, we proposed for the first time that the nephro-
protective effect of inhibiting XO in SI-AKI models occurred
at least partly through inhibiting XO activity to reduce renal
hypoxia, thereby decreasing oxidative stress, inflammation,
and apoptosis and ultimately attenuating the pathological
process of SI-AKI. Although the specific regulatory pathway
of XO inhibition to improve cellular hypoxia has still not
been comprehensively illuminated, the current work might
provide novel insight into the choice of drugs for the preven-
tion and treatment of SI-AKI.
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Objective. Renal ischemia–reperfusion (I/R) injury is a major cause of acute kidney injury (AKI) in transplanted kidneys. This
study was aimed at exploring the role of PLK3 (polo-like kinase 3) in renal I/R injury, focusing on its relationship with
oxidative stress-induced DNA damage and renal tubular epithelial cell (TEC) apoptosis. Methods. TRAP-seq data from the
development dataset GSE52004 and the validation dataset GSE121191 were analyzed using GEO2R. PLK3 overexpression
plasmids and targeted silencing siRNAs were used in a model of hypoxia/reoxygenation (H/R) injury, and rAAV-9-PLK3-KD
were administered to C57BL/6J mice exposed to I/R injury. The ATM-specific inhibitor KU-60019 was used to block the DNA
damage response (DDR). Western blotting was performed to measure DDR- and apoptosis-associated protein expression. Cell
viability was measured by CCK-8 reagent, and apoptosis was examined by flow cytometry and TUNEL assay. Furthermore, the
fluorescent probes H2DCFH-DA and DHE were used to measure ROS production in vitro. The MDA level and SOD activity
were measured to assess oxidative stress in vivo. KIM-1 staining and Scr and BUN were used to evaluate kidney injury. Results.
The mRNA and protein levels of PLK3 were markedly increased in the H/R injury and I/R injury models. GO terms showed
that PLK3 was mainly involved in oxidative stress and DNA damage after renal I/R injury. Overexpression of PLK3 decreased
cell viability and increased apoptosis. In contrast, targeted silencing of PLK3 expression decreased the Bax/Bcl-2 ratio by
decreasing P53 phosphorylation, thereby reducing TEC apoptosis. Furthermore, KU-60019 reduced PLK3 activation and DDR-
induced apoptosis, while overexpression of PLK3 reversed the mitigating effect of KU-60019 on TEC apoptosis. Similarly,
rAAV-9-PLK3 KD mice exhibited a lower rate of TEC apoptosis and milder renal damage after I/R injury. Conclusion. We
demonstrate for the first time that PLK3 is involved in oxidative stress-induced DNA damage and TEC apoptosis in renal I/R
injury. Inhibition of PLK3 attenuates TEC apoptosis after I/R injury by blocking the ATM/P53-mediated DDR. Therefore,
PLK3 may serve as a potential therapeutic target for ischemic AKI.

1. Introduction

Acute kidney injury (AKI) is a common complication that is
associatedwith highmorbidity andmortality, andmedications
that are effective in treating AKI are lacking [1]. Ischemia–

reperfusion (I/R) injury is an inevitable process associated with
renal transplantation and the main cause of AKI after trans-
plantation. When the kidney is exposed to hypoxia and ische-
mic injury, the proximal tubules are the most vulnerable part
of the structure [2, 3].
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The oxidative stress caused by the excessive production
of reactive oxygen species (ROS) during reperfusion is
generally considered to be the major cause of tubular epi-
thelial cell (TEC) injury [4]. ROS attack DNA and cause
DNA double-strand breaks (DSBs), which are one of the
most critical DNA lesions with respect to TEC survival
and death during oxidative stress [5, 6]. DSBs activate
the protein kinase ataxia telangiectasia mutation (ATM),
which initiates DNA damage response (DDR) signals to
downstream target genes, affecting cell cycle arrest, DNA
repair, and apoptosis [7]. P53 is an intracellular transcrip-
tion factor that regulates the expression of genes involved
in growth arrest or apoptosis in response to various stress
conditions, including DNA damage and hypoxia [8]. After
DNA damage, P53 protein stability is affected by post-
translational modification, including extensive phosphory-
lation. When DNA damage is severe and cannot be
repaired, ATM stabilizes and activates P53 through phos-
phorylation at Ser15 and Ser20 to initiate the apoptosis
cascade [9]. DNA damage occurs more frequently in prox-
imal tubules than in distal tubules, and this trend may be
related to subtle differences in sensitivity to damage and
proliferation between these cell types [10]. Increasing
evidence suggests that DNA damage and the related
DDR play key roles in cisplatin-induced nephrotoxic AKI
[11–13], but the current evidence on ischemic AKI
remains poorly understood.

PLK3 is an evolutionarily conserved Ser/Thr protein
kinase in the mammalian polo-like kinase (Plk) family that
plays a vital role in the cell cycle and mitosis [14]. Unlike
other PLKs, PLK3 acts as a tumor suppressor by blocking
cell proliferation and inducing apoptosis [15–17]. PLK3 is
often rapidly activated in response to various environmental
stresses [18–20]. As an essential part of hypoxia regulation,
PLK3 can directly phosphorylate HIF-1α and reduce its
stability under hypoxic conditions [21]. Hypoxia/reoxygena-
tion- (H/R-) induced PLK3 activation results in the direct
phosphorylation of c-Jun, thereby promoting human
corneal epithelial cell apoptosis [22]. When oxidative stress
causes DNA damage, PLK3 can be phosphorylated in an
ATM-dependent manner [23]. Therefore, the main function
of PLK3 may be regulation of the stress response but not the
cell cycle in mammals [24]. I/R injury-induced TEC apopto-
sis is a major factor in ischemic AKI in renal transplant
patients. However, whether PLK3 is involved in the oxida-
tive stress-induced DNA damage that leads to TEC apopto-
sis is still unclear.

In the current study, we provided compelling evidence
that PLK3 promoted TEC apoptosis during ischemic AKI
using a renal I/R injury model in vivo and a TEC H/R injury
model in vitro. ROS generated by I/R injury caused DSBs,
which activated PLK3 in an ATM-dependent manner, and
then, PLK3 activated P53 to drive the DDR and apoptosis.
Importantly, inhibiting PLK3 reduced apoptosis of TECs
and attenuated renal injury in both the cellular and animal
experiments. In conclusion, this study is the first to demon-
strate that PLK3 plays a pivotal role in ischemic AKI and
that inhibiting PLK3 may be a novel strategy for the preven-
tion and treatment of renal I/R injury.

2. Materials and Methods

2.1. Bioinformatics Analysis. The gene expression profile
GSE52004 was downloaded from the Gene Expression Omni-
bus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). The
researchers developed a mouse line in which the translation
profiles of specific cell types can be identified by utilizing
cell-type specific CRE-driver lines and translating ribosomal
affinity purification (TRAP) techniques. For this database,
the researchers screened the cell-specific translational expres-
sion profiles of nephron (Six2), interstitial cell group (Foxd1),
vascular endothelial cell (Cdh5), and macrophage/monocyte
group (Lyz2) after renal I/R injury [25]. The TRAP-seq valida-
tion dataset was derived from GSE121191 [26]. Single-cell
RNA-seq data from normal human kidney tissue were obtained
from GSE131685 and analyzed with the Human Protein Atlas
(https://www.proteinatlas.org/). We used the GEO2R online
tool (http://www.ncbi.nlm.nih.gov/geo/geo2r/) to identify the
differentially expressed genes (DEGs) and displayed these
genes in the forms of a heatmap and column. The heatmap
was generated by the imageGP (http://www.ehbio.com/
ImageGP/index.php/Home/Index/index.html). To elucidate
the function of PLK3 in renal I/R injury, the “clusterProfiler”
R package was used to perform Gene Ontology (GO) func-
tional enrichment analyses [27].

2.2. Cell Culture and the Induction of H/R In Vitro. The
human proximal tubular cell line HK-2 was obtained from
the American Type Culture Collection (Manassas, VA,
USA) and validated by a short tandem repeat (STR) assay
(IGE Biotech, Guangzhou, China). The cells were main-
tained in DMEM/F12 medium (Gibco, CA, USA) supple-
mented with 10% fetal bovine serum (Gibco, CA, USA),
100 IU/ml penicillin, and 100μg/ml streptomycin (Gibco,
CA, USA) in a 37°C humidified incubator with an atmo-
sphere of 95% air and 5% CO2. Before each experiment,
HK-2 cells were seeded in six-well plates at a density of 1
− 5 × 105 cells per well and cultured in complete DMEM/
F12 medium until they reached approximately 70-80% con-
fluence. To induce hypoxic injury, the medium was replaced
with serum- and glucose-free DMEM/F12 medium (Procell,
Wuhan, China), and the cells were exposed to hypoxic
conditions (1% O2, 94% N2, and 5% CO2) in a humidified
N2-flushed hypoxic chamber (Eppendorf, GALAXY-48R)
for different times. After exposure to hypoxia, the cells were
cultured in complete DMEM/F12 medium for different
times under normoxic conditions (5% CO2 and 95% air) to
allow reoxygenation. Control cells were maintained in
complete medium in a normoxic cell incubator.

2.3. Animal Models of Renal I/R Injury. All the animal
protocols were strictly conducted in accordance with institu-
tional animal care policies and were approved by the Bio-
medical Ethics Committee of Sun Yat-sen University
(Guangzhou, China). Male C57BL/6 mice (age 8-10 weeks
and weight 22–25 g) were purchased from Guangdong
Medical Experimental Animal Center. The mice were
housed under pathogen-free conditions with a relative
humidity of 50% and temperature of 25 ± 2°C and were
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maintained under conditions of 12 h of light and 12h of
darkness. To establish the model of renal I/R injury, the mice
were anesthetized with pentobarbital sodium (60mg/kg, i.p.)
and placed on a heating pad to maintain a core body tem-
perature of 37°C. A median abdominal incision was made,
and the bilateral renal pedicles were blocked with a nontrau-
matic vascular clamp (FT222T, B. BRAUN, Germany) for
30min. Then, the clamp was released, and reperfusion was
visually confirmed. The sham operation group only under-
went renal pedicle exposure without clamping.

2.4. Recombinant Adeno-Associated Virus Serotype-9-
(rAAV9-) Mediated PLK3 Knockdown (KD) in Mice.
rAAV-9 was developed by and obtained from GeneChem
(Shanghai, China). All the mice were randomly divided into
4 groups (n = 6 per group): the sham group, saline+IRI
group, rAAV9+IRI group, and rAAV9-PLK3-KD+IRI
group. Before the operation, a 34G microinjection needle
was used to slowly inject 50μl of rAAV9-PLK3-KD plasmid
at a concentration of 1 × 1011 vg/ml into the kidneys through
the renal vein [28]. The animals were sacrificed 24h after
reperfusion, and blood and kidney tissue samples were col-
lected for further analysis. The shRNA sequences were listed
as follows: PLK3 shRNA sense (5′-3′): CTTTCTGGCCT
CAAGTACT and control shRNA sense (5′-3′): CGCTGA
GTACTTCGAAATGTC.

2.5. Analysis of Renal Function. Blood samples were col-
lected from the submandibular vein, and then, the superna-
tant was collected after centrifugation. Creatinine and urea
commercial kits (Nanjing Jiancheng Co., China) were used
to calculate the levels of blood urea nitrogen (BUN) and
creatinine according to the manufacturer’s instructions.

2.6. Quantitative Real-Time PCR. Total RNA was extracted
from HK-2 cells and mouse renal tissues with TRIzol reagent
(Thermo Fisher Scientific, USA). The RNA yield was mea-
sured by NanoDrop 2000 (Thermo Scientific, USA). Subse-
quently, the HiScript III RT SuperMix+gDNA Wiper Kit
(Vazyme, Nanjing, China) was used to reverse transcribe
the RNA into cDNA. qRT–PCR analysis was performed
using the ABI7500 system (Agilent Technologies, USA) with
SYBR Green qPCR Master Mix (Vazyme, Nanjing, China).
In all the PCR experiments, the expression levels of GAPDH
(Homo sapiens) and β-actin (Mus musculus) were used as
the internal references. Fold change in expression was quan-
tified using the 2−ΔΔCt method. The primers for the specific
target genes (Supplementary table 1) were synthesized by
IGE Biotech (Guangzhou, China).

2.7. Flow Cytometry. Cell apoptosis was examined by an
Annexin-V-FITC/propidium iodide (PI) apoptosis detection
kit (KeyGEN Biotech, Nanjing, China) after transfection and
H/R treatment for the indicated times. HK-2 cells were
collected and washed twice with phosphate-buffered saline
(PBS). Then, the cells were stained with 5μl of Annexin V-
fluorescein isothiocyanate (FITC) and 5μl of PI for 30min
in the dark at room temperature. A H2DCFH-DA fluores-
cent probe was used to measure the production of ROS with

FITC parameter settings. Finally, the stained cells were
scanned by an LSRFortessa™ flow cytometer (BD Biosci-
ences, San Diego, CA, USA). The raw data were analyzed
by FlowJo software (Tree Star Inc., Ashland, OR).

2.8. Cell Viability Assay. A Cell Counting Kit-8 (CCK-8)
assay kit was used to assess cell viability. Transfected HK-2
cells were seeded in 96-well plates at a density of 5 × 103
cells/well and subjected to H/R injury. The plates were
incubated for 3 h at 37°C in the dark after 10μl of CCK-8
solution was added to each well. At the end of the experi-
ments, a microplate reader was used to measure the absor-
bance at 450nm. Cell viability was calculated as the
percentage = ½ðA − CÞ/ðB − CÞ� × 100% (A: OD value of
treatment group, B: OD value of control group, and C: OD
value of blank group).

2.9. Measurement of Oxidative Stress Index Levels. The level
of malondialdehyde (MDA) and the activity of superoxide
dismutase (SOD) in mouse kidney tissues were measured
using commercial kits (Jiancheng, Nanjing, China). Intracel-
lular ROS accumulation was examined with a DHE probe
(Beyotime, Nanjing, China) according to the manufacturer’s
instructions. After transfection and H/R treatment, HK-2
cells were incubated with 5μmol/l DHE at 37°C for 30min.
Then, the cells were washed three times with serum-free cell
culture medium, and red fluorescence was observed under a
fluorescence microscope (Nikon, Tokyo, Japan). In addition,
we examined the expression levels of PLK3 in a H2O2-
induced oxidative stress model by stimulating HK-2 cells
with different concentrations of H2O2 (50μM, 100μM, and
200μM) for 6 h.

2.10. Immunofluorescence Analysis. To perform the immu-
nofluorescence assay, samples were fixed with 4% parafor-
maldehyde for 30min at room temperature. After being
washed with PBST, the samples were permeabilized with
0.3% Triton X-100 for 10min and then blocked with 5%
goat serum for 30min. Subsequently, the samples were incu-
bated with primary antibodies overnight at 4°C. The primary
antibodies used in the present study were specific for the fol-
lowing proteins: PLK3 (DF4471, 1 : 250, Afftiny) and rH2AX
(YP0218, 1 : 250, Immunoway). Then, the samples were
washed 3 times with PBST and incubated with fluorescent
secondary antibodies at room temperature for 1 h. DAPI
was used to label the nucleus, and the cells were mounted
with antifading mounting medium (Applygen, Beijing,
China). Images were captured with a fluorescence micro-
scope (Nikon, Tokyo, Japan).

2.11. TUNEL Assay. Apoptotic cells were analyzed by a
TUNEL BrightGreen apoptosis detection kit (Vazyme, Nan-
jing, China) and a One Step TUNEL Apoptosis Assay Kit
(Beyotime, Nanjing, China) according to the manufacturer’s
instructions. Samples were incubated with buffer containing
FITC-12-dUTP and recombinant TdT enzyme for 1 h at
37°C. The number of apoptotic cells in randomly selected
visual fields was counted and analyzed in a blinded manner
under a fluorescence microscope.
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2.12. Western Blotting. Mouse kidneys and HK-2 cells were
lysed with cold lysis buffer (0.25M NaCl, 50mM Tris-HCl
pH 7.4, 0.5% NP 40, 1mM EDTA, 1mM Na3VO4, 1mM
NaF, 1% cocktail, and 1mM PMSF). BCA reagent was used
to determine the total protein concentration. The separated
proteins were then electrophoretically transferred to a poly-
vinylidene fluoride membrane. After blocking with 5% fat-
free milk in PBST for 2 h at room temperature, the samples
were incubated with primary antibodies overnight at 4°C.
After being washed three times, the membranes were incu-
bated with horseradish peroxidase-conjugated secondary
antibodies at room temperature for 60min. Finally, an ECL
substrate (sc2048, Santa Cruz) was used to visualize the
immunoreactive bands. The main antibodies used for
Western blot analysis included PLK3 (4896S, 1 : 1000, Cell
Signaling), PLK3 (DF4471, 1 : 1000, Afftiny), ATM
(ab199726, 1 : 1000, Abcam), p-ATM (ab81292, 1 : 1000,
Abcam), P53 (ab179477, 1 : 1000, Abcam), P53 (YT3528,
1 : 1000, Immunoway), p-P53 (9287S, 1 : 1000, Cell Signal-
ing), rH2AX (YP0218,1 : 1000, Immunoway), Bcl-2
(BF9103, 1 : 1000, Affinity), and Bax (GB12-690, 1 : 1000, Ser-
vicebio); the relative expression of the targeted protein was
normalized to that of β-actin (AC026, 1 : 5000, ABclonal).

2.13. Histopathological Evaluation and Immunohistochemistry.
After establishing the I/R injury mouse model, 4% parafor-
maldehyde was infused into the hearts of the mice until the
kidneys were completely exsanguinated. The kidneys were
harvested, fixed with 4% paraformaldehyde at room tempera-
ture, embedded in paraffin, and stained with hematoxylin and
eosin. Pathological sections were evaluated under a micro-
scope by a nephropathologist in a blinded manner. Renal
tubule damage, including renal tubule dilation, tubular epithe-
lial damage, and cast formation, was scored by determining
the percentage of necrotic tubules, and renal tubule damage
was graded from 0 to 4 [29].

A commercial kit (ZSGB-BIO, Beijing) was used to per-
form immunohistochemical staining. Briefly, the sections
were incubated with anti-KIM-1 (1 : 500) overnight at 4°C
and then incubated with a secondary antibody (1 : 100) for
1 h at room temperature. For quantification, the ratio of
optical density was calculated with ImageJ software (version
1.52) to assess the staining intensity.

2.14. Small Molecule Inhibitors, siRNAs, Plasmids, and
Transfection. The specific ATM inhibitor KU-60019 was
purchased from MCE Co., Ltd. (Shanghai, China). PLK3-
siRNA was designed and synthesized by IGE Co., Ltd.
(Guangzhou, China). The siRNA sequences are shown in
Supplementary Table 1. The PLK3 overexpression plasmid
was constructed with a pcDNA3.1 vector with a 3× Flag
tag. Before transfection, HK-2 cells were seeded in 6-well
plates and incubated at 37°C in 5% CO2 until they reached
60%-70% confluence. The siRNAs and plasmids were
transfected by using Lipofectamine 2000 transfection reagent
in Opti-MEM. The siRNA-NC and pcDNA3.1 vector served
as the negative controls. After 6h, the Opti-MEM was
replaced with DMEM/F-12 medium supplemented with 10%
FBS, and the cells were further cultured. Then, qRT–PCR

and Western blot were used to evaluate gene knockdown
and overexpression efficiency.

2.15. Statistical Analysis. R software version 4.0.4 was used
for bioinformatics analysis. All statistical analyses were per-
formed using GraphPad Prism 8.0 (GraphPad, La Jolla, CA,
U.S.A.). Data are presented as the mean ± SD. Two-tailed
unpaired t-test was used for comparisons between two
groups, and one-way analysis of variance (ANOVA) was
used for multigroup comparisons. A value of P < 0:05 was
considered statistically significant.

3. Results

3.1. Identification of DEGs in Wild-Type (WT) Mice and
Screened PLK3 in Four Distinct Cellular Subgroups. A total
of 821 (379 upregulated and 442 downregulated) DEGs were
identified between the WT mice in the I/R injury (24 h) and
sham groups from GSE52004 by GEO2R (jlogFCj > 1:5,
adj:P < 0:05) (Figure 1(a)). Interestingly, we found that
PLK3 and the two most common markers of renal injury
(Kim1 and Ngal) were among the top five upregulated
DEGs (Figure 1(b)). PLK3 has not been previously
described in studies of renal I/R injury, so we continued
to compare the PLK3 translation profiles of four distinct
cellular subgroups. PLK3 was highly expressed in all the
cell groups, especially in interstitial cells (Foxd1) and TECs
(Six2) (Figure 1(c)). The TRAP-seq validation dataset
GSE121191 (adj:P < 0:05) also confirmed the significantly
increased expression of PLK3 in renal TECs after 48 h of
I/R injury (Figure 1(d)). Notably, the single-cell RNA-seq
data from normal kidneys in the Human Protein Atlas
indicated that the expression level of PLK3 in normal
TECs was lower than that in immune cells (Figure 1(e)).
GO enrichment analysis was used to verify the potential
function of PLK3 in I/R injury. The TRAP-WT results
suggested that PLK3 was significantly enriched in GO
terms of biological processes, including oxidative stress,
cell cycle, and DNA damage (Figure 1(f)). On the other
hand, the TRAP-Nephron results suggested that PLK3
was mainly involved in the hypoxic response, oxygen level
regulation, oxidative stress, and DNA damage response
(Figure 1(g)). These biological processes are extremely
important in ischemic AKI, suggesting that PLK3 may
play an important role in renal I/R injury.

3.2. PLK3 Was Upregulated in Response to H/R Injury in
TECs and I/R Injury in the Renal Cortex. We first examined
the mRNA expression levels of PLK3 in HK-2 cells exposed
to different hypoxic conditions and different reoxygenation
times in the H/R model. The results showed that PLK3
mRNA expression was significantly higher in the H/R group
than in the normoxia group, and its expression gradually
increased with increasing hypoxia duration (Figure 2(a)).
Similarly, PLK3 protein expression was also increased after
H/R stimulation, and the highest protein level was observed
after 24 h of hypoxia and 6h of reoxygenation (Figure 2(b)).
Since oxidative stress occurs mainly during the reoxygena-
tion stage, we examined the changes in PLK3 expression in
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response to different reoxygenation times after 24 h of
hypoxia, and the results demonstrated that PLK3 expression
was higher at 6 h than at 3 h, and there was no additional
increase after 6 h (Figure 2(c)). Therefore, 24 h of hypoxia
and 6h of reoxygenation were chosen as the time points
for subsequent in vitro experiments.

In parallel, we examined the expression of PLK3 in the renal
cortex by establishing a mouse model of I/R injury. Consis-
tently, the mRNA and protein levels of PLK3 increased with
increasing reperfusion time (Figures 2(d)–2(f)). Moreover, the
kidney injury pathology score and enzymatic analyses results
(creatinine and BUN levels) suggested that the kidney wasmost
severely damaged at 24h after the restoration of perfusion
(Figures 2(g) and 2(h) and Supplementary Fig. 1A). In addition,
the immunofluorescence results revealed a significant increase
in PLK3-positive staining in renal tubules with increasing
reperfusion time (Figure 2(e)). These results indicated that
PLK3 was involved in the progression of renal I/R injury.

3.3. PLK3 Inhibition Enhanced Cell Viability and Reduced
TEC Apoptosis in H/R Injury. We successfully constructed
PLK3 overexpression plasmids and targeted siRNA
sequences (Figures 3(a) and 3(b) and Figures 4(a) and 4
(b)). First, a CCK-8 assay was used to measure cell viability.
Compared with normoxic conditions, H/R injury signifi-
cantly reduced the number of viable cells, while PLK3 over-
expression further reduced cell viability (Figure 3(c)).
However, silencing PLK3 expression enhanced cell viability

under H/R conditions (Figure 4(c)). To investigate the effect
of PLK3 on H/R-induced apoptosis of TECs, the incidence
of apoptosis was assessed by flow cytometry and TUNEL
assays. Flow cytometry revealed that PLK3 overexpression
increased TEC apoptosis (Figure 3(d)). Notably, PLK3-
targeted siRNA reduced the percentage of apoptotic cells
observed after H/R injury (Figure 4(d)). TUNEL assays
showed that the PLK3 plasmid increased the number of
TUNEL-positive cells compared to the number of TUNEL-
positive cells in the group exposed to H/R alone (Figure 3
(e)), while inhibiting PLK3 expression decreased the number
of apoptotic TECs (Figure 4(e)).

3.4. I/R Injury- and H/R Injury-Induced Exacerbation of
Oxidative Stress and DNA Damage in TECs.We investigated
the degree of oxidative stress in the I/R injury and H/R
injury models. Compared with those in the sham-operated
group, the MDA levels were increased and SOD activity
was decreased in the renal cortex in the I/R injury group
(Figures 5(a) and 5(b)). The results also showed that oxida-
tive stress damage worsened with prolonged reperfusion
time. Additionally, H2DCFH-DA and DHE staining in the
H/R model further confirmed this result (Figures 5(c) and
5(d)). These findings suggested that I/R or H/R exacerbated
oxidative stress in TECs. In mammalian cells, rH2AX is a
marker of DSBs in response to DNA damage [30]. Immuno-
fluorescence analysis suggested a marked increase in
γH2AX-positive TECs after H/R injury compared with that
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Figure 1: Bioinformatics analysis of PLK3 expression in renal TECs. (a) The heatmap shows the expression levels of the upregulated and
downregulated DEGs (GSE52004). (b) Top 5 upregulated DEGs in TRAP-seq analysis of WT mice. (c) The expression level of PLK3 in
four different cell subgroups 24 h after renal I/R injury. (d) The expression level of PLK3 in the TRAP-seq validation dataset
(GSE121191) after renal I/R injury. (e) The expression level of PLK3 in single-cell RNA-seq data of normal kidney TECs derived from
the Human Protein Atlas (GSE131685). (f) Bubble plots showing the enriched GO terms for PLK3-related biological processes in IRI vs.
sham (TRAP-WT) DEGs. (g) Bubble plots showing the enriched GO terms for PLK3-related biological processes in IRI vs. sham
(TRAP-Nephron) DEGs. The data are presented as the mean ± SD. n = 3. ∗P < 0:05.
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8 Oxidative Medicine and Cellular Longevity



PLK3 DAPI Merge

Sh
am

Re
p 

6
Re

p 
12

Re
p 

24

(e)

Sham Rep 6 Rep 12 Rep 24

PLK3

β-actin

72kD

43kD

Sham Rep 6 Rep 12 Rep 24
0

1

2

3

4

5
Ra

tio
 (P

LK
3/

β-
ac

tin
)
⁎⁎⁎

(f)

Sham 6h 12h 24h
0

50

100

150

Cr
ea

tin
in

e (
μm

ol
/L

)

Reperfusion time

⁎⁎⁎⁎

(g)

Sham 6h 12h 24h
0

10

20

30

40

BU
N

(m
m

ol
/L

)

Reperfusion time 

⁎⁎⁎⁎

(h)

Figure 2: PLK3 expression was upregulated in TECs exposed to H/R injury and kidneys exposed to I/R injury. (a) PLK3 mRNA levels in
HK-2 cells were measured by real-time RT–PCR after hypoxia and reoxygenation for different time periods. (b) PLK3 protein levels were
measured by Western blot after different hypoxia time periods and the same reoxygenation time period. (c) PLK3 protein levels after the
same hypoxia time period and different reoxygenation time periods. (d) PLK3 mRNA levels in the kidneys of C57BL/6J mice exposed to
I/R were examined after 30min of ischemia and different reperfusion times (6 h, 12 h, and 24 h). (e) PLK3 protein levels after different
reperfusion times were observed by immunofluorescence (bar = 50 μM; magnification, 400x). (f) PLK3 protein levels were measured after
different reperfusion times. (g-h) Creatinine and BUN levels after different reperfusion times. The data are presented as the mean ± SD.
n ≥ 3. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. BUN: blood urea nitrogen; H24R3: hypoxia for 24 h and reperfusion for
3 h; Rep24: ischemia for 30min and reperfusion for 24 h.
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after exposure to normoxia (Figure 5(e)), and the Western
blot results also confirmed significant upregulation of
γH2AX protein levels. As shown in Figure 5(f), the ATM
phosphorylation and P53 phosphorylation levels were dra-
matically elevated by H/R injury, further suggesting that
the DDR could be induced after H/R injury. In addition, in
the H2O2-induced oxidative stress model, we stimulated
HK-2 cells with different concentrations of H2O2, and the
results showed that the expression of PLK3 was significantly
increased (Figures 5(g) and 5(h)). In summary, these find-
ings suggest that H/R injury can induce oxidative stress-
mediated DNA damage, which may be an essential factor
for TEC apoptosis.

3.5. Inhibiting PLK3 Attenuated TEC Apoptosis by
Regulating P53-Mediated Apoptosis Pathways in Response
to H/R Injury. P53 can be activated to initiate apoptotic sig-
naling after DNA damage. To investigate whether elevated
PLK3 expression due to the DDR correlates with the phos-
phorylation and activation of P53, we examined the P53
phosphorylation levels in H/R-exposed TECs in which
PLK3 expression was silenced. The results showed that low
levels of PLK3 expression were accompanied by reduced
P53 phosphorylation. Interestingly, knockdown of PLK3
expression did not alter the hypoxia-induced increase in
total P53 levels. This result suggests that PLK3 acts as a pro-
tein kinase and is involved in the phosphorylation of P53
associated with the DDR. P53 activation may lead to apopto-
sis, and this effect is governed by a series of apoptotic genes,
including Bcl-2 and Bax. Compared to cells cultured under
normoxic conditions, cells exposed to H/R exhibited ele-
vated expression of the proapoptotic gene Bax and decreased
expression of the antiapoptotic gene Bcl-2. However, the
expression of Bax in PLK3-KD TECs was significantly lower
than that in si-NC-transfected cells, but Bcl-2 expression was
elevated and the Bax/Bcl-2 ratio was reversed (Figure 6(a)).
These results suggested that inhibiting PLK3 expression
could attenuate downstream proapoptotic factors, leading
to TEC apoptosis by reducing the phosphorylation of P53
during the DDR.

3.6. ATM Mediated the Induction of PLK3 in H/R Injury in
TECs. ATM is one of the first sensors that is activated during
the DDR. To determine whether ATM affects PLK3 expres-
sion, we used the specific ATM inhibitor KU-60019 and
explored its inhibitory effect on PLK3 in HK-2 cells subjected
to H/R for different times (Supplementary Fig. 2A). Western
blot analysis showed that inhibiting p-ATM activation
decreased the PLK3-induced P53 phosphorylation, thereby
blocking the proapoptotic response downstream of P53
(Figure 6(b)). These results suggest that ATM, which is
upstream of the DDR, can induce TEC apoptosis through the
PLK3/P53 pathway in the presence of severe DNA damage.

3.7. The Alleviating Effects of ATM Inhibition on TEC
Apoptosis Were Reversed by PLK3 Overexpression. We added
KU-60019 to inhibit the DDR in HK-2 cells subjected to H/
R injury and then transfected the cells with PLK3 overex-
pression plasmid. Western blot revealed no significant
changes in the ATM phosphorylation levels, but the p-P53
levels were significantly increased, and the Bax/Bcl-2 ratio
was elevated (Figure 7(a)). These results suggested that acti-
vation of PLK3, a downstream effector molecule of ATM,
alone can also increase the phosphorylation of P53 to pro-
mote TEC apoptosis. In addition, we used flow cytometry
and TUNEL assays to examine TEC apoptosis in vitro to
verify these results (Figures 7(b) and 7(c)).

3.8. Knockdown of PLK3 Alleviated Renal Dysfunction and
Tubular Damage in I/R-Induced AKI. PLK3 expression was
disrupted in C57BL/6J mice by renal vein injection of the
rAAV9-PLK3-KD plasmid (Figure 8(a)). Real-time PCR
and Western blot showed that the PLK3 mRNA and protein
levels were significantly downregulated after 28 days
(Supplementary Fig. 2B-C). Body weight measurements
suggested that the injection of the rAAV-9 virus had no sig-
nificant effect on body weight (Supplementary Fig. 2D). In
mice suffering from I/R injury, the serum creatinine and
BUN levels were significantly increased, while PLK3-KD
decreased the serum creatinine and BUN levels after I/R
injury (Figures 8(b) and 8(c)). Renal tubular damage is
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Figure 3: PLK3 overexpression promotes the TEC apoptosis caused by H/R injury. (a and b) Quantitative analysis and representative
Western blot images of PLK3 mRNA and protein expression after transfection with the pcDNA3.1-flag-PLK3 plasmid. (c) CCK-8
reagent was used to evaluate the viability of HK-2 cells transfected with plasmids after H/R injury. (d) Representative graphs of the flow
cytometry results showing apoptotic populations and quantitative analysis of apoptosis rates. (e) TUNEL staining to measure DNA
fragmentation during apoptosis (bar = 50μM; magnification, 400x). The data are presented as the mean ± SD. n = 3. ∗P < 0:05, ∗∗P < 0:01,
∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.
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characterized by tubular dilatation, swelling, necrosis, and/
or tubular congestion. Renal injury was evident in mice sub-
jected to I/R injury, and PLK3-KD treatment alleviated this
injury (Figure 8(d)). Immunohistochemical analysis of the
expression of KIM-1, a marker of renal tubular injury, fur-
ther confirmed that PLK3-KD attenuated I/R-induced AKI
(Figure 8(d)). These results suggest that activating PLK3 in
mice with I/R-induced AKI may be a key factor in suscepti-
bility to AKI and that inhibiting PLK3 has a protective effect
against ischemic AKI.

3.9. Inhibiting PLK3 Could Reduce TEC Apoptosis in I/R-
Induced AKI. Immunofluorescence was performed to mea-
sure the expression of PLK3 in the renal cortical region,

and the results suggested that PLK3-positive staining was
diminished in PLK3-KD mice compared with rAAV9 mice.
The TUNEL assay was used to examine genomic DNA frag-
mentation during apoptosis, and the results revealed signifi-
cantly decreased positive staining in the renal cortex of
PLK3-KD mice, indicating that blocking PLK3 expression
reduced apoptosis and DNA fragmentation in TECs
(Figure 9(a)). Moreover, we extracted the renal cortex, which
contains a large number of nephrons, from mice with I/R-
induced AKI for Western blot. The results indicated that I/
R injury enhanced P53 phosphorylation and Bax expression
and decreased Bcl-2 expression compared with the control,
whereas PLK3-deficient mice showed significantly reduced
P53 phosphorylation and Bax expression and enhanced
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Figure 4: Targeted silencing of PLK3 expression reduces H/R-induced apoptosis in TECs. (a) qRT–PCR analysis of PLK3 mRNA expression
after transfection with 100 nM PLK3-siRNA or scrambled oligonucleotide (si-NC). (b) Immunoblotting analysis of PLK3 silencing
efficiency. (c) The viability of HK-2 cells was measured by CCK-8 assays. (d) Flow cytometry was performed to examine HK-2 cell
apoptosis. (e) Representative images showing TUNEL-positive HK-2 cells after PLK3 silencing (bar = 50 μM; magnification, 400x). The
data are presented as the mean ± SD. n = 3. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.
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Figure 5: Continued.
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Bcl-2 expression after I/R injury (Figure 9(b)). These results
suggest that inhibiting PLK3 can reduce DNA damage and
thus protect against TEC apoptosis during ischemic AKI.

4. Discussion

In a complex tissue such as the kidney, the high degree of
cellular heterogeneity complicates the analysis of gene
expression profiles derived from whole tissues. Comprehen-
sive transcriptional profiles and gene expression profiles of

specific cell types in complex tissues are essential for under-
standing the roles of genes in different cells [31]. The advan-
tage of TRAP versus other gene expression profiling
methodologies is that it allows in situ analysis of the mRNA
profile of any genetically defined cell type, and the results
match protein expression results more closely than the
results of total RNA gene expression profiling [32]. Renal
tubules are portion of the kidney that is most vulnerable to
I/R injury, and renal tubules contribute most strongly to
renal failure. To better characterize the molecular and
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Figure 5: Oxidative stress and the DDR were induced during H/R injury in TECs and I/R injury in mouse kidneys. HK-2 cells were
subjected to normoxia or hypoxia for 24 h/reoxygenation for 6 h. C57BL/6J male mice were subjected to sham operation or 30min of
bilateral renal ischemia, followed by 24 h of reperfusion. (a and b) MDA levels and SOD activity in renal cortex homogenates were
analyzed. (c and d) Flow cytometric analysis of H2DCFH-DA staining and cytofluorometric analysis of DHE staining were performed to
measure the levels of cellular ROS production after H/R treatment (bar = 50μM; magnification, 400x). (e) Representative images of
immunofluorescence staining of γH2AX in TECs (bar = 50μM; magnification, 400x). (f) The expression of DNA damage-related
proteins was measured by Western blot after H/R injury. (g) PLK3 mRNA levels in the H2O2-induced oxidative stress model. (h)
PLK3 protein levels after H2O2 stimulation. The data are presented as the mean ± SD. n = 3. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and
∗∗∗∗P < 0:0001. DHE: dihydroethidium; MDA: malondialdehyde; SOD: superoxide dismutase.
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cellular events related to AKI, we used the TRAP-seq
results in the GEO database to examine PLK3 expression
in the translation profile of nephrons (tubules) exposed
to IRI for 24h.

GO analysis showed that PLK3 was mainly involved in
oxidative stress and DNA damage after renal I/R injury.
DNA damage has been reported to be involved in I/R injury
in a variety of vital organs, including the testicular, brain,
liver, and heart [33–36]. During renal I/R injury, DNA frag-
mentation in the renal tubules after DNA damage occurs as
early as 12 h after reperfusion and increases within 24h [37].
In vitro, significant DNA damage occurs in rat proximal
renal TECs after 5min of hypoxia and 30min of reoxygena-
tion, and DSBs are exacerbated in a time-dependent manner
[38]. AKI caused by sepsis, ischemia, or nephrotoxic drugs
can lead to rapidly progressive renal dysfunction. Genomic
DNA damage plays a critical role in the phenotypic changes
in TECs and the subsequent loss of renal function. In neph-
rotoxic and ischemic AKI, TRIP13 deletion leads to
increased DNA damage and activation of apoptotic signal-
ing, resulting in TEC injury [39]. Endogenous salbutamol-
β treatment exacerbates sepsis-related and nephrotoxic
AKI by activating the ROS/DNA damage/P53 apoptotic

pathway [11]. CCN2 exacerbates ischemic AKI by increasing
the expression of γH2AX and p-P53 through oxidative DNA
damage [40].The degree of DNA damage is inversely corre-
lated with the estimated glomerular filtration rate (eGFR)
[41]. Therefore, activation of the DDR signaling pathway
may represent a common mechanism that leads to AKI.
Studies have confirmed that HMSCs and high-dose vitamin
B12 protect renal function after I/R injury by reducing renal
superoxide levels and lipid peroxidation, thereby attenuating
the DDR and TEC apoptosis [42, 43]. After renal I/R injury,
application of BA (boric acid) decreased the degree of DNA
damage by preventing partially oxidative stress [44]. Our
current study also confirmed that inhibition of PLK3, a
phosphokinase directly involved in the DNA damage cas-
cade response, protects TECs from renal I/R injury.

PLK3 has never been examined in the context of renal I/
R injury. In the present study, we found significant upregu-
lation of PLK3 expression in renal TECs in response to H/R
injury and renal I/R injury. We observed renal injury and
PLK3 expression changes in the I/R model with bilateral
renal ischemia for 30min and reperfusion for different times
(6 h, 12 h, and 24h). With the prolongation of reperfusion
time, the expression of PLK3 showed the same trend as the
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Figure 6: Inhibiting PLK3 attenuates TEC apoptosis via the ATM/P53 signaling pathway. (a) In the H/R injury model, the PLK3 protein
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indicators of renal function (creatinine and BUN), suggest-
ing that the expression of PLK3 was related to the severity
of renal injury. When cells are subjected to I/R injury, large
amounts of ROS are produced, which disrupt the balance
between oxidative and antioxidant systems and ultimately
lead to oxidative stress [45]. ROS induced by I/R injury
in vivo or H/R injury in vitro can lead to a series of severe
damaging effects, such as lipid peroxidation, mitochondrial
damage, and increased susceptibility to renal tubular injury

[46]. Similarly, DNA damage due to H/R injury in vitro is
mainly caused by oxidative stress associated with the
reoxygenation-induced production of ROS [47]. To confirm
the occurrence of oxidative stress and DNA damage in our
in vitro model, we used a ROS fluorescent probe to measure
ROS production and immunofluorescence analysis to
observe rH2AX staining. The results showed significant oxi-
dative stress and DSBs. To further confirm that PLK3 can be
activated by oxidative stress, we measured PLK3 expression

H
/R

H
/R

+K
U

H
/R

+K
U

+V
ec

to
r

H
/R

+K
U

+P
LK

3

0.0

0.5

1.0

1.5

Ra
tio

 (P
53

/
β

-a
ct

in
)

ns ns ns

350 kD

72 kD

55 kD

55 kD

26 kD

21 kD

43 kD

p-ATM
PLK3

Vector
Ku60019

H/R

PLK3

p-P53

P53

Bcl-2

Bax

β-actin

–
–
–

–
– –

– +
+
++

++ + +
+

H
/R

H
/R

+K
U

H
/R

+K
U

 +
 V

ec
to

r

H
/R

+K
U

 +
 P

LK
3

0.0

0.5

1.0

1.5

Ra
tio

 (p
-A

TM
/

β
-a

ct
in

) 

ns ns⁎⁎⁎⁎

H
/R

H
/R

+K
U

H
/R

+K
U

+V
ec

to
r

H
/R

+K
U

+P
LK

3

0

1

2

3

Ra
tio

 (P
LK

3/
β

-a
ct

in
) 

⁎⁎ ns ⁎⁎⁎⁎

H
/R

H
/R

+K
U

H
/R

+K
U

+V
ec

to
r

H
/R

+K
U

+P
LK

3

0

1

2

Ra
tio

 (p
-P

53
/β

-a
ct

in
) ⁎ ns ⁎⁎⁎

H
/R

H
/R

+K
U

H
/R

+K
U

+V
ec

to
r

H
/R

+K
U

+P
LK

3

0

1

2

3

Ra
tio

 (B
cl

-2
/β

-a
ct

in
) ns⁎⁎ ⁎⁎⁎

H
/R

H
/R

+K
U

H
/R

+K
U

+V
ec

to
r

H
/R

+K
U

+P
LK

3

0

1

2

Ra
tio

 (B
ax

/β
-a

ct
in

) ⁎ ns ⁎⁎⁎

(a)

H/R H/R + Ku60019 H/R + Ku60019 + Vector H/R + Ku60019+PLK3

H
/R

H
/R

+K
u+

V
ec

to
r

H
/R

+K
u+

V
ec

to
r

H
/R

+K
u+

PL
K3

0
4
8

12
16
20

Ce
ll 

ap
op

to
sis

 (%
) ns

Annexin V-FITC

PI

⁎⁎⁎⁎⁎⁎

(b)

H/R H/R + Ku60019 H/R + Ku60019 + Vector H/R + Ku60019 + PLK3

TU
N

EL

H
/R

H
/R

+K
u

H
/R

+K
u+

V
ec

to
r

H
/R

+K
u+

PL
K3

0

10

20

30

TU
N

EL
 p

os
iti

ve
ce

lls
 (%

)
ns⁎⁎⁎ ⁎⁎⁎⁎

(c)

Figure 7: PLK3 overexpression reverses the effect of ATM inhibition in alleviating TEC apoptosis. (a) p-ATM protein levels, PLK3 protein
levels, and apoptosis-related protein levels were measured by Western blot after the application of KU-60019 and PLK3 plasmid. (b) Flow
cytometry was performed to examine the apoptosis of HK-2 cells after the administration of KU-60019 and PLK3 plasmids. (c) TUNEL
assays showed the number of apoptotic HK-2 cells. The data are presented as the mean ± SD. n = 3. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001,
and ∗∗∗∗P < 0:0001.
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and observed significantly elevated PLK3 expression in
H2O2-stimulated HK-2 cells.

ATM plays dual roles in DNA damage due to I/R. It
plays a protective role during ischemic preconditioning but

promotes cell death in lethal ischemic injury [48]. As one
of the key transducers of the DDR, ATM undergoes rapid
autophosphorylation at serine 1981 after DNA damage;
then, ATM is recruited to the site of DNA damage to initiate
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Figure 8: rAAV-9-mediated PLK3 KD attenuates I/R-induced AKI in mice. (a) Schematic diagram illustrating the animal experimental
design. (b and c) Serum creatinine and BUN assays. (d) Sections of kidney tissue were stained with H&E, and tubular damage was
quantified; KIM1 expression was examined by immunohistochemistry (bar = 50 μM; magnification, 400x). The data are presented as the
mean ± SD. n ≥ 3. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗∗P < 0:0001.
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repair, but in the context of severe DNA damage, it initiates
apoptosis [49]. In this study, we confirmed that ATM was
rapidly phosphorylated at serine 1981, which led to the acti-
vation of the downstream kinase PLK3 during H/R injury.
We confirmed that PLK3 overexpression exacerbated TEC
apoptosis after H/R injury, while targeted silencing of
PLK3 expression reduced apoptosis. Specific ATM inhibitors
attenuated apoptosis in the presence of multiple DNA
damage-inducing factors [50, 51]. Compared with KU-
55933, KU-60019 is an improved ATM kinase-specific
inhibitor that has a more potent inhibitory effect [52]. KU-
60019 reduced the protein levels of p-ATM and PLK3 and
reduced the phosphorylation of P53, thereby regulating the
downstream Bax/Bcl-2 ratio and attenuating apoptosis. In
the rescue assay, PLK3 overexpression reversed the cytopro-
tective effect of KU-60019 on the DDR. Furthermore, we

found that cell viability decreased after H/R injury, which
may be related to the significant decrease in the nucleotide
levels after hypoxia and the decrease in replication caused
by DNA damage [53]. Our results suggest that silencing
PLK3 expression during DDR injury can improve the viabil-
ity of TECs.

Oxidative DNA damage, which can be induced by the
ROS that are generated after renal I/R injury, directly
induces TEC apoptosis [11, 54]. The TUNEL assay can
detect DNA double-stranded and single-stranded breaks,
which are markers of apoptosis after DNA damage [55].
Consistently, we found that H/R-induced apoptosis was
accompanied by oxidative stress and the DDR. Accumulat-
ing evidence suggests that DNA damage and apoptosis are
important steps in the pathogenesis of a variety of renal dis-
eases [56, 57]. Consistent with previous studies [58], we also
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Figure 9: rAAV-9-mediated PLK3 KD alleviates I/R-induced TEC apoptosis in mice. (a) PLK3 expression was examined by
immunofluorescence analysis; TUNEL analysis of apoptosis was performed (bar = 50 μM; magnification, 400x). (b) Western blot analysis of
PLK3 and apoptosis-related protein expression levels. The data are presented as the mean ± SD. n ≥ 3. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001,
and ∗∗∗∗P < 0:0001.

18 Oxidative Medicine and Cellular Longevity



found that P53 protein expression in renal tubules was very
low under baseline physiological conditions and increased
significantly after ischemic injury. P53 is the master player
in DDR-induced apoptosis, and the phosphorylation of
P53, rather than the total expression of this protein, is the
key to the induction of apoptosis [59]. DNA damage signal-
ing induces P53 phosphorylation and stabilization and
enhances its robust transcriptional activity to initiate the apo-
ptosis cascade [60]. In the intrinsic mitochondrial apoptotic
pathway, the activation of Bax by P53 transcription leads to
permeabilization of the outer mitochondrial membrane and
the release of apoptotic factors, which further activate cas-
pases to induce apoptosis. Conversely, Bcl-2 antagonizes
Bax to prevent mitochondrial permeabilization and inhibit
apoptosis. In our study, we confirmed that H/R injury and
I/R injury significantly increased the level of P53 phosphory-
lation. After P53 transcriptional activity is enhanced, expres-
sion of the downstream proapoptotic factor Bax is also
significantly increased, and expression of the survival protein
Bcl-2 is reduced; thus, the intrinsic apoptosis cascade is initi-
ated in TECs. However, targeted silencing of PLK3 expres-
sion in vitro or knockdown of PLK3 expression with
rAAV-9 plasmids in vivo could block P53-mediated apopto-
sis by reducing the phosphorylation of P53 to alleviate ische-
mic AKI and protect renal function. These results suggest
that PLK3 functions as a protein kinase in the DDR and reg-
ulates DNA damage-induced apoptosis by phosphorylating
its substrate P53 (Figure 10). This study provides insight into
the causal relationship among oxidative stress, oxidative
DNA damage, and TEC apoptosis in renal I/R injury.

5. Conclusions

In summary, this study is the first to show that PLK3 is
activated during renal I/R injury and associated with oxida-
tive stress and DNA damage. Oxidative stress caused by

excessive ROS production can lead to DSBs, which can acti-
vate ATM, as well as downstream signaling responses to
DNA damage. PLK3 activation by phosphorylated ATM
increases the phosphorylation of P53, which enhances the
P53-mediated proapoptotic cascade to promote TEC apopto-
sis. Overall, inhibiting PLK3 attenuates renal I/R injury-
induced apoptosis by blocking the ATM/P53-mediated DDR,
suggesting that PLK3could be the target of effective therapeutic
strategies to treat I/R injury during kidney transplantation.
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magnification, 400x). (B and C) TUNEL assays showed the
number of apoptotic after I/R injury (bar = 50 μM; magni-
fication, 400x). The data are presented as the mean ± SD.
n ≥ 3. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗∗P < 0:0001. PC: posi-
tive control; NC: negative control. Supplementary data to
this article can be found online. Figure 2: (A) p-ATM pro-
tein levels, PLK3 protein levels were measured by Western
blotting after the application of KU-60019. (B and C)
PLK3 expression after I/R injury at day 21 and day 28
of rAAV9-PLK3-KD plasmid injection. (D) PLK3 mRNA
expression after rAAV9-PLK3-KD plasmids injection was
detected of by qPCR. (E) Body weight measurement of
mice injected with rAAV9 vector and rAAV9-PLK3-KD
plasmids. The data are presented as the mean ± SD. n ≥ 3. ∗
P < 0:05, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. 21d: 21 days;
28d: 28 days. Supplementary data to this article can be found
online. (Supplementary Materials)
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Studies reported evidence for opposite effects of extremely low-frequency electromagnetic field (EMF): harmful, including the oxidative
stress induction, and beneficial, such as the activation of antioxidant defense. People’s exposure to EMF is often repeated or prolonged,
and it is important to consider the cumulative effect of such kind of exposure on the organism. If changes evoked by repeated exposure
to EMF are permanent, responsiveness to other stress factors can bemodified. The aims of our study were (1) to evaluate changes in the
levels of oxidative stress and antioxidant defense markers in the prefrontal cortex of adult rats after repeated exposure to 1 and 7mT
EMF and (2) to assess whether repeated EMF exposure can modify oxidative/antioxidative status in response to other stress factors.
Rats were exposed to EMF 1h/day for 7 days, one, twice, or three times. After each exposure, 8-isoprostanes, protein carbonyl
groups, and the total antioxidant capacity were assessed. Part of the animals, after EMF treatment, was exposed to another stress
factor—open field. Results showed that repeated exposure changed the oxidative/antioxidative status depending on the intensity of
the EMF and the number of exposures. 1mT EMF created weak changes in the oxidative status in the brain; however, 7mT EMF
moved the balance to a clearly higher level. The changes in the oxidative status after 1mT EMF were enough to reduce, and after
7mT EMF to intensify oxidative processes in response to the next stress. We concluded that the organism might adapt to “weak”
EMF, while “strong” EMF exceeds the adaptive capacity of the organism and sensitizes it to subsequent stress, and thus may
modulate vulnerability to diseases. Our results also provide new insights into the possible therapeutic properties of the magnetic
field, as 1mT EMF appears to have a potentially protective impact on the brain.

1. Introduction

The influence of the extremely low-frequency electromag-
netic field (EMF) on living organisms is still being widely
investigated. EMF includes frequencies in the range of
3-300Hz, which also correspond to physiological brain

oscillations [1]. The most common frequencies values in
our environment are 50Hz and 60Hz [2, 3]. Nowadays, peo-
ple are increasingly exposed to this type of electromagnetic
field due to the increasing number of electrical devices in
our urbanized environment. EMF exposure has been proved
to be an important risk factor in the development of diseases
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affecting the nervous system, such as anxiety or depression
[4]. The brain is an organ extremely sensitive to oxidative
stress because of the high amount of unsaturated lipids,
energetics dependent on mitochondria, neurotransmitters’
metabolism generating hydrogen peroxide (H2O2), the abil-
ity of neurotransmitters to autooxidation, and engagement
of reactive oxygen species in Ca2+ signaling [5]. Oxidative
stress underlies many neurodegenerative and neuropsychiat-
ric disorders [6].

The results of studies concerning the effect of EMF (50/
60Hz) on oxidative stress and antioxidant defense are often
contradictory or insufficient. It means that the answer to the
question whether EMF has a beneficial or detrimental
impact on the organism is not obvious. Some authors
reported evidence for the harmful effects of EMF, including
oxidative stress induction [7–9]. The increased level of one
of the most common markers of lipid peroxidation, malon-
dialdehyde (MDA), was noticed in a several studies on
humans and animal models exposed to EMF [7, 8]. In addi-
tion, oxidative damages are often accompanied by a decrease
in antioxidant defense [8–10]. On the other hand, the
increase of reports on the benefits associated with exposure
to EMF such as activation of antioxidant systems is observed
[11–13]. These protective effects of EMF are also used in
medicine, e.g., for the treatment of brain damages [13]. It
is also important that EMF exposure experienced by people
is often repeated or prolonged, but most research evaluates
the effect of the single period of EMF exposure.

EMF is recognized as a mild stress factor [2, 14], which
as other stress factors can result in different activations of
stress response systems; it means that exposure to EMF
can establish a new “set-point” for stress systems activity.
However, the course of this phenomenon (the direction
and dynamics) depends on the intensity of the electromag-
netic field. As a consequence, the EMF-induced changes in
stress hormones can boost “cellular hormesis” by activation
of signaling pathways including oxidative/antioxidative pro-
cesses in different ways [15].

Here, we propose the hypothesis that the impact of an
extremely low-frequency electromagnetic field on oxidant/
antioxidant balance is not definitely negative, and the direc-
tion and dynamics of EMF-induced changes depend on the
value of magnetic flux density as well as on the number of
exposures. During repeated exposure to some stress factor,
the organism responds to each individual stressor; however,
consequently, the cumulative effect of all exposures is
observed. As a result, temporary or permanent regulatory
changes can be evoked [16]. The first exposure to stress gener-
ates the stress-induced initial disruption in homeostasis. As
the response, the processes to reestablish the balance are trig-
gered and they require gene expression and protein synthesis
that progresses over time; thus, the temporal feature of the
response to repetitive stress is essential [17]. We assumed that
the first exposure to EMF changes the oxidative/antioxidative
status; thus, each next EMF exposure would overlap its level
established under the previous EMF exposure.

Therefore, the first aim of the study was to evaluate the
changes in the levels of oxidative stress as well as the antiox-
idant defense markers in the prefrontal cortex of adult rats

after repeated exposure to EMF of two different values of
magnetic flux density (1 and 7mT). The prefrontal cortex
seems to be more sensitive to oxidative stress than other
brain structures and concerning its role in the development
of nervous system-related diseases; it appears to be relevant
for research of the impact of EMF on oxidative/antioxidative
status [18]. We have chosen to evaluate the effects of EMF of
1 and 7mT. According to European Union Directive 2013/
35/EU, the threshold value for magnetic flux density of the
minor transient changes in the brain is set to a value of
1mT EMF for 50Hz. On the other hand, the exposure of
workers to 50Hz magnetic fields must be limited to the value
6mT [19]. It has been shown that exposure to EMF of inten-
sity higher than 6mT causes measurable biological effects, e.g.,
increased lipid peroxidation [20, 21], DNA damage [22], and
neuronal networks synchrony firing generation [23].

Then, we assumed that if the changes evoked by repeated
exposure to EMF are permanent, the responsiveness to the
other kinds of stress can be modified. It means that EMF
can change the vulnerability of the organism to subsequent
stress factors and thus to diseases, mainly related to the
nervous system, in a two-way manner: compensatory or det-
rimental ones. Intriguingly, many nervous system-related
disorders may be accounted for by a ‘two-hit model’ in
which environmental stressors change the central nervous
system function in the permanent way leading to changes
in vulnerability to a “second hit,” in turn leading to the onset
of disease [24]. Thus, the second aim of the research was to
assess whether the consequence of repeated EMF exposure
can be the modification of the oxidative/antioxidative status
in response to subsequent, other stress factors.

2. Materials and Methods

2.1. Animals. A total of 175 male adults (3-month-old)
Wistar rats weighing 300-350 g were used throughout the
experimentation. The number of animals in the research was
planned in accordance with 3R principles (replacement,
reduction, and refinement; EU Directive 2010/63/EU) [25].
Rats were housed in plastic cages in a temperature/humidity/
light-controlled laboratory conditions (22 ± 2°C, humidity
55 ± 10%, 12 : 12h light : dark cycle with lights on at
7:00 a.m.). Rodent laboratory feed and drinking water were
provided ad libitum. All experimental procedures were
approved by the Local Committee for Ethics in Animal
Research in Bydgoszcz, Poland (decision number: 3/2018).

2.2. In Vivo Electromagnetic Field Exposure System. Animals
were exposed to 50Hz sinusoidal electromagnetic field of
1mT and 7mT (root mean square (RMS)) flux density,
generated in a coil of 0.1m in radius, designed by EiE
(Elektronika i Elektromedycyna Sp. J., Otwock, Poland).
This exposure system has been described in detail previously
[3, 26]. The EMF was regulated during exposure by input
current to the coil, and the magnetic flux density was
measured before each experiment with a Gauss meter
(Model GM2, AlphaLab, Inc., USA). The nonhomogeneity
of the EMF within the area containing the animal’s cage
was < 15% (Figure 1). The temperature during all
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experiments was monitored using thermocouples mounted
in the animal cages, and it was set to 26 ± 1°C.

2.3. Experimental Design. One week after habituation to the
laboratory environment, the rats in individual plastic cages
(12 cm × 20 cm × 14 cm, with a perforated plexiglass cover
and wood shavings bedding) were put into the centre of
the EMF coil. Exposure to “low” (1mT) and “high” (7mT)
EMF was performed for three periods described as E1, E2,
and E3. Each period included 7-day exposure, 1 h/1day. Rats
subjected to the same experimental procedure except elec-
tromagnetic field exposure were used as the control.

The experimental design included two sets of experi-
ments (Figure 2). During the first set of experiments, a part
of rats ðn = 88Þ after each period of EMF or control exposure
(E1, E2, and E3) was decapitated to estimate the effect of
EMF on oxidant/antioxidant status (8-isoprostanes (8-epi
PGF2α), protein carbonyl (CP) groups, and level of total
antioxidant capacity (TAC)—described in this research as
“basal” (B) level) (Figure 2(a)). The remaining rats from
each group (n = 87) were used during the second set of
experiments (Figure 2(b)). The experiments as previously
included one to three periods of EMF or control exposure
(E1, E2, or E3), and after each of them the part of animals
was exposed to another kind of stress factor—open field
(OF) (size of the box: 100 cm × 100 cm, duration of the test:
5min). It is a stress-induced procedure (exposure to a novel,
open, light environment), which was proved to evoke the
activation of brain stress systems. Then, the animals were
decapitated for assessment of stress-induced changes in oxi-
dant/antioxidant parameters as a consequence of previous
exposure to EMF. To avoid the influence of the circadian

rhythm on the results, decapitation was performed between
10:00 and 12:00 am.

The rats were divided into six groups: (1) EMF/B/1mT:
animals exposed to EMF (50Hz, 1mT), in which the basal
(B) level of markers was assessed; (2) EMF/OF/1mT: animals
exposed to EMF (50Hz, 1mT) and exposed to open field test
(OF); (3) EMF/B/7mT: animals exposed to EMF (50Hz,
7mT) in which the basal (B) level of markers was assessed;
(4) EMF/OF/7mT: animals exposed to EMF (50Hz, 7mT)
and exposed to open field test (OF); (5) C/B: control animals
subjected to the same experimental procedure as the experi-
mental groups 1 and 3, except EMF exposure; (6) C/OF: con-
trol animals subjected to the same experimental procedure as
the experimental groups 2 and 4, except EMF exposure.

2.4. Sample Collection. After decapitation, the part of the
brain (prefrontal cortex) was quickly dissected. Each fragment
of tissue was weighed and immediately frozen in liquid nitro-
gen and stored at −80°C until further biochemical analysis. For
determination of oxidant/antioxidant status, brain samples
were homogenized on ice in phosphate buffer pH7.4. After
centrifugation for 10 minutes at 12000 x g, the supernatants
were collected in Eppendorf tubes and stored until they were
used for the assessment of the level of protein carbonyl (CP)
groups and 8-isoprostanes (8-epi PGF2α) as a result of pro-
teins and phospholipid peroxidation, respectively, as well as
the total nonenzymatic antioxidant capacity (TAC).

2.5. Determination of the Markers of Oxidant/Antioxidant
Status Level. Protein carbonyl (CP) groups and 8-isoprostanes
(8-epi PGF2α) as well as total nonenzymatic antioxidant capac-
ity (TAC) concentrations were determined with commercial
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Figure 1: The plot of the mean value of magnetic flux density within the area of the animal’s cage in the coil. Abbreviations: B: magnetic flux
density vector, B/B0: normalized magnetic flux density relative to the value in the geometrical centre of the coil; z/l: normalized distance
from the coil centre along z-axis; x/2r: normalized distance from the solenoid centre along x-axis; l: coil length; r: coil radius
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kits according to the manufacturers’ instructions. Each sample
was assayed in triplicate. Colorimetric changes in the assay
were detected using a multimode microplate reader Epoch 2
(BioTek Instruments, Inc., Winooski, UT, USA).

2.5.1. Determination of Protein Peroxidation. The level of end
product of protein peroxidation-protein carbonyl (CP) groups
was assayed using a Protein Carbonyl Content Assay Kit
(Sigma-Aldrich, No MAK094, USA) based on their reaction
with 2,4-dinitrophenylohydrazine (DNPH). Finally, dinitro-
phenyl (DNP) hydrazone adducts were formed and then were
detected spectrophotometrically at 375nm. The level of DNP
was proportional to the concentrations of CP. The amount
of carbonyl in the sample well was calculated per 1mg of pro-
tein. Results were expressed as nanomoles per mg of protein.

2.5.2. Determination of Phospholipid Peroxidation. The level
of end product of phospholipid peroxidation–8-isoprostanes
(8-epi PGF2α) was assayed using 8-isoprostane ELISA Kit
(Cayman Chemical, No 516351, USA). 8-Isoprostane has
been proposed as a marker of oxidative stress and antioxi-
dant deficiency. Isoprostanes are prostaglandin (PG) isomers
that are generated from polyunsaturated fatty acids, mainly
from arachidonic acid by a nonenzymatic process that
involves peroxidation of membrane phospholipids by free
radicals and reactive oxygen species. The absorbance of sam-
ples was measured at 406nm. The concentration of 8-epi
PGF2α was expressed as picograms per milliliter of sample.

2.5.3. Determination of Total Antioxidant Capacity. TAC
was determined using a Total Antioxidant Capacity Assay
Kit (Sigma-Aldrich, No MAK187, USA) in which concentra-
tions of both small molecules and protein antioxidants were

determined. Determination of TAC is based on reduction
Cu2+ to Cu+ by both small molecules and proteins but using
the ProteinMask prevents Cu2+ reduction by proteins. Finally,
the amount of reduced Cu+ ion enabling the analysis of small
molecule antioxidants. The reduced Cu+ ions chelate with a
colorimetric probe. The absorbance (peak at 570nm) is pro-
portional to the TAC level in Trolox equivalents (a water-
soluble vitamin E analogue used as an antioxidant standard).
Results were calculated as nanomoles per milliliter of sample.

2.6. Data Analysis. To analyze the effect of repeated exposure
to EMF on the markers of oxidative stress and total antiox-
idant capacity, we applied a general linear model (GLM)
allowing to determine the effect of a combination of two
fixed categorical factors: EMF intensity and number of
exposures (1mT, 7mT vs. E1, E2, and E3). The levels of
the open field-induced oxidative stress and antioxidant
markers were compared to their basal levels for each group,
respectively: C/B vs. C/OF, EMF/B/1mT vs. EMF/OF/1mT,
and EMF/B/7mT vs. EMF/OF/7mT using GLM with open
field/basal level and number of exposures as fixed categorical
factors. If necessary the data were log-transformed after check-
ing for normality (Shapiro-Wilk test) and homoscedasticity
(Levene test). Differences between compared data were consid-
ered significant when P < 0:05. The analyses were carried out
using SPSS 25.0 package (IBM Inc.).

3. Results

3.1. The Basal Level of Oxidative Stress Markers

3.1.1. Protein Carbonyl (CP) Groups. The intensity of EMF,
as well as the number of exposures, had an influence on
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Figure 2: Experimental design. (a) First set of experiments: assessment of basal level of oxidative stress markers and antioxidants. (b) Second
set of experiments: assessment of open field-induced level of oxidative stress markers and antioxidants.
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the basal level of CP groups in the prefrontal cortex. The CP
groups’ level increased with increasing EMF intensity, and
the subsequent exposures enhanced the effect. There was
also a significant interaction between these two factors
(Table 1(a), Figure 3(a)). After first (E1) and second expo-
sures (E2) to EMF of 1mT the level of CP groups in the rat’s
brain did not differ from the control level; however, CP level
after E2 was significantly higher than that after E1 (P < 0:01).
After the third exposure (E3), CP level increased significantly
compared to the control group (P < 0:001) and was also signif-
icantly higher than that noticed after E1 (P < 0:001) and E2
(P < 0:01). In animals exposed to EMF of 7mT after E1, we
observed a slight elevation in the level of the CP groups in
comparison to control values, after E2 as well as after E3; how-
ever, the increase in CP level was significant (P < 0:001).
Moreover, the statistically significant increase in the CP level
after E2 was observed in comparison to that observed after E
1 (P < 0:01), whereas after E3, the CP level was not signifi-
cantly different from the value determined after E2. In animals
exposed to EMF of 7mT, the level of CP was enhanced in
comparison to the value in the EMF/B/1mT group after E1
and E2 (P < 0:001) and the difference disappeared after E3.

3.1.2. 8-Isoprostanes (8-epi PGF2α). The level of 8-epi PGF2α
after exposure to EMF was dependent only on the strength of
the electromagnetic field (Table 1(b), Figure 3(b)). The expo-
sure to EMF of 1mT did not significantly affect the level of
8-epi PGF2α regardless of the number of exposures. Also,
the analysis showed no clear differences between values of this
parameter observed after E1 to E3. However, the tendency to
decrease in the level of 8-epi PGF2α with each subsequent
exposure was observed (Figure 3(b)). Otherwise, in the EMF/
B/7mT group, the tendency to increase in the level of 8-epi

PGF2α with each next exposure was noticed (Figure 3(b)).
After E3, the level of 8-epi PGF2α was clearly higher in the
group exposed to EMF of 7mT compared to the control group
as well as to that in the EMF/B/1mT group (P < 0:001).

3.2. The Open Field-Induced Level of Oxidative
Stress Markers

3.2.1. Protein Carbonyl (CP) Groups. The direction of
changes in CP level in animals exposed to EMF of 1mT and
7mT after exposure to subsequent stress factor—open field
test (EMF/OF/1mT and EMF/OF/7mT groups) coincided
with their basal level observed only after exposure to electro-
magnetic field (EMF/B/1mT and EMF/B/7mT groups). Both
intensity of the EMF and the number of exposures had an
effect on the open field-induced level of CP groups. The inter-
action of both factors was also significant (Table 1(c),
Figure 4(a)). There were no significant differences between
the EMF/OF/1mT and C/OF groups after E1 and E2, but after
E3 the level of CP in the group exposed to EMF of 1mT was
even lower in comparison to the value in the respective control
group (C/OF) (P < 0:001). After a single exposure to EMF of
1mT, the CP level was higher than that noticed after E2 and
E3 (P < 0:001), while no significant difference was noticed
between values after E2 and E3. The lowest value of CP groups
in the EMF/OF/1mT group was observed after E3. The level of
CP in the EMF/OF/7mT group was significantly increased
compared to control animals after each exposure (P < 0:001)
and was the highest after E3. The value observed after E2
was lower compared to both E1 and E3 (P < 0:001). Regard-
less of the number of exposures, the level of CP was always
higher in the EMF/OF/7mT group in comparison to the values
observed in the EMF/OF/1mT group (P < 0:001).

Table 1: Results of statistical analysis of the oxidative markers concentrations in the prefrontal cortex.

Dependent variable Effect df F P

a CP basal level

Intensity of the electromagnetic field (mT) 2 22.133 <0.001

Number of exposures E1‐E3ð Þ 2 16.681 <0.001

mTð Þ × E1‐E3ð Þ 4 9.851 <0.001

Error 68

b 8-epi PGF2α basal level

Intensity of the electromagnetic field (mT) 2 15.231 <0.001

Number of exposures (E1‐E3) 2 0.191 0.827

mTð Þ × E1‐E3ð Þ 4 2.343 0.063

Error 73

c Open field-induced CP level

Intensity of the electromagnetic field (mT) 2 190.737 <0.001

Number of exposures (E1‐E3) 2 19.793 <0.001

mTð Þ × E1‐E3ð Þ 4 12.051 <0.001

Error 71

d Open field-induced 8-epi PGF2α level

Intensity of the electromagnetic field (mT) 2 13.921 <0.001

Number of exposures (E1‐E3) 2 0.657 0.522

mTð Þ × E1‐E3ð Þ 4 7.753 <0.001

Error 66

F: GLM; statistically significant P value: indicated in italic; CP: protein carbonyl groups.

5Oxidative Medicine and Cellular Longevity



3.2.2. 8-Isoprostanes (8-epi PGF2α). The direction of OF-
induced changes in the 8-epi PGF2α level was similar to that
in the basal level of this marker. A significant impact of EMF
intensity and the combination of two factors (EMF intensity
x number of exposures) was noticed (Table 1(d); Figure 4(b)).
There was no significant difference in 8-epi PGF2α level
between the control group (C/OF) and animals exposed to

EMF of 1mT after E1; however, the level of this parameter after
E2 was decreased compared to the control value (P < 0:05),
and after E3, it returned to the control value. The decrease in
8-epi PGF2α level was also observed after E2 relative to E1
(P < 0:05). In the EMF/OF/7mT group, the clear increase of
8-epi PGF2α level compared to the control value was noticed
only after E3 (P < 0:001); however, the tendency to increase
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Figure 3: The basal level of oxidative stress markers: (a) CP groups and (b) 8-epi PGF2α in the prefrontal cortex of rat’s brain. Animals were
exposed once to three times (E1-E3) to EMF of 1 or 7mT or control conditions. Values are presented as mean ± SEM. The lines show the
direction of changes in the level of stress markers in 1mT (dotted line) and 7mT (solid line) groups after each subsequent exposure.
Statistically significant differences between animals from the same group are denoted ##P < 0:01 and ###P < 0:001; and these between
experimental groups are denoted ∗∗∗P < 0:001.
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in the level of 8-epi PGF2α was noticed with each subsequent
exposure. The level of 8-epi PGF2α after E3 was also signifi-
cantly higher compared to its value after E1 (P < 0:05). After
second and third exposures to EMF of 7mT, the significant
increase of 8-epi PGF2α level relative to 1mT was noticed
(P < 0:001).

3.3. Comparison between Basal Level and Open Field Test-
Induced Level of Oxidative Stress Markers. Table 2 presents
the results of analysis comparing the basal levels of oxidative
stress markers to their levels after the open field test for each
group, respectively: C/B vs .C/OF, EMF/B/1mT vs. EMF/OF/
1mT, and EMF/B/7mT vs. EMF/OF/7mT). The analysis
showed that both the open field test and the number of
exposures do not affect the CP level in the control group,
only interaction of both factors had a significant influence
on CP level in this group (Table 2(a)). In the group exposed
to EMF of 1mT, the CP level has been changed after open
field, and the interaction between the open field test and
the number of exposures also profoundly affected the CP
level (Table 2(b)). In the group exposed to EMF of 7mT,
we have found the significant influence of the open field test
on the increase in CP levels, and the number of exposures
has no effect; however, the interaction between these factors
was significant (Table 2(c)). The changes of 8-epi PGF2α
level in the control group were dependent only on the num-
ber of exposures (Table 2(d)). The clearest effect of both fac-
tors as well as the interaction between them was noticed in
rats exposed to EMF of 1mT (Table 2(e)). In rats exposed
to EMF of 7mT, the 8-epi PGF2α level was not affected by
any factor (Table 2(f)).

Valuable results were received when we evaluated the
percentage changes in the level of stress markers in compar-
ison to their level in the control C/B group separately after
each exposure (set at 100%: reference value) (Figure 5).

CP level in the prefrontal cortex (Figure 5(a)) in group
C/OF increased clearly after E3 (by 64%) in comparison to
the C/B group. In the EMF/B/1 mT group, the level of CP
was higher by 117% than that in the control group (C/B)
after E3. Otherwise, after exposure to open field, the level
of CP in rats previously exposed to EMF of 1mT in compar-
ison to the level in the EMF/B/1mT group was increased
only after E1 (by 45%) and then was decreased even in com-
parison to both control groups (C/B and C/OF). In EMF/B/
7mT, the level of CP after each subsequent exposure was
higher in comparison to the value in the control group (C/B)
(by 50 51 and 79%, respectively) and the open field test
remarkably increased the level of the parameter after E1 (by
118%) and E3 (by 168%), except after E2 when the value of
CP was similar to its basal level.

A similar direction of changes as in the case of CP groups
level was observed in 8-epi PGF2α level in the control group as
well as in groups exposed to EMF of 1 and 7mT (Figure 5(b)).
In the case of 8-epi PGF2α in animals exposed to EMF of
7mT, the higher basal level of this marker should be noticed
after each exposure in comparison to the control level (C/B)
with its incredibly high level after E3 (267% of reference
value). After OF test, the level of 8-epi PGF2α decreased
slightly relative to its basal level in this group.

3.4. The Basal Level of Total Antioxidant Capacity (TAC).
The intensity of EMF, as well as EMF intensity × number
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Figure 4: The open field-induced level of oxidative stress markers: (a) CP groups and (b) 8-epi PGF2α in the prefrontal cortex of rat’s brain.
Animals were exposed once to three times (E1-E3) to EMF of 1 or 7mT or control conditions. Values are presented as mean ± SEM. The
lines show the direction of changes in the level of stress markers in 1mT (dotted line) and 7mT (solid line) groups after each subsequent
exposure. Statistically significant differences between animals from the same group are denoted #P < 0:05 and ###P < 0:001, and these
between experimental groups are denoted ∗P < 0:05 and ∗∗∗P < 0:001.
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of exposures interaction, had a significant influence on TAC
level (Table 3(a), Figure 6(a)). The level of TAC in animals
exposed to EMF of both intensities was not significantly differ-
ent from that noticed in the C/B group. In the group exposed to
EMF of 1mT, only after E3 the tendency to decrease in the
TAC level in comparison to the control value was observed.
The only detectable decrease of TAC level in the EMF/B/1mT
group was observed after E3 relative to that after E2 (P < 0:05
). The TAC level in animals exposed to EMF of 7mT was lower
than that in the EMF/B/1mT group after E2 (P < 0:05). How-
ever, the tendency to decrease in the value of TAC level in ani-
mals exposed to EMF of 7mT was observed after each
subsequent exposure relative to its level in the C/B group.

3.5. The Open Field-Induced Level of Total Antioxidant
Capacity (TAC). The direction of changes in the open field
test-induced level of TAC in all groups was similar as in
the case of its basal level. The strength of the electromagnetic
field, as well as the number of exposures, significantly
influenced the changes of open field-induced TAC level.
The interaction between both factors was also notable
(Table 3(b), Figure 6(b)). After a single exposure to EMF
of 1mT, the TAC level was higher compared to the value
in the respective control group (C/OF) (P < 0:05). After E2,

the value of TAC was comparable to the control level, and
only after E3, it dropped significantly compared to the value
in the control group (P < 0:05). In addition, in the EMF/OF/
1mT group, the TAC level after E1 and E2 was clearly higher
compared to that observed after E3 (P < 0:001). After first
exposure to EMF of 7mT, the level of TAC was significantly
decreased compared to that in control animals exposed to
OF (C/OF) (P < 0:01) as well as to its value in the EMF/OF/
1mT group (P < 0:001). Moreover, in the EMF/OF/7mT
group, the level of TAC was significantly decreased after E1
and E3 compared to that noticed after E2 (P < 0:01).

3.6. Comparison between Basal Level and Open Field Test-
Induced Level of TAC. Any of the factors did not affect the
TAC level in the control group (Table 4(a)). In the group
exposed to EMF of 1mT, the significant influence of the open
field test and the number of exposures as well as their interac-
tion on TAC level was found (Table 4(b)). In the 7mT group,
the number of exposures had a significant impact on TAC
level. Moreover, the interaction between the open field test
and the number of exposures was also significant (Table 4(c)).

The percentage changes in TAC level (Figure 7) in the
control group after the open field test was clear. The value
of antioxidant’s level marker was increased in comparison

Table 2: Results of statistical analysis of effects of open field stress on oxidative stress markers level in relation to its basal level in each
experimental group.

Dependent variable/group Effect df F P

a
CP

Control group

Open field effect 1 1.964 0.168

Number of exposures (E1-E3) 2 2.253 0.118

Number of exposures × open field effect 2 32.078 <0.001

Error 42

b
CP

EMF/1mT

Open field effect 1 52.023 <0.001

Number of exposures (E1-E3) 2 3.077 0.055

Number of exposures × open field effect 2 66.370 <0.001

Error 49

c
CP

EMF/7mT

Open field effect 1 47.966 <0.001

Number of exposures (E1-E3) 2 1.876 0.164

Number of exposures × open field effect 2 12.193 <0.001

Error 48

d
8-epi PGF2α
Control group

Open field effect 1 2.995 0.091

Number of exposures (E1-E3) 2 33.444 <0.001

Number of exposures × open field effect 2 1.422 0.252

Error 44

e
8-epi PGF2α
EMF/1mT

Open field effect 1 14.228 <0.001

Number of exposures (E1-E3) 2 15.181 <0.001

Number of exposures × open field effect 2 6.000 0.005

Error 47

f
8-epi PGF2α
EMF/7mT

Open field effect 1 2.005 0.163

Number of exposures (E1-E3) 2 2.649 0.081

Number of exposures × open field effect 2 0.064 0.938

Error 48

F: GLM; statistically significantPvalue: indicated in italic; CP: protein carbonyl groups.
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to its basal level after E1 by 17%. In the EMF/OF/1mT
group, the TAC amount was higher than that in the EMF/
B/1mT group after E1 (by 45%) and E2 (by 15%), while after
E3, the TAC level was close to its basal level. In rats from the
EMF/B/7mT group after all exposures, the basal level of
TAC was lower than that in the C/B group (by 13, 20, 3%,
respectively). In the EMF/OF/7mT group, the noticed value
of TAC after E1 was similar to the basal control value; after
E2, the level of TAC was increased (by 24%); and then, after
E3, the OF-induced level of TAC was decreased by 15% in
comparison to values in EMF/B/7mT.

4. Discussion

Our experiments have shown that repeated exposure to the
extremely low-frequency electromagnetic field (EMF) pro-
foundly changes the oxidative/antioxidative status in the pre-
frontal cortex of rats in the EMF intensity- and number of
exposure-dependent manner. The level of oxidative stress
markers and antioxidants in rats exposed to EMF of 1mT
was not very different from the control value. In rats exposed

to EMF of 1mT, a significantly increased protein carbonyl
groups level was noticed only after third exposure compared
to the control group. In the case of 8-isoprostanes, the expo-
sure to EMF of 1mT did not significantly affect their level;
however, the tendency to decrease with each following expo-
sure was noticed. Moreover, in the 1mT EMF-exposed group,
the profound change in the basal TAC level was not found.
The level of TAC was a little, not significantly increased after
the first and second exposures.

Generally, most research confirmed the antioxidative
effects of EMF of ≤ 1mT. Patruno et al. [12] observed ele-
vated catalase (CAT) activity in cell culture (myelogenous
leukemia cells: K562) after exposure to 50Hz 1mT EMF
concomitantly with a decrease in the activity of inducible
nitric oxide synthase (iNOS). In an animal model of
Huntington’s disease EMF (60Hz and 0.7mT), exposure
reduced levels of oxidative stress biomarkers [27]. In
C2C12 muscle cells, no change in reactive oxygen species
(ROS) production was observed after exposure to EMF of
1mT [11]. The research indicating that even low levels (≤
1mT) of a single EMF exposure can cause an increase in
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Figure 5: Percentage changes in the basal level as well as open field-induced level of oxidative stress markers: (a) CP groups and (b) 8-epi
PGF2α in each experimental group in relation to their level in the control C/B group set at 100% after each subsequent exposure (E1-E3).

Table 3: Results of statistical analysis of the TAC level in the prefrontal cortex.

Dependent variable Effect df F P

a TAC basal level

Intensity of the electromagnetic field (mT) 2 5.088 0.008

Number of exposures (E1-E3) 2 2.209 0.117

(mT) × (E1-E3) 4 3.163 0.018

Error 79

b Open field-induced TAC level

Intensity of the electromagnetic field (mT) 2 11.803 <0.001

Number of exposures (E1-E3) 2 27.075 <0.001

(mT) x (E1-E3) 4 11.086 <0.001

Error 78

F: GLM; statistically significantPvalue: indicated in italic; TAC: total antioxidant capacity.
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oxidative stress [10, 28] can also be found. However, in the
mentioned in vitro studies, the cells were treated with EMF
continuously from 30min to 24h, or in animals, the proce-
dure included the one, 21-day lasting period with EMF
exposure 4 h/day. It is also important that the duration of
exposure also determines the effect of EMF. In Caco 2 cells
treated with 50Hz EMF of 1mT for 24 h, 48 h, or 72 h, the
longer the exposure time, the greater level of oxidative stress
was found [29]. It has been also shown that the long-term
exposure to the extremely low-frequency magnetic field
(100 and 500μT) 2h/day for 10 months caused a decrease

in the activity of the antioxidant enzyme catalase (CAT).
However, the TAC level was lower in the group exposed to
500μT, and at the same time, in this group, the levels of oxi-
dative stress markers, MDA and MPO (myeloperoxidase), as
well as values of total oxidant status (TOS) and oxidative
stress index (OSI), were significantly higher [30]. Concern-
ing the risk of development of neurodegenerative disorders
after EMF exposure, it is also important that neither 100
nor 500μT extremely low-frequency magnetic field altered
beta-amyloid protein level significantly [31]. It confirms
the dose-dependent action of EMF.

Table 4: Results of statistical analysis of effects of open field stress on TAC level in relation to its basal level in each experimental group.

Dependent variable/group Effect df F P

a
TAC

Control group

Open field effect 1 1.375 0.246

Number of exposures (E1-E3) 2 0.568 0.570

Number of exposures × open field effect 2 0.905 0.411

Error 52

b
TAC

EMF/1mT

Open field effect 1 12.290 <0.001

Number of exposures (E1-E3) 2 39.426 <0.001

Number of exposures × open field effect 2 12.297 <0.001

Error 52

c
TAC

EMF/7mT

Open field effect 1 2.301 0.135

Number of exposures (E1-E3) 2 7.958 <0.001

Number of exposures × open field effect 2 13.983 <0.001

Error 53

F: GLM; statistically significantPvalue: indicated in italic; TAC: total antioxidant capacity.
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Figure 6: The basal (a) and open field-induced level of TAC (b) in the prefrontal cortex of the rat’s brain. Animals were exposed once to
three times (E1-E3) to EMF of 1 or 7mT or control conditions. Values are presented as mean ± SEM. The lines show the direction of
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Our results showed that EMF of 1mT creates weak
changes in oxidative status in the rat’s brain. Many studies
showed that stress induces the disruption in homeostasis
[15, 32], and as a consequence, an overcompensation
response is triggered to reestablish homeostasis, and such
effect was seen in response to EMF of 1mT after two first
exposures. The compensatory mechanisms driven during
first exposure to EMF seem to be able to maintain the oxida-
tive equilibrium even after the second exposure, only after
the third exposure the cumulative effect of all exposures as
an increase in oxidative stress simultaneously with a discrete
decrease of antioxidants was visible.

In animals exposed to EMF of 7mT, the characteristic of
changes in oxidative stress and antioxidative defence markers
was quite different. The clear increase of CP groups was visible
earlier than in the group exposed to EMF of 1 mT— already
after the second exposure and remained high after the third
exposure. Moreover, the tendency to increase in the level of
8-epi PGF2α with each subsequent exposure was noticed,
and eventually, after E3, the 8-epi PGF2α level was signifi-
cantly higher (more than 2.5 times) than that in the control
group. In animals exposed to EMF of 7mT, the tendency to
decrease in the TAC level was observed after each subsequent
exposure relative to its level in the control group. The present
results indicate that the changes in TAC level were accompa-
nied by a parallel increase in oxidative stress markers. The
other research also showed that exposure to EMF (40-50Hz)
of intensities close to this used in our research (≥ 6 mT) alters
oxidative stress and antioxidant defense parameters. In the
serum of ICR mice, the level of MDA was significantly higher
after exposure to EMF of 6, 8, and 10mT, and simultaneously,
the level of antioxidant enzyme superoxide dismutase (SOD)
activity was decreased [8]. Similarly, inmouse brains subjected
to EMF (8mT), the levels of MDA, ROS, nitrogen oxide (NO),
and nitric oxide synthase (NOS) were increased, whereas
activities of antioxidants enzymes: SOD, CAT, and glutathione

peroxidase (GPx), were decreased [33]. The disturbance of
oxidative status was also found in testes of rats (diabetic
model) exposed to EMF (8.2mT) in the form of elevated
MDA and NO levels and diminished glutathione (GSH) level
was found [34]. The measurements of oxidative stress markers
in the rat’s heart and plasma after exposure to EMF of 7mT
showed a significant increase in thiobarbituric acid reactive
substances (TBARS) and H2O2 concentration and the dimin-
ished antioxidant defense decreased TAC, GSH, and total free
thiol groups level [20]. In vitro studies confirmed that after
exposure to electromagnetic field (8mT), a decrease in the via-
bility and morphological changes of the rat hippocampal neu-
rons were observed with an increase in the level of MDA and
ROS and a decrease in the activity of SOD [22]. Otherwise,
opposite results have also been received, e.g., poststroke
patients after EMF therapy (7mT) showed improved enzy-
matic antioxidant activity [13]. As in the case of studies on
the effects of EMF of lower intensities ≤ 1mT, the abovemen-
tioned results are the consequence of continuous exposure for
14-28 days (day by day, 15min-4h/day) or as in the case of
in vitro studies— one 90-min lasting treatment. The present
results indicate that in such challenging stress situations as
repeated exposure to EMF of 7mT, the balance is disturbed
in the direction of a higher level of oxidative stress. It also sug-
gests that not all homotypic stressors cause response habitua-
tion. Responses to more "severe" stressors are maintained over
time, perhaps due to the higher costs required to adapt to the
particular situational demand [16]. Thus, the cumulative effect
of repeated exposure to EMF of high intensity resulted in
increased oxidative stress.

In our research, we identified the directions and dynam-
ics of some mechanisms that may be brought into play in
EMF-provoked changes. Although moderate stimulation by
EMF (1mT) even repeated might be not demanding for
the organism, if strong (7mT), it can lead to deleterious
effects due to the increase in oxidative stress. The integrative
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processes between all “players” determining oxidative/anti-
oxidative balance appear to determine the final effect of
EMF [2, 15]. As a result, even subtle changes in the brain
can change the function of the neuronal circuits. An undis-
turbed oxidative/antioxidative balance is essential for the
normal function of the organism. Unbalanced concentra-
tions of oxidative processes products decrease the chance
of overcompensation and increase brain vulnerability to
other potentially dangerous events.

We have found that the exposure of rats to EMF of 1mT
influenced the oxidative/antioxidative status evolved in
response to subsequent (heterogenous in relation to EMF)
stress factor—open field test. EMF of 1mT diminished the
response to another stressor as the small elevation of open
field-induced CP concentration was visible only after the
first exposure to EMF, each next period of EMF-treatment
decreased the level of the marker. In the case of 8-isopros-
tanes, their level was diminished after two first exposures,
and after E3 received a similar value as in the respective
group not-exposed to OF. In 1mT EMF-treated rats, the
augmented antioxidant defense in response to a new stress
factor was visible after first exposure; then, the adaptation
as the decrease in TAC level was observed. The changes in
the TAC level can partly explain the reduction in oxidative
stress in this group. Our results allowed us to conclude that
the subtle changes in the level of oxidative status in animals
repeatedly exposed to EMF of 1mT were enough to change
the profile of oxidative processes after exposure to another
kind of stress factor— open field test. It suggests that it can
be a kind of habituation, when one stressor diminishes the
response to the second one [16].

The EMF of 7 mT disturbs the oxidative/antioxidative
balance as the changes in oxidative stress markers as well
as antioxidant capacity level were still clear after each subse-
quent exposure to the open field. The pattern and size of the
changes in 8-epi PGF2α level after subsequent exposures to
open field in rats previously exposed to EMF of 7mT were
close to the changes in basal level. The open field-induced
CP level in rats exposed to EMF of 7mT has been increasing
with each subsequent exposure and was definitely higher
than that in respective control as well as in the 1mT EMF-
exposed group. The response to first contact with a new
stressor was also the significant decrease in TAC level, which
then increased to the value not different from that in the
respective control group. Thus, we suggest that the exposure
to one stressor (EMF) sensitizes the organism to a second
stressor (open field), resulting in a faster onset of oxidative
stress and its higher level in 7mT exposed animals in com-
parison to the values in 1mT EMF-treated rats. Djordjevic
et al. [35] have also found that in rats exposed to open field
after EMF exposure (50Hz, 10 mT, 24 h for 7 days) the levels
of superoxide anion and nitrites in the hypothalamus were
increased compared to the control group; however, the
observed changes are the synergic effect of both factors, as
the oxidative status of rats after EMF exposure was not eval-
uated in this research. Our results suggest that a high level of
magnetic flux density (7mT) of EMF is able to disturb the
brain oxidative/antioxidative status, and to shift its set-
point in the direction of increase of oxidative processes

and as a consequence can augment the oxidative processes
in response to the next stress events.

5. Conclusions

Summarizing, as we hypothesized, the level of EMF appears
to be essential for direction and dynamics of the stress
response: changes in oxidative/antioxidative parameters
after exposure to 1mT EMF were observed at a lower level
than these after exposure to 7mT EMF; moreover, the char-
acter of changes was also different. Our data confirmed that
the exposure to EMF of 1mT can establish a new “set-point”
for cellular oxidative processes and may initiate cellular
adaptation by activation of intrinsic signaling pathways
directed into the decrease of oxidative stress, although the
cumulative effect of repeated exposure cannot be definitely
excluded. Otherwise, in the case of a stronger electromag-
netic field (7mT), the adaptive processes are not sufficient
to counteract its detrimental effects. Consequently, EMF
can change the vulnerability of the organism to subsequent
stress factors and thus to diseases, mainly related to the ner-
vous system. Our research for the first time showed the dif-
ferent “mode of action” of EMF in relation to oxidative/
antioxidative status in the brain dependently on its magnetic
flux density value. In addition, what is even more important,
we proved that the effects of EMF can be permanent and
influence the response of the organism to other stress events
and in this way modulate the vulnerability to the diseases.
We are convinced that the results of our research extended
the knowledge on mechanisms of EMF’s impact on human
health. Further, the elucidation of the EMF-induced changes
in the oxidative/antioxidative status is necessary to a reliable
assessment of the influence of EMF on the brain. The
obtained results can also provide a new view on possible
therapeutic properties of the magnetic field as well as a
new direction in the risk assessment of EMF exposure. As
the 1mT seems to have a potentially protective impact on
the brain, the studies are worth continuing.
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Mitochondria have their own mitochondrial DNA (mtDNA). Aberrant mtDNA is associated with inflammatory diseases. mtDNA
is believed to induce inflammation via the abnormal mtDNA release. Periodontitis is an infectious, oral inflammatory disease.
Human gingival fibroblasts (HGFs) from patients with chronic periodontitis (CP) have shown to generate higher reactive
oxygen species (ROS) that cause oxidative stress and have decreased mtDNA copy number. Firstly, cell-free mtDNA was
identified in plasma from CP mice through qRT-PCR. Next, we investigated whether mtDNA efflux was maintained in
primary cultures of HGFs from CP patients and the possible underlying mechanisms using adenovirus-mediated transduction
live cell imaging and qRT-PCR analysis. Here, we reported that mtDNA was increased in plasma from the CP mice.
Additionally, we confirmed that CP HGFs had significant mtDNA efflux from mitochondria compared with healthy HGFs.
Furthermore, lipopolysaccharide (LPS) from Porphyromonas gingivalis can also cause mtDNA release in healthy HGFs.
Mechanistically, LPS upregulated ROS levels and mitochondrial permeability transition pore (mPTP) opening by inhibition of
pyruvate dehydrogenase kinase (PDK)2 expression, resulting in mtDNA release. Importantly, mtDNA efflux was even
persistent in HGFs after LPS was removed and cells were passaged to the next three generations, indicating that mtDNA
abnormalities were retained in HGFs in vitro, similar to the primary hosts. Taken together, our results elucidate that mtDNA
efflux was maintained in HGFs from periodontitis patients through abnormal ROS/mPTP activity. Therefore, our work
indicates that persistent mtDNA efflux may be a possible diagnostic and therapeutic target for patients with periodontitis.

1. Introduction

Periodontal inflammation is known to affect 20%-50% of the
global population, and it often interacts with other inflam-
matory diseases such as heart disease and diabetes [1–3].
Periodontitis is associated with lipopolysaccharide (LPS)
from the cell walls of gram-negative bacteria-mediated
inflammatory responses and represents the most common
cause of teeth loss [1, 4, 5]. Increasing evidences suggest that
mitochondrial dysfunction appears to result in periodontitis
during LPS stimulus [6–8]. As such, abnormal mitochondria
are considered to be one of the major contributors to the
periodontitis development. Several mitochondrial compo-

nents, including mitochondrial DNA (mtDNA), have also
been implicated in inflammatory responses [9].

mtDNA exists in mitochondrial matrix and is in inti-
mate contact with the electron transport chain, one of the
principal sources of reactive oxygen species (ROS). There-
fore, mtDNA is particularly susceptible to oxidation, which
can cause mutations and damages, leading to the pathogen-
esis of inflammation [10]. ROS production and ROS pro-
duced in mitochondria (mtROS) are indeed significantly
enhanced in human gingival fibroblasts (HGFs) after LPS
stimulation or from periodontitis hosts [11]. These results
indicate that oxidative stress is induced during periodontitis
[12]. According to current studies linking oxidative stress to
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decreased mtDNA copy number [13, 14], it is becoming
clear that mtDNA disruption may be associated with
chronic inflammation [15]. Consistent with this assumption,
previous research has also demonstrated that mtDNA dele-
tion is present in the gingival tissues of patients with peri-
odontitis [16]. Moreover, a decrease in mtDNA in
periodontitis rats suggested that aberrant mtDNA might
contribute to aggravated periodontitis [7]. Considering our
recent observation that HGFs and gingival tissues of patients
with periodontitis in vitro had decreased mtDNA levels and
decreased mitochondrial matrix protein expression, espe-
cially in pyruvate dehydrogenase kinase 2 (PDK2) when
compared with those from healthy subjects [8], suggesting
that mtDNA and mitochondria disruption in peripheral
HGFs might replicate the mitochondrial dysfunction
observed in vivo during periodontitis development. There-
fore, we hypothesized that abnormal mtDNA might be
maintained in HGFs in vitro connecting the disease in vivo
with a certain mechanism. Answering these problems will
improve our understanding of the periodontitis etiology,
and it might lead to new treatment options.

Superresolution imaging demonstrated that mtDNA
constitutes one copy of mtDNA and a number of different
proteins, presenting densely compacted nucleoids [17].
Mitochondrial transcription factor A (TFAM) is the most
notable mtDNA nucleoid protein that can be assumed to
specifically recognize mtDNA [15]. mtDNA can escape
from mitochondria and release into the cytoplasm under
various pathological situations [18, 19]. Multiple major fac-
tors have been attributed to driving mtDNA release from
damaged mitochondria, including the opening of mito-
chondrial permeability transition pore (mPTP), mitochon-
drial stress, and calcium overload [20–22]. Nonetheless,
the biological mechanisms provide limited information on
this process during periodontitis conditions. Our recent
study demonstrated that mitochondria in HGFs from peri-
odontitis patients appeared to retain many of the damaged
features, as observed in donors [8]. In addition, previous
studies have suggested that the primary host has profound
influence on the cells in vitro, such as higher oxidative
stress in HGFs of periodontitis patients than that of healthy
individuals [8, 23]. However, differences of mtDNA release
in HGFs from chronic periodontitis (CP) patients and
healthy HGFs have not been tested and if this abnormal
intracellular mtDNA activity would last need to be further
elucidated. Thus, therapies targeting mtDNA may become
a potential approach to patients suffered from severe recur-
rent periodontitis.

The mPTP spans the mitochondrial inner membrane,
and its formation is associated with various cellular stresses
[24, 25]. Interestingly, the opening of mPTP has been
detected in the metabolic stress observed in inflammatory
diseases [26]. More recently, using an in vitro and in vivo
approach, studies have shown that genetic removal of one
of the mPTP component proteins ameliorated mtDNA
release into the cytoplasm during the neuroinflammatory
response [20]. Pharmacological inhibition of mPTP by
cyclosporin A (CsA) has also been shown to be effective in
preventing mtDNA leakage into the cytoplasm [20]. Despite

these results in previous studies, the notion that the opening
of mPTP may directly drive mtDNA efflux remains contro-
versial and is still unclear in periodontitis. It has been
reported that ROS contributes directly to mPTP opening
during ischemia-reperfusion [27]. As a result of cellular
ROS and mtROS outburst, mPTP opening can be activated.
Nevertheless, its association with mPTP involved in mtDNA
efflux in periodontitis is scarcely understood.

In this study, we discovered the differences in the
mtDNA efflux process, ROS levels, and mPTP opening
between primary HGFs, isolated from patients with CP
and age-matched periodontally healthy patients. This ele-
vated mtDNA efflux together with high ROS levels, and
mPTP opening in CP HGFs could be more enhanced in
response to LPS. Furthermore, this identified mtDNA efflux
as an important modifier could be maintained in HGFs even
withdrawing the LPS stimulation after passages. Conse-
quently, we explored if the ROS/mPTP pathway involving
in the mtDNA efflux along with the progression of peri-
odontitis. This may be a promising target for early diagnos-
ing periodontitis and provides preclinical evidence for
therapeutic strategy to people with periodontal inflamma-
tion tolerating common anti-microorganism therapy.

2. Materials and Methods

2.1. Ethics Approval. The study was approved by the Review
Board and Ethics Committee of Peking University Health
Science Center (PKUS-SIRB-2013017) and conducted in
agreement with the Declaration of Helsinki II. Written
informed consent was obtained from all subjects before
inclusion in the study. All animal work was approved by
the Review Board and Ethics Committee of Peking Univer-
sity Health Science Center (LA2018076).

2.2. Animals and Experimental Groups. Specific-pathogen-
free male C57BL/6 wild-type mice (6-wk-old) (Figure 1(a))
were purchased from Experimental Animal Laboratory,
Peking University Health Science Center, in compliance
with established polices. All mice were randomly divided
into the normal control groups or CP groups of four mice
each. The control group was left untreated, and the CP
group had their maxillary second molar tooth ligated with
a 5-0 silk ligature (Roboz Surgical Instrument Co, MD,
USA) (Figure 1(a)). The ligatures remained in place in CP
groups throughout the experimental period. All mice were
sacrificed at three weeks postligation (Figure 1(a)). Micro-
computed tomography (CT) was used for assuring the CP
model was established successfully.

2.3. Microcomputed Tomography. In brief, after sacrificing
the mice, the maxillary teeth were carefully dissected and
soft tissues were removed. The sample was fixed with 4%
paraformaldehyde for 24h, and scanned using the μCT50
(Scanco Medical) with a resolution of 1024 × 1024, pixel size
of 15 × 15 μm, and layer spacing of 15μm. The region of
interest was assessed by 3D reconstructed. Bone loss was
evaluated by 3D micro-CT.
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2.4. Human Subjects. HGFs were obtained from six CP
patients and six age-matched healthy donors. These partici-
pants were recruited from the Department of Periodontol-
ogy, Peking University School and Hospital of
Stomatology. The exclusion criteria included smoking and
systemic health issues including hypertension, diabetes,
and immune-related diseases within the past six months.
CP was defined according to the American Academy of Peri-
odontology and European Federation of Periodontology cri-
teria based on staging and grading [28]. CP patients
included in this study were grade B and stage III. Gingival
tissues from CP were acquired through flap surgery, with
PD ≥ 6mm. Tissues in the healthy group were harvested
during crown lengthening surgery, with PD < 4mm.
Table 1 lists the detailed characteristics of the participants.

2.5. Primary Culture of HGFs. HGFs were prepared from the
gingival tissues of six CP patients and six healthy controls
during periodontal surgery. Cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (Gibco, Thermo Fisher Scientific, USA) and
1% penicillin-streptomycin. The cells were incubated at
37°C with 5% CO2. The medium was changed after a week.
In approximately two weeks, the cells reached subconfluency

and the pieces of gingival tissue were removed from the cul-
ture flask. Cells from the third to the eighth passage were
used in the subsequent study.

2.6. Cell Treatment and Stimulation. HGFs from healthy and
CP patients were stimulated with or without 5μg/mL LPS
from Porphyromonas gingivalis (P.g) (ATCC33277, Stan-
dard, InvivoGen, San Diego, CA, USA) for 24h. To investi-
gate whether inflammatory features of donors were retained
in HGFs, HGFs from healthy donors were treated with 5μg/
mL of LPS for 24h, followed by discarding the medium then
passaging to the next three generations for analysis. The cells
were assessed by indicated assays and compared with cells
from healthy donors that were directly stimulated with the
same amount of LPS for the same time.

Table 1: Clinical characteristics at surgery site of patients included
in this study.

Abbreviation
Number of
patients

Range
of age

Percent
women

BI PD
(mm)

CAL
(mm)

Con 6 27-40 50 1-2 0-0.5

CP 6 33-45 66.7 6-10 4-7

Day 0

Week 1

Week 2

Second molar
ligature

6 weeks of age

6 weeks of age
Sacrifice and sample collection

CP

Control

Week 3

(a)

Control

Maxilla and teeth

(b)

CP

(c)

Plasma mtDNA

mtDNA copy numbe

0
Control

N
D

1
(c

op
ie

s/
𝜇

l)

CP

5

10

15

20
⁎

(d)

Figure 1: Cell-free- (cf-) mtDNA in plasma from chronic periodontitis mice and control healthy mice. (a) 5-0 silk suture was sutured for
three weeks passing around the maxillary second molar in 6-week-old mice for establishing experimental chronic periodontitis (CP) mouse
model. Control normal mice had no treatment. (b–c) Micro-CT showed obviously increased bone loss in CP mice after ligation for three
weeks when compared to the control group. One representative image for 2-dimensional and 3-Dmode is shown. The red arrow
represents bone loss areas. The yellow line indicates the distance between cement-enamel junction (CEJ) and alveolar bone crest (AEJ).
(d) ND1 levels in plasma between CP and control mice (n = 4). ∗p < 0:05.
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2.7. Cellular ROS and Mitochondrial ROS (mtROS)
Detection. 2′,7′-Dichlorodihydrofluorescein diacetate
(H2DCF-DA) (Sigma-Aldrich, St. Louis, MO) and MitoSOX
Red (Invitrogen, Carlsbad, CA) were used to detect total
ROS and mtROS, respectively, as previously described [11].
HGFs were loaded with H2DCF-DA (10μM) or MitoSOX
Red (5μM) for 30min and then observed using a micro-
scope [11]. To inhibit ROS levels, HGFs were preincubated
with 3mM N-acetylcysteine (NAC) (Sigma Aldrich, St.
Louis, MO) for 2 h. The mtROS scavenger 50μM Mito-
TEMPO (Santa Cruz Biotech, Dallas, TX) were pretreated
for 2 h.

2.8. Western Blotting. Proteins were extracted from HGFs
using ice-cold radioimmunoprecipitation (RIPA) lysis buffer
(Solarbio). After being quantified by BCA (Thermo Fisher
Scientific), the protein samples were mixed with loading
buffer (Solarbio), separated by electrophoresis on SDS-
PAGE. The proteins in the gel were transferred on a polyvi-
nylidene fluoride (PVDF) membrane (Beyotime). The mem-
branes were blocked with 5% skimmed milk (Solarbio) and
incubated overnight at 4°C with primary antibody. The
membranes were washed with Tris-buffered saline and incu-
bated with secondary antibody for 90min at room tempera-
ture. The PVDF membranes were subjected to
chemiluminescence detection using an ECL Western Blot-
ting Detection Kit (Solarbio).

2.9. DNA Isolation and mtDNA Quantification by
Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). Genomic DNA from HGFs was extracted using the
Universal Genomic DNA Kit (ZOMAN, Beijing, China), fol-
lowing the manufacturer’s instructions. The mtDNA levels
in HGFswere assessed using primers against mitochondrial
genes (ND1), while nuclear 18S rRNA served as a loading
control. Detailed ND1 and 18S rRNA sequences are pre-
sented in Table 2. Cytosolic mtDNA extraction was per-
formed according to the methods established by West et al.
[29]. The plasma from the mice was centrifuged at 1000 g
for 5min, and then the supernatant was centrifuged a second
time at 5000 g for 10min. The top 80% of the volume can be
used for cell-free- (cf-) mtDNA quantification. DNA from
cell supernatants, cf-mtDNA in plasma, and cytosol DNA
(200μL) were isolated using the QIAamp DNA Mini Kit
(Qiagen, Germany). ND1 levels in the samples were ana-
lyzed according to a standard curve based on ND1 plasmid
(Sangon, Shanghai, China) levels.

2.10. Adenovirus Transduction for Mitochondria and
mtDNA Detection. HGFs were transduced with adenovirus
encoding the mitochondrial outer-membrane protein
Tomm 20 bearing a mCherry fluorescence protein. mtDNA
was detected by coexpression of TFAM, tagged with the
green fluorescent protein (GFP) variant mNeonGreen.
HGFs were seeded on 10mm round confocal glass coverslips
at a density of 50% and were infected with specified amounts
of the Tomm 20-mCherry and TFAM-mNeonGreen adeno-
viruses. Forty-eight hours after transduction, the medium
was changed, and the cells were processed for further
analysis.

2.11. Live Cell Imaging Microscopy. Live cells were captured
using a fluorescence microscope (TCS-STED; Leica, Wetzlar,
Germany) with a 63 × oil immersion objective. For all exper-
iments, HGFs were grown in 10mm round glass bottom
confocal wells (Cedarlane, Southern Ontario, Canada). Laser
excitation was achieved at 488nm for mNeonGreen and
561 nm for mCherry. LPS treatment was performed after
sample mounting in the medium chamber, if needed. HGFs
expressing Tomm 20-mCherry and TFAM-mNeonGreen
were imaged serially at every 10 s for 10-15min. Image pro-
cessing and analysis were performed using ImageJ (NIH,
http://rsb.info.nih.gov/ij/) and Huygens Professional soft-
ware (Scientific Volume Imaging, Amsterdam, Holland).

2.12. Detection of mPTP Opening. HGFs were incubated
with 50mM cobalt chloride for 15min, before treatment
with 1μM Calcein Green AM (Solarbio, Beijing, China)
for 30min. Free Calcein quenching by cobalt chloride pre-
served mitochondrial integrity, which could be used to
indicate mPTP opening. Calcein fluorescence was detected
by confocal microscopy (Leica) using a 488 nm excitation
wavelength. Quantification of the Calcein fluorescence
intensity was conducted by analyzing 20 cells for every
indicated condition using ImageJ software. To prevent
mPTP opening, HGFs were preincubated with 0.5μM
cyclosporine A (CsA; Sigma) for 2 h, following the manu-
facturer’s recommendations.

2.13. Flow Cytometric Analysis. Cells were briefly washed
with 1 × phosphate-buffered saline (PBS), resuspended in 1
× binding buffer, and centrifuged at 300 × g for 10min.
The pellets were resuspended with 1 × binding buffer at a
density of 1 × 106 cells/mL. Cells were replated in a flow
cytometric tube at a density of 1 × 105 cells/mL and proc-
essed for Annexin V-FITC staining (Solarbio, Beijing,
China)for 10min at 20-25°C. Subsequently, the cells were

Table 2: List of primers for real-time PCR studies.

Gene Primer Sequence

ND 1
Forward primer 5′-CACACTAGCAGAGACCAACCGAAC-3′
Reverse primer 5′-CGGCTATGAAGAATAGGGCGAAGG-3′

18S rRNA
Forward primer 5′-GACTCAACACGGGAAACCTCACC-3′
Reverse primer 5′-ACCAGACAAATCGCTCCACCAAC-3′
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Figure 2: Continued.
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stained with propidium iodide (PI) for 5min at 20-25°C and
analyzed for apoptosis by flow cytometry.

2.14. Statistical Analysis. Data are expressed as the mean ±
standard error (SE). All p values were determined by two-
way Student’s t-test or one-way analysis of variance
(ANOVA) with a post hoc Student Knewman-Keuls test
for multiple comparisons. Significant differences were
accepted at p < 0:05. Statistical analysis was performed using
GraphPad Prism software (version 9.00; GraphPad
Software).

3. Results

3.1. mtDNA Release from Mitochondria during Periodontitis
Development. Micro-CT results revealed that alveolar bone
around the ligated molar was significantly reduced in CP
mice compared to control mice, suggesting experimental
periodontitis in the CP group established (Figures 1(b) and
1(c)). Intriguingly, mtDNA in plasma from CP mice were
enriched compared to age-matched wild-type control mice

(Figure 1(d)). These results indicated that mtDNA release
might be involved in periodontitis development. However,
mtDNA efflux in HGFs during periodontitis is still unclear.
Next, we transduced primary HGFs with adenovirus encod-
ing Tomm 20-mCherry and TFAM-mNeonGreen to show
mitochondria and mtDNA, respectively (Figure 2(a)).
mtDNA were detected robust release into the cytoplasm in
CP HGFs (Figure 2(b)). This process was also found by
real-time microscopy (Figure 2(c), Movie 1). In contrast,
no mtDNA efflux was detected in healthy HGFs (Movie
S1). LPS caused remarkable mtDNA release in healthy HGFs
and led to more significant mtDNA release in periodontitis-
affected samples (Figures 2(b)–2(d), and 2(e), Movie 2 and
3).Next, we calculated a significant increase in the percent-
age of HGFs with mtDNA efflux in CP HGFs as compared
with that in control HGFs (Figure 2(f)). LPS treatment
caused marked increase in the percentage of HGFs with
mtDNA efflux compared with those without LPS treatment
in healthy and CP states (Figure 2(f)). Moreover, qRT-PCR
confirmed that mtDNA release into cytosol and out of cells
during periodontitis (Figures 2(g)–2(i)). These results
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Figure 2: mtDNA released from mitochondria in human gingival fibroblasts from patients with chronic periodontitis. (a) Using fluorescent
fusion proteins to visualize mitochondria (Tomm 20-mCherry) and mtDNA (TFAM-mNeonGreen). TM: transmembrane domain; MLS:
mitochondrial localization sequence; DBD1 and DBD2: DNA binding domain-1 and DNA binding domain-2. (b) Typical illustration of
the human gingival fibroblasts (HGFs) for mitochondria and mtDNA among control, CP, and with or without LPS stimulation (5 μg/
mL, 24 h) groups (scale bars: 5μm). (c) Still image of mtDNA efflux in HGFs from CP patients (scale bar: 2.5μm, see Movie 1). (d) Still
image of mtDNA efflux in HGFs with LPS stimulation (scale bar: 2.5μm, see Movie 2). (e) Still image showing mtDNA efflux in HGFs
from CP patients with LPS stimulation (scale bar: 2.5 μm, see Movie 3). (f) Percentage of HGFs with, without mtDNA efflux. Data are
the mean ± SE of 20 fields in each group. (g–i) mtDNA in HGFs, cell supernatants, and cell cytosol. Data are obtained by six
independent experiments. ∗p < 0:05, ∗∗ p < 0:01, ∗∗∗ p < 0:001, and∗∗∗∗p < 0:0001.
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indicated that mtDNA release might be involved in peri-
odontitis development.

3.2. mtDNA Efflux Maintained in HGFs during Periodontitis.
LPS is a principal factor that determines the periodontal
inflammation; we decided to clarify if LPS causes mtDNA
efflux maintained in HGFs. In these experiments, healthy
HGFs were exposed to LPS stimulation for 24 h. Next, LPS
was removed and HGFs were cultured into the next three
generations for analysis (Figure 3(a)). In contrast, healthy
HGFs were directly treated with LPS for 24 h (Figure 3(b)).

The results showed that LPS reinforced the mtDNA efflux
effect even in the next three generational HGFs (Figures 3
(c)–3(e)). No significant differences were observed compared
to the LPS directly treated HGFs (Figure 3(f)). Next, we exam-
ined the mtDNA levels in the cytosol using qRT-PCR analyz-
ing these groups. LPS directly stimulated HGFs, and LPS
treatment following passages of HGFs were both enriched in
cytosolic mtDNA (Figure 3(g)). In addition, the percentages
of HGFs with mtDNA efflux between LPS direct treatment
and LPS treatment followed by HGFs passages were similar
(Figure 3(h)). These results suggest that LPS treatment can
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Figure 3: mtDNA efflux maintained inhuman gingival fibroblasts during periodontitis. (a) Human gingival fibroblasts (HGFs) were treated
with lipopolysaccharide (LPS) (5 μg/mL, 24 h), which was later removed from the culture medium. These LPS-treated HGFs were cultured
to next three generations for analysis. (b) HGFs were cultured with LPS direct stimulation (5 μg/mL, 24 h), which will be directly analyzed
for mtDNA activity. (c–e) Images of HGFs in the A group for analysis after passaging three generations, respectively. (f) Images of HGFs in
the B group. Scale bars: 5μm. (g) mtDNA levels in cytosol among the five groups of HGFs. n = 6. (h) Percentage of HGFs with, without
mtDNA efflux. Data in (h) are the mean ± standard error (SE) of 20 fields per group. ns = no significant difference. ∗∗ p < 0:01, ∗∗∗p < 0:001
, and ∗∗∗∗p < 0:0001.
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Figure 4: Continued.
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enhance this mtDNA efflux phenomenon, and the facilitative
mtDNA release effects can be maintained in HGFs even in
the next-generations HGFs, which is consistent with those
mtDNA release of CP HGFs and CP mice.

3.3. ROS and mtROS Is Overproduction in HGFs from CP
Patients. To investigate in further details how mtDNA efflux
effect remained during periodontitis at cellular level, we
firstly analyzed the ROS and mtROS levels in HGFs from
different hosts. Control healthy HGFs had the lowest ROS
and mtROS levels (Figure 4(a)). HGFs from CP had signifi-
cantly greater levels of ROS and mtROS (Figure 4(a)). We
found that the ROS and mtROS were more activated in the
presence of LPS compared to those in the absence of LPS
groups (Figure 4(a)). In addition, LPS can affect ROS and
mtROS even in the next three generations HGFs (Figure 4
(a)). Furthermore, the levels of these fluorescent signals
reflecting ROS and mtROS levels in Figure 4(a) were calcu-
lated by ImageJ (Figures 4(b) and 4(c)). Western blot analy-
sis showed PDK2 exhibited decreased expression in CP
HGFs (Figures 4(d) and 4(e)). Meanwhile, the expression
levels of PDK2 were also reduced after LPS stimulation
and showed low levels even in the next three-generation
HGFs (Figures 4(d) and 4(e)). In summary, CP HGFs are
primed for ROS activation, and LPS can persistently upreg-
ulate the ROS levels in HGFs by suppressing the PDK2
expression. Its regulation may contribute to this mtDNA
efflux process.

3.4. mPTP Opening in HGFs from CP Patients via ROS
Activation. mPTP opening in HGFs was indicative using
Calcein AM fluorescence (Figure 5(a)). Control HGFs
showed strong green fluorescence (Figure 5(a)), suggesting
that mPTP remained in a closed state under normal condi-
tion [30]. However, the fluorescence was hardly detected in
CP HGFs (Figure 5(a)). LPS further resulted in a much more
decrease in fluorescence in the control and CP groups
(Figure 5(a)). Decreased level of fluorescence signal was also
detected in the LPS treated following passaging three gener-
ational HGFs (Figure 5(b)). A significant increase in fluores-
cence was observed in HGFs in the presence of CsA when
compared with that in the absence of CsA (Figures 5(a)–5
(d)). It was shown that inhibition of ROS and mtROS activa-
tion contributes to suppression of mPTP opening (Figures 5
(a)–5(d)). Collectively, these data show that CP HGFs dis-
play mPTP opening and that mPTP opening in the LPS-
treated HGFs was maintained within the HGFs even in the
later three generations. Additionally, this observed mPTP
opening is dependent on ROS activation.

3.5. mtDNA Release in CP HGFs via ROS and mPTP
Opening. We performed real-time fluorescent microscopy
for control, CP, LPS treatment, and CP LPSHGFs in the
presence of CsA (Figure 6(a)). It was observed that mtDNA
displayed mild or no efflux in the four CsA-treated groups of
HGFs (Figure 6(a)). These data demonstrated that mPTP
was critical for the mtDNA release under these conditions.
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Figure 4: Reactive oxygen species (ROS) and mitochondrial ROS is overproduction in human gingival fibroblasts from chronic
periodontitis patients. (a) Human gingival fibroblasts (HGFs) were incubated with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-
DA) (10 μM, 30 minutes) to indicate the ROS levels (green) in HGFs (scale bars: 75 μm). HGFs were incubated with MitoSOX Red
(5 μM, 30 minutes) to visualize mitochondrial ROS (mtROS) levels (red) (scale bars: 50μm). (b, c) The arbitrary fluorescence intensity of
ROS and mtROS in (a) were calculated by ImageJ based on per 10 cells in each group from (a). Data represent the mean ± standard
error (SE) from 10 cells from each group. (d) Western blot to evaluate the protein expression of pyruvate dehydrogenase kinase 2
(PDK2). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the loading control. (e) Quantification of each band intensity with
respect to loading control in D. n = 3 (LPS: 5 μg/mL). Statistically significant p value is indicated as follows: ∗p < 0:05, ∗∗∗p < 0:001,
and∗∗∗∗p < 0:0001 as compared with the control group; #p < 0:05, ## p < 0:01, and###p < 0:001 as compared with the CP group; ++p <
0:01, +++p < 0:001, and++++p < 0:0001 as compared with the LPS group.
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We performed qRT-PCR to detect the cytosolic mtDNA
levels by the inhibitors of mPTP, ROS, and mtROS. CsA,
NAC, and Mito-TEMPO all decreased the cytosolic mtDNA
levels in the CP, LPS, and CP LPS groups when compared
with the three groups without any treatment, whereas the
control group showed similar cytosolic mtDNA levels in
the presence and absence of CsA and NAC (Figure 6(b)).
We also showed that Mito-TEMPO slightly decreased cyto-
solic mtDNA concentration in healthy HGFs (Figure 6(b)).
When we examined the difference in apoptosis of HGFs
among the four groups, we found that HGFs from CP,
LPS, and CP LPS showed no significant apoptosis when
compared with the HGFs of control healthy donors (Fig.
S1). Cumulatively, these results provide further evidence
that ROS-mPTP opening causes mtDNA release in CP and
LPS-treated HGFs.

4. Discussion

Mitochondrial dysfunction is an important component of
periodontitis pathogenesis [31], as defects in mitochondrial
structure and function have been shown in periodontitis in
our previous work [8]. mtDNA is crucial for mitochondrial

function. It is known that mtDNA has structural similarities
with microbial DNA [32]. Hence, mtDNA could result in an
inflammatory response when released into the cytoplasm or
extracellular milieu in susceptible patients. These mtDNA
characteristics confirmed the significant role of mtDNA in
the pathogenesis of inflammation-related diseases in
humans. In this study, we examined mtDNA efflux activity
and extent using confocal microscopy and qRT-PCR analy-
sis between primary HGFs from periodontitis patients and
healthy donors. We demonstrated for the first time that
mtDNA released from the mitochondria in HGFs from CP
patients. LPS stimuli was found to trigger this mtDNA efflux
activity and keep these properties within the HGFs for some
periods.

Studies have previously identified that mtDNA is found
outside the mitochondria and sometimes even outside the
cells in certain circumstances [33, 34]. mtDNA release was
first reported that LPS pointed to extrude mtDNA into the
cytoplasm [35]. Another key evidence for mtDNA extruding
into the extracellular space is that LPS induces neutrophil
extracellular traps (NETs) formation, largely consisting of
mtDNA [36, 37]. This mtDNA release may result in sub-
stantial tissue damage, leading to chronic inflammation.
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Figure 5: Human gingival fibroblasts (HGFs) from chronic periodontitis presented active mitochondrial permeability transition pore
opening via reactive oxygen species. (a) Human gingival fibroblasts (HGFs) were loaded with cobalt chloride (50mM, 15 minutes) and
Calcein AM (green) to determine the opening of the mitochondrial permeability transition pore (mPTP) in HGFs in the presence or
absence of lipopolysaccharide (LPS) treatment (5 μg/mL, 24 h). The opening of mPTP in HGFs was measured after cyclosporin A (CsA)
(0.5 μM, 2 h) or N-acetylcysteine (NAC) (3mM, 2 h)or Mito-TEMPO (50 μM, 2 h) treatment (scale bars: 25μm). (b) Images for mPTP
opening in the control, LPS-treated, and LPS-treated group after passaging three generations (scale bars: 25μm). (c) Quantification of
the observed Calcein green signal in HGFs from (a, b). Mean ± SE are indicated (n = 20 cells). The CP group was observed a lower
signal; LPS was also observeda lower signal compared with control HGFs. LPS can aggravate this lower signal in the control and CP
groups, and this phenomenon can be retained in HGFs after LPS was removed and passaged to next three generations as compared with
the control group. (d) The intensity of the indicated Calcein green signal was detected per 20 cells from the control, CP, LPS, and CP
LPS groups with CsA, NAC, and Mito-TEMPO treatment compared to HGFs without any treatment, respectively. CsA, NAC, and Mito-
TEMPO all downregulated the signal in the LPS, CP, and CP LPS groups, while they fail to induce this phenomenon in control HGFs. p
values were determined by 1-way analysis of variance followed by post hoc tests. ∗∗p < 0:01 and∗∗∗∗p < 0:0001; ns: not significant.
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Periodontitis is a kind of chronic inflammatory disease driving
the destruction of soft and hard periodontal tissues such as
gingiva recession and alveolar bone loss [5], suggesting a role
for mtDNA efflux in the periodontitis. Consistent with the
reported mtDNA efflux in other studies, we identified a signif-
icant increased mtDNA levels in the plasma from CP mice,
implying an association with periodontitis and this mtDNA
efflux. One study demonstrated that the mtDNA outside of
mitochondria was found to be crucial for inflammation via
inducing bone-destructing immunity [38]. Owing to the
mtDNA accumulation in the plasma of CP mice, little is
known about the mtDNA function and activity in HGFs dur-
ing periodontitis. In the context of periodontitis, in vitro stud-
ies of periodontitis patients have confirmed alterations in
mitochondrial structure, function, and hyperoxidative stress
in HGFs and gingival tissues compared to normal individuals
[8, 12], which indicates that there may be a correlation
between periodontitis progression and mitochondrial dys-
function in HGFs from different hosts. Interestingly, we con-

firmed that aberrant mtDNA release into cytosol and
supernatants of HGFs from CP patients. It is evident that
LPS stimulation could also induce this phenomenon in
healthy HGFs. The observed highmtDNA levels in the cytosol
and supernatants of CP HGFs were more significant in the
presence of LPS than in HGFs without LPS, indicating that
mtDNA release was maintained in inflamed cells. It is possible
that LPS, a major trigger of periodontitis, enables mtDNA to
release from mitochondria in periodontitis mouse model and
periodontitis patients, but the retained mtDNA efflux in HGFs
from CP patients was inadequate to understand.

Our data showed that LPS increased ROS levels and
mPTP opening, and it also led to this variation in next three
generational HGFs. This comparison of mtDNA efflux activ-
ity between the next three generations HGFs after LPS stim-
uli and direct LPS treatment was similar, in line with the
above findings. In addition, we demonstrated that LPS
upregulated ROS generation through PDK2 inhibition even
in the next three generations HGFs. It was reported that
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Figure 6: mtDNA release from mitochondria in human gingival fibroblasts of chronic periodontitis patients via reactive oxygen species-
mitochondrial permeability transition pore pathways. (a) Human gingival fibroblasts (HGFs) from the control, chronic periodontitis
(CP), and lipopolysaccharide (LPS) stimulation infection (5 μg/mL, 24 h), and CP LPS groups were pretreated with 0.5 μM cyclosporin A
(CsA) for 2 h and subjected to analysis for mtDNA release. HGFs expressing Tomm 20-mCherry (red) and TFAM-mNeonGreen (green)
revealed mtDNA nucleoid presented along with mitochondria. Yellow circles and blue arrows mark areas where mtDNA (green) clearly
stops efflux from mitochondria (red). Scale bars: 2.5 μm. See Movies 4, 5, 6, and 7). (b) Bar graphs illustrate the average mtDNA levels in
cytosol among four groups of HGFs with or without CsA, N-acetylcysteine (NAC) (3mM, 2 h), and Mito-TEMPO (50 μM, 2 h)
treatment. All quantified data represent the mean ± SE. p values were determined by 1-way analysis of variance followed by post hoc
tests. Graphs represent at least 3 independent experiments. ∗p < 0:05, ∗∗ p < 0:01, ∗∗∗p < 0:001, and∗∗∗∗p < 0:0001; ns: not significant.
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PDK2 activation has beneficial effects on ROS suppression [39].
Thus, we reasoned that LPS might mediate irreversible high
ROS generation by downregulation of PDK2 expression [6,
40], leading to sustained increased mtDNA release activity even
in the next-generation HGFs without LPS stimulation. As
widely reported in the literature, LPS activated Toll-like recep-
tor (TLR) was abundantly expressed in the inflammatory cells,
leading to the ROS production as well as the lower PDK2
expression [8, 41]. Some reported that ROS triggered mtDNA
damages and release into cytosol in cancer [42]. Another study
showed that mitochondrial ROS induced inflammation depen-
dent on disrupting mtDNA maintenance [15]. In agreement,
other study detected that LPS induced accumulation of free
mtDNA outside of mitochondria contributing to inflammation
via TLR9 activation [43]. We provided herein the proof of
mtDNA efflux arising from LPS mediating ROS activation by
blocking PDK2 in HGFs. The exact reason for this phenome-
non is unclear. It is crucial to note that studies have observed
the transfer of entire mitochondria between cells [44]. However,
whether the entire mitochondria or mtDNA is transferred is
controversial [45]. Therefore, mtDNA is thought to be a signal
molecule that spreads inflammatory signals across a population
of cells. This suggests that inflammation could spread between
cells via the detection of mtDNA [9]. Based on these results,
we propose that LPS modulates mtDNA efflux remained in
HGFs closely linked to sustained ROS overproduction.

Some studies have concludedmtDNA release in the context
of cell apoptosis [46], while other studies have indicated that
mPTP opening leads to increased mtDNA release [46]. Given
that cell apoptosis was similar among our divided groups, the
role of mPTP opening in mtDNA release in HGFs was focused.
Based on the inhibitory effect of CsA on mPTP opening, CsA
successfully restored mtDNA efflux from mitochondria and
reduced mtDNA levels in cytosol within inflamed HGFs. These
results highlight that mPTP opening potentially modulates
mtDNA release in HGFs with periodontitis. One of the possible
physiological mechanisms mediating increased mPTP opening
could be linked to ROS increase in inflammatory HGFs.
Exceeding levels of ROS can trigger mPTP opening via mito-
chondrial ATP-sensitive potassium channels, and voltage-
dependent anion channel-1 oligomerization, suggesting that
ROS works as an important molecular leading to downstream
mPTP opening and eventually disruption of cellular functions
[47, 48]. Of note, earlier, Bullon’s work together with our recent
work demonstrated that HGFs and gingival tissues from CP
patients were observed impaired mitochondria and higher oxi-
dative stress [8, 12, 49]. As a result of cellular ROS and mtROS
outburst, mPTP opening can be activated. According to our
data, we confirmed positive relationship between ROS overpro-
duction and mPTP opening in inflammatory HGFs. In addi-
tion, ROS and mPTP both played a critical role in mtDNA
release during periodontitis. Our results highlight that ROS
could be one possible explanation for mPTP opening, contrib-
uting to mtDNA release in HGFs during periodontitis.

5. Conclusion

In summary, mtDNA efflux maintained in primary HGFs
could reflect mitochondrial dysfunction detected in peri-

odontitis. This work provides initial preclinical evidence
for a new candidate biomarker for mtDNA efflux in HGFs
predicting periodontitis. In addition to this focused inves-
tigation of mtDNA efflux in HGFs during inflammation,
our results also indicate that ROS/mPTP pathway could
be the principal mediator of mtDNA efflux in inflamed
HGFs. Further investigation is needed to determine how
mtDNA release causes periodontitis, which may reveal
new therapeutic strategies for the treatment of patients
with periodontitis.
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Supplementary 1. Fig. S1: measurement of cell apoptosis by
Annexin V binding and propidium iodide (PI) uptake.
Human gingival fibroblasts (HGFs) were from control
donors (A) or chronic periodontitis (CP) patients (B). Con-
trol cells were treated with lipopolysaccharide (LPS) (5μg/
mL, 24h) (C), and CP cells were treated with LPS (5μg/
mL, 24 h) (D). These four groups of HGFs were harvested
for cell apoptosis analysis by flow cytometry 24h after LPS
treatment or without LPS treatment.

Supplementary 2. Movie. S1: mtDNA does not release
from mitochondria in human gingival fibroblasts from
healthy control donors in real time movie. Human gingi-
val fibroblasts (HGFs) from control hosts were trans-
duced with vector encoding the mitochondrial outer-
membrane protein Tomm 20 bearing a mCherry fluores-
cence to illustrate mitochondria (red). Meanwhile, HGFs
were also transduced with mitochondrial transcription
factor A (TFAM) tagged with the green fluorescent pro-
tein (GFP) variant mNeonGreen to detect mtDNA
(green) (scale bar: 7.5μm).
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Aim. Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic syndrome, and if untreated, it may
propagate into end-stage liver disease. The classical arm of the renin-angiotensin system (RAS) has a fundamental role in
triggering oxidative stress and inflammation, which play potential roles in the pathogenesis of NAFLD. However, the
nonclassical alternative axis of RAS, angiotensin- (Ang-) converting enzyme 2 (ACE2)/Ang (1-7)/Mas receptor, opposes the
actions of the classical arm, mitigates the metabolic dysfunction, and improves hepatic lipid metabolism rendering it a
promising protective target against NAFLD. The current study is aimed at investigating the impact of chrysin, a well-known
antioxidant flavonoid, on this defensive RAS axis in NAFLD. Methods. Rats were randomly distributed and treated daily for
eight weeks as follows: the normal control, chrysin control (50mg/kg, p.o), NAFLD group (received 20% fructose in drinking
water), and treated groups (25 and 50mg/kg chrysin given orally and concomitantly with fructose). Diminazene aceturate
(DIZE) (15mg/kg, s.c.) was used as a reference ACE2 activator. Key Findings. High fructose induced significant weight gain,
hepatocyte degeneration with fat accumulation, and inflammatory cell infiltration (as examined by H&E staining). This was
accompanied by a substantial increase in liver enzymes, glucose, circulating and hepatic triglycerides, lipid peroxides,
inflammatory cytokines, and Ang II (the main component of classical RAS). At the same time, protein levels of ACE2, Ang (1-7),
and Mas receptors were markedly reduced. Chrysin (25 and 50mg/kg) significantly ameliorated these abnormalities, with a
prominent effect of the dose of 50mg/kg over DIZE and the lower dose in improving ACE2, Ang (1-7), and Mas. Significance.
Chrysin is a promising efficient protective remedy against NAFLD; mechanisms include the activation of ACE2/Ang (1-7)/Mas axis.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is considered the
hepatic component of metabolic syndrome [1]. The hall-
mark of NAFLD is the accumulation of triglycerides (TG)
by more than 5-10% of liver weight, which occurs without

associated secondary causes such as excessive alcohol con-
sumption, viral or autoimmune hepatitis, or congenital
hepatic disorders [2]. NAFLD is one of the main contribu-
tors to morbidity and mortality worldwide because of the
rapid progression into end-stage liver disease and liver
malignancy [3]. The estimated global prevalence of NAFLD
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is 25%, increasing to 55.5% in patients with type II diabetes
mellitus (T2DM) and 60–80% in people with obesity [4, 5].

Multiple aetiologies of NAFLD have been suggested,
including oxidative stress, induction of mitochondrial dys-
function, disturbance of endoplasmic reticulum, and insulin
resistance (IR) [6]. In adipose tissue, IR impairs the antilipo-
lytic action of insulin, with a resultant increase of free fatty
acids (FFA) release with high circulating FFA available for
subsequent hepatic uptake. In response to systemic IR,
hyperinsulinemia develops, which stimulates hepatic de
novo lipogenesis accompanied with the impairment of FFA
β-oxidation, culminating in the accumulation of TG in the
liver and the progression to fatty liver [3, 7].

The renin-angiotensin system (RAS) has a fundamental
role in triggering oxidative stress and inflammation as well
as regulating insulin sensitivity that is closely related to
NAFLD [8], and thus, RAS was documented as one of the
contributors to the development and the progression of
NAFLD [9, 10]. The RAS includes a classical axis,
angiotensin-converting enzyme (ACE)/angiotensin (Ang)
II/type 1 angiotensin receptor (AT1R), and an alternative
axis: (ACE2)/Ang 1-7/Mas receptor axis [11]. The classical
RAS axis starts with the cleavage of angiotensinogen, pro-
duced in the liver, to Ang I by renin, produced by the kidney.
This is followed by the ACE-catalysed conversion of Ang I to
Ang II, which can bind to the AT1R [12], leading to Ang II-
mediated prooxidation, inflammation, and vascular effects.
This axis can contribute to the pathogenesis of NAFLD via
the stimulation of IR, de novo lipogenesis, mitochondrial
dysfunction, reactive oxygen species (ROS) generation, and
production of proinflammatory cytokine [10, 12, 13].

Meanwhile, an alternative axis, ACE2/Ang (1-7)/Mas
receptor, appears to function against the ACE/Ang II/AT1
axis in the liver [14–17]. Ang II is degraded by the ACE2
enzyme into Ang (1-7), which antagonizes the deleterious
effects of Ang II mainly via Mas receptors [16, 18, 19].
Researchers have found that activating the ACE2/Ang1-7/
Mas axis mitigates the metabolic dysfunction and prevents
NAFLD [17, 18] mainly via improving hepatic IR and FFA
oxidation along with inhibiting liver lipogenesis and inflam-
mation [20–22]. Cao et al. [20] reported that, in mice, Ang
(1–7)/ACE2 alleviated steatosis, oxidative stress, and inflam-
mation induced by FFA, but deletion of ACE2 exacerbated
their development. Moreover, the overexpression of ACE2
in db/db mice improved fatty liver, suggesting its potential
role in preventing and treating hepatic lipid metabolism
[20]. Yang et al. [18] determined that ACE2 knockouts could
exacerbate high fructose-induced fat deposition in the liver,
promoting inflammatory mediators such as nuclear factor
kappa B (NF-κB). Based on these findings, targeting the
ACE2/Ang (1-7)/Mas axis could represent a pharmacologi-
cal approach for protecting against NAFLD.

Several drugs are being tested for their ability to protect
against or prevent NAFLD including those targeting the
hepatic TG accumulation, oxidative stress, inflammation,
or liver fibrosis [23], while little attention is gained toward
the protective arm of RAS.

Flavonoids, which are found in plants in high concentra-
tions, have been gaining attention in the past decade, particu-

larly in relation to NAFLD [24]. Chrysin (5,7-
dihydroxyflavone) is a well-known flavonoid found in blue pas-
sion flower (Passiflora caerulea), Indian trumpet flower (Orox-
ylum indicum), honey, and propolis [25]. In addition to anti-
inflammatory and antioxidant properties, it inhibits atherogen-
esis and hyperlipidemia [25–27]. It has many pharmacological
activities such as neuroprotective, antidiabetic, anticancer,
nephroprotective, cardioprotective, antiarthritic, and antiasth-
matic [25]. Chrysin has shown hepatoprotective effects against
several hepatotoxins like ethanol [28], carbon tetrachloride
[29], ammonia [30], and paracetamol [31]. Recently, chrysin
has been found to reduce plasma Ang II level and to regulate
the classical arm of RAS in L-NAME hypertensive rats [32].
Notably, it has been reported to ameliorate NAFLD via its anti-
oxidant effect [33]. However, its impact on the RAS, particularly
the protective arm, in NAFLD has not been studied yet. There-
fore, the present work is aimed at investigating the role of chry-
sin in ameliorating NAFLD via the activation of the ACE2/Ang
1-7/Mas axis. The impact of chrysin on this axis was compared
with diminazene aceturate (DIZE), a well-known ACE2 activa-
tor commonly used in many animal models [34–36].

Fructose (fruit sugar) is a monosaccharide present in
many plants such as sugar cane, sugar beets, and corn. It is
mainly added as a sweetener in the form of high-fructose
corn syrup to a variety of processed foods and beverages,
such as desserts, pastries, and soft drinks [37]. It is now gen-
erally thought that increased fructose consumption is one of
the major causes of chronic metabolic diseases, including
obesity, diabetes, and NAFLD [38, 39]. When added to
highly consumed beverages, fructose can cause steatosis in
only seven days [40]. Being a highly lipogenic monosaccha-
ride, high fructose consumption leads to IR and finally fatty
liver [38]. In this regard, fructose overload in chow or drink-
ing water is a commonly used model of NAFLD in rats [41]
and was used in the current study to investigate the impact
of chrysin on the ACE2/Ang (1-7)/Mas axis in NAFLD.

2. Materials and Methods

2.1. Chemicals and Kits. Chrysin, DIZE, and fructose were
purchased from Sigma-Aldrich (St. Louis, MO, USA). A variety
of colorimetric kits were obtained from BioDiagnostic Com-
pany (Egypt) for the assay of lipid peroxides, reduced glutathi-
one (GSH), liver enzymes, and serum levels of glucose and
TG. The colorimetric kit used to quantify hepatic TG (#
MAK266) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). ELISA kits for the assay of inflammatorymarkers includ-
ing tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and
NF-κB were provided from MyBioSource (San Diego, CA,
USA). Rabbit monoclonal anti-ACE2 antibody (ab108252)
was purchased from Abcam (Cambridge, MA, USA). Rabbit
polyclonal anti-Mas receptor (sc135063) antibody was pur-
chased from Santa Cruz Biotechnology. Rabbit polyclonal ant-
Ang II (MBS286234) and anti-Ang 1-7 (MBS2112534) anti-
bodies were obtained from MyBioSource (San Diego, CA,
USA). Monoclonal rabbit anti-beta-actin (β-actin) and second-
ary goat anti-rabbit horseradish peroxidase- (HRP-) conjugated
antibody (# 7074) were purchased fromCell Signaling Technol-
ogy (Beverly, MA, USA).
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2.2. Animals. Forty-eight Wistar rats weighed between 150
and 200 g were provided from Prince Naïf Bin Abdulaziz
Health Research Center, King Saud University, Riyadh,
Saudi Arabia. The animal protocol was designed to mini-
mize pain or discomfort to the animals. The rats were placed
in individual cages as four rats per cage at a temperature of
22°C ± 2°C and relative humidity of 50% ± 5% with a 12 h
light/dark cycle. In addition to standard rodent chow, the
rats were allowed free access to water. Before experiments
began, the animals were allowed to acclimate for 1 week to
the animal house conditions. The local Ethics Committee
at King Saud University approved the experimental proce-
dures (Ethics reference No: SE-19-108).

2.3. Study Design. The rats were weighed, randomly divided
into six groups (eight rats/each), and treated daily for eight
weeks as follows: Group 1: normal control received carboxy-
methylcellulose (CMC, 0.5% in normal saline) by oral
gavage. Group 2: drug control received 50mg/kg chrysin
(dissolved in 0.5% CMC solution) by oral gavage. Group 3
was the model group given 20% fructose in drinking water
[42–46] + equivalent volume of 0.5% CMC (the vehicle of
chrysin) orally. Groups 4 and 5 were treated, respectively,
with 25 and 50mg/kg chrysin dissolved in 5% CMC, con-
comitant with 20% fructose. Group 6: rats received DIZE
(15mg/kg, s.c., dissolved in normal saline) + equivalent vol-
ume of 0.5% CMC concomitant with 20% fructose. DIZE
was used as a reference ACE2 activator.

2.4. Preparation of Serum and Liver Homogenate. At the end
of the experiment, fasted rats were reweighed and the body
gain was calculated. Rats were then anesthetized with carbon
dioxide, and the serum was separated from the blood after it
had been collected, allowed to clot, and centrifuged for 20
minutes at 3500 rpm.

Liver tissues were removed, rinsed with normal saline,
and weighed for the calculation of liver index as follows:
liver index = liver weight/body weight × 100. The liver was
then divided into three parts: the first part was homogenized
in phosphate-buffered saline (PBS) and used for assessing
hepatic TG, oxidative stress, and inflammatory markers.
Another part of the liver was stored in liquid nitrogen for
western blot analysis of ACE2, Ang (1-7), Mas R, and Ang
II. To detect the structural changes and fat deposition, a
third part was fixed in 4% formalin for histological examina-
tion using hematoxylin and eosin staining (H&E).

2.5. Histological Examination. A small part of liver tissue was
fixed in 4% phosphate-buffered formalin at 4°C for 24 hours.
After fixation, samples were dehydrated using ascending
grades of alcohol, embedded in paraffin, and processed using
rotary microtome to prepare 5μmthick paraffin sections.
For staining, sections were deparaffinized by the incubation
in a 60°C-heated oven for 1 hour, followed by the immersion
in xylene for 10 minutes, and then rehydrated using descend-
ing concentrations of ethanol followed by the immersion in
xylene for 10 minutes and then rehydrated using descending
concentrations of ethanol. Finally, the sections were stained
with H&E for examination of any structural abnormalities

and inflammatory cell infiltration. The examination of the
slides was performed under a light microscope, and digital
images were captured using Olympus CKX 41 microscope
(Olympus Optical Co., Ltd., Tokyo).

2.6. Assessment of Fasting Glucose, TG, and Liver Function
Tests. Using the commercial kits, serum was used to assess
glucose, TG, and liver enzymes including alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
according to the manufacturers’ instructions.

2.7. Assay of Hepatic TG. Hepatic TAG was quantified using
a colorimetric quantification kit according to the manufac-
turer’s instructions. First, 100mg of liver tissue was homog-
enized in 1ml of 5% Nonidet P 40 (NP-40, # 74385) in
distilled H2O. The homogenate was heated at 80–100°C in
a water bath for 2–5 minutes or until the Nonidet P 40
became cloudy. The homogenate was allowed to cool to
room temperature. The heating process was repeated one
more time to solubilize all TG. The homogenate was then
centrifuged for 2min to remove any insoluble substances,
and the supernatant was diluted 10-fold with water before
the assay. Briefly, 50μl of the Master Reaction Mix was
added to 50μl of each sample and standard, mixed well,
and incubated for 40 minutes at room temperature. The
absorbance of the colored product was measured at 570 nm.

2.8. Assay of Lipid Peroxidation and GSH. Hepatic levels of
malondialdehyde (MDA, a final product of the peroxidation
process of cell membrane lipids) and GSH (a critical nonen-
zymatic antioxidant) were determined using colorimetric
kits according to manufacturers’ instructions. For determi-
nation of MDA, 200μl of sample homogenate or standard
was mixed with 1ml of thiobarbituric acid (TBA) reagent.
The mixture was incubated at a temperature of 95°C for
30min, and the absorbance of the pink-colored TBA reactive
product was measured at 535nm against the reagent blank.
For GSH, 0.5ml of hepatic homogenate was mixed with
0.5ml of trichloroacetic acid to precipitate protein, then
the mixture was centrifuged, and 0.5ml of the supernatant
was mixed with 100μl of 5,5′-dithiobis (2-nitrobenzoic acid)
reagent and the absorbance of the yellow-colored product
was measured at 405 nm against reagent blank.

2.9. Assay of Inflammatory Markers. According to the man-
ufacturers’ instructions, the hepatic levels of the proinflam-
matory cytokines, TNF-α and IL-6, and their regulatory
transcription factor, NF-κB, were assayed using the ELISA
technique.

2.10. Western Blot Analysis of Ang II, ACE2, Ang (1-7), and
Mas Receptor. Ang II, ACE2, Ang (1-7), and Mas receptor
protein levels were determined by Western blotting. A total
of about 100mg of liver tissue was homogenized in a phos-
phatase inhibitor cocktail and protease inhibitor-containing
radioimmunoprecipitation assay (RIPA) buffer at ice-cold
temperature. The homogenate was centrifuged, and the
lysate protein concentrations were determined using a
Direct Detect® infrared spectrometer (Millipore). Using
polyacrylamide gel electrophoresis with sodium dodecyl
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sulphate as the stationary phase, the extracted proteins were
separated and electrophoretically transferred to polyvinylidene
difluoride membranes. After being blocked with 5% bovine
serum albumin in Tris-buffered saline (TBS) at room tempera-
ture for 1h, the blots were incubated overnight at 4°C with the
primary antibodies including anti-Ang II (1 : 200), anti-ACE2
(1 : 500), anti-Ang (1-7) (1 : 1000), and anti-Mas receptor
(1 : 1000). After washing with TBS, the membranes were incu-
bated with goat anti-rabbit HRP-conjugated secondary anti-
bodies (1 : 1000), for 2 hours at room temperature. Bio-Rad
Universal Hood II Gel Doc System was used to visualize the
immunoreactive bands developed using chemiluminescent
detection reagents. We quantified the intensities of the different
protein bands using ImageJ software and normalized them to
the loading control (β-actin).

2.11. Statistical Analysis. Data were expressed as the mean ±
SEM. Statistical comparisons were performed using one-way
analysis of variance (ANOVA) followed by the Tukey-Kramer
test as post hoc multiple tests. GraphPad Prism Software Inc.
(San Diego, CA, USA) was used for the statistical analysis.
Results were considered significant at a P value less than 0.05.

3. Results

3.1. Effect of Chrysin on Liver Architecture in High-Fructose-
Induced NAFLD in Rats (Figure 1). Liver sections from both
standard control (a, b) and chrysin control (c, d) showed
normal liver architecture including intact hepatic lobules
with normal hepatocytes, portal areas, and central veins.
However, liver sections from rats received 20% fructose
alone showed loss of hepatic architecture as revealed by
degeneration and ballooning of hepatocytes, pyknotic nuclei,
and dilated blood sinusoids in addition to extensive fat drop-
let deposition (steatosis) and inflammatory cell infiltration
(e, f, and g). Concomitant treatment with chrysin at dose
25 (h, i) and 50mg/kg (j, k) showed marked improvement
of hepatic architecture with remarkable attenuation of the
cell degeneration, fat disposition, and inflammatory
infiltration.

3.2. Effect of Chrysin on the Activities of Liver Enzymes (ALT,
AST) in High-Fructose-Induced NAFLD in Rats (Figure 2). In
the present study, fructose feeding resulted in a significant
increase in the serum levels of ALT (75:46 ± 1:84 vs. 64:45
± 1:43U/l, P < 0:01) and AST (87:46 ± 2:52 vs. 71:84 ±
2:55U/l, P < 0:01) when compared to the normal control
group. The fructose-induced elevation of ALT was signifi-
cantly ameliorated by the treatment with 25mg/kg
(69:44 ± 1:88 vs. 75:46 ± 1:84, P < 0:05) and 50mg/kg
(65:65 ± 2:24 vs. 75:46 ± 1:84, P < 0:01) of chrysin compared
to the activities in the fructose feeding group. Similarly, the
high activities of AST were alleviated by the concomitant
treatment with 25 and 50mg/kg chrysin (77:9 ± 1:92 and
77:09 ± 1:9, respectively, vs. 87:46 ± 2:52, P < 0:05). No sig-
nificant differences in liver enzyme activities were observed
between the normal control and chrysin control. Also, no
significant difference was observed between rats treated with
25 and 50mg/kg chrysin.

3.3. Effect of Chrysin on the Weight Gain and Liver Index in
High-Fructose-Induced NAFLD in Rats (Figure 3). Rats fed
with high fructose showed a highly significant weight gain
compared to the normal control (86:14 ± 6:57 vs. 44 ± 6:76,
P < 0:001). This weight gain was significantly ameliorated
by the simultaneous ingestion of 25mg/kg chrysin
(59:86 ± 6:24 vs. 86:14 ± 6:57, P < 0:05) and to a greater
extent with the dose of 50mg/kg (48 ± 4:18 vs. 86:14 ± 6:57,
P < 0:001) compared to the gain experienced with the fructose
alone.

Concerning liver index (as a measure of fat accumula-
tion), rats received fructose showed a significant elevation
in liver index compared to the normal control (3:1 ± 0:19
vs. 2:64 ± 0:03, P < 0:001). However, this increase was signif-
icantly attenuated by the supplementation with 25 and
50mg/kg of chrysin (2:73 ± 0:066 and 2:78 ± 0:07, respec-
tively, vs. 3:1 ± 0:19, P < 0:001). However, no significant dif-
ference was observed between rats treated with 25 and
50mg/kg chrysin in terms of weight gain and liver index.

3.4. Effect of Chrysin on the Serum and Hepatic Levels of
Triglycerides (TG) in High-Fructose-Induced NAFLD in
Rats (Figure 4). As revealed by Figure 4, rats received 20%
fructose showed a highly significant increase in both sera
(98:2 ± 2:7 vs. 61:34 ± 5:2mg/dl, P < 0:001) and hepatic
levels of TG (169:4 ± 5:9 vs. 67:6 ± 2:8, P < 0:001) compared
to the normal control. Chrysin at both doses markedly
improved TG levels both in serum (71:65 ± 4:5 and 62:8 ±
5:7 vs. 98:2 ± 2:7, P < 0:001) and liver tissue (105:6 ± 5:7
and 92:8 ± 3:5 vs. 169:4 ± 5:9, P < 0:001).

3.5. Effect of Chrysin on Serum Levels of Fasting Glucose in
High-Fructose-Induced NAFLD in Rats (Figure 5). Rats fed
with 20% fructose alone revealed a marked increase in the
serum fasting glucose (193:4 ± 14:99 vs. 90:08 ± 8:7mg/dl,
P < 0:001) compared to the normal control. Concomitant
treatment with 25 and 50mg/kg chrysin significantly allevi-
ated the hyperglycemia induced by fructose (142:8 ± 11:3
vs. 193:4 ± 14:99, P < 0:05 and 125:3 ± 8:86 vs. 193:4 ±
14:99, P < 0:001, respectively) with a prominent effect with
the dose 50mg/kg. However, no significant difference was
observed between rats treated with 25 and 50mg/kg chrysin.

3.6. Effect of Chrysin on the Extent of Lipid Peroxidation and
the Levels of GSH in High-Fructose-Induced NAFLD in Rats
(Figure 6). In the present study, there was a marked elevation
in the hepatic levels of MDA in rats ingested with 20% fruc-
tose compared to the normal control (72:81 ± 2:54 vs.
45:32 ± 1:74nmol/g tissue, P < 0:001). This elevation of
MDA was associated with a significant reduction of GSH
(9:6 ± 0:64 vs. 13:09 ± 0:34mg/g tissue, P < 0:001), which
reflects the oxidant/antioxidant imbalance in the liver.
MDA elevation was alleviated by the concomitant treatment
with 25 and 50mg/kg of chrysin (57:42 ± 2:6 and 55:46 ±
2:35, respectively, vs. 72:81 ± 2:54, P < 0:001). In addition,
the GSH depletion was attenuated by administration of
25mg/kg (12:18 ± 0:35 vs. 9:6 ± 0:64, P < 0:01) and 50mg/
kg chrysin (13:06 ± 0:24 vs. 9:6 ± 0:64, P < 0:001).
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Figure 1: Continued.
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(k)

Figure 1: Light photographs of liver sections stained with H&E. (a, b) Liver sections from the normal rat group showing normal hepatic
architecture which comprised of intact hepatic lobules with normal hepatocytes, portal area, and central veins (CV). (c, d) Liver sections
from rat received only chrysin (50mg/kg) showing apparently healthy hepatic lobules with normal hepatocytes appearance. (e, f, g) Liver
sections from rats received 20% fructose showing loss of intact liver architecture which characterized by extensive fat droplet disposition
(steatosis, dashed arrows), ballooning of hepatocytes and pyknotic nuclei (arrows), and inflammatory cell infiltration (star). Additionally,
the blood sinusoids are dilating. (h, i) Liver sections from rat received 20% fructose and concomitantly treated with chrysin (25mg/kg).
(j, k) Liver sections from rat received 20% fructose and concomitantly treated with chrysin (50mg/kg), showing marked improvement in
the hepatic appearance with lesser or completely lacking of fatty disposition and inflammatory cells.
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Figure 2: The effect of 25 and 50mg/kg chrysin on alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in high-fructose-
induced NAFLD. Values are expressed as the mean ± SEM. (A) Significantly different from the normal control group. (B) Significantly
different from fructose-induced NAFLD. ∗∗P < 0:01 and ∗P < 0:05.
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3.7. Effect of Chrysin on the Hepatic Levels of Inflammatory
Markers in High-Fructose-Induced NAFLD in Rats
(Figure 7). As shown in Figure 7, there are dramatic
increases in the hepatic levels of inflammatory markers
including TNF-α (84:2 ± 5:2 vs. 15:8 ± 0:6 pg/mg protein,
P < 0:001), IL-6 (123:9 ± 4:6 vs. 48:1 ± 2:02 pg/mg protein,
P < 0:001) and NF-κB (72:3 ± 3:2 vs. 45:3 ± 1:7 pg/mg tis-
sue, P < 0:001) in rats received 20% fructose compared to
the normal control. This inflammatory response was
markedly ameliorated by chrysin at 25 and 50mg/kg
(P < 0:001). The dose 50mg/kg revealed significant
improvement in TNF-α (31:1 ± 4:6 vs. 43:8 ± 1:7, P < 0:05),
IL-6 (56:2 ± 3:6 vs. 72:4 ± 3:9, P < 0:05) and NF-κB
(48 ± 1:4 vs. 55 ± 2:1, P < 0:05) compared to the levels elicited
by the dose 25mg/kg.

3.8. Effect of Chrysin on the Protein Levels of Ang II in High-
Fructose-Induced NAFLD in Rats (Figure 8). In the present
study, a high intake of fructose led to an approximately 6-
fold increase in protein levels of Ang II (P < 0:001), reflect-
ing stimulation of the classical axis of RAS as an essential
mechanism of the NAFLD induced by fructose. Cotreatment
with both 25 and 50mg/kg of chrysin significantly mitigated
the elevation of Ang II (3:16 ± 0:3 and 2:1 ± 0:11-fold,
respectively, vs. 5:75 ± 0:31-fold, P < 0:001) with the promi-
nent effect of the dose 50mg/kg compared to the dose
25mg/kg (P < 0:01). It is noted that the dose 50mg/kg elic-
ited significant mitigated the expression of Ang II compared
to DIZE (2:1 ± 0:11 vs. 3:18 ± 0:22, P < 0:01).

3.9. Effect of Chrysin on the Protein Levels of ACE2, Ang
(1-7), and Mas Receptors in High-Fructose-Induced
NAFLD in Rats (Figure 9). Our results revealed that high
fructose caused dramatic depletion of protein levels of ACE
2, Ang (1-7), and Mas receptor by approximately 70%
(P < 0:001) compared to the normal control supporting that
the impairment of this RAS axis is implicated in fructose-
induced NAFLD. The protein levels of ACE 2, Ang (1-7),
and Mas receptors were significantly improved by the treat-
ment with DIZE, chrysin 25 (P < 0:01), and to a greater extent
with chrysin 50mg/kg (P < 0:001). Chrysin (50mg/kg) has a
notable superior effect over DIZE and chrysin (25mg/kg) in
improving the levels of ACE-2 (P < 0:05), Ang (1-7)
(P < 0:001), and Mas receptor (P < 0:05).

4. Discussion

The main finding of the present study is that chrysin at doses
25 and 50mg/kg alleviates the protein expression of Ang II
in the liver while enhancing ACE2, Ang (1–7), and Mas
receptor protein expression in the fructose model of
NAFLD. The effect of the lower dose is comparable to the
impact of DIZE, while the higher dose elicits a superior
impact than the DIZE and the lower dose. Therefore, chrysin
may contribute to reducing the progression of NAFLD via
modulating the hepatic RAS.
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The high-fructose model of NAFLD in experimental ani-
mals has been widely used as a reliable and reproducible one
[41]. In this regard and consistent with previous works
[46–48], fructose in the present study was associated with
liver injury associated with increased fat accumulation, as

documented by elevated hepatic TG content and fat droplets
observed after H&E staining.

In the presence of liver damage, the cytosolic enzymes of
hepatocytes, ALT and AST, are released into the blood-
stream [49]. This study found that fructose feeding signifi-
cantly raised the levels of ALT and AST in serum,
suggesting the increased permeability of the cell membrane
that triggers the leakage of these intracellular transaminases
into circulation. This result is consistent with previous works
[33, 38, 39] and may be explained in terms of high-fructose-
induced formation of ROS, which attack phospholipids in
membranes, causing cell membrane rupture [33, 38]. Chry-
sin at either dose (25 or 50mg/kg) significantly inhibited
the serum elevation of liver enzymes, reflecting the mem-
brane stability induced by chrysin. This result coincided
with a remarkable attenuation of the cell degeneration in
H&E staining. The effect of chrysin to on liver function
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Figure 5: The effect of 25 and 50mg/kg chrysin on serum levels of
fasting blood glucose in high-fructose-induced NAFLD. Values are
expressed as the mean ± SEM. (A) Significantly different from the
normal control group. (B) Significantly different from fructose-
induced NAFLD. ∗∗∗P < 0:001 and ∗P < 0:05.
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marker enzymes is previously reported [33, 50–54] and
could be explained in terms of its antioxidant characteris-
tics [25].

In the liver, TG is derived from dietary sources or de
novo lipogenesis. The consumption of high-fructose diets is
documented to be lipogenic [38, 47]. This is attributed to
its rapid uptake and utilization through the liver. Inside
the liver, fructose is rapidly metabolized by fructokinase to
fructose-1-phophate that plays a role as a carbon atom
donor for the synthesis of TG [48]; thus, fructose can be con-
sidered as an efficient inducer of de novo lipogenesis and
increased secretion and hepatic storage of TG [48]. In addi-
tion, dietary fructose increases de novo lipogenesis by upreg-
ulating the lipogenic enzymes that accelerate TG synthesis in
the hepatocytes [40, 55]. Fat accumulates in the liver as a
result of this enhanced lipogenesis is associated with
increased liver weight and body weight [33, 56] which could
explain the significant weight gain and liver index observed
in our study in the rats fed with high fructose. The results
of these experiments are consistent with our observations
where the serum and hepatic TG levels increased signifi-
cantly with fructose consumption simultaneously with fat
deposition and fat infiltration, as observed by H&E staining.
The weight gain, high liver index, and elevated TG levels
(both in the serum and liver tissue) observed in the current
study were markedly reduced by chrysin supplementation.
These data are in agreement with those of Pai et al. [33]
and Pushpavalli et al. [57] and support the findings concern-
ing the antihyperlipidemic effects of chrysin [26, 27, 58–60],
which is exerted probably via elevating the activity of lipo-
protein lipase (LPL) which hydrolyses the extra TG [27]
and downregulating the action of the lipogenic enzymes,
e.g., fatty acid synthase [59].

Fructose also induced hyperglycemia. This is because the
liver converts a significant amount of fructose into glucose
[55]. Moreover, the high levels of TG in the bloodstream,
caused by fructose, cause IR, thereby adds to increasing
blood sugar levels [48]. These findings are in harmony with
our results and the work of Tappy [55] and Pai et al. [33].
Both doses of chrysin significantly alleviated this hyperglyce-
mia, indicating the ability of chrysin to reduce IR and
improve glucose metabolism in fructose-induced NAFLD;
this result is consistent with recent work by Pai et al. [33]
and Satyanarayana et al. [61].

In the pathogenesis of high-fructose-induced NAFLD,
oxidative stress plays a crucial role [46, 47]. An indica-
tion of oxidative stress in this study is the augmented
hepatic levels of MDA which is associated with depleted
levels of GSH, an essential cellular antioxidant that acts
against redox imbalance restoring insulin sensitivity in
obesity-associated metabolic syndrome [62]. These find-
ings reflect the oxidant/antioxidant imbalance in the liver,
which results in oxidative stress. Here, we reported that
chrysin (25 and 50mg/kg) significantly ameliorated this
imbalance, suggesting increased scavenging ability of free
radicals and the hepatoprotective effect via antioxidant
properties. The chrysin’s antioxidant activity has been
reported in several animal models via different mecha-
nisms [50–53, 60, 63–65].

Due to the generation of ROS triggered by high fructose
in addition to fat accumulation, hepatic proinflammatory
cytokines will be continuously generated from the Kupffer
cells [3, 66]. There is evidence that NAFLD is associated with
elevated TNF-α and IL-6 levels, cytokines that play a crucial
role in systemic and local inflammation [67]. In this context,
our results also showed significantly higher levels of TNF-α
and IL-6 after fructose feeding than when fed with a stan-
dard control diet. It is also reported that oxidative stress will
trigger inflammatory pathways involving NF-κB [3]. It has
been demonstrated that NF-κB contributes to the develop-
ment of NAFLD and steatohepatitis by regulating the
expression of several genes involved in the inflammatory
process [68–70]. The highly expressed levels of NF-κB in
the current study could explain the inflammatory response
evoked in our model of NAFLD. The fructose-induced
inflammatory response was markedly ameliorated by chry-
sin, particularly with the dose of 50mg/kg. Similarly, several
studies demonstrated the hepatoprotective activity of chry-
sin by reducing the production of inflammatory cytokines
[33, 50, 52, 63, 64]. This effect could be attributed to the sup-
pression of NF-κB. In many other studies, NF-κB was a
common pathway by which chrysin has been shown to exert
its beneficial effects [52, 64, 65, 71].

In the next step, we investigated whether the protective
role of chrysin against NAFLD has mediated via the modula-
tion of RAS, either the harmful classical axis (represented by
Ang II) or the alternative protective arm comprising ACE2/
Ang 1-7/Mas receptor. The effects of chrysin were compared
with those elicited by DIZE, a well-known ACE2 activator.

Prior studies demonstrated that the hepatic local classi-
cal RAS axis is upregulated during NAFLD [18, 72, 73].
RAS’s classical arm is dominated by Ang II which contrib-
utes to NAFLD pathogenesis through multiple mechanisms,
including the induction of IR, de novo lipogenesis, mito-
chondrial dysfunction, ROS generation, and proinflamma-
tory cytokine production [10, 12]. Ang II-infused rats, for
example, displayed increased IL-6 expression in the liver,
as well as increased monocyte recruitment and overall
inflammation [74]. In addition, elevated Ang II is associated
with increased FFAs, resulting in FFA flux to the liver and
promoting the increase of TG [75]. Frantz et al. [17], in a
study of rats with high fructose intake, found that ACE
activity and Ang II protein expression increased which is
consistent with our own finding, indicating that the classical
RAS axis may play a role in the pathogenesis of high-
fructose-induced NAFLD. This augmentation of Ang II
may contribute to oxidative stress, inflammation, hypergly-
cemia, and hypertriglyceridemia induced by fructose.
Cotreatment with both doses of chrysin, particularly
50mg/kg, significantly mitigated the elevation of Ang II,
suggesting an association between the hepatoprotective
effect mediated by chrysin and the normalization of the clas-
sic axis of RAS. The prior study revealed that chrysin admin-
istration led to a reduction in plasma Ang-II levels in
comparison to rats untreated. Free radical scavenging activ-
ity and increased plasma NO activity might explain this
effect, which regulates the RAS system and reduces plasma
Ang-II levels [32].
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An important role of ACE2 in the RAS involves its role
in degrading Ang II in order to produce cytoprotective
effects. ACE2 shows its protective effects by reducing Ang
II and producing Ang (1–7) [76, 77], which, by binding to
Mas receptors, antagonizes the detrimental effects of Ang
II [16, 18, 19]. Studies have shown that Ang (1–7) can
improve glucose tolerance, insulin sensitivity, glucose
uptake, and TG and cholesterol levels, accompanied with
reduced abdominal fat mass [15]. Accordingly, there has
been evidence that the activation of the ACE2/Ang1-7/Mas
receptor axis protects against NAFLD through multiple
mechanisms including inhibition of hepatic lipogenesis,
enhancement of FFA oxidation, and inhibition of inflamma-
tion [20–22]. Cao et al. [20] showed that the deletion of
ACE2 enhanced hepatic steatosis, oxidative stress, and
inflammation in ACE2 knockout mice, and that both pro-
teins, ACE2 and Ang (1–7), ameliorated inflammation, oxi-
dative stress, and hepatic steatosis in FFA-induced HepG2
cells. Further, they demonstrated that overexpression of
ACE2 reduced hyperglycemia and fatty liver in db/db mice.
They proposed that Ang (1-7)/ACE2/Mas pathway effect is
mediated through regulation of lipid-metabolizing genes
[20]. According to Yang et al. [18], mice with a high-
fructose diet gained significantly more body weight and liver
weight than the controls, and that the lack of ACE2 further
contributed to this effect. This suggests that enhancing
hepatic ACE2/Ang (1-7)/MAS may provide a therapeutic
strategy for counteracting the detrimental effects of high
fructose in liver tissue.

In the current study, we reported that high fructose led
to a dramatic decrease in the protein levels of ACE2, Ang
(1-7), and Mas receptor in hepatic tissue, supporting that
the impairment of this RAS axis is involved in high-
fructose-induced NAFLD. Similarly, in a rat model of
fructose-fed NAFLD [17], a dysregulation of the hepatic
RAS coupled with an upregulation of ACE/ACE2, AngII/
Ang (1-7), and Mas/AT1R ultimately led to liver steatosis.
Simultaneous treatment with DIZE, chrysin 25, and chrysin
50 showed a marked improvement of the protein levels of
ACE 2/Ang 1-7/Mas receptor with a prominent effect of
the dose 50mg/kg over DIZE or the lower dose of chrysin.
This finding indicates that the beneficial effects, such as
hypoglycemic, hypolipidemic, and anti-inflammatory effects
exerted by chrysin in this model of NAFLD, could be medi-
ated via enhancing the expression of ACE2/Ang (1-7)/Ras
receptor axis of RAS in the liver. Using chrysin to modulate
this RAS axis suppresses the inflammation induced by fruc-
tose ingestion, so we concluded that the ACE2/Ang (1-7)/
MAS is downregulated during NAFLD and that it is essential
for chrysin in preventing liver damage. Chrysin upregulates
the ACE2/Ang (1-7)/Mas axis and antagonizes fatty liver.
These findings provide a novel insight into the mechanism
of chrysin in NAFLD therapy.

5. Conclusion

Daily supplementation with chrysin at either 25 or 50mg/kg
body weight can be used to protect NAFLD efficiently.
Depleting the augmented levels of Ang II and upregulating

the components of the protective axis of RAS, including
ACE2, Ang (1-7), and Mas, represent a potential protective
mechanism, particularly with the dose of 50mg/kg.
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Although massive hepatocyte cell death and oxidative stress constitute major events of acute-on-chronic liver failure (ACLF), the
relationship of ferroptosis with ACLF has yet to be explored. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key regulator of
ferroptosis. However, if Nrf2 modulates ACLF through ferroptosis remains unknown. Here, the liver tissues of ACLF patients
were collected and murine models of ACLF using carbon tetrachloride, D-galactosamine, and lipopolysaccharide as well as an
H2O2-induced hepatocyte injury model were established. Upon ACLF, livers exhibited key features of ferroptosis, including
lipid peroxidation (increase in malondialdehyde whereas a decrease in glutathione and nicotinamide adenine dinucleotide
phosphate), and increased mRNA expression of prostaglandin-endoperoxide synthase-2 (PTGS2). Ferroptosis inducer RSL-3
treatment aggravated liver damage, while ferroptosis inhibitor Ferrostatin-1 administration alleviated ACLF severity,
manifesting with improved liver histopathological lesions and reduced serum ALT and AST. Compared with normal liver
tissue, Nrf2 was upregulated in ACLF patients and murine models. Pharmacological activation of Nrf2 (Bardoxolone Methyl)
attenuated liver damage, prevented lipid peroxidation, upregulated PTGS2 mRNA expression, and improved ferroptosis-
specific mitochondrial morphology in vivo. In contrast, Nrf2 inhibitor ML385 exacerbated lipid peroxidation and liver injury.
Collectively, Nrf2 plays a protective role in ACLF progression through repressing ferroptosis, which provides promising
therapeutic cues for ACLF.

1. Introduction

Acute-on-chronic liver failure (ACLF) is a distinct clinical
entity when chronic liver disease undergoes acute insults.
ACLF is complicated with organ failures, characterized by
rapid deteriorated course and high short-term mortality
[1]. Globally, it is estimated that 24% to 40% of patients with
cirrhosis admitted to hospitals were diagnosed with ACLF
[2]. Deciphering ACLF pathogenesis and developing thera-
peutic strategies have become unmet needs and critical pri-
ority. Nevertheless, molecular mechanisms of progressive

liver failure have hitherto not been fully understood, and
ACLF remains one of the most challenging problems in
clinic. Therefore, intense research efforts to delay disease
progression are urgently required.

Hepatic cell death is a crucial molecular event of ACLF.
Although apoptosis [3], autophagy [4], and necrosis [5] have
been proposed in ACLF, whether other types of cell death
are pathophysiological mechanisms underlying ACLF has
not been explored. Ferroptosis is a novel mode of iron-
dependent cell death manifesting with overwhelming lipid
peroxidation and loss of cellular redox homeostasis [6].
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Ferroptosis is morphologically, genetically, and biochemi-
cally distinct from other types of cell death [7, 8]. Accumu-
lating evidence suggests that ferroptosis plays an
unneglectable role in regulating disease development and
progression, including neoplastic [9], neurological [10],
and heart diseases [11]. Given that the liver is highly pre-
disposed to oxidative damage and iron accumulation has
been involved in multiple liver diseases [12], ferroptosis is
a potential contributor to various liver diseases. Dysregu-
lated iron homeostasis has been reported in patients with
ACLF [13]. Specifically, increased circulating levels of total
iron and ferritin were observed in ACLF patients relative
to normal controls. Since aberrant iron metabolism is a
potential predictor of multiorgan failure and mortality in
patients with ACLF [13, 14], we hypothesized that ferropto-
sis contributed to ACLF pathogenesis. To the best of our
knowledge, there has been no clear demonstration of associ-
ation between ferroptosis and ACLF.

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a
vital nuclear transcription factor, which controls a battery of
cellular defensive genes to maintain redox homeostasis and
cell survival [15]. Recently, Nrf2 has been identified as a regu-
lator of ferroptosis. For example, in neoplastic diseases, Nrf2-
mediated ferroptosis suppressed tumor growth and sensitized
cancer cells to antitumor drugs [16, 17]. In acute or chronic
tissue/cell damage, Nrf2 stabilization could restrain ferroptosis
and subsequently relieve injury [18]. Specifically, activation of
Keap1/Nrf2-ARE signaling pathway in response to dehydroa-
bietic acid could eliminate reactive oxygen species (ROS) accu-
mulation and suppress ferroptosis, which consequently,
improved nonalcoholic fatty liver disease [19]. However, little
is known whether ferroptosis is a mechanism through which
Nrf2 confers a protective effect on ACLF.

The purpose of this study was to investigate if ferroptosis
participates in ACLF pathogenesis and to unveil underlying
molecular mechanisms. Major features of clinical ACLF were
recapitulated through establishingmurine models with carbon
tetrachloride (CCl4), D-galactosamine (D-gal), and lipopoly-
saccharide (LPS). A hepatocyte injury model was established
by treating L02 cells with H2O2 in vitro. Successful establish-
ment of ACLF model was confirmed by features of ACLF in
terms of laboratory parameters and liver histopathology.
Then, mice were treated with either ferroptosis inducer or
inhibitor to assess effects of ferroptosis on liver injury. Finally,
we explored if Nrf2 could protect from liver injury through
ferroptosis by using either inducer or inhibitor of Nrf2.

2. Materials and Methods

This study was conducted following the Declaration of Hel-
sinki. All animal experiments were performed according to
the guidelines of Animal Experiments and Experimental
Animal Welfare Committee at Capital Medical University.
This study was approved by the Ethical Committee of Bei-
jing You-An Hospital, Capital Medical University (No.
AEEI-2020-195).

2.1. Mice and Experimental Design. Male BALB/c mice
between 6 and 8 weeks of age were purchased from the Bei-

jing Weitong Lihua Experimental Animal Ltd. Co. (license:
SCXK11-00-0008). Mice were housed in a standard environ-
mental condition with sterile water and diet, the 23°C labo-
ratory room temperature, 12 h of light and 12h of
darkness, and 50% indoor humidity were acclimated for
two weeks before experimentation. ACLF models were con-
structed as follows: mice were injected intraperitoneally (i.p.)
with 0.2ml CCl4 in olive oil (CCl4/olive oil volume = 1 : 5,
twice a week) for 8 weeks, and subsequently with a high fre-
quency (three times a week) for 4 weeks. Twenty-four hours
later, mice were challenged i.p. with LPS (10μg/kg) and D-
gal (500mg/kg).

Mice were randomly divided into six groups. Group 1
(n = 3), normal control: mice received 0.2ml of saline
(0.9%, v/v) in water (twice a week for 8 weeks and 3 times
a week for 4 weeks). Group 2, ACLF (n = 6): ACLF models
were constructed as described above. Group 3 (n = 6), ACLF
+ ferroptosis activation: mice were administrated i.p. with
ferroptosis inducer RSL-3 (10mg/kg, Abmole, USA) three
times a week for 4 weeks. Group 4 (n = 6), ACLF +
ML385: mice were injected i.p. with Nrf2 inhibitor ML385
(30mg/kg, Abmole, USA) four times per week for 4 weeks.
Group 5 (n = 6), ACLF + Baroxolone Methyl (BM): mice
were administrated with BM (10mg/kg, dissolved in olive
oil, Abmole, USA) by gavage once every other day for 4
weeks. Group 6 (n = 6), ACLF + Ferrostatin-1 (Fer-1): mice
were treated with i.p. injection of Fer-1(10mg/kg, Abmole,
USA) three times a week for 4 weeks. The experimental reg-
imen was described in Figure 1.

2.2. Patients. Between January 2019 and June 2021, five
transplant recipients who fulfilled diagnostic criteria of
Asian Pacific Association for the Study of the Liver (APASL)
[20] for ACLF were included in this study. Normal liver tis-
sues were obtained from liver transplant donors, serving as
the healthy control. Exclusion criteria included multiple
organ failure, fulminant hepatic failure, complicated liver
cancer, long-term immunosuppressive therapy, and age less
than 18 years. Informed consent was obtained from each
participant before enrollment. This study was approved by
the Ethical Committee of Beijing You-An Hospital, Capital
Medical University (No. LL-2018-119-K).

2.3. Western Blot. The cells and liver tissues were lysed in
lysis buffer and centrifuged at 4°C and 12000 rpm for
30min. Nuclear proteins were extracted with the Nuclear
Protein Extraction Kit (Solarbio, China). After assessment
of concentrations, proteins were denatured using 5× sodium
dodecyl sulfate (SDS) loading buffer at 100°C for 5min. Pro-
tein mixtures were separated on 8-12% SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluor-
ide membrane. After blocked with 5% defat milk at room
temperature for 1 h, the membrane was incubated with the
primary antibody against Nrf2 (Cell Signaling Technology,
MA, USA), HO-1(Abcam, Cambridge, UK), and NQO1(Ab-
cam, Cambridge, UK) overnight at 4°C. The next day, after
washed for three times with Tris Buffered Saline with Tween
20 (TBST), the membrane was incubated with goat antirab-
bit horseradish peroxidase-conjugated secondary antibodies
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(Cell Signaling Technology, MA, USA) for 1 h at room tem-
perature and washed for three times with TBST. Subse-
quently, the bands were visualized using an enhanced
chemiluminescence detection kit (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions.

2.4. Liver Histopathology and Immunohistochemical Assays.
As previously described [21], the liver tissues collected from
different groups were fixed with formaldehyde and embed-
ded in paraffin. Haematoxylin–eosin and Masson’s tri-
chrome staining were conducted to evaluate liver
histological features and tissue fibrosis. Formalin-fixed
paraffin-embedded liver tissues were stained with antibodies
against Nrf2 (Sigma-Aldrich, St. Louis, MO, USA). The
morphology was assessed under an electron microscope
(Nikon Eclipse 80i, Tokyo, Japan). Representative pictures
of liver sections from all groups were displayed.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). ELISA
kits (RayBiotech, Norcross, GA) were applied to detect
hepatic protein levels of IL-6 and tumor necrosis factor
(TNF)-α according to the manufacturer’s protocol.

2.6. Serum Biochemistry. Serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were detected
by an automated chemical analyzer (Olympus Company,
Tokyo, Japan).

2.7. Hepatic Content of Malondialdehyde (MDA) and
Glutathione (GSH). According to the manufacturer’s recom-
mendations, MDA and GSH levels were measured using
corresponding detection kits (Beyotime, Beijing, China).
Absorbance values of samples were measured at 532nm
and 412nm, respectively.

2.8. Iron Assay. Hepatic iron concentration was determined
by Iron Assay Kit (No. ab83366, Abcam) according to the
manufacturer’s instruction.

2.9. Cell Culture. Human cell line L02 was cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Gibco, Gai-
thersburg, MD, USA) containing 10% fetal bovine serum
(FBS) (Gibco, Gaithersburg, MD, USA) and grown at 37°C
and 5% CO2 humidified atmosphere. Cells were treated with
H2O2 (300μM) (Invitrogen, Carlsbad, CA, USA) for 30h for

ACLF + BM group (gavage)
BM (10mg/kg), once every other day for 4 weeks

ACLF + ML385 group (i.p.)
ML385 (30 mg/kg), four times/w for 4 weeks

ACLF + RSL-3 group
RSL-3 (10mg/kg), three times/w for 4 weeks

ACLF+ Fer-1 group(i.p.)
Fer-1 (30 mg/kg), three times/w for 4 weeks 

1:5 (CCl4/olive oil) twice a week, 0.2 ml

8 weeks 4 weeks 24 hours

i.p. challenged with LPS (10 µg/kg) and
D-Gal (500 mg/kg)

i.p. injection of CCl4

�ree times a week

Figure 1: The experimental regimen applied in this study.

Table 1: Primers used in this study.

Gene Forward Reverse

Human

PTGS2 5′-TGAGCATCTACGGTTTGCTG-3′ 5′-TGCTTGTCTGGAACAACTGC-3′
GAPDH 5′-TGTCATGGCAGAAGTACCTG-3′ 5′-GTTAACTGGGGAGCCTGCTC-3′
HO-1 5′-CCAGGCAGAGAATGCTGAGTTC-3′ 5′-AAGACTGGGCTCTCCTTGTTGC-3′
NQO-1 5′-CCTGCCATTCTGAAAGGCTGGT-3′ 5′-GTGGTGATGGAAAGCACTGCCT-3′

Mouse
PTGS2 5′-CTGCGCCTTTTCAAGGATGG-3′ 5′-GGGGATACACCTCTCCACCA-3′
GAPDH 5′-CAAAGCAAAGATGCTCCACA-3′ 5′-ATCGCATGAACCTTGTTTCC-3′
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hepatocyte injury model. Moreover, cells were treated with
or without inducer or inhibitor of ferroptosis or Nrf2 for
mechanistic exploration.

2.10. Cell Viability Assay. Cell Counting Kit-8 (CCK-8,
Abmole, USA) was used to assess proliferation of cells with
different treatments. Briefly, 3 × 103 L02 cells were seeded
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Figure 2: Ferroptosis aggravated liver injury in ACLF mice models. (a) Hepatic iron content both in healthy controls and ACLF patients was
measured (HC n = 3, ACLF n = 5). (b) Hepatic NADPH content was decreased in ACLF patients relative to healthy controls (HC n = 3,
ACLF n = 5). (c) PTGS2 mRNA expression was increased in patients with ACLF compared with healthy controls (HC n = 3, ACLF n = 5
). (d) The livers of the ACLF+RSL-3-treated mice were slightly heavier than those of ACLF mice although without statistical significance.
(e) Representative images of morphologic and histopathological features of the control, ACLF, and ACLF+RSL-3-treated mice. Original
magnification ×100 (Bar = 40 μm) and ×200 (Bar = 20μm). (f and g) Serum ALT and AST levels and hepatic inflammatory cytokines
(IL-6, TNF-α) were assessed. (h–j) Lipid peroxidation was analyzed through comparing hepatic GSH, NADPH, and MDA in the three
groups. (k) The expression of PTGS2 mRNA was measured by qRT-PCR. Data are expressed as mean ± SD∗p < 0:05, ∗∗p < 0:01, ∗∗∗p <
0:001, ∗∗∗∗p < 0:0001. n = 3 (control, ACLF+RSL-3), n = 6 (ACLF). ALT = alanine aminotransferase; AST = aspartate aminotransferase;
ACLF = acute-on-chronic liver failure; GSH = glutathione; IL-6 = interleukin-6; MDA = malondialdehyde; NADPH = nicotinamide
adenine dinucleotide phosphate; PTGS2 = prostaglandin-endoperoxide synthase-2; qRT-PCR = quantitative real-time polymerase chain
reaction; TNF-α = tumor necrosis factor alpha.
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in 96-well plates and incubated for 24 h. Afterwards, cells
were pretreated with BM (0.2μM), Fer-1(0.25μM), and
ML385 (10μM) for 12h, respectively, and H2O2 (300μM)
for 30h. For the positive control group, cells were treated
with Erastin (E, 10μM, an inducer of ferroptosis) for 30h.
Later, 10μL CCK-8 working solution was added to corre-
sponding culture medium and incubated for 2 h at 37°C.
Finally, absorbance was evaluated at 450nm using a micro-
plate reader.

2.11. Lipid Peroxidation Assay. Indicated cells were stained
with 5μM BODIPY® 581/591 C11 dye for 30min at 37°C

in the dark. After the incubation, cells were washed twice
with phosphate buffer saline (PBS) and resuspended in
400μL PBS. Flow cytometry analysis was conducted using
a BD FACSCalibur system.

2.12. Transmission Electron Microscopy (TEM). Liver tissues
were fixed with glutaraldehyde (2.5%) and washed for three
times with phosphate-buffered solution. After embedded in
1% agarose, samples were dehydrated in 30%, 50%, 70%,
80%, and 95% ethanol for 20min, in Acetone for 15min,
and then embedded in Acetone. Resin blocks were cut to
60-80 nm-thin fragments on ultramicrotome. The tissue
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Figure 3: Activation of Nrf2 ameliorated liver injury in vivo. (a and b) The protein expression of Nrf2 in the liver tissues was confirmed by
western blot (HC n = 3, ACLF n = 5). (c) The results of immunohistochemical staining indicated that Nrf2 translocated into the nucleus and
activated in the pathologic context of ACLF, and BM treatment further augmented its activation. Original magnification ×200 (Bar = 20μm
). (d) Improvement of morphologic and histopathological features in the BM treatment group implied the protective effect of Nrf2 on ACLF.
Original magnification ×100 (Bar = 40 μm) and ×200 (Bar = 20μm). (e) Hepatic protein levels of IL-6 and TNF-α were measured. (f) BM
treatment did not significantly decrease serum levels of ALT and AST. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗∗p < 0:0001. n = 3 (control), n = 6
(ACLF), n = 5 (ACLF+BM). ALT = alanine aminotransferase; AST = aspartate aminotransferase; ACLF = acute-on-chronic liver failure;
BM = bardoxolone methyl; IL-6 = interleukin-6; Nrf2 = nuclear factor erythroid 2-related factor 2; TNF-α = tumor necrosis factor alpha.
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was fished out onto cuprum grids. After staining, images
were taken under TEM (JEM-1200; Jeol Ltd.) at 80 kV with
representative pictures being depicted.

2.13. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) was used for total RNA isolation according to the
manufacturer’s instructions. Isolated RNA was reverse tran-
scribed into cDNA using the PrimeScript RT reagent kit
(TaKaRa Biotechnology, Beijing, China). Finally, real-time
PCR was performed using the TB Green Premix Ex Taq™
(Tli RNaseH Plus) kit (TaKaRa Biotechnology, Beijing,
China) on an ABI ViiA 7 Real-Time PCR System (ABI,
USA) according to the manufacturer’s protocol. The relative
gene expression was normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The thermal cycling
conditions were as follows: 95°C for 30 s; 40 cycles of 95°C
for 5 s and 60°C for 30 s; and dissociation at 95°C for 15 s,
60°C for 60 s, and 95°C for 15 s. Primers used in this study
were listed in Table 1.

2.14. Statistical Analysis. The GraphPad Prism 8.0 software
was used to conduct statistical analysis. Data were expressed
as means ± standard deviation (SD). Unpaired Student’s t
-test and Mann–Whitney U test were used to evaluate the
differences between groups. A p value < 0:05 was considered
statistically significant.

3. Results

3.1. Induction of Ferroptosis Aggravated Liver Injury in
ACLF Murine Models. Human hepatic iron concentration
was evaluated in the healthy controls and ACLF patients.
Compared with the healthy controls, hepatic iron content
was significantly increased in ACLF (Figure 2(a)), consistent

with previous studies [13]. Decreased hepatic nicotinamide
adenine dinucleotide phosphate (NADPH) content, an
established signature of ferroptosis [22, 23], was observed
in ACLF relative to the healthy controls (Figure 2(b)). In
addition, the mRNA expression of prostaglandin-
endoperoxide synthase-2 (PTGS2), another typical feature
of ferroptosis [22], was elevated in ACLF (Figure 2(c)). We
speculated that ferroptosis was implicated in ACLF
pathogenesis.

To verify this hypothesis, a mouse model was established
to recapitulate major characteristics of clinical ACLF using
CCl4, LPS, and D-gal (Figure 1). Induction of ferroptosis,
through treatment with RSL-3, an inducer of ferroptosis
[24], reinforced liver damage. As shown in Figures 2(d)
and 2(e), in the control group, the livers were smooth and
rosy with intact hepatic structure; while in the ACLF group,
the livers were smaller and harder, with blunt edges and
small nodules. Disordered hepatic lobule structure, substan-
tial hepatic cell death, and advanced fibrosis with nodule for-
mation, as major characteristics of ACLF [1], were observed
in the successfully established ACLF group. Of note, these
histopathological lesions were more evident in the livers of
RSL-3-treated mice. Consistent with an increase in histopa-
thological severity, serum biochemical indicators (ALT and
AST) were elevated in response to RSL-3 treatment
(Figure 2(f)). Regarding inflammatory cytokines, however,
no significantly increased hepatic IL-6 and TNF-α were
observed in response to RSL-3 treatment compared with
the ACLF group (Figure 2(g)). In parallel with aggravated
liver damage, several indicators of lipid peroxidation, (a)
MDA (Figure 2(h)), an end product of lipid peroxidation,
was higher in the ACLF group and the highest in the RSL-
3 treatment group; (b) GSH and NADPH showed an oppo-
site trend (Figures 2(i) and 2(j)). Similarly, the mRNA
expression of PTGS2 was elevated along with increased

ACLF ACLF + BMControl

(e)

Figure 4: Activation of Nrf2 mitigated lipid peroxidation. (a) Hepatic MDA content was measured in all three groups. (b) Total GSH
concentration was detected. (c) Hepatic NADPH content was measured. (d) The relative mRNA expression of ferroptosis-related gene
PTGS2 in the liver tissues. (e) Increased mitochondrial outer membrane rupture and diminished mitochondrial ridges were seen in the
ACLF group under electron microscopy, while BM treatment improved these morphological changes. Bar = 10 μm. Black arrows indicate
normal mitochondria; red arrows indicate shrunken and ruptured mitochondria. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001. n = 3 (control), n = 6
(ACLF), n = 5 (ACLF+BM). ACLF = acute-on-chronic liver failure; BM = bardoxolone methyl; GSH = glutathione; MDA =
malondialdehyde; NADPH = nicotinamide adenine dinucleotide phosphate; Nrf2 = nuclear factor erythroid 2-related factor 2; PTGS2 =
prostaglandin-endoperoxide synthase-2.
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severity of liver injury in the ACLF and RSL-3 groups
(Figure 2(k)). Collectively, ferroptosis might act as a delete-
rious factor, which aggravated liver damage and promoted
disease progression in ACLF.

3.2. Activation of Nrf2 Inhibited Ferroptosis and Ameliorated
Liver Injury In Vivo. Nrf2-mediated defensive network might
protect against various pathologic injuries and engage in regu-
lating ferroptosis [25]. When being activated, Nrf2 was trans-
located to nuclear and initiated downstream anoxidative genes
[26, 27]. Our preliminary results showed that nuclear protein
expressions of Nrf2 were significantly increased in the liver tis-
sues of ACLF patients compared with normal ones
(Figure 3(a)). In addition, at mRNA levels, NAD(P) H qui-
none dehydrogenase, quinone 1 (NQO1), a pivotal target gene
of Nrf2, was upregulated in ACLF liver tissues compared with
normal ones (Supplemental Figure 1). Therefore, we
speculated that Nrf2 might have a protective role in
ferroptosis-provoked liver damage. BM is a common agent
to activate Nrf2 [28, 29]. Nrf2 was activated in vivo in the
BM group, as revealed by increased nuclear protein
expression of Nrf2 relative to the ACLF group (Figure 3(b)).
As expected, immunohistochemical staining of Nrf2
demonstrated the same results as western blots (Figure 3(c)).
Specifically, in the control group, a small proportion of Nrf2
positive cells were diffusely distributed in the cytoplasm. In
contrast, in the ACLF group, a large proportion of Nrf2

positive cells in the nuclei were identified. In the BM group,
Nrf2 expressed in nuclei was largely augmented. Alongside
Nrf2 activation was attenuated severity of ACLF, which was
confirmed by gross morphological and histopathological
features of the livers (Figure 3(d)). Specifically, Nrf2-
activated livers demonstrated mitigated inflammation and
hepatocytes death along with improved hepatic lobule
structure disorder. In addition, this pattern was confirmed
by decreased hepatic inflammatory indicators, such as IL-6
and TNF-α (Figure 3(e)). Contrary to our expectation, BM
treatment failed to reduce the serum levels of ALT and AST
(Figure 3(f)).

Furthermore, the potential role of Nrf2 in ferroptosis
during ACLF was examined. As shown in Figures 4(a)–
4(c), BM increased hepatic content of GSH and NADPH
whereas decreased content of MDA. In addition, PTGS2
was downregulated in response to BM treatment
(Figure 4(d)). Apart from lipid peroxidation, mitochondrial
morphology was examined. Compared to the control group,
the liver tissues from the ACLF group displayed smaller
mitochondria morphology with diminished mitochondria
crista, as well as rupture of outer mitochondrial membrane,
all of which were specific morphological features of ferropto-
sis [7], whereas BM treatment improved this morphological
phenotype (Figure 4(e)). Accordingly, Nrf2 activation inhib-
ited ferroptosis, which might hold a substantial potential in
attenuating liver damage in ACLF.
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Figure 5: Nrf2 inhibition promoted the onset of lipid peroxidation and aggravated liver injury in mice. (a) Results of western blot confirmed
the successful inhibition of Nrf2 using ML385 in vivo (n = 3). (b) The mice treated with ML385 demonstrated a more severe liver injury
(hepatocytes necrosis, destruction of the lobular structure, infiltration of inflammatory cells, obvious vascular congestion, and
hemorrhage) compared with the ACLF mice. Original magnification ×100 (Bar = 40 μm) and ×200 (Bar = 20 μm). (c) Significantly
increased serum ALT and AST suggested the aggravated liver damage of mice treated with ML385. (d) ML385 treatment also increased
the protein levels of inflammatory cytokines (IL-6, TNF-α). (e–g) The mice treated with ML385 showed increased lipid peroxidation as
evidenced by decreased hepatic GSH and NADPH content and increased hepatic MDA levels. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗∗p < 0:0001. n = 3
(control), n = 6 (ACLF), n = 3 (ACLF+ML385). ALT = alanine aminotransferase. AST = aspartate aminotransferase; ACLF = acute-on-
chronic liver failure; GSH = glutathione; IL-6 = interleukin-6; MDA = malondialdehyde; Nrf2 = nuclear factor erythroid 2-related factor
2; NADPH = nicotinamide adenine dinucleotide phosphate; TNF-α = tumor necrosis factor alpha.
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3.3. Nrf2 Inhibition Promoted the Onset of Lipid
Peroxidation and Corresponded to a More Severe Liver
Injury. To verify that Nrf2 was required in improving lipid
peroxidation and liver damage, ML385, an inhibitor of
Nrf2 [30], was used to inactivate Nrf2. As demonstrated by
western blot, nuclear content of Nrf2 was decreased, con-
firming inactivation of Nrf2 (Figure 5(a)). Consistent with
decrease in Nrf2, more severe histopathologic lesions, such
as hepatocytes necrosis, destruction of the lobular structure,
infiltration of inflammatory cells, obvious vascular conges-
tion, and hemorrhage and tissue fibrosis were observed in
the ML385 group compared to the ACLF group
(Figure 5(b)). Convergently, liver damage assessed by serum
biochemical parameters including ALT and AST was exacer-
bated in the ML385-treated mice (Figure 5(c)). As Nrf2
inhibited inflammatory response, inflammatory factors
including IL-6 and TNF-α were augmented in the Nrf2-
inhibited livers (Figure 5(d)). As for oxidative stress, the liver
tissue from ML385-treated mice demonstrated the highest
content of MDA, whereas GSH and NADPH were markedly
decreased compared with the ACLF group and controls
(Figure 5(e)–5(g)). Taken together, targeting Nrf2 might
hold a potential therapeutic value in treating ACLF.

3.4. Inhibiting Ferroptosis Attenuated the Severity of ACLF In
Vivo. To confirm functions of ferroptosis in ACLF, ACLF
mice were treated with ferroptosis-specific inhibitor Fer-1.
Interestingly, Fer-1 ameliorated ACLF severity, manifesting
with improved liver morphology and histopathologic lesions
(e.g., reduced granules and improved lobule structure)
(Figure 6(a)). Consistently, liver injury was revealed by crit-
ical indicators. Specifically, liver function indices (ALT and
AST) in the Fer-1 treatment group were lower than that in

the ACLF group, indicating a protective effect of Fer-1 on
liver function (Figure 6(b)). Moreover, protein levels of
hepatic inflammatory cytokines (IL-6 and TNF-α) were
decreased in Fer-1-treated mice relative to the ACLF group
(Figure 6(c)). Consistent with improved liver function,
reduced lipid peroxidation was identified, evidenced by
increased hepatic GSH and NADPH whereas decreased
hepatic MDA in Fer-1-treated mice (Figures 6(d)–6(f)). Sim-
ilarly, PTGS2 mRNA expression was reduced after Fer-1
treatment, indicating an improved lipid oxidative stress sta-
tus (Figure 6(g)). In addition, TEM demonstrated improved
ferroptosis-specific mitochondrial morphology after Fer-1
treatment (Figure 6(h)).

3.5. H2O2 Exposure Induced Ferroptosis in L02 Cells. To fur-
ther explore engagement of ferroptosis in ACLF, a hepato-
cyte injury model was established via treating L02 cells
with H2O2 for 30 h. Cells were divided into 4 groups as fol-
lows: control, ACLF, ACLF + Fer-1, and control + Erastin
(E) (serving as the positive control). CCK-8 assay indicated
that H2O2 inhibited cell viability, as exhibited in the con-
trol+E group, whereas Fer-1 reversed growth inhibition, as
evidenced by improved viability in the ACLF+Fer-1 group
(Figure 7(a)). L02 cells grew slowly and became skinnier,
accompanied by decreased attachment following H2O2 and
Erastin treatment. These cells eventually exhibited a “bal-
looning” phenotype because of plasma membrane destabili-
zation, cytoskeletal rearrangements, and disruption of
proteostasis [31]. By contrast, Fer-1 improved morphology
(Figure 7(b)). H2O2 increased lipid ROS in a comparable
pattern to Erastin treatment, which was counteracted by
Fer-1 (Figure 7(c)). In parallel, compared with the control
group, increased MDA whereas decreased GSH were

Control ACLF ACLF+Fer-1

(h)

Figure 6: Repression of ferroptosis attenuates the severity of ACLF in vivo. (a) Representative images of morphological and histopathologic
traits. Original magnification ×100 (Bar = 40 μm) and ×200 (Bar = 20 μm). (b) Fer-1 treatment significantly reduced the serum levels of ALT
and AST. (c) Inhibition of ferroptosis failed to decrease the hepatic IL-6 and TNF-α concentrations. (d–f) Increased hepatic GSH and
NADPH and decreased hepatic MDA were observed in mice treated with Fer-1. (g) The mRNA expression of ferroptosis-related gene
PTGS2 was decreased in mice treated with Fer-1. (h) Fer-1 treatment improved ferroptosis-specific mitochondrial morphology. Bar = 10
μm. Black arrows indicate normal mitochondria; red arrows indicate shrunken and ruptured mitochondria. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p <
0:001, ∗∗∗∗p < 0:0001. n = 3(control), n = 6 (ACLF), n = 5 (ACLF+Fer-1). ALT = alanine aminotransferase; AST = aspartate
aminotransferase; ACLF = acute-on-chronic liver failure; Fer-1 = ferrostatin-1; GSH = glutathione; IL-6 = interleukin-6; MDA =
malondialdehyde; NADPH = nicotinamide adenine dinucleotide phosphate; PTGS2 = prostaglandin-endoperoxide synthase-2; TNF-α =
tumor necrosis factor alpha.
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observed in the H2O2 and Erastin treatment groups, which
was rescued by Fer-1 (Figures 7(d) and 7(e)). Simulta-
neously, nuclear protein expression of Nrf2 was upregulated
after H2O2 and Erastin treatment (Figure 7(f)). In addition,
at protein (Supplementary Figure 2) and mRNA levels
(Figure 7(g)), Nrf2 target genes heme oxygenase-1 (HO-1)
and NQO1 were upregulated in response to H2O2 and

Erastin treatment. Collectively, H2O2 treatment contributed
to ferroptosis in L02 cells.

3.6. Nrf2 Protected against H2O2-Induced Hepatotoxicity via
Inhibiting Ferroptosis In Vitro. To explore effects of Nrf2 on
H2O2-induced cell injury, BM (0.2μM) and ML385 (10μM)
were applied to activate or inhibit Nrf2. As shown in
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Figure 7: H2O2 exposure induced ferroptosis in L02 cells. (a) Relative cell viability was confirmed by the CCK-8 assay (n = 6). (b) L02 cells
underwent ferroptosis-specific morphologic phenotype (cells shrunk at first and eventually exhibiting a balloon-type) after being treated
with H2O2 or Erastin. The blue and red arrows indicate shrunken and balloon phenotypes, respectively ((a) normal L02 cells. (b) L02
cells treated with H2O2. (c) L02 cells co-treated with Fer-1 and H2O2. (d) L02 cells exposed to Erastin). Original magnification ×200. (c)
Cells were stained with 5 μM BODIPY® 581/591 C11 to detect the content of cellular lipid peroxide through flow cytometry (n = 3). (d
and e) Cellular content MDA and total GSH were measured, respectively (n = 3). (f) Protein expression of Nrf2 was elevated after cells
were treated with H2O2 or Erastin compared with normal L02 cells (n = 3). (g) The mRNA expression of HO-1 and NQO1 was elevated
in response to H2O2 and Erastin treatment (n = 3). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001. CCK-8 = Cell Counting Kit-8; Fer-1 = ferrostatin-
1; GSH = glutathione; HO-1 = heme oxygenase-1; MDA = malondialdehyde; NQO1 = NAD(P) H quinone dehydrogenase, quinone 1.
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Figure 8(a), nuclear expression of Nrf2 was increased upon
BM treatment whereas decreased upon ML385 treatment,
suggesting that Nrf2 was activated or inactivated, respec-
tively. The mRNA (Supplemental Figure 1) and protein
expression (Supplemental Figure 2) of HO-1 and NQO1
changed accordingly in response to activation or inhibition
of Nrf2, respectively. BM treatment improved cell viability
and morphologic features, while ML385 treatment had
opposite effects (Figures 8(b) and 8(c)). These results
indicated that Nrf2 might exert a protective effect on
H2O2-induced cell damage. Effects of Nrf2 on H2O2-
induced ferroptosis were investigated in L02 cells. BM
treatment decreased lipid peroxidation during ACLF, as
evidenced by reduced level of lipid ROS in the BM
treatment group relative to the ACLF group (Figure 8(d)).

In contrast, ML385 treatment augmented the accumulation
of lipid ROS. Likewise, ML385 treatment aggravated the
increase in MDA whereas decrease in GSH in L02 cells
(Figures 8(e) and 8(f)). Taken together, Nrf2 could protect
L02 cells from H2O2-induced ferroptosis.

4. Discussion

In this study, ferroptosis has been identified to participate in
pathogenesis of ACLF, while inhibition of ferroptosis
through activating Nrf2-mediated pathway is a potential
strategy to prevent ACLF progression. Characterized by a
heterogeneous and intertwined pathophysiological process
and high short-term mortality, ACLF constitutes a signifi-
cant threat to public health worldwide without clinically
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Figure 8: Nrf2 protected against H2O2-induced hepatocytes injury via inhibiting ferroptosis. (a) The results of western blot suggested the
successful activation or inhibition of Nrf2 in vitro (n = 3). (b) BM treatment significantly increased the cell viability of L02 cells with H2O2
exposure, while ML385 significantly decreased L02 cell viability treated with H2O2 (n = 4). (c) BM treatment reduced the number of cells
showing ferroptosis-specific morphologic phenotype. The blue and red arrows indicate shrunken and balloon phenotype, respectively.
Original magnification ×200. (d) Flow cytometry was used to detect the content of cellular lipid peroxide after treating cells with 5 μM
BODIPY® 581/591 C11 (n = 3). (e and f) Cellular GSH and MDA content were measured. ∗p < 0:05, ∗∗∗∗p < 0:0001. BM = Bardoxolone
Methyl; GSH = glutathione; MDA = malondialdehyde; Nrf2 = nuclear factor erythroid 2-related factor.
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effective treatments [32]. Unveiling ACLF pathogenesis and
seeking effective therapeutic targets would be a focus of clin-
ical and basic research. Here, through establishing ACLF
models by treating mice with CCl4, LPS, and D-Gal along
with a hepatocyte injury model, for the first time we demon-
strate participation of ferroptosis in ACLF pathogenesis as
evidenced by the following: (1) ACLF livers exhibit key fea-
tures of ferroptosis including lipid peroxidation 6, 23

(increase in MDA content whereas decrease in GSH and
NADPH in ACLF models), upregulation of PTGS2, and
presence of ferroptosis-specific mitochondrial morphology;
(2) activation of ferroptosis exacerbates lipid peroxidation
and leads to more severe liver damage, while inhibiting fer-
roptosis with ferroptosis inhibitor Fer-1 [8] largely abrogates
injury and restores liver damage.

Ferroptosis is an iron-dependent nonapoptotic form of
cell death resulting from excessive iron accumulation and
lipid peroxidation. Massive iron accumulation, increased
lipid peroxidation, and deficiency in cellular antioxidation
are recognized as main pathological pillars during ferropto-
tic cascade [33]. Recently, accumulating evidence has indi-
cated involvement of ferroptosis in liver diseases.
Ferroptosis may contribute to liver injury and promote dis-
ease progression in acute or chronic liver diseases, such as
ischemia/reperfusion-related injury and nonalcoholic fatty
liver disease [8, 24]. Despite evidence that iron overload
and increased oxidative stress have been revealed in ACLF
patients, especially those with multiorgan failure [13, 14,
34, 35], no studies have investigated association between fer-
roptosis and ACLF, representing a gap in knowledge. For the
first time, our current study has demonstrated that ferropto-
sis is responsible for aggravated liver damage in ACLF. Thus,
inhibiting ferroptosis alleviates the severity of ACLF, provid-
ing novel therapeutic cues based on ferroptosis.

Nrf2 is a stress-inducible transcription factor that elicits
defense to protect cells from oxidative injury through regu-
lation of a host of defensive and detoxification genes [36]
involved in iron metabolism, glutathione synthesis, and
metabolism of reactive intermediates [37, 38]. Notably, most
of its target genes are critical for ferroptosis. In addition,
antiferroptosis mediators including glutathione peroxidase
4 (Gpx4) [39], Ferroptosis Suppressor Protein 1 (FSP1)
[40], and system Xc- [41] are all target genes of Nrf2. Thus,
Nrf2-mediated antioxidant defense is integral in mitigating
lipid peroxidation and ferroptosis prevention. For patho-
logic conditions where ferroptosis functions as a detrimental
factor in disease development, activation of Nrf2 may play a
beneficial role in attenuating damage through removing
overwhelmed lipid peroxidation and unrelenting cell death
[19]. For example, ferroptosis was activated after seawater
drowning, and repression of ferroptosis relieved lung dam-
age [30]. Further mechanical studies using inhibitor/inducer
of Nrf2 suggested that activation of Nrf2 improved the
severity of acute lung injury via decreasing lipid peroxida-
tion [30].

In the present study, nuclear expression of Nrf2 was
upregulated in ACLF model and hepatocyte injury model,
implying that Nrf2 may activate adaptively to combat
increased lipid peroxidation. The end products of lipid per-

oxidation themselves, including MDA and 4-
hydroxynonenal (4-HNE), are potent initiators of lipid per-
oxidation [42]. As such, pharmacologically activated Nrf2
might have a synergistic effect with originally activated
Nrf2 to control rapidly increased lipid peroxidation. To test
this hypothesis, inhibitor/inducer of Nrf2 (ML385 and BM)
was applied. As expected, BM treatment induced Nrf2
expression, improved cell viability, reduced MDA and lipid
ROS, and restored depleted GSH in L02 cells after H2O2
exposure. As depicted in liver histopathology, BM treatment
reduced histological lesions in ACLF mice. Mounting evi-
dence has revealed the important role of Nrf2 in ameliorat-
ing inflammatory responses [43–46]. Consistently
proinflammatory cytokines TNF-α and IL-6 were decreased
in BM-treated mice compared with ACLF mice, suggesting a
reduced inflammatory response. In addition, increased GSH
and NADPH whereas decreased MDA and PTGS2 mRNA
expression suggested that BM mitigated ferroptosis in vivo.
Inhibitory effects of Nrf2 on ferroptosis were verified by
using Nrf2 inhibitor ML385. As expected, ML385 exerted
opposite effects to BM. Overall, Nrf2 could attenuate liver
damage via inhibiting ferroptosis and inflammatory
response in ACLF. Although inhibiting ferroptosis may have
an anti-inflammatory effect [47], our current study observed
no significant decrease in TNF-α and IL-6 in mice treated
with ferroptosis inhibitor compared with ACLF mice. More
research is needed to determine potential roles of ferroptosis
in inflammatory response in ACLF. Previous studies indi-
cated that BM might increase serum aminotransferase levels
through inducing expression of aminotransferases as an on-
target effect [48], which may partly explain why ALT and
AST levels were not decreased after BM treatment in mice
(Figure 3(f)).

Despite novel findings, some limitations of this study
should be kept in mind. Bardoxolone Methyl is a potent
noncytotoxic activator of Nfr2 and has been tested in clinical
trials for chronic kidney and malignant diseases [49, 50].
However, because of multifunctional property such as an
inhibitor nuclear factor-κB [51], precise net effects of Nrf2
on ferroptosis in ACLF should be examined via genetic
manipulation of Nrf2. In addition, upstream regulators of
Nrf2 in ACLF need investigation.

5. Conclusions

In summary, our present study provides the first evidence
that ferroptosis is a major RCD in ACLF. Inhibiting ferrop-
tosis by Nrf2 could alleviate liver damage and prevent hepa-
tocyte death. This study implies that targeting Nrf2-
mediated ferroptosis may be a promising therapeutic
approach in treating ACLF. Bardoxolone Methyl may be a
potential new treatment option for ACLF patients.
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Supplementary 1. Figure 1: the mRNA expression of Nrf2 tar-
get genes. A. The mRNA expression of NQO1 was upregu-
lated in ACLF patients relative to healthy controls. (HC
n = 3, ACLF n = 5). B. The mRNA expression of HO-1 was
increased after H2O2 exposure, and BM treatment augmented
its expression, while ML385 inhibited its expression (n = 3).
Supplementary 2. Figure 2: the protein expression of Nrf2
target genes. A. The protein expressions of NQO1 and
HO-1 were increased in response to H2O2 and Erastin treat-
ment, while Fer-1 treatment reversed the effect of H2O2
(n = 3). B. The protein expressions of HO-1 and NQO1 were
increased after H2O2 exposure, and BM treatment aug-
mented its expression, while ML385 inhibited its expression
(n = 3). ACLF, acute-on-chronic liver failure; BM, Bardoxo-
lone Methyl; E, Erastin; Fer-1, ferrostatin-1; HO-1, heme
oxygenase-1; NQO1, NAD(P) H quinone dehydrogenase,
quinone 1.
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The survival of erythrocytes in the circulating blood depends on their membranes’ structural and functional integrity. One of the
mechanisms that may underlie the process of joint degeneration is the imbalance of prooxidants and antioxidants, promoting
cellular oxidative stress. The study is aimed at observing the effects of the 21-day general rehabilitation program on the
erythrocytes redox status and serum ST2 marker in patients after knee or hip replacement in the course of osteoarthritis.
Erythrocytes and serum samples were collected from 36 patients. We analyzed the selected markers of the antioxidant system
in the erythrocytes: catalase (CAT), glutathione reductase (glutathione disulfide reductase (GR, GSR)), total superoxide
dismutase activity (SOD), glutathione peroxidase (GPx), glutathione transferase (GST) activity, and cholesterol and lipofuscin
(LPS) concentration. In serum, we analyzed the concentration of the suppression of tumorigenicity 2 (ST2) marker. After the
21-day general rehabilitation program, the total SOD and GPx activity, measured in the hemolysates, significantly increased
(p < 0:001) while LPS, cholesterol, and ST2 levels in serum significantly decreased (p < 0:001). General rehabilitation reduces
oxidative stress in patients after knee or hip replacement in the course of osteoarthritis. Individually designed, regular physical
activity is the essential element of the postoperative protocol, which improves the redox balance helping patients recover after
the s4urgery effectively.

1. Introduction

Osteoarthritis (OA) is the most common form of arthritis,
one of the most common joint disorders in the world [1].
Osteoarthritis of the knee and hip is a common condition
in the elderly [1]. Since no effective treatment options for
osteoarthritis or osteoarthritis modifying therapies exist,
joint replacement remains the only treatment [2]. However,
OA pathogenesis and the accompanying pain are two com-

monly researched therapeutic targets that, if approached
correctly, should help prevent disease progression and
relieve the patients from pain [2].

Regardless of its type, postoperative rehabilitation signif-
icantly reduces pain, increases the range of motion and mus-
cle strength, and limits the use of pain medications [3, 4].
However, strenuous exercise increases oxygen uptake and
energy requirements, which intensifies the mitochondrial
energy metabolism and promotes the formation of free
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radicals and oxidative stress [5]. Cellular oxidative stress
resulting from the imbalance of prooxidants and antioxi-
dants is thought to be one of the mechanisms that may
underlie the process of joint degeneration [6].

Erythrocytes are one of the many cell types in which a
redox imbalance can occur. Fatty acids in the membranes,
elevated oxygen levels, and the presence of hemoglobin
inside make erythrocytes a natural target for free radicals
[7]. The oxidative processes in the erythrocytes entail mem-
brane injury, modifications of the membrane’s structural
and functional elements, and changes in the membrane
architecture. All these processes cause an increase in eryth-
rocytes’ mean osmotic fragility and inhibition of Mg2+ and
Ca2+ ATPase activity [7]. The survival of erythrocytes in
the circulating blood plasma depends on the structural and
functional integrity of their membranes, which determines
the mechanical behavior of cells. Erythrocytes express sev-
eral physiological defenses against intracellular oxidative
stress, including cellular antioxidant enzymes: superoxide
dismutase (SOD), catalase (CAT), glutathione reductase
(GR), glutathione peroxidase (GPx), and glutathione S-
transferase (GST) [7, 8]. Reactive oxygen species (ROS),
such as superoxide radicals, hydrogen peroxide, and espe-
cially hydroxyl radical, are toxic for cells. They modify
amino acid residues and oxidize sulfhydryl groups in pro-
teins, break peptide bonds, remove metals in metallopro-
teins, depolymerize nucleic acids, cause point mutations,
and also oxidize polysaccharides and polyunsaturated fatty
acids. Protection against toxic and mutagenic ROS is pro-
vided by enzymes of antioxidative defense, with SOD and
CAT being the most important of them [9].

The intensity of oxidative stress can be assessed using
various general and specific indicators [10]. Lipofuscin
(LPS) as a product of unsaturated fatty acid oxidation is con-
sidered one of them. Lipofuscin formation is directly related
to an increased concentration of other oxidative stress
markers. Reactive oxygen species are too short-lived to be
detected directly. However, they react with lipids and pro-
duce lipid peroxidation products that may serve as indirect
biomarkers of in vivo oxidative stress status and related dis-
eases. Malondialdehyde (MDA) is one of the principal and
most studied low-molecular-weight end products of lipid
peroxidation. The high cytotoxicity of MDA results from
its ability to bind proteins or nucleic acids [11]. Malondial-
dehyde (MDA) cross-links erythrocytes’ phospholipids and
proteins which impairs a variety of membrane-related func-
tions and leads to their diminished survival and death [12].

Dysregulation of ST2/IL-33 signaling and suppression of
tumorigenicity 2 (ST2) marker production is observed in
various inflammatory diseases such as cardiac disease
[13–16], inflammatory bowel disease (IBD) [17–20], graft-
versus-host disease (GVHD) [21–28], and type-2 diabetes
[29–32]. ST2 was first discovered to function as a mediator
of type 2 inflammatory responses [33]. Targeting ST2 dem-
onstrated protective effects in the respiratory [34], skin
[35], and kidney [36] diseases and autoimmune neurological
pathologies [37].

Pain and disability are the two most frequent OA com-
plications, which lead to a significant reduction in a patient’s

physical activity. The decreased physical capacity and seden-
tary lifestyle negatively influence the heart muscle condition,
leading to comorbid heart diseases [38]. The American
Heart Association and American College of Cardiology indi-
cated ST2 as an important factor of heart failure: it predicts
hospitalization and death in patients and, together with
natriuretic peptides, shows a prognostic value [39]. Our pre-
vious study reported that a 21-day general rehabilitation sig-
nificantly improved patients’ physical efficiency and exercise
capacity after hip or knee replacement [40]. Rheumatic dis-
eases are chronic inflammatory disorders in which the
immune system attacks itself and the body’s organs [41]. A
growing number of studies have demonstrated a critical role
of the IL-33/ST2 axis in rheumatic diseases, including sys-
temic lupus erythematosus (SLE), rheumatoid arthritis
(RA), primary Sjögren’s syndrome (pSS), systemic sclerosis
(SSc), psoriatic arthritis (PsA), gout, and ankylosing spondy-
litis (AS), indicating a promising potential for IL-33/ST2-
targeting therapy in rheumatic disease [41]. Although the
alterations in the blood induced by physical training influ-
ence changes in other tissues, the effects of physical
training-induced oxidative stress on blood have not been
extensively investigated. However, changes in erythrocytes’
properties can lead to impaired oxygen transport and result
in cell and tissue hypoxia [42]. Our previous work presented
significant changes in the plasma parameters related to the
21-day postoperative general rehabilitation [40]. Since,
selected in this work, oxidative stress markers and also ST2
are important and sensitive indicators of inflammatory, pro-
oxidative, and cardiac status, we aimed to observe the effects
of 21-day general rehabilitation program on the erythro-
cytes’ redox status and changes in ST2 serum levels in
patients after knee or hip surgical replacement in the course
of osteoarthritis.

2. Materials and Methods

2.1. Ethical Statement and Permissions. The study was
approved by the Ethics Committee of the Medical University
of Silesia in Katowice (KNW/002/KB1/106/17 issued on 03/
10/2017) and followed the Declaration of Helsinki guide-
lines. Every participant of the study was informed about
the study protocol, its benefits, and possible risks. All partic-
ipants returned the written informed consent before the
study started.

2.2. Study Group. Patients were recruited in the outpatients’
clinic and the Department of Rehabilitation, 3rd Specialist
Hospital in Rybnik, 2017-2018. The study included patients
that in the prior 6 months underwent hip or knee arthro-
plasty due to advanced degenerative disease. The study
excluded any patients with other inflammatory or immune
disease, cancer, ischemic heart disease, heart, kidney, or liver
failure.

Upon the arrival to the outpatients’ clinic, each patient
was initially examined and interviewed. The initial examina-
tion consisted of the resting electrocardiogram (ECG) and
blood pressure measurement. The body mass and height
measurements were also recorded. The interview is aimed
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at identifying patients with inflammatory disorders, infec-
tions, renal or hepatic insufficiencies, active coronary artery
disease, diabetes, heart failure, hormonal replacement ther-
apy, or supplementation with antioxidants. All patients with
the above-mentioned health deficiencies occurring 3 months
before the study were excluded from the study.

Eventually, the study included 41 patients after total hip
(n = 29; 71%) or knee (n = 12; 29%) replacement. Twenty-
two of them were men, and 19 were women (54% and
46%, respectively), aged 61:0 ± 8:1 years on average. The
day the study started, they were 89:6 ± 9:7 days after the
replacement surgery. Five patients were excluded from the
oxidative stress markers analyses due to health conditions
diagnosed during the study course.

2.3. General Rehabilitation Program. A 21-day general reha-
bilitation program started ca. 90 days after knee or hip endo-
prosthesis implantation. The program constituted
physiotherapy, daily living activities training, and education
on nutrition. The daily sessions were conducted for 45min,
from 8:00 to 8:45 a.m. The individual rehabilitation program
consisted of aerobic walking (30-45min), strength training
(20-30min), rotor/bicycle training (30-45min), and a cool-
down phase (15min). The patients were asked to continue
the activities at home to sustain the effects at the beneficial
level [43]. The responsible physiotherapist individually
adjusted the type of exercises (strength and balance exer-
cises) and training modalities (number and sets of repeti-
tions, duration of resting time) for each patient and then
monitored their progress.

Before starting and after completing the 21-day general
rehabilitation program, each patient underwent the 6-
minute walk test (6MWT) [44] to track changes in the
patient’s functional exercise capacity and assess the effective-
ness of the rehabilitation program [45, 46]. The results of the
6-minute walk test (6MWT) after a 21-day general rehabili-
tation in the studied patients were presented in Skrzep-
Poloczek et al. [40].

2.4. Blood Collection. Blood samples (5mL) were collected
from the ulnar vein the day before the first and the day after
the last rehabilitation session (in the morning, at 8:00 a.m,
before breakfast). The blood was collected to the standard
blood tubes with EDTA (1.6mg/mL EDTA-K3) and into
tubes with a clot activator (S-Monovette, SARSTEDT, AG
& Co. KG, Numbrecht, Germany).

The samples for serum analysis were centrifuged at 1500
g for 10min at 4°C, transferred into 1mL cryotubes, and
stored at −80°C for later analyses. The pellet was washed
with PBS buffer (0.01M, 0.14M NaCl, and pH7.4) three
times, and the separated erythrocytes were cooled to 4°C
and then also stored at −80°C for later analysis. Before the
analysis, erythrocytes were thawed, diluted with distilled
water, and then again cooled to 4°C.

2.5. Oxidative stress markers, cholesterol, and ST2 analysis.
To assess the status of the antioxidant system in the erythro-
cytes, we determined the activity of catalase (CAT), glutathi-
one reductase (glutathione disulfide reductase (GR, GSR)),

total superoxide dismutase activity (SOD), glutathione per-
oxidase (GPx), and glutathione transferase (GST). Addition-
ally, we analyzed lipofuscin (LPS), cholesterol concentration
in the erythrocytes, and suppression of tumorigenicity 2
(ST2) marker concentration in blood serum, to assess the
intensity of the patients’ oxidative stress during the rehabil-
itation program.

2.5.1. Catalase (CAT) Activity (EC 1.11.1.6). CAT activity
was determined using the Aebi method [47]. In short, the
hemolysate homogenate was mixed with the TRIS/HCl
buffer (50mM, pH7.4). The reaction was initiated with
freshly prepared H2O2. The hydrogen peroxide decomposi-
tion rate was measured spectrophotometrically at 240nm.
CAT activity was expressed as units per 1 g of hemoglobin
(IU/g Hb).

2.5.2. Glutathione Reductase (GR) Activity (EC 1.8.1.7). GR
activity was determined using the kinetic method [48]. The
changes in absorbance, resulting from the changes in
NADPH concentration after reaction with oxidized glutathi-
one, were measured at 340 nm. GR activity was expressed as
μmol of NADPH utilized in 1min per 1 g of hemoglobin
(IU/g Hb).

2.5.3. Superoxide Dismutase (SOD) Activity (EC 1.15.1.1).
Total SOD activity was determined using the Oyanagui
method [49]. In short, xanthine oxidase catalyzes the pro-
duction of superoxide anion that with hydroxylamine pro-
duces nitroso ion. The nitroso ion reacts with n-(1-
naphthyl)ethylenediamine and sulfanilic acid, and the con-
centration of the product of this reaction can be measured
spectrophotometrically at 550 nm. The total SOD activity
was presented as nitrite units (NU) per mg of hemoglobin,
where one NU represents 50% blockage of nitrite ions for-
mation [49].

2.5.4. Glutathione Peroxidase (GPx) Activity (EC 1.11.1.9).
Glutathione peroxidase (GPx) was measured using Paglia
and Valentine’s kinetic method [50], recording the decrease
of absorbance at 340nm. The GPx activity was expressed in
U/g Hb, where one unit of enzyme activity (U) represents
the amount of enzyme causing oxidation of 1μmol NADPH
in 1min at 25°C.

2.5.5. Glutathione S-Transferase (GST) Activity (EC 2.5.1.18).
GST activity was determined using the Habig and Jakoby
kinetic method [51]. In short, the reaction mixture with
reduced glutathione was added to hemolysate samples, and
after initial stabilization, 1-chloro-2,3-dinitrobenzene was
added. The changes in absorbance were measured at
340 nm for at least 3min. The GST activity was expressed
as μmol of thioether formed within 1min per 1 g of hemo-
globin (IU/g Hb).

2.5.6. Lipofuscin (LPS) Concentration. LPS concentration
was determined as described by Tsuchida et al. [52]. The
serum was mixed with ethanol-ether (3 : 1; v/v), shaken,
and centrifuged. The fluorescence intensity was measured
at 345 nm (for absorbance) and 430 nm (for emission) in a
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dissolved solid. LPS concentration was expressed in relative
lipid extract fluorescence (RF), where 100 RF corresponds
to the fluorescence of 0.1μg/mL of quinidine sulfate in
0.1N sulfuric acid. The inter- and intra-assay coefficients
of variations (CV) were 2.8% and 9.7%, respectively.

2.5.7. Total Cholesterol Concentration. Total cholesterol was
measured in erythrocytes membrane lipid extracts using a
commercial enzymatic assay (Waco Chemicals GmbH,
Neuss, Germany) based on Allain et al.’s methodology
[53]. The assay detection limit was 1.8mg/dL. The intra-
and interassay precision were <1.1% for both indicators.
The results are expressed as milligram of total membrane
cholesterol per deciliter.

2.5.8. Suppression of Tumorigenicity 2 (ST2) Marker
Concentration. Suppression of tumorigenicity 2 (ST2)
marker concentration was determined using the Quantikine
Human ST2/IL-1 R4 Immunoassay kit (R&D Systems, Min-
neapolis, MN, United States). The assay was calibrated
according to the manufacturer’s recommendations. The
values were normalized to a standard curve. ST2 concentra-
tion was determined using the Cobas analyzer (Cobas
6000e501, Roche Diagnostics, Mannheim, Germany). The
test sensitivity was 13.5 pg/mL, and the assay range was
31.3-2000 pg/mL.

2.5.9. Protein Concentration. Hemoglobin concentration in
hemolysates was determined using the modified Drabkin
method [54].

2.6. Statistical Analysis. Statistical analysis was performed
using STATISTICA 12.5 PL (StatSoft, Cracow, Poland).
The mean value ± SD (for a normal distribution) and
median with lower–upper quartile range (for data with
skewed or nonnormal distribution) were chosen to express
the interval data. The Shapiro–Wilk test and the quantile-
quantile plot evaluated the distribution of variables. The
homogeneity of variances was checked with Levene’s test.
The Mann–Whitney U-test, the nonparametric Kruskal–
Wallis test, or the two-way parametric ANOVA with post
hoc contrast analysis was used for data comparison. The data
with skewed distribution were log-transformed before analy-
sis. A p < 0:05 was considered statistically significant, and all
the tests were two-tailed.

3. Results

The study included 41 patients after hip or knee replacement
surgery. The mean age of the patients was 59:0 ± 7:0 years
(range: 40-72 years). Women constituted 46.3% of the study
group. There were no statistically significant differences in
the age of the patients depending on their sex (p = 0:859).
The location of lesions depending on the age of the patients
was also analyzed, and no significant differences were found
in both groups (p = 0:978) (Table 1).

3.1. General Health Indicators. Our previous work presented
the biochemical and morphological characteristics of the
blood of patients before and after the 21-day general rehabil-

itation program [40]. Here, we assessed whether the bio-
chemical parameters analyzed in the patients’ serum
changed compared to the laboratory norm [55].

3.2. C-Reactive Protein (CRP). Before starting the 21-day
rehabilitation program, all patients showed no signs of infec-
tion, and their health status was confirmed by CRP
parameter < 5mg/L. However, after completing the 21-day
rehabilitation program, this parameter showed even lower
values, as it decreased significantly in 80% of patients
(Table 2).

The applicable standards of erythrocyte sedimentation
rate (ESR) for women and men take into account their age.
Reference values for women < 60 years are 3-15mm/h, for
women ≥ 60 years are 3-20mm/h, for men < 60 years are 1-
10mm/h, and for men ≥ 60 years are 1-15mm/h. Analysis
of the results showed that before the 21-day rehabilitation
program, the ESR values were above the norm in six patients
(1 woman and 5 men). After the 21-day rehabilitation pro-
gram, the ERS values fit within the norm for female patients,
while in 3 men, the ESR values were above the norm
(Table 2).

3.3. Glucose. Glucose concentration in the range of 3.9-
5.5mmol/L is considered normal. Before the therapy, 13
patients had elevated glucose levels, and after the therapy,
elevated glucose levels were noted for only 6 patients. Values
below the norm, both before and after the 21-day rehabilita-
tion program, were observed only in 1 patient.

3.4. Creatinine. The reference values for creatinine in healthy
individuals are 60-120μmol/L for men and 50-110μmol/L
for women. The creatinine levels fit within the norm in all
patients, both before and after the 21-day rehabilitation
program.

3.5. Platelets. The platelet count of 150-400K/μL is consid-
ered normal. The platelet count was below the norm before
the therapy for one patient, and it slightly increased after
the 21-day rehabilitation program. The platelet count was
within the normal range of healthy individuals in the
remaining patients both before and after the 21-day rehabil-
itation program.

3.6. Hematocrit. All women had hematocrit within the nor-
mal range (35–45%) before and after the 21-day rehabilita-
tion program. However, the hematocrit of 7 male patients

Table 1: Relationship between gender, age, and type of joints
affected by osteoarthritis in patients included in a 21-day general
rehabilitation program after knee or hip surgical replacement.
The results are presented as mean ± SD or median.

Age (years) t p

Gender
Women 59:3 ± 5:4

0.179 0.859
Men 58:9 ± 8:3

Operated joint
Knee 59:0 ± 4:5

0.028 0.978
Hip 59:1 ± 7:9
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before the rehabilitation was below the lower limit of its
norm (the normal range for male patients is 40–50%). After
the rehabilitation, only 5 male patients presented hematocrit
values below the norm.

3.7. Red Blood Cells (RBC). The norm of red blood cells
count is 3,500,000-5,200,000/μL (3.5–5.2M/μL) for women
and 4,200,000-5,400,000/μL (4.2–5.4M/μL for men. Before
the 21-day rehabilitation program, 5 men had low RBC
count, while after the rehabilitation, the RBC count was
low in three male patients. As for female patients, 3 women
had a high RBC count before the rehabilitation, while after
the 21-days rehabilitation program, the RBC count was nor-
mal in all female patients.

3.8. Hemoglobin (HGB). The normal hemoglobin range for
women is 12-16 g/dL and 14-18 g/dL for men. Low HGB
levels were noted in 11 male patients before and 9 male
patients after the 21-day rehabilitation program. The HGB
levels in female patients fit within the normal limits before
and after the 21-day rehabilitation program.

3.9. White Blood Cells (WBC). The reference norm value of
white blood cells count is 4,000-10,000 leukocytes/mm3.
The elevated leukocyte count was observed only in one
patient before the rehabilitation started, and all study partic-
ipants presented normal WBC count after the rehabilitation
concluded.

3.10. Total Cholesterol. The norm for cholesterol level for
healthy individuals is <190mg/dL. Only 4 patients presented
normal cholesterol levels before the rehabilitation started,
and only 5 after it concluded. Although most patients pre-
sented elevated cholesterol levels, it is worth noting that in
78% of patients (32 individuals), the cholesterol level
decreased after the 21-day rehabilitation program.

3.11. High-Density Lipoprotein (HDL). The norm for high-
density lipoprotein is 40-80mg/dL for women, and 35-
70mg/dL for men. Thirteen female patients had low HDL
levels before the rehabilitation started, and nine women after
it. Only one male patient presented a low HDL level before
the rehabilitation. In the whole study group, the decreased
HDL level was observed in 11 patients (male and female
together).

3.12. Triglycerides (TG). Triglyceride reference values are as
follows: correct result < 150mg/dL. Before the 21-day reha-
bilitation program, 18 patients (44%) had normal TG levels,
and after the rehabilitation concluded, the normal TG levels
were observed in 26 patients (63%).

3.13. Low-Density Lipoprotein (LDL). The normal level of
low-density lipoprotein (LDL) is <115mg/dL. The correct
LDL concentration was noted only in 3 patients (7%) before
the rehabilitation started and 5 patients (12%) after the reha-
bilitation concluded. A decrease in LDL concentration in the
course of the 21-day rehabilitation program was found in 11
patients (27%).

3.14. Oxidative Stress Markers, Cholesterol, and ST2. A 21-
day rehabilitation program significantly influenced the levels
of selected oxidative stress markers: SOD and GPx assessed
in erythrocytes hemolysates, as well as LPS, cholesterol,
and ST2 assessed in serum obtained from patients after knee
or hip replacement. CAT, GR, and GST activities were the
same as before the 21-day rehabilitation program (Table 3).

After a 21-day rehabilitation program, the total SOD
activity increased on average by 63:5 ± 23:7 NU/mg Hb
(95% CI: 55.4-71.6) and GPx activity increased by 11:2 ±
8:2 NU/g Hb (95% CI: 8.5-14.0). On the contrary, LPS con-
centration in the serum decreased by 86.6 RF (95% CI: 24.9-
84.4, cholesterol levels decreased by 16.4± 19.3mg/dL (95%
CI: 9.9-23.0), and the ST2 level decreased by 0.2± 0.1 ng/
mL (95% CI: 0.1-0.2).

4. Discussion

Our previous work presented biochemical and morphologi-
cal characteristics of the blood of patients before and after
the 21-day general rehabilitation program [40]. We reported
that the individually designed general rehabilitation posi-
tively affected the patients’ blood glucose and lipids concen-
trations. Glucose, total cholesterol, LDL, and TG were
significantly lower, and HDL levels were significantly higher
when compared to their initial levels. Also, we observed that
C-reactive protein, platelets, and hematocrit were lower after
the rehabilitation proving that general rehabilitation helped
reduce inflammation and prevent clot formation [40].

Hypoxia leads to decreased antioxidant defense in mus-
cles and other organs. The decreased activity of superoxide
dismutase (SOD) and lower glutathione levels have been
observed under hypoxic conditions [42]. Oxygen generates
reactive oxygen species (ROS) production necessary for cell
signaling processes. Nevertheless, ROS also exerts detrimen-
tal effects on organs function including the heart’s function
[42]. In this study, we assessed the impact of postoperative
rehabilitation on oxidative stress markers, cholesterol, and
ST2 measured in erythrocytes of patients after hip or knee
replacement surgery in the course of osteoarthritis. We ana-
lyzed catalase (CAT), glutathione reductase (glutathione
disulfide reductase (GR, GSR)), total superoxide dismutase
(SOD), glutathione peroxidase (GPx), and glutathione trans-
ferase (GST) activities, lipofuscin (LPS), and cholesterol con-
centration in the erythrocytes, as well as ST2 concentration

Table 2: Change in the general health indicators in the blood of
patients after knee or hip replacement subjected to the 21-day
general rehabilitation program. The results are presented as a
number (%) of cases.

Parameter
Amelioration

(N (%))
No change (N

(%))
Deterioration

(N (%))

CRP (mg/L) 33 (80%) 2 (5%) 6 (15%)

ESR (mm/h) 27 (66%) 1 (2%) 13 (32%)

Glucose
(mmol/L)

13 (32%) 26 (63%) 2 (5%)

Abbreviations: CRP: C-reactive protein, ESR: erythrocyte sedimentation
rate.
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in serum. To the best of our knowledge, this is the first study
designed to compare the oxidative stress markers, choles-
terol, and ST2 marker, measured in erythrocytes or serum,
before and after the general rehabilitation cycle. Our results
show a significant increase in SOD and GPx activity in
erythrocytes and a significant decrease in ST2 marker con-
centration in the serum. Simultaneously, we observed a
reduction in LPS and total cholesterol concentration in
patients’ erythrocytes. A previous study on patients with
hip or knee replacement enrolled into the general rehabilita-
tion program [40] showed that physical rehabilitation
improves serum oxidative stress parameters and positively
affects patients’ general health. The patients showed
improved glucose and lipid profiles and inflammation and
blood clotting parameters [40]. They also presented greater
physical efficiency and exercise capacity, as determined by
the 6-minute walk test (6MWT). After the rehabilitation
process, the patients walked a longer distance in 6MWT,
but their body mass remained the same [40]. Osteoarthritis
affects patients’ antioxidative and oxidative metabolism by
significantly impairing antioxidant defense [56]. Antioxi-
dants ensure the proper functioning of the organism by neu-
tralizing reactive oxygen species. In mature erythrocytes,
SOD, CAT, and GPx participate in this process [57]. They
control ROS production and limit or repair damage caused
by them [58]. The interventional antioxidants, also known
as free radical scavengers, creating the antioxidant barrier
[59] include SOD, CAT, and GPx. They remove ROS from
the cellular and intercellular spaces and extracellular fluids,
such as plasma, lymphatic fluid, cerebrospinal fluid, and
articular synovial fluid [60]. The family of SOD enzymes
comprises three isoforms with different structural character-
istics of the prosthetic group (containing Mn or Cu and Zn),
compartmentalization, and functional significance. In
mature erythrocytes, the Cu/Zn isoform (SOD1) catalyzes
the superoxide anion dismutation. The superoxide anion is
formed mostly by Hb autoxidation. The produced hydrogen
peroxide is degraded to oxygen and water by CAT and GPx.
In nonpathological conditions, GPx degrades most of the
H2O2 by oxidizing GSH into GSSG [57]. Here, we confirm

that total SOD and GPx activity in erythrocytes increased
after regular, individually adjusted physical activity during
21-day general rehabilitation after hip or knee replacement.
Our previous study showed that total SOD activity measured
in patients’ serum also increased after 21 days of general
rehabilitation. The effects of 21-day general rehabilitation,
adjusted to the patient’s abilities, designed and controlled
by a physiotherapist, were compatible with results obtained
by other research groups and resulted from the oxidative
stress after physical training [40]. Oxidative stress is an
essential factor that modulates the progression of complica-
tions triggered by physical activity implemented as a ther-
apy. Teixeira et al. [61] demonstrated that the erythrocyte
SOD activity was higher in kayakers and canoeists. Evelson
et al. [62] determined that resting SOD activity in well-
trained rugby players was higher than men with a sedentary
lifestyle. Melikoglu et al. [63] also reported that SOD and
GPx activities were higher in basketball players than in
men with a sedentary lifestyle. Other researchers showed
that GPx activity is associated with the maximal oxygen
uptake attained by specific training, and its increased activity
reflects adaptation to the exercise-induced oxidative stress
[64]. Here, we observed the same tendency in total SOD
and GPx activity in erythrocytes of patients who underwent
knee or hip replacement and were enrolled in a 21-day con-
trolled and individualized therapeutic physical activity.
Moderate physical activity, appropriately matched with the
fitness level of post hip or knee surgery patients, leads to sig-
nificantly increased exercise capacity and induces multiple
physiological changes in the body including changes in
blood biochemistry and metabolism [40]. Physical activity
increases blood oxygenation, tissue perfusion, and oxygen
metabolism leading to mild oxidative stress [42]. Mild oxida-
tive stress induced by physical activity may evoke adaptive
changes, such as increased expression of antioxidant
enzymes causing a general improvement in the function of
tissue antioxidative systems [42].

Reactive oxygen species oxidize proteins, enzymes,
lipids, and other macromolecules. Lipofuscin is produced
from secondary products of membrane lipids peroxidation

Table 3: Oxidative stress markers levels in hemolysates and lipofuscin (LPS), cholesterol, and suppression of tumorigenicity 2 (ST2) levels in
serum of patients (n = 36) after knee or hip replacement before and after a 21-day general rehabilitation program. The results are presented
as mean ± SD or median and lower–upper quartile.

Oxidative stress markers Before rehabilitation After rehabilitation Δ = after – before t p

CAT activity (IU/g Hb)
700.5

(649.2-748.4)
678.8

(650.0-750.8)
— — 0.643

GR activity (IU/g Hb) 9:3 ± 1:7 9:2 ± 2:1 — 0.34 0.734

SOD activity (NU/mg Hb) 232:0 ± 19:2 295:5 ± 31:3 63.5 15.88 <0.001
GPx activity (IU/g Hb) 60:0 ± 9:0 71:2 ± 10:9 8.2 8.23 <0.001
GST activity (IU/g Hb) 0:41 ± 0:09 0:42 ± 0:11 — 0.95 0.349

LPS (RF) 314:9 ± 102:7 260:2 ± 48:9 -86.6 3.74 <0.001
Cholesterol (mg/dL) 234:0 ± 35:0 217:6 ± 31:5 -16.4 5.10 <0.001
ST2 (ng/mL) 0.69± 0.11 0.51± 0.13 -0.18 8.99 < 0.001

Abbreviations: CAT: catalase, GPx: glutathione peroxidase, GR: glutathione reductase, GST: glutathione S-transferase, Hb: hemoglobin, LPS: lipofuscin, RF:
relative lipid extract fluorescence, SOD: total superoxide dismutase, ST2: suppression of tumorigenicity 2 marker.
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reacting with amino groups of phospholipids, proteins, etc.
Lipofuscin is considered a less specific marker of lipid perox-
idation than malondialdehyde [65]. It is stored in lysosomes,
decreasing their phagocytic activity and ability to degrade
the nonefficient and damaged mitochondria, a phenomenon
accompanying the aging process [66–68]. Lipofuscin is a
fluorescent complex mixture composed of highly oxidized
cross-linked macromolecules (proteins, lipids, and sugars)
with multiple metabolic origins [69]. The nature and struc-
ture of LPS complexes vary among tissues and show tempo-
ral heterogeneity in oxidized proteins (30–70%), lipids (20–
50%), metals cations (2%), and sugar residues content. Due
to its polymeric and highly cross-linked nature, LPS cannot
be degraded or cleared by exocytosis. It accumulates within
the lysosomes and cell cytoplasm of long-lived postmitotic
and senescent animal cells [69]. To the best of our knowl-
edge, there are barely any studies linking lipofuscin concen-
tration with osteoarthritis and joint replacement in humans.
Moreover, this subject was never analyzed in the context of
lipofuscin serum level and its changes after physical rehabil-
itation. This study documents a significant reduction in LPS
levels in hemolysates of the patients after a 21-day systemic
physical activity. In our previous study, serum lipofuscin
concentration significantly decreased after the 21-day gen-
eral rehabilitation program. We also report that lipofuscin
in erythrocytes decreases after the 21-day general rehabilita-
tion program. We assume that high lipofuscin concentration
is associated with high oxidative stress resulting from prece-
dent joint damage and recent surgery. The rehabilitation
program positively affected, meaning reduced, the oxidative
stress in the patients and contributed to the subsequent
reduction of lipofuscin concentration, as expected from liter-
ature analysis [40, 70].

Oxidation changes membrane permeability resulting in
hemolysis which may reflect endovascular destruction of
the erythrocytes. The extravascular mechanisms may
include cell deformation and changes in antigenicity [71].
Lipid peroxidation causes polymerization of membrane
components and decreases cells’ deformability [72]. Lipid
oxidation products, such as oxidized cholesterol and oxi-
dized unsaturated fatty acyl groups of phospholipids, may
affect membrane bilayer structure and function. Phospho-
lipids uptaken from plasma repair the oxidized lipids of
the erythrocytes membrane since they cannot be synthesized
de novo. Overall, lipid peroxidation decreases membrane flu-
idity [73]. The surface receptor molecules that allow cells to
respond to hormones and cytokines and are involved in the
maintenance of correct ion balance within the cells can be
inactivated during lipid peroxidation [74]. Redox imbalance
and oxidative stress-induced membrane shedding increase
the cholesterol/phospholipids ratio in the erythrocyte mem-
brane, decreasing membrane fluidity [75] and consequently
elevating osmotic resistance [76–78]. Higher cholesterol
level in the erythrocyte membrane affects its mechanical
properties [79, 80]. During erythrocyte physiological aging,
senescent erythrocytes show an increased cholesterol/phos-
pholipids ratio and subsequent increased membrane osmotic
resistance [77]. Increased cholesterol/phospholipids ratio is
observed in various pathological conditions such as diabetes

[75], chronic alcoholism [81], and multiple sclerosis [82].
The significant elevations in HDL-C and LDL-C serum
levels were noted after a 21-day physical rehabilitation
[40]. The observed changes may be related to modulation
of the erythrocytes’ membrane fluidity that enhances its
functionality. The cholesterol content in the erythrocyte
membrane reflects the blood cholesterol levels of high- and
low-density lipoproteins [83]. The increase in the cholesterol
content, until a critical level, stabilizes the erythrocyte mem-
brane and keeps its fluidity critical for its functions. Beyond
this critical level, the increased cholesterol content decreases
the membrane’s fluidity and impairs its functions [83]. HDL
plays a major role throughout the body by removing excess
cholesterol from membranes, so they gain greater stability,
but altogether, it ensures the critical flow necessary to per-
form the membrane functions. In our previous paper, we
observed the increased HDL serum levels. We concluded
that it indicated that the mechanisms removing the excess
of cholesterol are more efficient in the membranes of extra-
hepatic tissues and cells, and they ensure the membrane crit-
ical fluidity and promote the so-called reverse transport of
cholesterol to the liver [40, 83]. Our study showed a reduc-
tion of cholesterol levels accompanied by reduced LPS levels.
We consider that the changes result from the protective
mechanism stimulated by controlled physical activity of
the patients related to the 21-day general rehabilitation
program.

The suppressor of tumorigenicity 2 (ST2) is expressed on
many different cells, mostly of hematopoietic origin, where
IL-33 induces the production of cytokines and chemokines,
cell activation, or chemotaxis [84–88]. Like other members
of the IL-1 receptor family, ST2 also exists in a soluble form
(sST2), generated by alternative mRNA splicing. This solu-
ble form acts as a decoy receptor and inhibits IL-33 signaling
[89]. Elevated sST2 concentrations have been reported in the
serum of patients suffering from various disorders, including
systemic lupus erythematosus, atopic dermatitis, asthma,
trauma, septic shock, and myocardial infarction. Several
studies suggested that IL-33 and ST2 are involved in the
inflammatory process that leads to arthritis. It is known that
IL-33 and ST2 are expressed in the synovium of patients
with rheumatoid arthritis [90–92]. To date, only a few stud-
ies analyzed the relationship between serum ST2 levels and
osteoarthritis severity and development. Sacitharan et al.
[93] studied tissues from OA patients and reported an
upregulation of IL-33 in the synovial fluid and both IL-33
and its receptor ST2 in chondrocytes. The in vitro experi-
ments on human chondrocytes cells showed that exogenous
IL-33 stimulated human chondrocytes to produce cartilage-
degrading proteases. Also, in the experimental mice model,
exogenous IL-33 augmented the disease in animals with
experimentally induced OA by destabilization of the medial
meniscus (DMM) [93]. Interleukin- (IL-) 33 is a type of
cytokine, which is a ligand for ST2, and belongs to the IL-1
receptor (IL-1R) family [94]. Li et al. [94] investigated the
possible pathophysiological role of IL-33/sST2 in ankylosing
spondylitis (AS). The authors reported that the serum levels
of IL-33/sST2 were remarkably higher in the patients with
AS than the healthy groups. Elevated levels of IL-33/sST2
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were detected in the patients with peripheral arthritis, sST2
was higher in the patients with hip involvement, and IL-
33/sST2 may regulate the immunological or inflammatory
process of AS [94]. He et al. [95] showed that IL-33 and
ST2 are elevated in human and murine OA. Moreover, neu-
tralizing IL-33 and ST2 reduced cartilage degradation and
pain in vivo and was associated with a marked decrease in
the production of cartilage-degrading proteases alongside
an increased expression of chondrogenic markers [95].
Pharmacological usage of monoclonal antibodies to block
either IL-33 or ST2 helped diminish the pain and joint dam-
age in mice with DMM-induced OA. It suggests that IL-33
can potentially be a future therapeutic target for OA [95].
In the presented study, we assessed the ST2 parameter in
order to determine whether the tested biomarkers could help
with identifying patients who benefited the most from the
general 21-day rehabilitation process. So far, no scientific
reports have studied ST2 in the context of physical rehabili-
tation of patients with OA. Our study shows a significant
reduction in ST2 concentration in the serum of patients after
knee or hip replacement in the course of osteoarthritis sub-
jected to the 21-day general rehabilitation program. We
may conclude that ST2 is one of the many inflammation-
related parameters that are altered in patients with OA
who underwent hip or knee replacement and the general
rehabilitation program. The general rehabilitation program
reduces the inflammatory processes measured by the ST2
parameter.

5. Conclusions

General rehabilitation is an effective, natural, and therapeu-
tic procedure reducing the levels of oxidative stress markers
such as LPS, as well as cholesterol and ST2 in patients, who
underwent knee and hip replacement in the course of osteo-
arthritis. Individually designed, regular physical activity is an
essential element of the postoperative protocol, which
improves the redox balance and helps patients recover after
the surgery effectively.
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To investigate the change in zinc homeostasis of broilers under heat stress, 512 broiler chickens were raised to the age of 28 days.
The broilers were then assigned to heat stress and normal temperature (36.0°C vs. 26.0°C) groups for 7 days. The results showed
that oxidative stress induced by high temperature had a negative effect on the growth performance of broilers. Heat stress altered
zinc homeostasis and led to a redistribution of zinc in broilers, which was reflected in increased zinc concentrations in the
jejunum, liver, and tibia. Upregulation of the expression of the zinc exporter ZnT1 and importers ZIP8 and ZIP14 in the
jejunum indicated that more zinc was absorbed and transported from the jejunum into the blood, while the liver increased its
capacity to hold zinc through upregulation of metallothionein (MT) expression, which was achieved by reducing ZnT1
expression and upregulating the expression of the importer ZIP3. The pathway was mediated by zinc transporters, but the
capacity of MT to chelate and release zinc ions also played a crucial role. The mechanism of alterations in zinc homeostasis
under heat stress was revealed by the changes in zinc transporters and MT levels in the intestine and liver. Heat stress also
altered cecal microbial diversity and reduced the relative abundances of Bilophila and Dialister. In conclusion, broilers altered
systemic zinc homeostasis through the regulation of zinc transporters and MT in the liver and jejunum to resist oxidative
stress induced by high temperature.

1. Introduction

With global warming and the aggravation of the greenhouse
effect, heat stress has become a challenge that cannot be
ignored in animal husbandry. In poultry production,
broilers have shown great growth potential with the
improvement of modern breeding technology [1]. However,
the increased growth rate will accelerate metabolism and
likely lead to heat stress; the lack of sweat glands in broilers
is not conducive to heat dissipation. Heat stress could cause
physiological system disorders in broilers, including
immune system damage, respiratory alkalosis, and hormone
secretion disorders [2]. These phenomena could lead to oxi-
dative stress by affecting mitochondrial function and chang-
ing reactive oxygen species (ROS) levels, thereby causing

oxidative damage to proteins and lipids and changes in the
levels of oxidative stress markers, such as malondialdehyde
(MDA), glutathione peroxidase (GPX), and superoxide
dismutase (SOD) [3, 4]. When heat stress occurs, the heat
shock protein (HSP) family begins to act as a stress indicator
and cell protector [5]. A large number of studies have shown
that the HSP70 protein is related to the immune function of
birds, such as controlling the transcription of various genes
in response to immune stimulation by regulating the activ-
ity of nuclear factor kappa light chain enhancer of B cells
(NF-κB) [6].

Zinc, an essential trace element, participates in a variety
of enzymatic reactions and affects various biological pro-
cesses, such as digestion, absorption, and metabolism of
nutrients in animals [7]. Therefore, the metabolism and
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homeostasis of zinc is a complex physiological process. An
increasing amount of evidence indicates that many protein
families, such as metallothionein (MT) and zinc-regulated
transporters (Zrts), iron-regulated transporter- (Irt-) like
proteins, and zinc transporters, play major roles in zinc
metabolism and homeostasis [8]. MT is a family of low-
molecular metal-binding proteins that are rich in cysteine
and usually bind zinc in cells to serve as a zinc reservoir
[9]. MT is not only a zinc reservoir but also a potential diag-
nostic biological marker of intracellular zinc content. MT
also participates in a variety of physiological processes,
including oxidative stress and immune function [10]. Zrt-
and Irt-like proteins (ZIPs) belong to the SLC39A family
and transport zinc into the cytoplasm from extracellular or
cellular organelles; zinc transporters (ZnTs) belong to the
SLC30A family and transport zinc from the cytoplasm to
the outside of the cell, functioning in zinc mobilization
across biological membranes. Thus far, 10 ZnT transporters
and 14 ZIP transporters have been discovered [11]. In an
inflammatory or oxidative stress state, the level of hepatic
MT can rise rapidly, while the expression of the zinc finger
protein A20 is altered; moreover, NF-κB is negatively regu-
lated to inhibit the production of inflammatory cyto-
kines [12].

Adding zinc to feed has positive effects on animal growth
and immunity. According to the National Research Council
(NRC, 1994), the requirement of zinc for broilers is
40.0 ppm; approximately 100 ppm zinc from different
sources is typically added to feed to optimize animal perfor-
mance [13, 14]. The underlying mechanisms could be attrib-
uted to altered intestinal histomorphology and reduced
inflammation and oxidative stress [15, 16] resulting in
improved growth of broilers. Increasing lines of evidence
indicate that zinc is redistributed in animals under condi-
tions of oxidative stress and immune challenge [17, 18].
However, changes in zinc homeostasis in broilers under heat
stress conditions and the regulatory mechanism have not
been reported.

In this study, we investigated the changes in systemic
zinc homeostasis and the regulatory mechanism in broilers
under oxidative stress and inflammation caused by heat
stress. The role of zinc transporters and metallothioneins
in the regulation of zinc metabolism under heat stress condi-
tions was innovatively revealed.

2. Materials and Methods

All experimental procedures were approved by the Ethics
Committee of Shandong Agricultural University and per-
formed in accordance with the Guidelines for Experimental
Animals of the Ministry of Science and Technology (Beijing,
People’s Republic of China). All feeding and euthanasia pro-
cedures were performed with full consideration of animal
welfare.

2.1. Experimental Design and Management. A total of 512
28-day-old male broiler chicks (Arbor Acre) with similar
weights were randomly divided into two treatment groups,
each of which included 16 replicates (cages) and 16 birds

per cage. The two treatments were as follows: half of the
birds were assigned to temperature treatment at 36:0 ± 1°C
(heat stress group, HT) for 7 days; birds in the other treat-
ment group were raised at a normal temperature of 26:0 ±
1°C (CON). All birds were given free access to pellet feed
and water during the rearing period. The basal diet compo-
sition and nutrition levels of the basal diet are listed in
Table 1. During the first 3 days, the average relative humid-
ity was maintained at approximately 70.0% and was main-
tained between 55.0% and 65.0% thereafter. In the first
week of life, the birds were given 23 h of light and 1h of
darkness; this schedule was gradually changed to 20h of
light and 4h of darkness by the end of the 35-day test. All
broilers were vaccinated by means of drinking water. New-
castle disease (ND) and infectious bronchitis (IB) vaccines
were administered on day 6 and infectious bursal disease
(IBD) vaccine on day 12. The use of antibiotics was strictly
prohibited to ensure the effectiveness of the test.

2.2. Growth Performance. At 35 days of age, feed consump-
tion was recorded to calculate the average daily feed intake
(ADFI) for each replicate. The birds were weighed to calcu-
late the average daily gain (ADG). The feed conversion ratio
(FCR) was defined as ADFI :ADG. Mortality data were
recorded and included in the FCR calculation.

2.3. Sample Collection. One bird was randomly selected from
each cage at 35 days of age after the measurement of growth
performance. Blood samples were collected intravenously
with a sterile syringe from the wing, placed in a glass tube
without anticoagulant, and centrifuged at 3000 rpm at 4°C
for 10min after being left to stand for 30min. Serum was
obtained and stored at -20°C for biochemical analysis. The
birds were euthanized by cervical dislocation after obtaining
blood samples. Approximately 2 cm segments were excised
from the midjejunum (from the entry point of the bile duct
to Meckel’s diverticulum), flushed repeatedly with a cold
saline solution, and immediately immersed in a 4% parafor-
maldehyde solution for histological examination. Tissue
samples of approximately 1 g to 2 g were collected from the
jejunum and liver, rapidly frozen in liquid nitrogen, and
stored at -80°C for further analysis. Tibia from both sides
were dissected carefully and stored at -20°C until analysis.
All birds selected were fasted for eight hours before the
procedure.

2.4. Analysis of Oxidative Stress and Cytokines in Serum. The
total SOD (T-SOD) activity and MDA, aspartate amino-
transferase (AST), and alanine aminotransferase (ALT)
levels were measured in the serum by using diagnostic kits
purchased from Nanjing Jiancheng Biotechnology Institute
(Nanjing, China). All determination procedures were per-
formed strictly according to the manufacturer’s instructions.
The intra-assay coefficient of variation (CV) was less than
5%, and the interassay CV was less than 8%.

Endotoxin, interleukin 1β (IL-1β), interleukin 4 (IL-4),
interleukin 6 (IL-6), interleukin 10 (IL-10), and tumor
necrosis factor-α (TNF-α) in serum were detected using
ELISA kits (MLBIO Co., Shanghai, China) according to the
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manufacturer’s instructions. The inter- and intra-assay CVs
were less than 10%.

2.5. Zinc and Metallothionein Concentrations. The serum
concentration of zinc was measured by an inductively
coupled plasma optical emission spectroscopy instrument
(ICAP 7000, Thermo, USA). Each serum sample (75μL)
was placed in a centrifuge tube with 600μL of HNO3 (5%)
and 75μL of hydrogen peroxide (30%). The centrifuge tubes
were placed in a water bath at 60°C for 2 h, and 750μL of
HNO3 (5%) was added. The mixed solution was centrifuged
for 15min (8000 r/min), and the supernatant was stored at
4°C until measurement. The concentrations of zinc in the
tibia, liver, jejunum, and cecal contents were evaluated via
flame atomic absorption spectrometry (SpectrAA50/55,
Warman Corporation, Palo Alto, CA, USA). The tibiae were
boiled in deionized water for 10min, soaked in ether for
96 h, degreased, and dried at 105°C to constant weight. The
liver and jejunum tissues were freeze dried for 24 h and
weighed. The samples from the tibia, liver, and jejunum were
ashed in a muffle oven (550-600°C for 24 h). Ash content

was measured and expressed as dry degreased weight. The
ash of the sample was dissolved with 0.6mol/L hydrochloric
acid and filtered. The solution was stored at 4°C before
determination.

The concentrations of MT in the liver and jejunum were
measured using ELISA kits (MLBIO Co., Shanghai, China)
according to the manufacturer’s instructions. The inter-
and intra-assay CVs were less than 10%.

2.6. Total RNA Extraction and Real-Time PCR. Total RNA
in the jejunum was extracted with TRIzol reagent (Invitro-
gen, San Diego, USA). The concentration and purity of each
RNA sample were detected using a NanoDrop spectropho-
tometer (ND-2000, Thermo Scientific, Wilmington, USA).
RNA integrity was detected by 1% agarose gel electrophore-
sis. Reverse transcription of 1μg of total RNA was per-
formed using a PrimeScript® RT reagent kit (RR047A,
TaKaRa, Japan). RT-PCR analysis was performed to deter-
mine gene expression by using TB Green Premix Ex Taq
(RR820A, Takara, Japan) in an ABI 7500 Real-Time PCR
System (Thermo Scientific, Wilmington, USA). The reaction
program included the following: predenaturation at 95°C for
10 s, followed by 40 cycles of denaturation at 95°C for 5 s and
annealing and extension at 60°C for 40 s. Each reaction was
repeated in triplicate wells, and the primer sequences are
shown in Table 2. The amplification efficiencies of the
primers were calculated using a standard curve. The specific-
ities of the amplified products were verified by the melting
curve. The geometric mean of the expression of β-actin
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used to normalize the expression of the target genes.
Relative gene expression levels of each target gene were ana-
lyzed using the 2−ΔΔct method.

2.7. Western Blot Analysis. Frozen liver and jejunum samples
were crushed into powder in liquid nitrogen, and protein
extraction was performed using a total protein extraction
kit (CW Biotech, Beijing, China) as specified by the manu-
facturer’s instructions. After the protein concentration of
the sample was determined using the BCA protein analysis
kit (Beyotime Institute of Biotechnology, Beijing, China), a
40μg protein sample was loaded into a 10% sodium dodecyl
sulfate-polyacrylamide gel for electrophoresis (New Cell &
Molecular Biotech Co., Suzhou, China). The protein was
separated in electrophoresis buffer at a constant voltage of
150mV and then transferred to a polyvinylidene difluoride
(PVDF) membrane (Invitrogen, Carlsbad, CA, USA) with
transfer buffer (Beyotime Institute of Biotechnology, Beijing,
China) at a constant current of 400mA. After membrane
transfer, the PVDF membrane was immersed in blocking
buffer for 0.5 h and then incubated overnight with primary
antibodies at 4°C. Primary antibodies against ZnT1 (1 : 500)
and GAPDH (1 : 2000) were purchased from Bioss Technol-
ogy Inc. After three washes with TBST buffer, a secondary
horseradish peroxidase-conjugated antibody (Beyotime
Institute of Biotechnology, Beijing, China) was incubated at
room temperature for 1 h. Finally, the protein blot strips
were visualized in a gel imager using ECL kits (Beyotime
Institute of Biotechnology, Beijing, China), and signals were

Table 1: Composition and nutritional levels of the basal diet.

Item 1-21 days 22-35 days

Ingredient (%)

Corn 49.98 54.9

Soybean meal (46%) 35.75 30.5

Corn protein flour (60%) 3.80 3.10

Salt 0.280 0.280

Limestone 1.75 1.62

Dicalcium phosphate 1.55 1.40

Soybean oil 5.10 6.50

Vitamin premix 0.050 0.050

Mineral premix 0.200 0.200

Choline chloride (50%) 0.100 0.100

Methionine (99%) 0.350 0.350

Lysine (70%) 0.800 0.750

Threonine (98.5%) 0.290 0.250

Phytase (20000U) 0.020 0.020

Total 100 100

Nutritional level

Metabolizable energy 3100 (kcal/kg) 3200 (kcal/kg)

Crude protein 23.5 21.0

Lysine 1.39 1.20

Methionine+cystine 1.02 0.920

Calcium 1.00 0.900

Total phosphorus 0.990 0.900

Available phosphorus 0.500 0.450

Provided per kilogram of compound diet: vitamin A: 12000 IU; vitamin D3:
5000 IU; vitamin E: 80 mg; vitamin K: 3.2 mg; vitamin B1: 3.2 mg; vitamin
B2: 8.6 mg; nicotinic acid: 65mg; pantothenic acid: 20 mg; vitamin B6:
4.3 mg; biotin: 0.22mg; folic acid: 2.2 mg; vitamin B12: 0.017mg; I:
1.50mg; Fe: 80 mg; Mn: 120mg; Se: 0.3 mg; Cu: 16 mg; and Zn: 110mg.
The nutrition level was calculated.
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quantified using the measurement software in the imager.
GAPDH protein was used as an internal control for all the
immunoblotting bands to obtain the corresponding expres-
sion of the target proteins.

2.8. 16S rRNA Gene Amplicon Sequencing. Samples of cecal
contents were collected on ice after slaughter and immedi-
ately stored in a -80°C freezer for subsequent analysis.
Microbial DNA extraction from cecum contents was

Table 3: Effects of heat stress on serum parameters and cytokine
levels.

Temperature Control Heat stress P value

MDA (nmol/mL) 3:11 ± 0:127 3:09 ± 0:274 0.9491

T-SOD (U/mL) 100 ± 7:48b 120 ± 5:27a 0.0472

Endotoxin (EU/mL) 0:317 ± 0:0338b 0:469 ± 0:0484a 0.0153

IL-1β (ng/L) 28:0 ± 3:50 29:4 ± 2:68 0.7442

IL-4 (ng/L) 129 ± 7:08b 219 ± 25:1a 0.0012

IL-6 (ng/L) 63:8 ± 8:64b 118 ± 11:0a 0.0011

IL-10 (ng/L) 100 ± 9:84b 182 ± 18:1a 0.0001

TNF-α (ng/L) 171 ± 12:1 158 ± 11:3 0.4471

MDA: malondialdehyde; T-SOD: total superoxide dismutase; IL-4:
interleukin 4; IL-6: interleukin 6; IL-10: interleukin 10; IL-1β: interleukin
1β; TNF-α: tumor necrosis factor-α. Values are expressed as the mean ±
SD (n = 8). Different superscripts (a, b) in the same line indicate
significant differences (P < 0:05).
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Figure 1: Effects of heat stress on growth performance. ADG:
average daily gain; ADFI: average daily feed intake; FCR: feed
conversion ratio.

Table 2: Nucleotide sequences of real-time PCR primers.

Gene Accession number Primer sequence, 5′→3′ Product size (bp)

ZnT1 NM_001389457.1
F: CTTCGCTTAGCATTTCTT

75
R: TCTCCGATTTAGTCCTTCT

DMT1 NM_001128102.2
F: AGCCGTTCACCACTTATTTCG

129
R: GGTCCAAATAGGCGATGCTC

ZIP3 NM_144564.4
F: GGGCACTTTCTTGTTCATCACC

105
R: GCAGCATAACCCAGCACCAG

ZIP8 XM_040671236.1
F: TGTAAATGTCTCGGTGGG

159
R: CAAGATGGCTATGGAGGT

ZIP14 XM_040689606.1
F: GTTCTGCCCCGCTGTCCT

96
R: GGTCTGCCCTCCTCCGTCT

MT NM_205275.1
F:GCAACAACTGTGCCAAGGGC

138
R: TTTCGTGGTCCCTGTCACCC

MTF-1 XM_015297695.3
F: CCTGGTTCAACTCCTATGC

278
R: TCAAACGGCTTCTCCTTA

NF-λB NM_205129
F:GTGTGAAGAAACGGGAACTG

203
R: GGCACGGTTGTCATAGATGG

A20 XM_003640919.2
F:GACATCGTGCTAACAGCTTGGA

141
R: AGAAAAGAGGTATCAGGCACAAC

S100A9 NM_001305151.1
F: TTGAGAAGCAGCTTGCCAACTAC

187
R: TGCTGTTGCTGGTGGTCCTC

HSP70 NM_001006685.1
F: TCTCATCAAGCGTAACACCAC

104
R: TCTCACCTTCATACACCTGGAC

β-Actin NM_205518.1
F: ATGTGGATCAGCAAGCAGGAGTA

127
R: TTTATGCGCATTTATGGGTTTTGT

GADPH NM_204305
F: ACATGGCATCCAAGGAGTGAG

266
R: GGGGAGACAGAAGGGAACAGA

MT: metallothionein; ZIP: zinc-regulated transporter, iron-regulated transporter-like protein; ZnT: zinc transporter; DMT1: divalent metal transporter 1;
MTF-1: metal transcription factor-1; NF-κB: nuclear factor kappa-B; HSP70: heat shock protein 70; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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performed according to the instructions of the E.Z.N.A.® soil
kit (Omega Bio-Tek, Norcross, GA, USA). The DNA con-
centration and purity were measured using a NanoDrop
2000 spectrophotometer, and the quality of DNA extraction
was determined using 1% agarose gel electrophoresis. PCR
amplification of the V3-V4 variable region of the bacterial
16S rRNA gene was performed using the 338F and 806R
primers. The PCR conditions consisted of an initial denatur-
ing program for 3min at 95°C, 27 cycles (95°C for 30 s, 55°C
annealing for 30 s, and 72°C for 30 s), and a final extension
step at 72°C for 10min (PCR instrument: GeneAmp9700
produced by ABI). PCRs were performed in a 20μL mixture:
4μL of 5X FastPfu buffer, 2μL of 2.5mM dNTPs, 0.8μL of
primer (5μM), 0.4μL of FastPfu polymerase, and 10ng of
DNA template. PCR products were recovered using a 2%
agarose gel, purified using an AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA) and quanti-
fied using QuantiFluor™-ST (Promega, USA).

Purified amplicons were pooled in equimolar amounts
and paired-end sequenced (2 × 300) on an Illumina MiSeq
platform (Illumina, San Diego, USA) according to standard
protocols. Quantitative Insights Into Microbial Ecology 2
(QIIME2) software was used for quality screening of the

raw sequences and quality filtering and pruning, denoising,
merging, and chimera removal of the demultiplexed
sequence of each sample were carried out to obtain the
amplicon sequence variation feature table. According to
the 338F/806R primers, the database obtained in the
previous step was pruned to the V3-V4 region to obtain
the species classification table. After all contaminating mito-
chondrial and chloroplast sequences were removed, appro-
priate methods, including ANCOM, ANOVA, Kruskal-
Wallis test, and LEfSe, were used to identify bacteria with
differential abundances between samples and groups.
QIIME2 core diversity was used to calculate the horizontal
alpha diversity index of feature sequences, including
observed operational taxonomic units (OTUs), Chao1 abun-
dance estimator, Shannon diversity index, and Faith’s phylo-
genetic diversity index. The beta diversity index included
Bray-Curtis, unweighted UniFrac, and weighted UniFrac
indices, which were used to evaluate the structural changes
in microbial communities between samples and are pre-
sented in principal coordinate analysis (PCoA) and nonmet-
ric dimensional scaling (NMDS) diagrams. Partial least
squares discriminant analysis in R software was used as a
monitoring model to reveal the relationship between the
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Figure 2: Zinc and metallothionein concentrations in different tissues of broilers were affected by heat stress. (a) Zinc concentrations in the
serum, jejunum, liver, tibia, and cecal contents of broilers; (b) MT concentrations in the liver and jejunum of broilers. MT: metallothionein.
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microbial community and sample category. The R package
“Vegan” redundancy analysis method was used to reveal
potential associations between microbial communities and
related environmental factors. Spearman rank correlation
coefficients were calculated using cooccurrence analysis to
show associations between species based on the relative
abundances of major microbial species in the samples. The
parameters used in the analysis were set as the defaults.

2.9. Statistical Analysis. Data are presented as themean ± SD
. All data were analyzed through normal distribution deter-
mination. Growth performance was analyzed on a replicate
(per cage) basis while other indicators were analyzed on an
individual basis. Differences in the treatments were analyzed
with a t-test in SPSS 22.0 (SPSS. Inc., Chicago, USA). Signif-
icance was set as P < 0:05.

3. Results

3.1. Growth Performance. Heat stress had a significant effect
on growth performance. As shown in Figure 1, heat stress
significantly reduced the ADFI and ADG (P < 0:05) and
increased the FCR and mortality of 35-day-old broilers
(P < 0:05).

3.2. Analysis of Oxidative Stress and Cytokines in Serum. The
heat stress group had higher (P < 0:05) T-SOD and endo-
toxin levels in serum (Table 3). No significant difference
was found in serum MDA levels (P > 0:05) between the heat
stress and normal temperature groups. The levels of serum
IL-4, IL-6, and IL-10 increased (P < 0:05) under heat stress.
No significant effect was observed in serum IL-1β and
TNF-α levels (P > 0:05) between the heat stress and normal
temperature groups.

3.3. Zinc Concentration in Tissues and Cecal Contents. As
shown in Figure 2(a), the concentration of zinc increased
(P < 0:05) in the jejunum, liver, and tibia in response to
heat stress, while the opposite result was observed in the
cecal contents. However, heat stress had no significant
effects (P > 0:05) on the serum concentration of zinc. The
results indicated that zinc was redistributed under heat
stress.

3.4. MT Concentration in Tissues. Figure 2(b) summarizes
the MT concentration in the liver and jejunum. Heat stress
increased (P < 0:05) the MT concentration in the liver.
Moreover, the MT concentration in the jejunum was
decreased under heat stress conditions (P < 0:05).
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Figure 3: Influence of heat stress on the gene expression of HSP70 (a), NF-κB (b), and S100A9 (c) in the liver and jejunum. HSP70: heat
shock protein 70; NF-κB: nuclear factor kappa light chain enhancer of B cells.
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Figure 4: Continued.
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3.5. mRNA Expression of Jejunal and Hepatic Genes.
Figure 3(a) shows the mRNA expression of HSP70 in the
jejunum and liver after heat stress. We also determined the
mRNA expression levels of the immune and inflammatory
genes calprotectin NF-κB and S100A9 (Figures 3(b) and
3(c)). In general, the expression of the HSP70 gene in the
jejunum was upregulated after heat stress (P < 0:05). More-
over, the expression levels of S100A9 and NF-κB in the liver
were upregulated (P < 0:05).

Figure 4 shows that heat stress altered zinc metabolism
in the liver and jejunum, which plays a crucial role in regu-
lating systemic zinc homeostasis. The expression of the zinc
transporters ZnT1, ZIP8, and ZIP14 was downregulated
(P < 0:05), and that of the divalent metal transporter 1
(DMT1) showed the same trend (P < 0:05) in the liver. The
mRNA expression of the zinc importer ZIP3 was signifi-
cantly upregulated (P < 0:05) in the livers of heat-stressed
broilers (Figure 4(a)). Moreover, heat stress increased the
gene expression levels (P < 0:05) of zinc transporters
(ZnT1, ZIP8, and ZIP14) and DMT1 in the jejunum
(Figure 4(b)). Heat stress resulted in higher gene expression
levels ofMT and the zinc finger protein A20 (P < 0:05) in the
liver, and A20 expression showed the same trend in the jeju-
num. The expression of metal-binding transcription factor-1
(MTF-1) was downregulated (P < 0:05) in both organs.

3.6. Protein Expression of Jejunal and Hepatic Genes. As
shown in Figure 4(c), heat stress elevated the protein expres-
sion of ZnT1 in the liver but decreased the protein expres-

sion of ZnT1 in the jejunum (P < 0:05). This result
confirmed the same trend as the gene expression results.

3.7. Composition and Community Diversity of the Cecal
Microbiota. In 35-day-old broilers, 174 OTUs were identical
in the cecal contents of both the heat stress group and nor-
mal temperature group, while 198 and 151 OTUs were
unique to the normal temperature group and heat stress
group, respectively (Figure 5(a)). β-Diversity analysis using
unweighted UniFrac distance did not show specific cluster-
ing between the two treatments (Figure 5(b)). As shown in
Figure 5(c), heat stress significantly decreased the Chao1,
PD, Shannon, and Simpson indices of α diversity (P < 0:05).

Phylum level-based analyses showed that over 95% of
the cecal microbiota in both treatment groups was domi-
nated by three major phyla: Bacteroidetes, Firmicutes, and
Proteobacteria (Figure 6). There was no significant effect of
heat stress on the relative abundance of the cecum microbial
community at the phylum level. Taxonomic analysis of the
relative abundances of the 20 predominant genera in each
group was used to confirm specific changes in the microbial
community (Figure 7(a)). The results showed that heat stress
reduced the relative abundances of Bilophila and Dialister at
the genus level (Figure 7(b)).

4. Discussion

Heat stress causes a variety of physiological changes, such as
oxidative stress and immune function suppression, leading
to increased mortality and decreased feed efficiency, body
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Figure 4: Influence of heat stress on gene and protein expression in the liver and jejunum. (a) Zinc transporter- and zinc transporter
regulation-related genes in the liver; (b) zinc transporter- and zinc transporter regulation-related genes in the jejunum; (c) protein
expression of ZnT1 in the liver and jejunum. MT: metallothionein; ZIP: zinc-regulated transporter, iron-regulated transporter-like
protein; ZnT: zinc transporter; DMT1: divalent metal transporter 1; MTF-1: metal transcription factor-1.
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weight, and feed intake [19, 20]. In the present study, heat
stress decreased broiler performance, as manifested by the
decrease in ADFI and ADG. High temperatures increased
mortality in broilers from 1% to 11%, while feed conversion
rates more than doubled. The effect of heat stress has been
reported to be responsible for the decrease in feed intake
as well as layer weight, feed utilization, and egg production
and quality [21]. Birds need to breathe to release heat at high
ambient temperatures. A previous study indicated that eat-
ing is restricted during heat stress because birds cannot
simultaneously breathe and eat. Therefore, birds spend more
time panting than eating when exposed to high temperatures
[22]. Another reason is that hyperthermic birds aim to
reduce metabolic heat by eating less to decrease heat gener-
ation [23].

High temperatures can cause oxidative stress. The levels
of MDA and T-SOD can effectively assess the antioxidant
balance of animals [24]. The activity of antioxidant enzymes
in the liver and serum significantly increase with increasing
environmental temperature [25]. In the present study, heat
stress increased the T-SOD content in broiler serum as a

protective response to oxidative stress [26]. Exposure to
acute heat stress (35.0°C, 3 h) resulted in increased liver lipid
peroxidation in broilers. However, heat stress did not affect
the serum MDA level of broilers, which may be related to
the duration of exposure to heat stress. Under heat stress
conditions, the blood flow distribution changes from the
visceral capillaries to the peripheral capillaries, resulting in
a rapid drop in body temperature [27]. However, reduced
visceral blood flow may lead to hypoxia in gastrointestinal
tissues [28], oxidative stress damage, and increased perme-
ability to pathogens and related endotoxins [29]. Heat stress
increases the serum endotoxin (ET) content, suggesting
increased intestinal permeability.

HSP is a protein chaperone in cells that senses oxidative
damage and plays a role in cell protection under various
stresses [30]. Consistent with the present study, previous
work has reported that the expression of HSP70 increased
in the presence of oxidative stress [31]. The NF-κB pathway
is a ubiquitous participator in the expression of proinflam-
matory cytokines, such as IL-1β, IL-6, IL-8, and TNF-α, after
an inflammatory challenge with lipopolysaccharide (LPS)
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Figure 5: Heat stress altered the community diversity of the cecal microbiota. (a) Venn diagram based on the OTU level. (b) PCoA plots of
β diversity based on OTUs. (c) α-Diversity based on the Chao1, PD, Shannon, and Simpson indices.
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[32]. Heat stress can activate the expression of NF-κB in the
liver and jejunum of birds, leading to the secretion of a series
of proinflammatory cytokines [33, 34]. Calprotectin is also a
biomarker of inflammation and belongs to the S100 protein
family, whose expression is elevated in the gut and liver fol-
lowing inflammatory infection [35]. In the present study, the
expression levels of NF-κB and S100A9 were upregulated in
the liver, similar to those of HSP70 in the jejunum. Hence,
oxidative stress caused by heat stress can change the expres-
sion of immune regulatory genes and inflammatory marker
genes and eventually lead to an increase in the serum levels
of anti-inflammatory cytokines (IL-4, IL-6, and IL-10).

As a classical type 2 nutrient, zinc should be ingested fre-
quently, and its homeostasis must be regulated accurately
[36]. After heat stress, zinc in the liver was redistributed,
and MT gene expression in the liver was upregulated, indi-
cating that the liver increased zinc storage in response to
oxidative stress, as demonstrated by the increase in zinc con-
tent in the liver, tibia, and jejunum. In the carrier-mediated
process of zinc absorption [37], zinc can be absorbed into
intestinal epithelial cells through the enterocyte apical mem-
brane by DMT1 and ZIP family transporters [38] and then
stored for binding with metallothionein. The zinc exporter
ZnT1 is located at the basolateral membrane and contributes
to the transport of zinc from the intestine into the portal
vein circulation. The liver plays an important role in zinc
homeostasis due to its rich content and fast exchange in
the metabolism of zinc [39]. Zinc uptake by the liver is nec-
essary for the plasma through the regulation of transporter
proteins. The importer ZIP3 is involved in the transport of
zinc from serum to the liver, where zinc is stored in cells
after binding to metallothionein and transported out of the
liver by the exporter ZnT1 [40].

Our results suggested that zinc was redistributed in the
jejunum and liver after heat stress. The expression levels of
zinc importers (DMT1, ZIP8, and ZIP14) and the exporter
ZnT1 increased in the jejunum, indicating that more zinc
was absorbed from the intestinal tract as evidenced by a
decrease in the concentration of zinc in the intestinal con-
tents. More interestingly, the expression of ZIP3 increased
and that of ZnT1 decreased, which meant that the liver
needed more zinc reserves, as reflected by the higher con-
tents of liver MT and zinc. Heat stress altered zinc homeo-
stasis in chickens, as reflected in the increased zinc
contents in tissues and bone. The adjustment of zinc trans-
porter levels in different organs played an incredible role in
increasing the ability of zinc to be absorbed in the intestine,
while the liver, as a major organ of metabolism, had an
increased ability to store zinc. Oxidative stress and immune
challenge process is accompanied by a decrease in serum
zinc concentration and an increase in liver zinc concentra-
tion providing antioxidant defense system [41]. Similar to
the results after seven days of Salmonella infection in
broilers [42], we did not find a decrease trend in serum zinc
concentrations after heat stress, which should be attributed
to the adaptation of broilers to temperature and adequate
zinc content in the feed.

Accumulating evidence shows that oxidative stress can
alter the expression of zinc transporters [43]. ZIP14 directly

or indirectly promotes intestinal zinc absorption and regu-
lates zinc metabolism in response to inflammatory stimuli
in the liver [44]. Oxidative stress induced by chronic alcohol
exposure can downregulate the expression of the zinc trans-
porter ZIP14 in mouse hepatocytes [45]. In aged cardiomyo-
cytes, the ZIP8 level has been found to decrease with
increasing ROS levels [46]. ZIP8 and ZIP14 are configured
differently from the other members of the ZIP family
because a histidine is replaced by glutamic acid [47], which
may be the key to their immunity and antioxidant roles.
As the only zinc-sensitive transcription factor, MTF-1 is

0

25

50

75

100

Contro
l

Heat
 St

res
s

Se
qu

en
ce

 n
um

be
r p

er
ce

nt
 (%

)

Cyanobacteria

Synergistetes

Actinobacteria

Unspecified_
bacteria

Verrucomicrobia

Tenericutes

Proteobacteria

Firmicutes

Bacteroidetes

Figure 6: Average relative abundances of predominant bacteria at
the phylum level in cecal contents.

10 Oxidative Medicine and Cellular Longevity



involved in zinc concentration sensing and MT regulation
[48]. MT not only regulates the concentration of free zinc
in cells but also affects the production of ROS in cells to
resist stress by regulating the expression of NF-κB [49]. Zinc
concentration affects the expression of the zinc finger pro-
tein A20, which in turn changes the ability of NF-κB to

assemble with DNA and reduces the inflammatory response
caused by oxidative stress [50]. Heat stress decreased the
expression of MTF-1 and increased the expression of A20
in the liver and jejunum, indicating that the increase in the
tissue zinc concentration downregulated the expression of
the sensing gene MTF-1, while the zinc finger protein A20
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Figure 7: Alteration of the cecal microbiota at the genus level. (a) Average relative abundances of predominant bacteria (top 20) at the genus
level in cecal contents. (b) Relative abundances of Bilophila and Dialister.
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activated the anti-inflammatory effect of NF-κB. These mod-
ifications support the physiological significance of greater
accumulation of zinc in tissues for the promotion of zinc-
mediated antioxidant actions.

The cecal microbiota resists inflammatory bowel disease
and metabolic disorders and helps maintain normal barrier
function and antioxidant capacity [51, 52]. Our results con-
firm that heat stress alters the microbial composition of the
broiler cecum and that lower levels of intestinal microbes
may be associated with the negative effects of heat stress
on intestinal health and microbial community stability. We
did not find significant correlations between heat stress
and the cecum microbiota at the phylum level, similar to
previous findings in yellow-feathered broilers [53]. At the
genus level, heat stress treatment reduced the relative abun-
dances of Bilophila and Dialister. Bilophila is involved in the
anaerobic metabolic pathway that converts the substrate
taurine, which is abundant in the gut microbiota, into the
toxic metabolite hydrogen sulfide. A reduction in the relative
abundance of Bilophila predicts a weakening of intestinal
immune stimulation and the inflammatory response after
heat stress treatment [54]. In the gut microbiota of pigs fed
higher levels of lysine-chelated zinc diets, Dialister had a
high relative abundance, promoting the decarboxylation of
succinate to propionate [55]. Propionic acid is a short-
chain fatty acid (SCFA), and zinc can result in the enrich-
ment of beneficial SCFAs by increasing the abundance of
corresponding bacteria in the gut, thereby influencing the
composition of the microbiota to promote zinc absorption
by the host [56]. In our study, heat stress enhanced intestinal
absorption of zinc via transporter proteins, leading to a low-
zinc environment in the gut and resulting in a decrease in
the relative abundance of Dialister. Therefore, the reduction
in cecum microbial abundance in broiler chickens due to
heat stress is associated with an attenuated inflammatory
response and a low-zinc environment in the intestine.

5. Conclusions

Heat stress could cause oxidative stress and immune chal-
lenge in broilers, which can be reflected in the decrease in
production performance. Our results confirmed the remod-
eling of zinc homeostasis in broilers under heat stress and
identified the role of zinc transporters and metallothionein
in the liver and jejunum during this process. The effects of
heat stress on the gut microbiota seem to be involved in
the redistribution of zinc, which will be further explored in
future studies.
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Low-intensity extracorporeal shockwave therapy (Li-ESWT), as a microenergy therapy, has the effects of inhibiting oxidative
stress, antiapoptosis, and tissue repair, which is increasingly applied to a variety of diseases. Our research aims to explore the
protective effects of Li-ESWT in the aging rat model and its possible molecular mechanism through in vivo and in vitro
experiments. In vitro, TM3 Leydig cells incubated with H2O2 were treated with Li-ESWT at 4 energy levels (0.01, 0.05, 0.1, and
0.2mJ/mm2). In vivo, we employed an androgen-deficient rat model to simulate male aging and treated it with Li-ESWT at
three different energy levels (0.01, 0.05, and 0.2mJ/mm2). Li-ESWT increased the expression of vascular endothelial growth
factor (VEGF) in TM3 cells, improved antioxidant capacity, and reduced apoptosis, with the effect being most significant at
0.05mJ/mm2 energy level. In androgen-deficient rat model, LI-ESWT can improve sperm count, motility, and serum
testosterone level, enhancing tissue antioxidant capacity and antiapoptotic ability, and the effect is most significant at 0.05mJ/
mm2 energy level. Therefore, Li-ESWT at an appropriate energy level can improve sperm count, motility, and serum
testosterone levels in androgen-deficient rat models, reduce oxidative stress in the testis, and increase antioxidant capacity and
antiapoptotic abilities. The mechanism of this condition might be related to the increased VEGF expression in Leydig cells by
Li-ESWT.

1. Introduction

Aging is a complex phenomenon attributed to developmen-
tal, genetic defects, environmental, disease, and hereditary
factors, which accumulate adverse changes that increase dis-
ease risk [1]. Androgen-deficient is a common manifestation
of aging in men, affecting up to 25% of older men, more than
10% of whom present as clinical symptoms of hypogonad-

ism [2]. Johnson et al. [3] reported that the volume of testis
increases in adolescence, peaks at the age of 30, and signifi-
cantly declines after the age of 60. Testicular volume in
elderly men is positively correlated with serum testosterone
[4]. In previous studies, a comparative analysis [5] investi-
gated the variation of testicular structure and function of
30 men age between 22-48 and 50-76 years, indicating that
the average total number of Leydig cells in the oldest group
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decreased by 44% and thus affected the production of testos-
terone. However, some research results suggest the opposite
conclusion [6, 7]. Although age-related regulation of the
Leydig cell population remains controversial, some evidence
in the literature shows that change in the maintenance of the
redox balance within the Leydig cells affects their function.
Previous research revealed that the superoxide content in
aging Leydig cells is remarkably higher than in young Leydig
cells [8]. Furthermore, the evidence of elevated levels of reac-
tive oxygen species has been reported to be detected in 30-
80% of infertile men’s semen, showing that oxidative stress
plays a critical role in male infertility. Oxidative stress can
negatively affect fertility through a variety of pathways,
interference with spermatozoa capacitation, and peroxida-
tive damage to sperm membranes, proteins, and DNA,
which are deleterious to the sperm’s potential and decrease
the chances of the fertilized egg developing into a healthy
early embryo [9].

In urology, low-intensity extracorporeal shockwave ther-
apy (Li-ESWT) is mainly used for Peyronie disease, chronic
pelvic pain, and erectile dysfunction [10–12]. However, the
effect of Li-ESWT on testicles and sperm is not well under-
stood, so there are concerns about using Li-ESWT to treat
male diseases. Studies have shown [13] that Li-ESWT has
the effect of inhibiting oxidative stress and antiapoptosis.
In our previous study, we found that Li-ESWT showed a
dramatic promotion effect on the expression of vascular
endothelial growth factor (VEGF) in the cavernous body
[14, 15], and VEGF can stimulate the release of testosterone
in Leydig cells [16]. Therefore, we hypothesized that Li-
ESWT might positively affect testicles in older men.

The purpose of the present study was to investigate the
restorative effects of Li-ESWT in the androgen-deficient rat
model and to investigate the mechanism of Li-ESWT in
TM3 Leydig cells in vitro.

2. Materials and Methods

2.1. In Vitro Immunofluorescence and Western Blot Testing
Using TM3 Mouse Leydig Cells. TM3 cells, an immature
mouse Leydig cell line (Korean Cell Line Bank, Seoul,
Korea), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F-12 medium (GIBCO, Life Technologies
Co., USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; GIBCO) in a humidified atmosphere
with 5% CO2/95% air at 37°C.

Cells (1 × 106 cells) were plated on 6-well plates (Corn-
ing) in 10% FBS/DMEM/F-12 and subsequently incubated
for 24 h. Oxidative cell stress was induced by treatment with
40μM H2O2 for 2 hours. Cells in each treatment group were
given different energy levels of Li-ESWT (CENOWAVE;
HNT MEDICAL Co., Ltd., Seoul, Korea) with 300 shocks
each time, once a day, for a total of 7 times a week. TM3 cells
were immobilized with 4% PFA for 15min, then treated with
cold methanol for 15min, and permeated with 0.2% Triton
X-100 in PBS at 4°C for 15min. After washing with PBS,
TM3 cells were incubated in a blocking solution (PBS con-
taining 10% goat serum). TM3 cells were then combined
with an anti-VEGF (1 : 500 dilution; Santa Cruz Biotechnol-

ogy, USA) and β-actin (1 : 500 dilution; Santa Cruz Biotech-
nology, USA), staying overnight at 4°C. On the second day,
TM3 cells were mixed with goat anti-rabbit IgG H&L (FITC)
(1 : 100; Abcam, UK); after washing with PBS at room tem-
perature for 2 h, the nuclei were identified by DAPI for
15min and then rinsed with PBS and sealed.

Cells (1 × 106 cells) were plated on 6-well plates (Corn-
ing) in 10% FBS/DMEM/F-12 and subsequently incubated
for 24 h. Oxidative cell stress was induced by treatment with
40μM H2O2 for 2 hours. Cells in each treatment group were
given different energy levels L with 300 shocks each time,
once a day, for a total of 7 times a week. After processing,
we gathered all cellular proteins by placing cells in a lysis
buffer consisting of 0.1% sodium dodecyl sulfate in
phosphate-buffered saline, followed by brief sonication. Pro-
tein concentration was identified by a bicinchoninic acid
protein assay (Pierce Chemical Co., USA). Thirty micro-
grams of total cellular protein was separated by 12% SDS-
polyacrylamide gel electrophoresis and then transferred to
nitrocellulose membranes. Blots were probed with an anti-
body specific for the following proteins: β-actin (1: 1000
dilution; Santa Cruz Biotechnology, USA), HO-1 (1: 1000
dilution; Cell Signaling Technology, USA), Nrf2 (1: 500
dilution; Santa Cruz Biotechnology, USA), SOD (1 : 1000,
dilution; Abcam, UK), NF-κB (1 : 2000, dilution; Abcam,
UK), and COX-2(1 : 1000 dilution; Cell Signaling Technol-
ogy, USA). The binding antibody of each blot was evaluated
by enhancing chemiluminescence (Western blot detection
kit; Amersham Pharmacia Biotech, USA), which was
assessed with horseradish peroxidase-conjugated secondary
antibody.

2.2. Animal Groups and Treatment Protocol. This study was
investigated in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The protocol was
approved by the Institutional Animal Care and Use Com-
mittee in School of Medicine, The Catholic University of
Korea (CUMC-2019-0072-03).

Male Sprague-Dawley (SD) rats 270-300 g (8 weeks of
age) were randomly divided into four groups (6 rats in each
group), which were submitted to (1) receive an intramuscu-
lar injection of normal saline (control); (2) receive a subcu-
taneous injection of an LHRH agonist (leuprolide acetate,
Leuplin®; Takeda Pharmaceutical Co., Osaka, Japan) for
four weeks to induce androgen-deficient (Leuplin); (3) after
induction of androgen-deficient, 0.01mJ/mm2 Li-ESWT was
used for four weeks, once a week, 300 shocks each time
(ESWT_0.01); (4) after induction of androgen-deficient,
0.05mJ/mm2 Li-ESWT was used for 4 weeks with the same
frequency (ESWT_0.05); and (5) after induction of andro-
gen-deficient, 0.2mJ/mm2 Li-ESWT was used for 4 weeks
with the same frequency (ESWT_0.2). After 4 weeks, the
animals in all groups were sacrificed, and the testes, epidid-
ymides, and blood samples were obtained.

2.3. Evaluation of Sperm Count and Motility in Caudal
Epididymis. The right epididymis tissue was collected and
minced and placed in normal saline containing 0.5% bovine
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serum albumin at 37°C and filtered. The sperm suspension
was placed on preheated glass slides at 37°C. The sperm
count was measured by Neubauer hemocytometer under
400x light microscope. The sperm count represented the
number of sperm in 1ml medium. Freshly collected left epi-
didymis tissue was used for sperm motility analysis. Motile
sperm percentage is more than 300 sperm randomly selected
under the microscope, counting the motile sperm rate [17].
Each sample was counted three times.

2.4. Measurement of Germinal Cell Layer Thickness. Testicles
were collected, washed with precooled PBS, and immediately
impended in 4% paraformaldehyde for over 24 hours. The
testicular tissue was corrected and placed into an automatic
tissue processor for gradient ethanol dehydration. The sam-
ple was embedded in paraffin and cut into 4μm sections.
Testicular specimens were dewaxed with xylene and ethanol,
stained with hematoxylin and eosin, dehydrated, and fixed.
Morphological changes of the testis were observed under a
microscope, and the thickness of germinal cell layer was
measured at 10 representative sites in the seminiferous
tubules at random to complete image collection and analy-
sis [18].

2.5. Serum Testosterone Levels. Before the rats were sacri-
ficed, venous blood of inferior vena cava was taken, and
serum testosterone level was measured by testosterone
ELISA kit (Competitive ELISA, Immobilized antigen,
RTC001R, BioVendor, Czech Republic). Place 10μl of
sample (each specimen has three wells) with new dispos-
able tips into appropriate wells dispensed in 100μl of incu-
bation buffer into each well. Added was 50μl enzyme
conjugate into each well which was incubated for 60min
at room temperature. This was discarded and well rinsed
4 times with diluted washing solution (300μl per well).
Then, 200μl of substrate solution was added to each well
and incubated standing for 30min. The reaction was
stopped by adding 50μl of stop solution to each well and
the absorbance determined for each well at 450 nm. Repeat
the test 3 times.

2.6. Measurement of Oxidative Stress. We used 8-hydroxy-2-
deoxyguanosine (8-OHdG) level as a biomarker to detect
DNA damage in testicular tissue and detected antioxidant
levels in vivo by measuring superoxide dismutase (SOD) in
testicular tissue. Total DNA was extracted from the testis
using the DNeasy Blood & Tissue Kit (Qiagen, Valencia,
CA, USA) and DNA oxidation Kit (Highly Sensitive 8-
OHdG Check ELISA; Japan Institute for the Control of
Aging, Fukuroi, Japan). After adding 3,3′,5,5′-tetramethyl-
benzidine for color development, the absorbance was mea-
sured at 450nm. The tissue sample concentrations were
measured using standard curves and DNA concentrations
were corrected. The SOD activity (CuZnSOD and Mn
SOD) in tissues was measured by SOD Assay Kit-WST
(DG-SOD400, 400 tests, Dojindo), and the reduction rate
of nitroblue tetrazolium mediated by superoxide was moni-
tored by spectrophotometer at 450 nm.

2.7. TUNEL Staining. Apoptotic cells were detected in situ
by indirect TUNEL assay using anti-digoxin antibody bound
to fluorescein reporter molecule. Testicular tissue sections
were blocked with 0.1% Triton X-100 for 5 minutes and
then washed with PBS. Terminal deoxyribonucleotidyl
transferase-mediated dUTP-digoxigenin nick-end labeling
(TUNEL, ApopTag In Situ Apoptosis Detection Kits, Milli-
pore, MA, USA) detection solution was dropped on each
section and then incubated at 37°C in the dark which lasted
for an hour. After rinsing with PBS, DAPI nuclei were
stained for 5 minutes. After rinsing with PBS, sections were
fixed with 50% glycerol. For the control group, the TUNEL
solution was replaced by PBS. The sections were observed
under a fluorescence microscope.

2.8. Animal Testicular Tissue Western Blot Analysis. We
collected testicular histone proteins from each group, placed
the crushed testicular tissue in a phosphate-buffered saline
solution consisting of 0.1% sodium dodecyl sulfate, and then
performed a brief ultrasound. The protein concentration was
determined by the diphenylphenol acid protein assay (Pierce
Chemical Co., USA). Thirty micrograms of total testicular
tissue protein was separated by 12% SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose mem-
branes. Specific antibodies were used to detect the following
proteins: β-actin (1 : 1000 dilution; Santa Cruz Biotechnol-
ogy, USA), HO-1 (1 : 1000 dilution; Cell Signaling Technol-
ogy, USA), Nrf2 (1 : 500 diluted; Santa Cruz Biotechnology,
USA), SOD (1 : 1000, dilution; Abcam, UK), BCL-xL
(1 : 1000 dilution; Cell Signaling Technology, USA), Bax
(1 : 1000 dilution; Cell Signaling Technology, USA), and
Cleaved Caspase-3 (Caspase-3) (1 : 1000 dilution; Cell
Signaling Technology, USA). The binding antibody of each
blot was evaluated by enhancing chemiluminescence (West-
ern blot detection kit; Amersham Pharmacia Biotech, USA),
which was assessed with horseradish peroxidase-conjugated
secondary antibody.

2.9. Statistical Analysis. Statistical analyses were carried out
using SPSS 16.0 (SPSS Inc., Chicago, USA). The data was
expressed as mean ± standard deviation. ANOVA test was
used for data conforming to normal distribution, and the
Scheffe test was used for comparison between groups. P <
0:05 was considered significant.

3. Results

3.1. Protective Effect of Li-ESWT on TM3 Leydig Cells in
Vitro. Western blot analysis was conducted to determine
whether Li-ESWT could prevent oxidative stress damage of
TM3 Leydig cells induced by H2O2. As shown in Figure 1(a),
compared with normal TM3 Leydig cells, the expression of
Nrf2/HO-1 and SOD decreased significantly after incubation
with H2O2 (P < 0:01). The expression level increased after
Li-ESWT treatment, and the increase was most significant at
0.05mJ/mm2 energy level (P < 0:01), which is also confirmed
by quantitative analysis in Figure 1(b).

At the same time, as shown in Figure 1(c), NF-κB/COX-
2 expression was significantly increased after H2O2
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incubation compared with normal TM3 Leydig cells
(P < 0:01). This indicated increased apoptosis. The expres-
sion decreased after Li-ESWT treatment, and the decrease
was most significant at 0.05mJ/mm2 level (P < 0:01), which
was also confirmed by the quantitative analysis in
Figure 1(d). These results indicated that Li-ESWT could
effectively prevent oxidative stress injury and reduce apo-
ptosis of TM3 Leydig cells induced by H2O2, and the effect
was most obvious at the energy level of 0.05mJ/mm2.

3.2. Effect of Li-ESWT on VEGF Expression in TM3 Leydig
Cells in Vitro. The effect of Li-ESWT on VEGF expression
in TM3 Leydig cells was analyzed by immunofluorescence
staining. As shown in Figure 2(a), compared with normal
TM3 Leydig cells, the VEGF expression was significantly

reduced after incubation with H2O2 (P < 0:01). The expres-
sion level increased after Li-ESWT treatment, and the
increase was most significant at 0.05mJ/mm2 energy level
(P < 0:01). The quantitative analysis in Figure 2(b) also con-
firmed this, with an approximately 4-fold increase in the
expression. This suggests that Li-ESWT can effectively
increase the expression of VEGF in TM3 Leydig cells dam-
aged by oxidative stress.

3.3. In Vivo, Li-ESWT Preserves Testicular Function and
Improves Serum Testosterone Levels. There was no signifi-
cant difference in body weight among the groups. Table 1
lists the average weight of the testis for each group. After 8
weeks, the androgen-deficient group had significantly less
testicular weight than the normal control group (P < 0:01).
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Figure 1: Effect of Li-ESWT on protein expression in H2O2-treated TM3 Leydig cells in vitro. (a) The expression levels of Nrf2, HO-1, and
SOD in cells of each group were detected by Western blot. (b) The expression of Nrf2, HO-1, and SOD in each group was quantitatively
analyzed. (c) The expression levels of NF-κB and COX-2 in each group were detected by Western blot. (d) The expression levels of NF-
κB and COX-2 in each group were quantitatively analyzed. ∗P < 0:01 compared with H2O2 group.

#P < 0:01 compared with ESWT_0.01,
ESWT_0.1, and ESWT_0.2 group. &P < 0:01 compared with ESWT_0.2. Normal control was normal TM3 Leydig cell group. H2O2 was
the TM3 Leydig cell group treated with H2O2. ESWT_0.01 was the group of TM3 Leydig cells treated with H2O2 followed by 0.01mJ/
mm2 Li-ESWT treatment. ESWT_0.05, ESWT_0.1, and ESWT_0.2 were treated by the same method with different energy levels.
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After Li-ESWT treatment, the testis weight was increased
and the energy level was significantly increased at 0.05mJ/
mm2 (P < 0:01).

The testicular structure was normal, with mature vas
deferens and complete spermatogenic sequence. But as
shown in Figure 3, the density of spermatogenic cells
decreased significantly in the androgen-deficient group com-
pared with the normal control group (P < 0:01), and tissue

degradation and even incomplete spermatogenic sequence
could be seen in some vas deferens. Li-ESWT treatment
improved with a significant increase in energy levels at
0.05mJ/mm2 (P < 0:01) (Table 1).

Serum testosterone levels were significantly lower in the
androgen-deficient group than in the normal control group
(P < 0:01), and it was improved after Li-ESWT treatment,
but the degree of improvement in each group was not
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Figure 2: Effect of Li-ESWT on VEGF expression in H2O2-treated TM3 Leydig cells in vitro. (a) Representative images of VEGF expression
in each group. Blue is DAPI, red is β-actin, and green is VEGF. (b) Positive rate of VEGF in each group. Each bar chart shows the mean
(standard deviation). ∗P < 0:01 compared with H2O2 group. #P < 0:01 compared with ESWT_0.01, ESWT_0.1, and ESWT_0.2 group.
Normal control was normal TM3 Leydig cell group. H2O2 was the TM3 Leydig cell group treated with H2O2. ESWT_0.01 was the group
of TM3 Leydig cells treated with H2O2 followed by 0.01mJ/mm2 Li-ESWT treatment. ESWT_0.05, ESWT_0.1, and ESWT_0.2 were
treated by the same method with different energy levels.
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statistically significant compared with the androgen-
deficient group (Table 1).

3.4. In Vivo, Li-ESWT Reduced Oxidative Stress and
Apoptosis. ELISA showed that the mean expression of 8-

OHdG (Figure 4(a)) in the androgen-deficient group was
significantly higher than that in the normal group, while
the mean expression of SOD (Figure 4(b)) was significantly
lower. Li-ESWT treatment reversed and was most obvious
at 0.05mJ/mm2 energy level (P < 0:01).

Table 1: Comparison of testicular health parameters. Data show mean ± standard deviation. Analysis of variance test. ∗P < 0:01 compared
with the control group. #P < 0:01 compared with Leuplin group.

Testicular weight (g)
Sperm count
(x106/g cauda)

% of motile spermatozoa
Diameter of seminiferous

tubules (μm)
Serum testosterone

(ng/ml)

Control 1:96 ± 0:09 233:3 ± 37:05 59:86 ± 11:31 301:58 ± 10:26 3:07 ± 0:33
Leuplin 1:14 ± 0:24∗ 109:67 ± 31:34∗ 21:88 ± 13:33∗ 120:32 ± 12:55∗ 1:28 ± 0:52∗

ESWT 0.01 1:25 ± 0:2 110 ± 16:09 25:45 ± 7:1 134:74 ± 8:33 1:30 ± 0:24
ESWT 0.05 1:50 ± 0:28# 161:1 ± 27:62# 39:13 ± 5:49# 178:36 ± 9:95# 1:67 ± 0:30
ESWT 0.2 1:46 ± 0:26 150:34 ± 30:86 33:03 ± 5:35 148:21 ± 12:21 1:58 ± 0:37

Control Leuplin

ESWT0.01 ESWT0.05

ESWT0.2

Figure 3: Pathological appearance of testicular tissue (hematoxylin and eosin staining). Compared with the normal control group, the
germinal cell layer was narrower in the androgen deprivation group. The scale in the figure represents 100μm.
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Figure 4: Comparison of 8-OHdG (a) and SOD (b) expression levels by ELISA. (c) The expression levels of Nrf2, HO-1, and SOD in each
group were detected by Western blot. (d) The expressions of Nrf2, HO-1, and SOD in each group were quantitatively analyzed. (e) The
expression levels of Bcl-xL, Bax, and Caspase-3 in each group were detected by Western blot. (f) The expressions of Bcl-xL, Bax, and
Caspase-3 in each group were quantitatively analyzed. ∗P < 0:01 compared with the control group. #P < 0:01 compared with Leuplin
group. &P < 0:01 compared with ESWT_0.01 and ESWT_0.2 groups.
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As shown in Figure 4(c), the expression of Nrf2/HO-1
and SOD in the androgen-deficient group was significantly
decreased compared with the normal group (P < 0:01). Li-
ESWT treatment reversed and was most obvious at 0.05mJ/
mm2 energy level (P < 0:01) (Figure 4(f)).

At the same time, as shown in Figure 4(e), the expression
of Caspase-3 and Bax was significantly increased in the
androgen-deficient group compared with the normal group,
while the expression of Bcl-xL was significantly decreased,
which was reversed after Li-ESWT treatment, and was most
obvious at 0.05mJ/mm2 energy level (P < 0:01) (Figure 4(f)).

Dark red apoptotic cells were observed in the testis dur-
ing TUNEL assay (Figure 5(a)). The androgen-deficient
group was significantly increased compared with the normal
control group and decreased after Li-ESWT treatment, with
a significant decrease in energy levels at 0.05mJ/mm2

(P < 0:01), which is also confirmed by the quantitative anal-
ysis in Figure 5(b).

4. Discussion

In vitro cell experiments in this study, we set Li-ESWT at 4
energy levels (0.01, 0.05, 0.1, and 0.2mJ/mm2). The results
suggested that Li-ESWT could increase the expression of
VEGF in TM3 cells, improve antioxidant capacity, and
reduce apoptosis, and the effect was most significant at the
energy level of 0.05mJ/mm2. In androgen-deficient rat
model, we set the Li-ESWT at 3 energy levels (0.01, 0.05,
and 0.2mJ/mm2). The results suggested that Li-ESWT could
improve the sperm count, motility, serum testosterone level,
tissue antioxidant capacity, and antiapoptotic ability. The
effect was most significant at 0.05mJ/mm2 energy level.

The transcription factor Nrf2 is a redox-sensitive tran-
scription factor. It regulates the expression of HO-1 and
confers cytoprotection against oxidative stress [19, 20].
Activation of Nrf2/HO-1 pathway can lead to increased
SOD level in mouse kidneys [21, 22]. Previous research has
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Figure 5: TUNEL assay to detect the effect of Li-ESWT on apoptosis of testicular tissue. (a) The representative image of each group: blue is
DAPI and red is TUNEL positive. (b) The positive rate of TUNEL detection in each group. ∗P < 0:01 compared with the control group.
#P < 0:01 compared with Leuplin group. &P < 0:01 compared with ESWT_0.01 and ESWT_0.2 groups.

8 Oxidative Medicine and Cellular Longevity



shown that Nrf2 expression and related genes exhibit an age-
dependent decrease in aged rats [23, 24]. This was consistent
with our results. In androgen-deficient rat model, Nrf2/HO-
1 expression and SOD level in rat testicular tissue were
decreased, and the oxidative damage marker 8-OHdG was
significantly increased, which was improved after Li-ESWT
treatment. In our previous study [25], it was found that the
expression level of Nrf2/HO-1 in TM3 stromal cells signifi-
cantly decreased after oxidative stress. In the present
research, the expression of Nrf2/HO-1 in TM3 cells was
decreased after H2O2 treatment, while the expression level
was increased after Li-ESWT treatment, which was consis-
tent with the results of previous studies.

Apoptosis plays multiple roles in the normal growth and
development of individual organisms and critical roles in
maintaining normal, balanced homeostasis; however, exces-
sive spontaneous apoptosis by generating increased intracel-
lular reactive oxygen species production may cause organ
dysfunction. Abbate et al. [26] have suggested that the
expression of COX-2 in nonmyocytes in acute myocardial
infarction was correlated with the induction of inflammation
and severity of apoptosis. COX-2 expression is regulated by
various transfactors, such as NF-κB, which can bind to cor-
responding promoter regions to regulate transcription [27,
28]. COX-2 overexpression is associated with activation of
NF-κB signaling pathway [29]. In our cell experiments,
NF-κB and COX-2 were significantly increased after H2O2
treatment and decreased after Li-ESWT treatment. At the
same time, the expression of TUNEL index, Caspase-3, and
Bax was significantly increased, while the expression of
Bcl-xL was significantly decreased in the androgen-
deficient animal model. However, these changes can be
reversed with Li-ESWT treatment, and the Bax/Bcl-xL ratio
was reduced. Therefore, we believe that Li-ESWT can reduce
tissue oxidative stress and apoptosis, improve antioxidant
capacity and stromal cell activity, and at the same time
increase serum testosterone level, further promoting sperm
production.

Li-ESWT is an acoustic wave that produces mechanical
forces to produce shear stress on the cell membrane, cyto-
skeleton, and extracellular matrix, thereby exerting biologi-
cal effects [30, 31]. It has been reported that Li-ESWT can
stimulate the upregulation of tissue repair markers such as
VEGF [32–34] and reduce oxidative stress [35]. In our
in vitro cell experiments, it was found that VEGF expression
in TM3 cells decreased after H2O2 treatment and signifi-
cantly increased after Li-ESWT treatment. Studies have
shown that VEGF subtypes, as a gene regulator, are neces-
sary for the maintenance of spermatogonia, sperm produc-
tion, and male fertility [16]. Therefore, according to the
results of this experiment, we believe that Li-ESWTmay play
an active role in testis by increasing the expression of VEGF
in stromal cells. At the same time, we need to further study
the mechanism.

Some studies have shown that Li-ESWT has a negative
effect on testicles, contrary to our results [36–38], which
may be related to the use of different energy levels. In our
study, the optimal energy level obtained by cell and animal
experiments was 0.05mJ/mm2. In animal experiments, the

results of 0.01mJ/mm2 energy level were compared with
the Leuplin group. Although the average value was changed,
there was no statistical difference. Meanwhile, some results
of 0.2mJ/mm2 energy level were not statistically different
from 0.05mJ/mm2 energy level, but the average value was
changed. This suggests that Li-ESWT energy level directly
impacts its effect, and high energy level may reduce Li-
ESWT effect. However, when Li-ESWT treated penis and
other parts or even applied ESWT gravel energy to testis,
the energy received by the testis was necessarily different
from the energy given in our experiment, so the impact
was unknown.

In this experiment, we intended to target aging male
hypoandrogens with partial androgen deficiency rather than
complete castration, so low-dose leuprorelin injection
helped to establish this model. And we may study further
experiments using older rat models. Although the average
serum testosterone level increased after Li-ESWT treatment,
there was no statistical difference. Meanwhile, we did not set
sufficient energy level gradient in animal experiments.
Although the results showed that the energy level of
0.05mJ/mm2 was the best and different from other energy
levels, this may not mean that this is the true optimal level,
so we may need further research.

5. Conclusion

Both our experiments have confirmed that Li-ESWT with
appropriate energy levels can improve sperm count, motility,
and serum testosterone levels in androgen-deficient rat
models. It can reduce oxidative stress in the testis and
increase antioxidant capacity and antiapoptotic capacity,
and the effect is most obvious at 0.05mJ/mm2 energy level.
We believe the mechanism underlying these findings may
be related to the increase of VEGF expression in Leydig cells
by Li-ESWT. Li-ESWT may serve as a new noninvasive and
effective treatment to improve testicular function and sperm
quality in middle-aged and elderly men. Meanwhile, we can
also expect Li-ESWT to play a positive role in the oxidative
stress lesions of the testis or other organs caused by obesity,
metabolic diseases, or other injuries.
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The clinical and biochemical improvement observed in kidney transplant (RT) recipients is remarkable. The correct functioning
of the allograft depends on various factors such as the donor’s age, the alloimmune response, the ischemia-reperfusion injury,
arterial hypertension, and the interstitial fibrosis of the allograft, among others. Antihypertensive drugs are necessary for
arterial hypertension patients to avoid or reduce the probability of affecting graft function in RT recipients. Oxidative stress
(OS) is another complex pathophysiological process with the ability to alter posttransplant kidney function. The study’s
objective was to determine the effect of the administration of Enalapril, Losartan, or not antihypertensive medication on the
oxidative state in RT recipients at the beginning of the study and one year of follow-up. All patients included in the study
found significant overexpression of the oxidative damage marker to DNA and the antioxidant enzymes superoxide dismutase
(SOD) and glutathione peroxidase (GPx). In contrast, it was found that the determination of the total antioxidant capacity
decreased significantly in the final determination at one year of follow-up in all the patients who ingested Enalapril and
Losartan. We found dysregulation of the oxidative state characterized mainly by oxidative damage to DNA and a significant
increase in antioxidant enzymes, which could suggest a compensatory effect against the imbalance of the oxidative state.

1. Introduction

Chronic allograft dysfunction (CAD) is a progressive and irre-
versible entity and is a cause of long-term kidney transplant
failure [1–3]. The mechanisms of damage that contribute to
CAD involve immunological [4] and nonimmunological [3]
aspects, which conditions the formation of interstitial fibrosis
and tubular atrophy (IFTA) [5]. On the other hand, the oxida-
tive stress (OS) characterized by the imbalance between the
generation of oxidative compounds and the antioxidant
defense mechanisms could be resulted in allograft damage,
especially when immunosuppression in renal transplantation
is based on the use of calcineurin inhibitors (CNI) inducing
endothelial dysfunction, hypertension, and increased renal

nephrotoxicity, characterized by renal vasoconstriction, inter-
stitial fibrosis, and arterial hypertrophy [6–9]. The generation
of oxidative compounds is physiologically essential as part of
the defense mechanism against the invasion of microorgan-
isms, malignant cells, tissue repair, and healing. When the
deregulated activation of OS occurs, it can cause vascular
damage favoring the progression of atherosclerosis due to
oxidative damage directly to cellular components, leading
to impaired cell function, aging, and activation of apoptosis
[10]. Lipoperoxidation products (LPO) damage lipoproteins
present in the cell membrane, leading to the formation of
toxic reactive aldehydes and promoting more significant lipid
peroxidation, ultimately affecting many lipid molecules [10].
On the other hand, the 8-hydroxy-2′-deoxyguanosine (8-
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OHdG) is a sensitive and specific marker of oxidative damage
to DNA [11].

Various therapeutic interventions are used to minimize
kidney graft damage associated with CNI including the use
of angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARBs) [12–14]. ACE inhibi-
tors or ARBs are drugs with potent antihypertensive and
renoprotective effects that are underutilized because it can
cause elevated potassium and deleterious effect on renal
hemodynamics with elevated serum creatinine (sCr) levels
at some RT recipients, in addition to contradictory results
in patients and graft survival in RT [15–17]. Nevertheless,
the angiotensin II induces OS in vitro and in vivo and selec-
tively blocks AT1 recipients ameliorated nonhemodynamic
effects (reduction of OS) in renal nephrotoxicity due to
CNI [18, 19]. Likewise the used of ACE inhibitors may
potentiate protective mechanisms against long-term compli-
cations of CNI treatments (reducing effects on OS, fibrogen-
esis, and chronic rejection) [6].

The study’s objective was to determine the effect of the
administration of Enalapril, Losartan, or not antihyperten-
sive on the oxidative state in RT recipients at the beginning
of the study and one year of follow-up.

2. Patients and Methods

An open, randomized clinical trial was conducted with a
control group. It was carried out in the Transplant Division
of the High Specialty Medical Unit of the Hospital de Espe-
cialidades, Centro Médico Nacional de Occidente of the
Mexican Institute of Social Security in Guadalajara, Jalisco,
Mexico. The sample size was based on the formula to evalu-
ate mean differences for clinical trials [20]. Three study
groups were formed; thirteen patients with RT did not
require any antihypertensive. Thirteen RT patients received
Enalapril as an antihypertensive regimen. Thirteen RT
patients received Losartan as an antihypertensive regimen
in the posttransplant period. Recipients of a RT, from a liv-
ing related donor (DVR) or living unrelated donor
(DVNoR), agreed to participate and signed the letter of con-
sent under information.

Patients who received an RT from a deceased donor,
from a donor >55 years, with renal comorbidities at the time
of the study (urolithiasis, infections, and diabetes), with
blood dyscrasias, second transplantation, treatment with
nonsteroidal anti-inflammatory drugs, statins, spironolac-
tone, and pentoxifylline and patients with neurodegenerative
processes or who withdrew the letter of consent under infor-
mation were excluded.

Baseline determinations were made the day before RT
and at one year of posttransplant follow-up. Type of donor
and cold and hot ischemia time were recorded.

2.1. Immunosuppression Induction and Maintenance
Scheme. TAC carried out the induction of immunosuppres-
sion at doses of 0.12mg/kg/day divided into two doses,
mycophenolate mofetil 2 g/day, and methylprednisolone
500mg (day 0), polyclonal antibodies (thymoglobulin 1-
1.5mg/kg/day or humanized monoclonal antibodies inter-

leukin 2Rα basiliximab 20mg at day 0 and 4 posttransplant).
The immunization maintenance scheme was carried out by
administering TAC at 0.1-0.2mg/kg (the dose was modified
according to serum levels). The target levels of TAC on days
1-30 posttransplantation were 9-15ng/mL and from day 31
to 365 posttransplantation 8-10 ng/mL. The dose of myco-
phenolate mofetil was administered 1 g twice a day. Predni-
sone was administered at 1mg/kg/day from the start of RT
and was reduced to 0.1mg/kg/day in the second month after
transplantation [21].

2.2. Clinical and Biochemical Measurements. Patients were
classified according to body mass index (BMI) 18.5-
24.9 kg/m2 (normal weight), 25 to 29.9 kg/m2 (overweight),
and ≥30 kg/m2 (obesity) [22], and the blood pressure was
determined [23]. The biochemical data of plasma glucose
and blood TAC levels were determined, maintaining levels
of 9-15 ng/mL from 1-30 days and 8-10 ng/mL from 31-
365 days after transplantation. The sCr levels were expressed
in mg/dL and sCr clearance in 24?h urine was determined
using the formula sCr debugging: sCr= sCr urinary (mg/
dL) × 24h urinary volume (mL) × sCr (mg/dL) × 1440 ×
body surface (m2).

The clearance of sCr was calculated with the formula:
MDRD =GFR ðmL/min × 1:73m2Þ = 186 × CrS − 1:154 × ð
ageÞ − 0:203 × ð0:742 in case of being a womanÞ[24].

2.3. Oxidants

2.3.1. Products of Lipoperoxidation (LPO). The serum LPO
was measured using an FR12 assay kit (Oxford Biomedical
Research Inc®., Oxford, MI, USA). Plasma samples treated
with N-methyl-2-phenylindole were centrifuged at
12,791 rpm for 10min, and the supernatant was obtained.
The supernatant was added to a microplate, and the absor-
bance was measured at 586nm. The duplicate standard
intra-assay CV was 6.4%.

2.3.2. Nitric Oxide (NO). Before the assay, plasma samples
were deproteinized by adding zinc sulfate (6mg of zinc sul-
fate was added to 400μL of the sample) and vortexed for one
min, and the samples were centrifuged at 10,000 × g for
10min at 4°C. For measuring NO, the kit NB98, Oxford Bio-
chemical, Oxford, MI, USA, was used. The colorimetric sig-
nal was read at 540 nm. The duplicate standard intra-assay
CV was 7.9%.

2.4. Antioxidants

2.4.1. Superoxide Dismutase. The kit (SOD No. 706002, Cay-
man Chemical Company®, USA) was used. The serum sam-
ples were diluted at 1 : 2 in sample buffer before the
colorimetric assay. Color development was read at a wave-
length of 440nm. The dilution factor was used to calculate
the results. The duplicate standard intra-assay CV was 5.4%.

2.4.2. Glutathione Peroxidase (GPx). The assay kit GPx
703,102 was used (Cayman Chemical Company®, USA).
Plasma samples (20μL) were added to a microplate of 96
wells with 70μL of buffer, 50μL of glutathione and
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glutathione reductase mixture, and 50μL of NADPH. The
activity was obtained by measuring the absorbance decrease
at 340 nm every min for 20min. The activity is expressed as
nmol/min/mL. The duplicate of positive control intra-assay
CV was 1.5%.

2.4.3. Total Antioxidant Capacity. The total antioxidant
capacity (TAC) quantification was done following the Total
Antioxidant Power Kit (No. TA02.090130, Oxford Biomed-
ical Research®). The serum samples and standards were
diluted at 1 : 40, and 200μL was placed in each well of a
microplate. The concentration was expressed as mM equiv-
alents of Trolox (an analog of vitamin E). The duplicate
standard intra-assay CV was 5.7%.

2.5. Statistical Analysis. The results are presented in mea-
sures of central tendency and dispersion. The qualitative
variables were determined in frequencies and percentages;
the chi-square test was used when required. The results are
expressed as mean ± standard deviation. The normality of
data was determined, and the Shapiro-Wilk test was per-
formed. For intragroup differences, the Wilcoxon rank test
was used. The Kruskal-Wallis test was used for intergroup
differences. The different letter denotes statistically signifi-
cant difference using the Dunn-Bonferroni paired test. All
p ≤ 0:05 values were considered statistically significant.

2.6. Ethical Considerations. The study adhered to the ethical
principles for medical research in human beings stipulated
in the Declaration of Helsinki 64th General Assembly, For-
taleza, Brazil, October 2013 and in the Belmont Report.
The Standards of Good Clinical Practice and the Interna-
tional Conference on Harmonization were followed. The
study was category III (risk more significant than the mini-
mum). The following provision of the General Health Law
in Mexico on health research, Title Two, of the Ethical
Aspects of research in human beings, Chapter I, Article 17
Letter of Consent Under Information, was required with
the signature of witnesses. The study was approved by the
Local Ethics and Research Committee with registration
2018-1001-214, before Cofepris 17CI11 020 146 and before
Bioethics with number 11 CEI 003 20188080. The clinical
trial registration number is NCT05232370.

3. Results

The recipients of the three RT groups were young patients
(p < 0:01). Kidney donors were <50 years. The male gender
predominated in the three study groups. Age showed a dif-
ference in the group that did not require antihypertensive
medication 29 ± 3:83 years vs. those treated with Enalapril
24:38 ± 1:61 years (p ≤ 0:01). The stature of the patients
treated with Enalapril was greater than that of the other
groups (p ≤ 0:01). The number of transfusions and the time
of hot and cold ischemia were similar in the three study
groups (Table 1).

3.1. Clinical Data. The patients who did not require antihy-
pertensive medication and those who ingested Losartan
gained weight in the one-year follow-up measurement. The

BMI increased significantly in the final determination in
those who ingested Losartan (p < 0:01). Patients with RT
who did not require antihypertensive medication kept their
blood pressure normal throughout the study. Thirteen
patients who had elevated baseline systolic and diastolic
blood pressure (134:62 ± 7:54mmHg and 87:31 ± 4:34
mmHg) (p < 0:01) were administered with Enalapril. After
one year of follow-up of the patients who ingested Enalapril,
their blood pressure was significantly modified (systolic
127:8 ± 4mmHg and diastolic 78:92 ± 1:5mmHg, p < 0:01).
The thirteen patients with baseline systolic blood pressure
values of 140 ± 4:83mmHg and diastolic 89:92 ± 5:48
mmHg (p < 0:01) were administered with Losartan. In the
determination at one year of follow-up, the systolic blood
pressure was modified to 131:31 ± 7mmHg and diastolic to
80:77 ± 5:3mmHg (p < 0:01). Glucose decreased its concen-
tration in the group without antihypertensive medication in
the final determination with 137:38 ± 80:42mg/dL baseline
vs. 90:46 ± 17:46mg/dL final (p = 0:03). The sCr levels were
similar in the three groups in the baseline determination. At
the end of the study, an apparent decrease in sCr levels was
shown in the three study groups. The patients who did not
require antihypertensive medication obtained sCr levels in
the baseline determination, 12:84 ± 3:77mg/dL vs. 1:18 ±
0:15mg/dL at one year of follow-up (p < 0:01). Those who
ingested Enalapril had baseline sCr levels of 12:16 ± 4:63
mg/dL and final levels of 1:17 ± 0:21mg/dL (p < 0:01). The
baseline sCr levels in those who ingested Losartan were
13:38 ± 1:79mg/dL and at one year of follow-up 2:6 ± 3:27
mg/dL (p < 0:01). Area concentration in the three groups
was different (p = 0:02), the group without antihypertensive
was 122:92 ± 37:74mg/dL at baseline levels vs. 31:39 ± 6:68
mg/dL in the final determination (p < 0:01). In those who
ingested Enalapril, the baseline urea determination was
155:59 ± 28:3mg/dL vs. 30:82 ± 5:05mg/dL at the end of
follow-up (p < 0:01). For the group treated with Losartan,
the baseline urea levels were 127:40 ± 32:11mg/dL vs.
70:04 ± 72:94mg/dL at the end of follow-up (p < 0:04).
TAC levels were homogeneous in the three study groups
between the baseline results and one year of follow-up
(Table 2).

3.2. Oxidative Stress Markers

3.2.1. LPO and Nitric Oxide Metabolites (NO). Table 3 shows
the results of the LPO levels with the significant increase in
LPO between the basal levels 5:6 ± 2:61mM, and the final
levels 8:65 ± 1:09mM (p ≤ 0:01) in patients who did not
require antihypertensive medication can be seen. The LPO
levels in the patients taking Enalapril and Losartan were
similar between baseline and final results. NO metabolites
did not show significant differences between the baseline
and final results in the three study groups.

3.2.2. Marker of Oxidative Damage to DNA. The baseline
levels of the oxidative damage marker to DNA in patients
who did not require antihypertensive drugs were 68:88 ±
11ng/mL with a significant increase at one year of follow-
up, 74:47 ± 0:39ng/mL (p < 0:01). At one year of follow-
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up, the levels of those who ingested Enalapril increased sig-
nificantly to 74:29 ± 0:63ng/mL (p = 0:02) vs. baseline levels
52:94 ± 21:45ng/mL. The same behavior was observed in the
patients who ingested Losartan; in the baseline determina-
tion, 62:71 ± 19:6ng/mL was obtained with a significant
increase at one year of follow-up of 73:78 ± 1:88ng/mL
(p < 0:01). Significant intragroup differences were obtained
(Table 3).

3.2.3. Antioxidants. A significant increase in the enzyme
superoxide dismutase (SOD) activity was observed in the
three study groups. In patients who did not require antihy-
pertensive medication, baseline levels were 0:3 ± 0:2U/L
and at the end of follow-up 1:17 ± 0:63U/L (p < 0:01). The
activity of the SOD enzyme in the basal Enalapril group
was 0:39 ± 0:17U/L vs. at one year of follow-up 1:31 ± 0:67
U/L (p < 0:01). The activity of the SOD enzyme at the end
of the follow-up of those who ingested Losartan was 1:19
± 0:46 vs. the basal activity of the enzyme 0:25 ± 0:21U/L
(p < 0:01) (Table 3).

The GPx enzyme only showed a significant increase in
its activity for the group that did not require antihyperten-
sive treatment with 343:76 ± 214:82nmol/min/mL (base-
line) vs. 518:15 ± 163nmol/min/mL (final) (p = 0:03). GPx
activity in those who ingested Enalapril and Losartan was
similar.

The determination of the total antioxidant capacity
(CAT) showed a significant decrease in its baseline concen-
tration of 59:78 ± 1:89μM in patients who did not require
antihypertensive treatment vs. the final determination
17:52 ± 3:4μM (p < 0:01). Patients who ingested Enalapril
also decreased CAT levels between baseline 65:45 ± 18:99
μM vs. the levels obtained at the end of the follow-up 14:2
± 3:2μM (p < 0:01). A similar situation was observed in
the patients who ingested Losartan where the baseline levels
were 61:10 ± 24:07μM, and a significant decrease was
observed at the end of the study 20:7 ± 5:3μM (p < 0:01)
(Table 3).

4. Discussion

Significant overexpression of the oxidative DNA damage
marker in the determination at one year of follow-up in
the RT recipients who did not require antihypertensive med-
ication is striking; the same phenomenon occurred in those
who ingested Enalapril and Losartan. Changes in the epige-

nome and DNA methylation also could be implicated in
each of the processes mentioned above to affect the kidney
or other organ systems [25]. The increased expression of
the oxidative damage marker to DNA can partially explain
inflammation and cellular senescence, which could acceler-
ate premature vascular aging at RT recipients [26–28].
Nuclear erythroid factor 2 (NRF2) signaling related to
nuclear erythroid factor 2 (NRF2) and vitamin K play a cru-
cial role in counteracting OS, DNA damage, senescence, and
inflammation, thus activating NRF2 and supplementation
with vitamin K which could offer an attractive therapeutic
target in patients undergoing RT [29].

The antioxidant activity of the SOD enzyme was found
to be significantly increased in the final determination in
the three groups of patients, those treated with Enalapril
and Losartan and those that did not require antihypertensive
medication, possibly trying to compensate for the oxidative
imbalance that occurs in the posttransplant period. Two
antioxidants antagonize free radicals, including the antioxi-
dant enzymes SOD, GPx, and catalase, and non-enzymatic
antioxidants such as vitamin E, C, β-carotene, and coen-
zyme Q. The enzyme SOD is considered the first line of anti-
oxidants capable of antagonizing the imbalance of the redox
state. Following the present study, a significant increase in
the activity of the SOD enzyme has recently been reported
in patients undergoing hemodialysis [30]. The activity of
the antioxidant enzyme GPx was found to be significantly
increased in patients who did not require antihypertensive
medication, possibly trying to compensate for the significant
increase in LPO found in the determination at one year of
follow-up. Some investigations mention the importance of
mitochondrial deterioration and cell death due to apoptosis
as a mechanism of nephrotoxicity manifested by an increase
in LPO [31]. It was recently reported that circulating malon-
dialdehyde concentration is independently associated with
the long-term risk of cardiovascular mortality in RT recipi-
ents with relatively lower renal function [32].

In addition to traditional cardiovascular risk factors, the
attention of RT recipients has focused on other complex
pathophysiological processes related to posttransplant renal
function, including the effect of OS. It is widely known that
OS is increased in CKD and is further aggravated by renal
replacement therapies. OS is associated with the appearance
of atherosclerosis, left ventricular hypertrophy, and cardiore-
nal syndrome [26]. Various mechanisms have been proposed
to explain the association between OS and atherosclerosis;

Table 1: Inherent data to renal transplantation.

Not antihypertensive Enalapril Losartan p

Age (years) 29 ± 3:83a 24:38 ± 1:61 28:46 ± 3:53 <0.01∗

Donor age (years) 37 ± 10:5 35:62 ± 7:32 39:54 ± 12:32 0.617

Transfusions 1:69 ± 0:48 1:62 ± 0:51 1:38 ± 0:51 0.273

Cold ischemia 56:46 ± 25:62 57:46 ± 17:08 70:01 ± 23:32 0.239

Warm ischemia 144:38 ± 101:41 122:62 ± 23:79 102:85 ± 19:21 0.237

Height (m) 1:68 ± 0:07 1:78 ± 0:08 1:72 ± 0:08b <0.01∗

The results are expressed as mean ± standard deviation. avs. Enalapril. bvs. Losartan. ∗ANOVA of a factor.
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among them are the following: (a) OS promotes enzymatic
modification of circulating lipids and lipoproteins, (b) reactive
oxygen species (ROS) are capable of directly conditioning dys-
function of endothelial [33], (c) immune system promotes a
chronic proinflammatory state, and (d) OS promotes osteo-
blastic differentiation of vascular cells [34].

Indeed, the quality of life is low in patients with CKD;
however, RT can improve the quality of life similar to healthy
individuals [35]. The clinical and biochemical improvement
observed in the RT recipients included in the present study
is notable. However, somemedications can delay kidney func-
tion in RT recipients, including adjusting immunosuppressive
therapy, treating high blood pressure with ACEI drugs, ARA
II type 1 drugs, calcium channel blocking drugs, and lipid con-
trol [36]. ACE inhibitors and type 1 ARBs may slow the pro-
gression of kidney disease by offering antiproteinuric effects
[37, 38]. In 2013, the possible antioxidant protective effect
related to the uptake of the Enalapril superoxide radical was
reported by protecting the vascular endothelium against ROS
in a dose-dependent manner in isolated abdominal aortas
from rabbits and spontaneously hypertensive rats [39, 40].

Losartan is a potent, orally active, and selective nonpep-
tide blocker of the angiotensin II receptor type 1. Losartan
reduces blood pressure, proteinuria, serum uric acid level,
and posttransplant erythrocytosis. Losartan has positive
effects on renal excretory function in adult CKD patients
and RT recipients [41, 42]. Losartan increases proximal
tubular caveolin 1. The intrarenal angiotensin II is probably
involved in the downregulation of caveolin one during
hypertension and kidney injury [43]. The HSP70i chaperone
protein translocated to the plasma membrane, and its colo-
calization with caveolin one could be involved in the mech-
anism responsible for the cytoprotective effect of Losartan in
the proximal tubules by decreasing OS through the down-
regulation of the NADPH oxidase Nox4 subunit [44]. How-
ever, these antihypertensives can have serious adverse events
including hyperkalemia and metabolic acidosis [45]. In the
present study, potassium levels did not change significantly
in the final determination.

Various factors have been associated with increased car-
diovascular risk in RT recipients during the postoperative
period, such as the development of diabetes mellitus, arterial
hypertension, dyslipidemia, and obesity [46]. Approximately
50% of patients gain weight after RT as a factor regardless of
nutritional status before transplantation [47]. Increased
body weight and its negative metabolic consequences may be
associated with negative results after RT [48]. Per the preced-
ing, in the present study, we found that patients who did not
require antihypertensive medication and those who ingested
Losartan significantly increased their weight at one year of fol-
low-up, which could condition metabolic alterations with
adverse effects evolution of RT.

The determination of sCr and urea and the estimation of
GFR through different equations are considered biomarkers
of kidney graft function used routinely in clinical transplan-
tation. The sensitivity and specificity of these biomarkers are
low, but they are inexpensive and readily accessible [49, 50].
In the present study, the levels of sCr and urea decreased sig-
nificantly in the final determination as expected.

Another benefit of RT is the improvement in hemoglo-
bin levels found in the three study groups in the determina-
tion at one year of follow-up under the previously reported.
The authors found improvement in hemoglobin and hemat-
ocrit in patients with RT treated with TAC [51].

We consider that it is essential to monitor the expression
of the oxidative damage marker to DNA, oxidants, and the
activity of antioxidant enzymes as well as the function of
the transplanted organ in addition to traditional kidney
function tests to detect early alterations that can be corrected
early to avoid the loss of the transplanted organ.

In conclusion, all the patients included in the study,
regardless of the management with or without antihyperten-
sive, presented overexpression of the marker of oxidative
DNA damage, a significant increase in the activity of the
SOD enzyme, and a significant decrease in the total antioxi-
dant capacity as a systemic buffer of the redox state, which
could suggest oxidative state imbalance. The increase in the
activity of the SOD enzyme in all patients, including the
increase in the GPx enzyme in patients who did not require
antihypertensive medication, could suggest a compensatory
effect in light of the significant increase in LPO in this group
of patients. The present study results suggest that the deter-
mination of other markers in addition to those traditionally
requested is required: sCr, urea, potassium, and glomerular
filtration rate.

The limitations of the study are based on the small num-
ber of patients included and the short length of follow-up.

The study’s strengths are based on the fact that it is a
prospective cohort study before and after in patients with
de novo RT with follow-up at one year. Soon, another study
will be carried out with a longer follow-up time and a larger
sample size.
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Osteonecrosis of the femoral head (ONFH) is a debilitating disease that is closely associated with the clinical application of high-
dose glucocorticoids. Elevated oxidative stress contributes to the pathophysiological changes observed in ONFH. The lack of
effective treatments besides surgical intervention highlights the importance of finding novel therapeutics. Our previous studies
demonstrated that D7, a cyclic polypeptide, enhances the adhesion, expansion, and proliferation of bone marrow mesenchymal
stem cells (BMSCs). Therefore, in this study, we investigated the therapeutic effects of D7 against ONFH in BMSCs and
evaluated the underlying mechanisms. First, we screened for ONFH risk factors. Then, we applied D7 treatment to steroid-
induced ONFH (SONFH) in an in vitro model produced by dexamethasone (DEX) to further elucidate the underlying
mechanisms. We found negative correlations among oxidative stress marker expression, growth differentiation factor 15
(GDF15) levels, and ONFH. Furthermore, we demonstrated that DEX inhibited the proliferation and induced apoptosis of
BMSCs by suppressing GDF15/AKT/mammalian target of rapamycin (mTOR) signaling. D7 alleviated DEX-induced BMSCs
injury and restored the chondrogenic function of BMSCs by activating GDF15/AKT/mTOR signaling. In addition, DEX-
induced excessive reactive oxygen species (ROS) generation was an upstream trigger of GDF15-mediated signaling, and D7
ameliorated this DEX-induced redox imbalance by restoring the expression of antioxidants, including superoxide dismutase
(SOD) 1, SOD2, and catalase, via regulation of GDF15 expression. In conclusion, our findings revealed the potential
therapeutic effects of D7 in SONFH and showed that this protective function may be mediated via inhibition of DEX-induced
ROS and activation of GDF15/AKT/mTOR signaling, thereby providing insights into the potential applications of D7 in
SONFH treatment.

1. Introduction

Osteonecrosis of the femoral head (ONFH) is a progressive
disease that causes collapse of the joint cartilage and the

femoral head, leading to substantial hip pain and loss of joint
function [1, 2]. Clinical application of glucocorticoids (GCs)
is the leading cause of ONFH, also called steroid-induced
ONFH (SONFH). The pathophysiological changes

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 3182368, 16 pages
https://doi.org/10.1155/2022/3182368

https://orcid.org/0000-0001-8417-0661
https://orcid.org/0000-0002-7529-6542
https://orcid.org/0000-0002-2118-6735
https://orcid.org/0000-0003-3596-3520
https://orcid.org/0000-0002-9744-1595
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3182368


associated with SONFH include disruption of bone marrow-
derived mesenchymal stem cells (BMSCs) self-renewal;
acceleration of an imbalance among osteogenic, chondro-
genic, and adipogenic differentiation [3]; circulatory impair-
ment [4]; modified artery constriction [5]; and
intramedullary pressure changes [6]. To date, numerous sur-
gical procedures have been applied for ONFH treatment,
including total hip arthroplasty (THA) and joint-
preserving surgeries, such as core decompression (CD),
osteotomy, and free vascularized fibular grafting. Addition-
ally, CD combined with cell transplantation prevents early-
stage ONFH from femoral head collapse and delays the need
for THA [7]. Although these treatments can substantially
improve the quality of life of patients, postoperative compli-
cations, such as infection, deep vein thromboembolism,
peroneal nerve palsy, proximal femoral fracture, ankle func-
tional impairment, dislocation, periprosthetic fracture, and
prosthesis loosening, cannot be neglected [8–10]. Therefore,
it is essential to identify novel therapeutic targets in early-
stage ONFH to prevent further pathophysiological changes
and to delay surgical interventions.

Reactive oxygen species (ROS) contribute to the patho-
genesis of SONFH [11]. Under normal physiological condi-
tions, ROS are produced by cell metabolism. A balanced
level of ROS plays a significant role in cell homeostasis and
signal transduction [12]. However, under stress conditions,
the balance between the formation and degradation of ROS
is disrupted, resulting in oxidant accumulation [13] and fur-
ther inducing endoplasmic reticulum stress, DNA damage,
mitochondrial dysfunction, and BCL-2/BAX apoptosis path-
way activation [14]. Application of high doses of GCs
induces severe oxidative stress by boosting the accumulation
of intracellular ROS [15], thereby leading to apoptosis of
BMSCs and further deterioration of the osteogenic and
chondrogenic differentiation of BMSCs [16–18]. Oxidative
stress also causes vascular endothelial dysfunction, resulting
in blood vessel injury, which is another cause of SONFH
pathogenesis [12]. Therefore, ROS activators have been used
for establishing ONFH models in basic research [11], and
reducing oxidative stress may constitute a therapeutic strat-
egy for SONFH treatment.

Growth differentiation factor 15 (GDF15), also known as
macrophage inhibitory cytokine-1, plays an important role
in ROS generation and serves as a marker of oxidative stress
in many diseases [19–21]. GDF15 is a member of the cell
stress-responsive transforming growth factor β superfamily
[22] and has been reported to suppress ROS generation via
activation of the SMAD1 signaling pathway [23]. However,
the specific role of GDF15 in bone metabolism is unclear.
Westhrin et al. reported that GDF15 promotes osteoclast
differentiation and inhibits osteoblast differentiation in mul-
tiple myeloma [24], whereas Symmank et al. demonstrated
that mechanical stimulation can induce periodontal liga-
ment cells to secrete more GDF15 and promote osteoblast
differentiation [25]. Moreover, for several other types of
cells, the AKT/mammalian target of rapamycin (mTOR)
pathway acts downstream of GDF, and GDF15 could pro-
mote the survival and proliferation of cells via the activation
of AKT/mTOR signaling pathway [26–28]. At the same

time, the AKT/mTOR signaling pathway is closely associ-
ated with ROS, as its activation protects cells from ROS
accumulation and restores the balance of ROS [29, 30].
Nonetheless, the mechanisms through which GDF15/AKT/
mTOR signaling mediates the pathophysiological changes
in association with SONFH and whether this signaling path-
way can restore the redox balance in BMSCs under GC con-
ditions are largely unknown.

In our previous study, we had screened cyclic polypep-
tide D7 from the cyclic peptide phage display library
(Ph.D.-C7C) by phage display technology [31]. Phage dis-
play is a robust, high-throughput screening strategy in which
a library of peptide or protein variants is expressed on the
outside of a phage virion, and the genetic material encoding
each variant is present on the inside of the virion [32]. Based
on the different binding affinities of the cyclic peptide and
the target cell, we screened D7 through three or four biopan-
ning procedures, following previously described protocols
[33, 34]. In addition, we demonstrated that D7 could
enhance the adhesion, expansion, and proliferation of
BMSCs on β-tricalcium phosphate scaffolds [31], in contrast
to the pathophysiological changes related to SONFH.

Hence, in this study, we aimed to investigate the thera-
peutic effects of D7 on BMSCs proliferation and differentia-
tion under SONFH conditions and elucidate the underlying
mechanisms.

2. Methods and Materials

2.1. Reagents and Antibodies. Reagents for cell transfection
were obtained from RIBOBIO (cat. no. C10511-05; Guang-
zhou, China). siRNA-GDF15 was synthesized by GEKY-
GENE (Shanghai, China). Reagents for cell differentiation
and detection included ascorbic acid (cat. no. A8960-5G;
Sigma-Aldrich, USA), dexamethasone (DEX; MCE, USA),
paraformaldehyde (PFA), transforming growth factor
(TGF)-β1 (cat. no. P01137; Peprotech, China), insulin, trans-
ferrin, and sodium selenite (ITS; cat. no. I3146; Sigma-
Aldrich), and N-Acetyl-L-cysteine (NAC; cat. no. A9165;
Sigma-Aldrich). Primary antibodies for Western blotting
(WB) and immunofluorescence (IF) staining used in this
study were from the following sources: anti-AKT (cat. no.
10176-2-AP), anti-phospho-AKT (cat. no. 66444-4-Ig),
anti-glyceraldehyde 3-phosphate dehydrogenase (cat. no.
60004-1-Ig), anti-BCL-XL (cat. no. 10783-1-AP), BCL-2
(cat. no. 26593-1-AP), anti-BAX (cat. no. 50599-2-Ig),
anti-poly (ADP-ribose) polymerase (PARP; cat. no. 66520-
1-Ig), anti-aggrecan (cat. no. 13880-1-AP), anti-matrix
metalloproteinase (MMP) 13 (cat. no. 18165-1-AP), anti-
CD29 (cat. no. 12594-1-AP), anti-collagen type 2 (COL2;
cat. no. 28459-1-AP), and anti-mTOR (cat. no. 66888-1-Ig)
from Proteintech (China); anti-phospho-mTOR (cat. no.
5536S) from Cell Signaling Technology (Danvers, MA,
USA); anti-GDF15 (cat. no. 27455-4-AP) from Santa Cruz
Biotechnology (Dallas, TX, USA); and anti-SOX9 from
Abcam (USA). Secondary antibodies for WB, including
anti-mouse (cat. no. SA00001-1) and anti-rabbit (cat. no.
SA00001-2) antibodies, were from Proteintech. Secondary
antibodies for IF, including anti-mouse (cat. no. SA00003-
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1) and anti-rabbit (cat. no. SA00003-2) antibodies, were
from Proteintech.

2.2. Synthesis of Peptides. The synthesis of peptides was per-
formed as previously described [35]. The cyclic peptide
(amino acid sequence CDNVAQSVC) contained seven
amino acids; each amino acid terminus was conjugated with
a pair of cysteine residues that formed an intramolecular
disulfide linkage. All peptides were synthesized by solid-
phase peptide synthesis using fluorenylmethyloxycarbonyl
chemistry (Scilight-Peptide, Inc., Beijing, China).

2.3. Cell Culture. Sprague–Dawley rat BMSCs were pur-
chased from Cyagen Biosciences, Inc. (cat. no. RASMX-
01001; Guangzhou, China). BMSCs were grown at 37°C with
a 5% CO2 atmosphere in complete medium (α-minimum
essential medium (α-MEM) containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin). The cells were
passaged when they reached 70–80% confluence, and only
passages 3–6 were used for experiments.

2.4. Western Blotting. WB was performed as previously
described, with slight modifications [36]. Cells were lysed
using ice-cold RIPA buffer containing 1% phenylmethylsul-
fonyl fluoride and 1% phosphatase inhibitor. Human tissue
samples were added to RIPA lysis buffer at a ratio of 10mg
per 100μL. A tissue grinder was used to break the tissue.
Protein concentrations were measured using BCA assays
according to the manufacturer’s instructions. Equal amounts
of protein (20μg) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis on 10% or 12% gels and
transferred to polyvinylidene difluoride membranes. After
blocking in TBST containing 5% fat-free milk, the mem-
branes were incubated overnight at 4°C with primary anti-
bodies. All primary antibodies were used at a dilution of
1 : 1000, except for anti-cleaved-caspase 3, which was used
at a dilution of 1 : 500. The secondary antibody (diluted
1 : 5000) was incubated with membranes for 1 h at room
temperature. Finally, the protein signals were visualized
using Immobilon Western Chemiluminescent HRP Sub-
strate (cat. no. WBKLS0500; Merck Millipore, Germany).

2.5. Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR). RT-qPCR was performed as previously
described [13]. We extracted total RNA using TRIzol
reagent (TaKaRa Bio, China). One microgram RNA was
used to synthesize cDNA using a PrimeScriptRT reagent
Kit with gDNA Eraser (TaKaRa Bio). The sequences of the
specific primers are shown in Table 1. PCR amplification
was performed using a Roche LightCycler 480II (Roche,
Basel, Switzerland). We analyzed the relative levels of gene
expression using the 2−△△CT method, with β-actin as an
endogenous control.

2.6. Cell Viability Assay. Cell viability was evaluated using
Cell Counting Kit-8 (CCK-8) assays (cat. no. HY-K0301;
MCE, USA). Briefly, 5000 cells were seeded into each well
of a 96-well plate and cultured in α-MEM containing 10%
FBS. After treatment with DEX and other reagents for
72 h, the cells were washed thrice with phosphate-buffered

saline (PBS). Then, 10μL CCK-8 solution in 100μL α-
MEM was added to each well. After incubation for 2 h at
37°C in the dark, the absorbance was measured using a
microplate reader at a wavelength of 450nm.

2.7. Lactate Dehydrogenase (LDH) Release Assay. LDH
release assays were performed as previously described [36].
Briefly, LDH was released from necrotic or apoptotic cells
into the culture medium. BMSCs were seeded into 24-well
plates and cultured in serum-free α-MEM with DEX and
treated for 48h. LDH activity was measured using a com-
mercially available assay kit (Roche). The optical density
was measured using a spectrophotometer at a wavelength
of 490nm.

2.8. EdU Incorporation Assay. Cell proliferation was evalu-
ated by monitoring DNA synthesis using EdU incorporation
assays. Briefly, 5000 cells/well were seeded into 96-well
plates and incubated in α-MEM containing 10% FBS with
specific treatments for 24 h. Next, EdU was diluted to
10μM and added to each well for 2 h. The EdU working
solution provided in the kit (cat. no. C6015; Suzhou Yuheng
Biotechnology, China) was mixed according to the manufac-
turer’s instructions. Subsequently, the cells were fixed with
4% PFA for 20min, permeabilized with 0.5% Triton X-100
in PBS for 5min, blocked with 3% bovine serum albumin
(BSA) for 1 h, and mixed with 100μL reagent according to
the manufacturer’s protocol.

2.9. Intracellular ROS Measurement. The level of intracellu-
lar ROS was evaluated using a reactive oxygen species assay
kit (cat. no. S0033; Beyotime Biotechnology, Shanghai,
China). Cells were seeded in six-well plates at a density of
30% and then transfected with siRNA for 24h. DCFH-DA
was then diluted in serum-free culture medium at a ratio
of 1 : 1000 to a final concentration of 10μM. The cell culture
medium was removed, and 1mL diluted DCFH-DA was
added to each well. After 30min, DEX and D7 treatments
were applied, and cells were again transfected with siRNA.
Fluorescence intensity was observed by fluorescence micros-
copy after 30min.

2.10. In Vitro Chondrogenic Induction of BMSCs. Chondro-
genic differentiation of BMSCs was performed following a
previously described method, with slight modifications
[37]. BMSCs were plated into 12-well plates at a density of
2 × 105 cells/well and incubated with α-MEM containing
10% FBS at 37°C and 5% CO2 for 24 h. After reaching 80%
confluence, the cells were cultured in α-MEM containing
10% FBS, 1% penicillin-streptomycin, 1% ITS (Sigma-
Aldrich), 100 nM DEX (MCE), 10 ng TGF-β1 (PeproTech),
and 10mg/mL ascorbic acid. Chondrogenic differentiation
of BMSCs was induced for 21 days, during which time the
medium was replaced every other day. The cells were then
stained with Alcian blue.

2.11. Alcian Blue Staining. After incubation in chondrogenic
inductive medium for 21 days, the cells were fixed in 4%
PFA for 15min. Thereafter, the cells were exposed to Alcian
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Table 1: Primer sequences for quantitative real-time PCR.

Gene Forward primer Reverse primer

ACTB GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG

SOD1 GGCAAAGGTGGAAATGAAGAAA CAGTTTAGCAGGACAGCAGATGAG

SOD2 CATACTTGGTGTGAGCTGCTCTTGA TTTGATGGCCTTATGATGACAGTGA

GPX1 AGGAGAATGGCAAGAATGAAGAGA GGAAGGTAAAGAGCGGGTGAG

GR TGCCCTGGGTTGGAGATCATA TGGTCATACATGCAGGGTAGAGACA

CAT GAACATTGCCAACCACCTGAAAG GTAGTCAGGGTGGACGTCAGTGAA

ACTB: β-Actin; SOD1: superoxide dismutase 1; SOD2: superoxide dismutase 2; GPX1: glutathione peroxidase; GR: glutathione reductase; CAT: catalase.

Control

GDF15

GAPDH 36 kDa

40 kDa

ONFH

(a)

1.5

1.0

0.5

G
D

F1
5 

pr
ot

ei
n 

ex
pr

es
sio

n
0.0

Control ONFH

⁎⁎⁎

(b)

5

3

2

1

0

4

Se
ru

m
G

D
F1

5 
m

RN
A

 ex
pr

es
sio

n
Non-SO

NFH
SO

NFH

⁎⁎

(c)

50 𝜇m200 𝜇m

Control
10⨯

DAPI

CD29

GDF15

Merge

40⨯ 10⨯ 40⨯
ONFH

(d)

Re
lat

iv
e G

D
F1

5 
de

ns
ity

Control ONFH

60

40

20

0

⁎⁎

(e)

Figure 1: GDF15 expression is suppressed in ONFH samples. (a) Western blotting analysis of GDF15 expression in the ONFH and control
groups (n = 3). (b) Quantitative analysis of the data from (a). ∗∗∗p < 0:01 versus the control group. (c) GDF15 expression in the GSE123568
dataset. (d) GDF15 expression in BMSCs from SONFH and healthy (control) femoral head tissues, as analyzed by immunofluorescence
staining using anti-CD29 and GDF15 antibodies. (e) Quantitative analysis of the data from (d). ∗∗p < 0:01 versus the control group.
Quantitative data are presented as means ± SD. ∗∗p < 0:01 versus the non-SONFH group.
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acidizing fluid (Solarbio, Beijing, China) for 3min and
Alcian staining solution for 30min.

2.12. Immunofluorescence Staining. IF staining of cells was
performed as previously described [38], and BMSCs were
seeded on cover slips at an appropriate density (30–40%
confluence). Twenty-four hours later, the cells were incu-

bated with different treatments for 24 h. Cells were fixed
with 4% PFA for 30min and permeabilized with 0.5% Triton
X-100 in PBS for 10min. The cells were then blocked with
1% BSA for 1 h at room temperature. After incubation with
primary antibody (anti-GDF15 diluted at 1 : 100) overnight
at 4°C, the cells were incubated with the specific secondary
antibody for 1 h and 4′,6-diamidino-2-phenylindole (DAPI;
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Figure 2: DEX inhibits BMSCs proliferation and induces BMSCs apoptosis via suppression of GDF15 expression and downregulation of
AKT/mTOR signaling. (a) BMSCs viability following DEX stimulation, as evaluated by CCK-8 assays (n = 3). ∗p < 0:05, ∗∗p < 0:01 versus
the control. Cells were incubated with complete medium for 2 days. (b) BMSCs apoptosis induced by DEX stimulation was measured by
LDH release assays (n = 3). ∗∗∗p < 0:001 versus the control. Cells were treated with DEX in serum-free medium for 48 h. (c) Western
blotting (WB) analysis of the effects of DEX (0–50μM) on the expression of apoptosis-related proteins (cleaved-PARP and cleaved-
caspase 3) in BMSCs. Cells were treated with DEX in serum-free medium for 48 h before protein extraction. (d) Quantitative analysis of
the data from (c) (n = 3). ∗p < 0:05, ∗∗∗p < 0:001 versus the control. (e) WB analysis of the effects of DEX (0–50μM) on GDF15
expression and AKT/mTOR phosphorylation in BMSCs. Cells were treated with DEX in complete medium for 48 h before protein
extraction. (f) Quantitative analysis of the data from (e) (n = 3). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001 versus the control. Quantitative data
are presented as means ± SD.
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cat. no. C0065; Solarbio) for 5min, sealed, and visualized
using a Nikon fluorescence microscope (Axio Observer 3;
Carl Zeiss AG, Germany).

After tissue isolation, human tissues were fixed in PFA
for 48 h. Subsequently, tissues were decalcified in 10% ethyl-
enediaminetetraacetic acid (EDTA)/PBS for 1 month. Decal-
cification was considered complete when a needle could
easily penetrate the bone tissue. After embedding in paraffin,
tissues were cut into 7μM-thick tissue sections for IF stain-
ing. After deparaffinization, the sample slices were used for
IF staining. Briefly, the slices were placed in antigen repair
solution, using a microwave oven at 100W for 3min to boil,
followed by 50W for 7min. Heating was then stopped, and
the samples were allowed to cool normally for 20–30min.
The slices were then permeabilized with 0.5% Triton-100X
for 5min and blocked with horse serum for 1 h at room tem-
perature. After incubation with primary antibody (anti-
CD29 diluted at 1 : 200; anti-GDF15 diluted at 1 : 100) over-
night at 4°C, the slices were incubated with the specific sec-
ondary antibody for 1 h and DAPI (cat. no. C0065;
Solarbio) for 5min. Finally, the slices were incubated with
Autofluo Quencher (cat. no. C1212; APPLYGEN, Beijing,

China) for 10min and covered with mounting medium,
antifading (cat. no. S2100; Solarbio). The slices were sealed
and visualized using a fluorescence microscope (Axio
Observer 3; Carl Zeiss AG). All procedures involving human
tissues were performed following protocols approved by the
Shandong Provincial Hospital (Shandong, China; NSFC: No.
2019-187).

2.13. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Assay. Apoptotic cells were identified
using a TUNEL staining kit (cat. no. KGA7072; KeyGEN
BioTECH, China), as previously described [39]. Cells were
seeded onto 24-well cover glasses and cultured in serum-
free α-MEM with specific reagents for 48 h. The cells were
then subjected to TUNEL staining according to the manu-
facturer’s instructions, sealed, and visualized under a fluo-
rescence microscope. Green staining indicated TUNEL-
positive cells, and the percentage of positive cells was calcu-
lated in three random fields.

2.14. Flow Cytometry. The level of intracellular ROS was
evaluated using a reactive oxygen species assay kit (cat. no.
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Figure 3: D7 alleviates DEX-induced BMSCs damage in a concentration-dependent manner. (a) The viability of BMSCs following DEX and
D7 stimulation was examined by CCK-8 assays (n = 3). ∗∗p < 0:01 versus the control; #p < 0:05, ##p < 0:01 versus DEX (10 μM). Cells were
incubated with complete medium for 2 days. (b) BMSCs apoptosis following DEX and D7 stimulation was examined by LDH release assays
(n = 3). ∗∗∗p < 0:001 versus the control; ##p < 0:01, ###p < 0:001 versus DEX (10 μM). Cells were treated with DEX and D7 in serum-free
medium for 48 h before protein extraction. (c) WB analysis of the effects of D7 on cleaved-PARP and cleaved-caspase 3 levels in BMSCs
(n = 3). ∗∗∗p < 0:001 versus the control; ###p < 0:001 versus DEX (10μM). Cells were treated with DEX and D7 in serum-free medium
for 48 h before protein extraction. (d) Quantitative analysis of the data from (c) (n = 3). ∗p < 0:05 versus the control group; #p < 0:05,
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blotting (WB) analysis of the efficiency of siRNA-GDF15 transfection. Cells were transfected with siRNA and incubated with complete
medium for 48 h. (b) Quantitative analysis of data from (a) (n = 3). ∗∗p < 0:01 versus the normal and negative control groups. (c)
Immunofluorescence analysis of GDF15 expression in BMSCs under different experimental conditions. Cells were transfected with
siRNA and treated with different reagents for 24 h. (d) Quantitative analysis of data from (c) (n = 3). ∗∗p < 0:01 versus the NC group;
###p < 0:001 versus the DEX group; ††p < 0:01 versus the DEX+D7 group. (e) WB analysis of GDF15 expression and AKT/mTOR
phosphorylation in BMSCs under different experimental conditions. (f) Quantitative analysis of data from (e) (n = 3). ∗p < 0:05, ∗∗∗p <
0:001 versus the control group; #p < 0:05, ##p < 0:01 versus the DEX group; †p < 0:05, ††p < 0:01 versus the DEX+D7 group. Quantitative
data are presented as means ± SD.

7Oxidative Medicine and Cellular Longevity



100 𝜇m

DEX DEX+D7NC DEX+D7+siRNA

(a)

100

0
100 101 102

FL1-H :: FITC
103 104

200

C
ou

nt

300

DEX
NC DEX+D7

DEX+D7+siRNA

(b)

###
††

50

40

30

20

0

10

DEX

DEX+D7
NC

DEX+D7+
siR

NA

Re
lat

iv
e R

O
S 

de
ns

ity
(im

m
un

ofl
uo

re
sc

en
ce

)

⁎⁎⁎

(c)

#
†2.5

2.0

1.5

1.0

0.5

0.0

DEX

DEX+D7
NC

DEX+D7+
siR

NA

Re
lat

iv
e R

O
S 

de
ns

ity
(fl

ow
 cy

to
m

et
ry

)

⁎⁎⁎

(d)

DEX

DEX+D7
NC

DEX+D7+
siR

NA

1.5

1.0

0.5

0.0Re
lat

iv
e m

RN
A

 ab
un

da
nt

SOD1

###
†††⁎⁎⁎

(e)

DEX

DEX+D7
NC

DEX+D7+
siR

NA

1.5

1.0

0.5

0.0Re
lat

iv
e m

RN
A

 ab
un

da
nt

SOD2

###
†††⁎⁎⁎

(f)

DEX

DEX+D7
NC

DEX+D7+
siR

NA

1.5

1.0

0.5

0.0Re
lat

iv
e m

RN
A

 ab
un

da
nt

CAT

###
†††⁎⁎⁎

(g)

Figure 5: Continued.
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S0033; Beyotime Biotechnology, Shanghai, China). Cells
were seeded in 6-well plates to reach 30% confluency and
then transfected with siRNA for 24 h. DEX (10μM) and
D7 (10μM) treatments were added into indicated culture
medium. After 30min, cells were digested with trypsin for
5min. After stopping digestion with culture medium con-
taining 10% FBS, cells were collected into 15mL centrifuge
tube, and centrifuged at 1500 rpm for 5min. The cells were
then resuspended with cold PBS and centrifuged again
(1500 rpm for 5min). Next, 1mL diluted DCFH-DA solu-
tion (10μM) was added to each tube. Cells were cultured
at 37°C in a 5% CO2 atmosphere for 30min and shook every
5min. Cells were then washed with PBS and centrifuged
thrice. Thereafter, cells were resuspended in 400μL PBS
and transferred to the flow cytometry test tube. The flow
cytometry was used at the excitation wavelength of 488nm
and the emission wavelength of 525nm to detect the fluores-
cence value.

2.15. Data Source. The dataset of GSE123568 included 40
samples, 10 of which were normal patient serum samples
and 30 were SONFH serum samples. The data were depos-
ited by Zhang et al. and downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE123568) [40]. The datasets were obtained based on the
GPL15207 platform, and the probe identification number
was 11716663_a_at ([PrimeView] Affymetrix Human Gene
Expression Array).

2.16. Statistical Analysis. All data are presented as means ±
standard deviations (SDs; n > 3). T-tests were used for com-
parisons between two groups, and one-way analysis of vari-
ance was used for comparisons between more than two sets
of data. Statistical significance was set at p < 0:05. All statis-
tical analyses were performed with GraphPad Prism 8.0 soft-
ware (GraphPad Software).

3. Results

3.1. GDF15 Expression is Suppressed in ONFH Samples. To
explore GDF15 expression levels during ONFH, we evalu-
ated GDF15 expression in patients without ONFH (con-
trols) and patients with ONFH. Using WB, we found that
GDF15 protein levels were significantly downregulated in
ONFH samples (Figure 1(a)). This result was further verified
by data mining from the GEO dataset deposited by Zhang
et al. (GSE123568; Figure 1(c)). The dataset included 40
serum samples, of which 10 were obtained from controls
and 30 were obtained from patients with SONFH. As shown
in Figure 1(c), GDF15 expression was markedly downregu-
lated in the SONFH group. Additionally, we found that
GDF15 expression in the BMSCs population was dramati-
cally decreased under ONFH conditions (Figure 1(d)).
Taken together, these results indicated that there was a neg-
ative correlation between GDF15 expression and ONFH and
that BMSCs were one of the main cell populations affected in
the bone microenvironment.

3.2. DEX Inhibits BMSCs Proliferation and Induces BMSCs
Apoptosis via Suppression of GDF15 Expression and
Downregulation of AKT/mTOR Signaling. To elucidate the
functional roles of GDF15 and its downstream signaling in
BMSCs during SONFH, DEX was used for a series of func-
tional assays in vitro. Using CCK-8 assays, we found that
BMSCs proliferation was inhibited by DEX stimulation
when the concentration exceeded 10μM (Figure 2(a)). By
contrast, BMSCs apoptosis was significantly enhanced by
DEX stimulation, as measured by evaluation of LDH activity
and cleaved-PARP and cleaved-caspase 3 levels
(Figures 2(b)–2(d)). We further investigated whether
GDF15 was involved in these DEX-dependent changes and
evaluated the signaling pathways involved in this mecha-
nism. As expected, WB results demonstrated relationships
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Figure 5: D7 reduces DEX-induced oxidative stress via regulation of GDF15 expression. (a) DCFH-DA assays were used to evaluate
intracellular ROS levels in BMSCs under different experimental conditions. Cells were loaded with DCFH-DA for 30min and treated
with different reagents for 30min. (b) The density of DCFH-DA was detected by flow cytometry. Cells were loaded with DCFH-DA for
30min and treated with different reagents for 30min. (c) Quantitative analysis of data from (a) (n = 3). ∗∗∗p < 0:001 versus the NC
group; ###p < 0:001 versus the DEX group; †††p < 0:001 versus the DEX+D7 group. (d) Quantitative analysis of data from (b) (n = 3). ∗∗∗
p < 0:001 versus the NC group; #p < 0:05 versus the DEX group; †p < 0:05 versus the DEX+D7 group. (e–i) mRNA levels of SOD1,
SOD2, CAT, GR, and GPX under different experimental conditions, normalized to ACTB expression (n = 3). Cells were treated with
different reagents for 24 h. Quantitative data are presented as means ± SD.
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between GDF15 suppression and DEX stimulation
(Figures 2(e) and 2(f)), wherein AKT/mTOR signaling was
believed to be a downstream pathway. These results sug-
gested a pivotal role of GDF15/AKT/mTOR signaling in
DEX-induced damage to BMSCs self-renewal.

3.3. D7 Alleviates DEX-Induced BMSCs Damage in a
Concentration-Dependent Manner. Our previous study dem-
onstrated that the specific affinity cyclic peptide D7 could
enhance the adhesion, expansion, and proliferation of
BMSCs on β-tricalcium phosphate scaffolds [31]; therefore,
we tested the potential therapeutic effects of D7 on DEX-
induced BMSCs damage. To our surprise, D7 exhibited a
powerful rescue effect against DEX-induced BMSCs damage,
as demonstrated by concentration-dependent amelioration
of BMSCs proliferation in CCK-8 assays (Figure 3(a)) and
reduced expression of apoptosis markers, including LDH
activity, cleaved-PARP levels, and cleaved-caspase 3 levels
(Figures 3(b)–3(d)).

3.4. D7 Restores DEX-Dependent Inhibition of AKT/mTOR
Signaling via Upregulation of GDF15 Expression in BMSCs.
Considering the pivotal role of GDF15/AKT/mTOR signal-
ing in DEX-induced BMSCs damage, we next investigated
whether this signaling pathway was also involved in the ther-
apeutic effects of D7. siRNA-GDF15 was introduced for fur-
ther studies, and the efficiency of the siRNA effect was
evaluated by WB (Figures 4(a) and 4(b)). Consistent with
our previous results, IF staining demonstrated that GDF15
expression was suppressed in the presence of DEX stimula-
tion, whereas D7 restored GDF15 activation (Figures 4(c)
and 4(d)). In addition, transfection with GDF15-siRNA
strongly blocked D7-dependent restoration of GDF15
expression, indicating a regulatory role for GDF15 in medi-
ating the therapeutic effects of D7 against DEX-induced

BMSCs damage (Figures 4(c) and 4(d)). This mechanism
was further supported by the WB results, wherein the
DEX-dependent inhibition of AKT/mTOR activity was
restored by D7 via GDF15 upregulation and then partially
blocked after GDF15-siRNA transfection (Figures 4(e) and
4(f)). These findings indicated the downstream roles of the
AKT/mTOR signaling pathway in the therapeutic effects of
D7 against DEX-induced BMSCs damage.

3.5. D7 Reduces DEX-Induced Oxidative Stress via Regulation
of GDF15 Expression. GDF15 serves as a marker of oxidative
stress and inflammation in many diseases and pathophysiol-
ogical assessments [19–21]. Therefore, we next tested
whether GDF15 had similar effects on the therapeutic action
of D7 against DEX-induced BMSCs damage and whether
ROS functioned upstream of GDF15 during this process
because DEX enhances ROS levels and induces cell death
in chondrocytes [41, 42]. Using the DCFH-DA probe, we
found that intracellular ROS levels increased dramatically
in DEX-stimulated BMSCs and decreased rapidly after D7
addition (Figures 5(a) and 5(c)). These results were further
verified by DCFH-DA flow cytometry analysis
(Figures 5(b) and 5(d)). However, when GDF15 expression
was inhibited by siRNA, D7 partially reduced DEX-
induced ROS production in BMSCs (Figures 5(a) and
5(c)). Then, we used N-acetyl-l-cysteine (NAC) to suppress
DEX-induced oxidative stress to verify that ROS functioned
upstream of GDF15/AKT/mTOR signaling. As expected, the
activation of GDF15/AKT/mTOR signaling suppressed by
DEX was restored by NAC treatment (Supplement
Figure 1a and 1b).

We then evaluated the responses of antioxidant proteins
to determine whether the defense system of oxidative stress
contributed to the GDF15-mediated therapeutic effects of
D7. qPCR showed that DEX reduced the expression of all
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Figure 6: D7 restores BMSCs viability and reduces BMSCs apoptosis via GDF15 expression. (a) EdU assays were performed to evaluate the
proportion of proliferating BMSCs under different experimental conditions. Cells were treated with different reagents for 24 h and were then
incubated with EdU solution for 2 h. (b) Quantitative analysis of data from (a) (n = 3). ∗p < 0:05 versus the NC group; #p < 0:05 versus the
DEX group; ††p < 0:01 versus the DEX+D7 group. (c) Viability of BMSCs under different conditions was examined by CCK-8 assays (n = 3
). ∗∗∗p < 0:001 versus the NC group; ###p < 0:001 versus the DEX group; †††p < 0:001 versus the DEX+D7 group. (d) TUNEL assays were
performed to measure the proportion of apoptotic BMSCs under different conditions. Cells were incubated in serum-free medium for 48 h
before detection. (e) Quantitative analysis of data from (d) (n = 3). ∗∗∗p < 0:001 versus the NC group; ###p < 0:001 versus the DEX group;
†††p < 0:001 versus the DEX+D7 group. (f) Apoptosis of BMSCs under different condition was measured by LDH assays (n = 3). Cells
were incubated in serum-free medium for 48 h before detection. ∗∗∗p < 0:001 versus the NC group; ###p < 0:001 versus the DEX group;
†††p < 0:001 versus the DEX+D7 group. (g) Western blotting analysis of the expression of some apoptosis-related proteins in BMSCs
under different experimental conditions. Cells were incubated in serum-free medium for 48 h before lysis. (h) Quantitative analysis of
data from (g) (n = 3). ∗p < 0:05, ∗∗p < 0:01 versus the NC group; #p < 0:05, ##p < 0:01, ###p < 0:001 versus the DEX group; †p < 0:05,
††p < 0:01, †††p < 0:001 versus the DEX+D7 group. Quantitative data are presented as means ± SD.
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five antioxidant genes. However, D7 only restored the
expression of superoxide dismutase (SOD) 1, SOD2, and cat-
alase (CAT) via a mechanism involving GDF15
(Figures 5(e)–5(g)). Glutathione reductase (GR) and gluta-
thione peroxidase (GPX) were either not responsive to D7
treatment or were not regulated by GDF15 (Figures 5(h)
and 5(i)). Taken together, these results suggested that D7
reduced DEX-induced ROS activity and restored the redox
balance via regulation of GDF15 expression.

3.6. D7 Restores BMSCs Viability and Reduces BMSCs
Apoptosis via GDF15 Expression. We next determined
whether GDF15-mediated signaling affected the therapeutic
action of D7 against DEX-induced BMSCs damage. As
expected, the proliferation of BMSCs damaged by DEX
treatment was restored after D7 addition in the presence of
GDF15, as demonstrated by EdU and CCK-8 assays
(Figures 6(a)–6(c)) Moreover, apoptosis indices, as evaluated
by TUNEL assays and LDH release tests, were all reduced
(Figures 6(d)–6(f)). These results were further validated at

the protein level; the expression levels of apoptosis-related
proteins, including cleaved-PARP and cleaved-caspase 3,
were decreased, whereas those of antiapoptotic proteins,
including BCL-2 and BCL-XL, were increased (Figures 6(g)
and 6(h)), supporting the involvement of GDF15-mediated
signaling in the therapeutic effects of D7.

3.7. D7 Promotes Chondrogenesis following DEX Stimulation
via GDF15 Expression. Because of the therapeutic effects of
D7 on DEX-induced BMSCs damage, we next evaluated
whether the chondrogenic differentiation of BMSCs under
DEX conditions could benefit from D7 addition. As
expected, D7 promoted the chondrogenic differentiation of
DEX-treated BMSCs, and the effect of D7 was partially
blocked by GDF15-siRNA transfection (Figure 7(a)). These
results were further verified by WB analysis of protein
expression. Notably, D7 increased the expression levels of
Aggrecan (ACAN), COL2, and SOX9 and reduced the
expression of MMP13. However, GDF15-siRNA transfec-
tion significantly blocked the D7-enhanced expression of
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Figure 7: D7 promotes chondrogenesis following DEX stimulation via GDF15 expression. (a) Representative images of Alcian blue staining.
Chondrogenic differentiation was induced in BMSCs for 21 days. (b) WB analysis of the expression of some chondrogenesis-related
proteins, including Aggrecan, SOX9, COL2, and MMP13. Chondrogenesis was induced for 14 days. (c) Quantitative analysis of data
from (b) (n = 3). ∗p < 0:05, ∗∗p < 0:01 versus the NC group; #p < 0:05, ##p < 0:03, ###p < 0:001 versus DEX (10 μM); †p < 0:05, ††p < 0:01
versus the DEX+D7 group. Quantitative data are presented as means ± SD.
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chondrogenesis-related proteins, indicating a regulatory role
of GDF15 during D7-induced chondrogenic differentiation
in the presence of DEX (Figures 7(b) and 7(c)).

4. Discussion

In our previous study, we had demonstrated that the cyclic
polypeptide D7 has a specific affinity to BMSCs [35]. To
the best of our knowledge, our study is the first to demon-
strate that D7 protected BMSCs against DEX-induced
SONFH in vitro. In the current study, we found that D7 pro-
moted the viability of BMSCs in the presence of DEX and
reduced DEX-induced cell apoptosis. Activation of the
GDF15/AKT/mTOR signaling pathway contributed to the
protective roles of D7 in the DEX-induced SONFH model.
Furthermore, activation of GDF15/AKT/mTOR signaling
contributed to the suppressive effects of D7 on oxidative
stress, mediated by restoration of SOD1, SOD2, and CAT
expression. Additionally, D7 promoted BMSCs chondrogen-
esis through GDF15/AKT/mTOR signaling during SONFH
(Figure 8). These results established the potential therapeutic
effects of D7 in SONFH for the first time.

GCs are a common cause of ONFH as well as many
other bone diseases [43, 44]. By inducing the accumulation
of ROS, DEX promotes osteoblast apoptosis, inhibits the
osteoblastic differentiation of BMSCs, and activates osteo-
clasts [16–18]. In this study, we also found that DEX could

cause severe damage to BMSCs, including inhibition of cell
proliferation and acceleration of cell apoptosis, via the regu-
lation of BCL-2 family and caspase3 expression, and the sup-
pression on GDF15/AKT/mTOR signaling. The
chondrogenesis of BMSCs was therefore significantly inhib-
ited by DEX treatment. Moreover, we found that DEX acti-
vated intracellular ROS by inhibiting the expression of the
antioxidant proteins SOD1, SOD2, GR, GPX1, and CAT.

In our previous study, we screened a BMSCs-specific
affinity peptide, D7, using phage display technology [35].
Similar peptides, such as RGD, have been used in the treat-
ment of ONFH and have shown some therapeutic effects
[45, 46]. Compared with RGD, D7 has specific affinity for
BMSCs and the ability to recruit BMSCs more effectively.
In this study, we showed that D7 treatment could alleviate
the BMSCs injury caused by DEX. Furthermore, D7 was
found to restore the chondrogenic function of BMSCs. In
addition, D7 reestablished the balance of oxidative stress
by regulating the expression of SOD1, SOD2, and CAT
and exerted protective effects by activating GDF15/AKT/
mTOR signaling.

Deregulation of the expression and function of cytokines
belonging to the TGF-β family always contribute to the apo-
ptosis and oxidative. Apoptosis is one of the important
forms of cell death, and it plays an important role in the
pathogenesis and progression of femoral head necrosis
[47]. The BCL-2 family can regulate cell apoptosis. BAX,
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Figure 8: Schematic diagram showing the underlying mechanism through which D7 prevents SONFH. Glucocorticoids lead to the
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BCL-2, and BCL-XL are important regulators belonging to
the BCL-2 family that control apoptosis. BAX can inhibit
the activity of BCL-XL, while BCL-2 can inhibit BAX expres-
sion. Caspase family also plays an important role in the pro-
cess of apoptosis. BCL-2 can inhibit the conversion of
cytochrome C into caspase3, thereby inhibiting apoptosis.
In this study, we showed that GDF15 expression was sup-
pressed in femoral head tissue from patients with ONFH.
Consistent with this, we also found that GDF15 expression
was lower in the serum of patients with SONFH than in
healthy controls. Importantly, DEX decreased GDF15
expression and inhibited the AKT/mTOR signaling path-
way. D7 could upregulate the expression of BCL-2 and
BCL-XL by activating GDF15/AKT/mTOR signaling and
suppressed the expression of BAX, which further inhibited
the formation of caspase3 and further alleviated cell apopto-
sis. For oxidative stress, GC can mediate the accumulation of
oxygen free radicals by inhibiting the expression of antioxi-
dant proteins. In this study, we also found GC inhibited
the expression of SOD1, SOD2, GR, GPX1, and CAT to acti-
vate oxidative stress. According to other reports, GDF15/
AKT/mTOR signaling is closely related to oxidative stress,
wherein the activation of this signaling could suppress ROS
accumulation [19–21, 23, 29, 48, 49]. In our study, D7 treat-
ment was observed to inhibit the GC-induced oxidative
stress by restoring the expression levels of SOD1, SOD2,
CAT, and GPX. The silencing of GDF15 significantly
reverses the antioxidant effect of D7 by downregulating the
expression of SOD1, SOD2, and CAT. In general, GDF15/
AKT/mTOR signal inhibited GC-induced oxidative stress
by upregulating the expression of SOD1, SOD2, and CAT.
Furthermore, as a member of the TGF-β superfamily,
GDF15 is closely related to the differentiation of BMSCs
[25] and contributes to the pathological progression of
SONFH. In our study, D7 treatment could restore the chon-
drogenic differentiation function of BMSCs, whereas siRNA-
GDF15 transfection inhibited the D7-induced chondrogenic
differentiation of BMSCs.

Overall, our findings clarified the interactions among
D7, GDF15, oxidative stress, and SONFH. However, further
in vivo experiments are needed to clarify the therapeutic
effects of D7-containing scaffolds in animal models of
SONFH.

In conclusion, we demonstrated the protective effects of
D7 against DEX-induced SONFH in vitro and found that
these protective effects may be mediated by inhibition of
DEX-induced ROS and activation of GDF15/AKT/mTOR
signaling. Our research provides insights into the potential
applications of D7 in the treatment of SONFH.
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Hypoxia is a recognized inducer of oxidative stress during prolonged physical activity. Nevertheless, previous studies have not
systematically examined the effects of normoxia and hypoxia during acute physical exercise. The study is aimed at evaluating
the relationship between enzymatic and nonenzymatic antioxidant barrier, total antioxidant/oxidant status, oxidative and
nitrosative damage, inflammation, and lysosomal function in different acute exercise protocols under normoxia and hypoxia.
Fifteen competitive athletes were recruited for the study. They were subjected to two types of acute cycling exercise with
different intensities and durations: graded exercise until exhaustion (GE) and simulated 30 km individual time trial (TT). Both
exercise protocols were performed under normoxic and hypoxic (FiO2 = 16:5%) conditions. The number of subjects was
determined based on our previous experiment, assuming the test power = 0:8 and α = 0:05. We demonstrated enhanced
enzymatic antioxidant systems during hypoxic exercise (GE: ↑ catalase (CAT), ↑ superoxide dismutase; TT: ↑ CAT) with a
concomitant decrease in plasma reduced glutathione. In athletes exercising in hypoxia, redox status was shifted in favor of
oxidation reactions (GE: ↑ total oxidant status, ↓ redox ratio), leading to increased oxidation/nitration of proteins (GE: ↑
advanced oxidation protein products (AOPP), ↑ ischemia-modified albumin, ↑ 3-nitrotyrosine, ↑ S-nitrosothiols; TT: ↑ AOPP)
and lipids (GE: ↑ malondialdehyde). Concentrations of nitric oxide and its metabolites (peroxynitrite) were significantly higher
in the plasma of hypoxic exercisers with an associated increase in inflammatory mediators (GE: ↑ myeloperoxidase, ↑ tumor
necrosis factor-alpha) and lysosomal exoglycosidase activity (GE: ↑ N-acetyl-β-hexosaminidase, ↑ β-glucuronidase). Our study
indicates that even a single intensive exercise session disrupts the antioxidant barrier and leads to increased oxidative and
nitrosative damage at the systemic level. High-intensity exercise until exhaustion (GE) alters redox homeostasis more than the
less intense exercise (TT, near the anaerobic threshold) of longer duration (20:2 ± 1:9min vs. 61:1 ± 5:4min—normoxia;
18:0 ± 1:9min vs. 63:7 ± 3:0min—hypoxia), while hypoxia significantly exacerbates oxidative stress, inflammation, and
lysosomal dysfunction in athletic subjects.
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1. Introduction

An inevitable consequence of functioning under aerobic
conditions is the production of reactive oxygen (ROS) and
nitrogen species (RNS). ROS and RNS are typical by-
products of oxygen metabolism and important messengers
in cellular signal processing. Under physiological conditions,
ROS and RNS are involved in energy metabolism, erythro-
poiesis, muscle contraction, and other biochemical processes
[1–3]. The signaling activity of free radicals is based on the
modulation of several transcription factors, e.g., NF-κB
(nuclear factor kappa-light-chain-enhancer of activated B
cells) and HIF-1 (hypoxia-inducible factor-1), which results
in S-nitrosylation of proteins and induction of second-
order transmitter formation, as well as changes in cellular
redox status [4–6]. However, ROS and RNS overproduction
and/or insufficient antioxidant defense can cause redox
imbalance, leading to cellular damage by oxidation and
nitration. Such a state is defined as oxidative and nitrosative
stress, which plays an essential role in many contemporary
diseases, including metabolic [7, 8], neurodegenerative [9,
10], autoimmune [11, 12], and neoplastic disorders [13,
14]. Interestingly, factors inducing oxidative and nitrosative
stress involve physical exercise [2, 15–17]. It was shown that
overproduction of ROS/RNS occurs both during and after
training [2, 15, 16]. A direct source of free radicals is the
activity of mitochondrial enzymes and membrane oxidases
(e.g., NADPH oxidase (NOX)), disturbances of ion homeo-
stasis (especially iron and calcium ions), or changes in lyso-
somal function. The rate of ROS formation depends on the
intensity and duration of exercise, the degree of training of
the subjects, their age, sex, and diet [2, 15, 16, 18, 19]. It
was shown that regular long-term aerobic exercise, especially
at high intensity, is responsible for a significant increase in
oxidative stress through intensified oxygen consumption
[19–21]. Lipid peroxidation of muscle cells results in
decreased fluidity and higher permeability of cellular mem-
branes and enhanced oxidation of proteins and their tissue
aggregation, as well as ROS-mediated DNA injury, causing
an inflammatory response, delayed muscle soreness, and
the release of intramuscular enzymes into the blood [15,
22, 23]. Nevertheless, little is known on redox homeostasis,
nitrosative stress, and inflammatory response after acute
physical intervention.

Nowadays, altitude/hypoxic training is becoming
increasingly popular in sports [24–27]. Exposure to hypoxia
leads to stimulation of HIF-1, which, apart from regulation
of erythropoiesis and angiogenesis, is also a regulator of
activity of glycolytic enzymes, mainly phosphofructokinase
(PFK-1) [28, 29]. Therefore, improvements in aerobic and
anaerobic capacity may occur. However, hypoxia and subse-
quent reoxygenation are also responsible for ROS/RNS
overproduction, during prolonged exposure to altitude, as
well as during intermittent hypoxic training [29–31]. This
is caused by disruption of the mitochondrial respiratory
chain, disturbances in arachidonic acid metabolism, or
migration/activation of immune cells during regular physical
activity [24, 25, 30, 31]. Nevertheless, there is a lack of
studies evaluating the relationship between antioxidant

systems, oxidative and nitrosative cell damage, inflamma-
tion, and lysosomal function under normoxic and hypoxic
conditions. We speculate that even acute physical exercise
can induce oxidative stress and inflammation, and hypoxia
can exacerbate these disorders. As interest in high-altitude
sports grows, it is essential to understand the differences in
redox homeostasis between various protocols of acute phys-
ical intervention. Previous studies have examined only a few
aspects of redox homeostasis [30, 32, 33] and ultimately have
not systematically studied the effects of normoxia and hyp-
oxia during acute exercise. Therefore, the present study is
aimed at evaluating the relationship between (1) enzymatic
and nonenzymatic antioxidant barrier, (2) total antioxidant/
oxidant status, (3) oxidative and (4) nitrosative cell damage,
(5) biomarkers of inflammation, and (6) lysosomal function
in different protocols (different intensity and duration)
performed under normoxic and hypoxic conditions.

2. Materials and Methods

2.1. Participants. The investigation conformed with the
principles outlined in the Declaration of Helsinki and was
approved by the Bioethics Committee of the Medical Uni-
versity of Bialystok (approval no. R-I-002/325/2019). All
subjects gave their informed consent before their inclusion
in the study.

Fifteen well-trained male competitive athletes (12
cyclists and 3 triathlonists) aged 25:4 ± 8:4 years, with BMI
of 21:6 ± 1:8 kg/m2, body fat content of 9:2 ± 2:1%, and
VO2max of 61:4 ± 3:1mL/kg/min were recruited for the
study. Their average training experience was 6:3 ± 2:0 years.
Only candidates with a valid medical certificate confirming
the absence of contraindications to the practice of competi-
tive sport activity were accepted.

2.2. Experimental Design. The subjects were tested on two
occasions, separated by 14 days, in normoxic and hypoxic
(FiO2 = 16:5%, equivalent to 2,000m asl) conditions applied
in random order. The tests were performed in a laboratory
room equipped with a normobaric hypoxia system (AirZone
25, Air Sport, Poland) allowing to freely manipulate the
oxygen concentration in the room air. Temperature (19°C),
humidity (50%), and CO2 concentration (700–800 ppm)
were controlled and held constant. The study participants
were blinded to exercise conditions. The athletes were
instructed to maintain their regular diet and supplementa-
tion throughout the experiment and avoid caffeine intake
for 24 h preceding each test. All participants arrived at the
camp one day before the start of each test series and con-
sumed the same meals throughout their stay (40 kcal/kg/d,
50% carbohydrates, 20% proteins, and 30% fats).

On the first day of each stay, two hours after a light
breakfast, the subjects performed graded cycling exercise
beginning with a workload of 120W, which was subse-
quently increased by 40W every 3 minutes until volitional
exhaustion. The total duration of exposure to hypoxia dur-
ing this test was ~35min. On the second day, following
24 h of rest and two hours after a light breakfast, the athletes
performed a simulated 30 km individual time trial (TT) in a
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mountainous terrain. The TT was preceded by a 15min
warm-up, carried out according to the individual prefer-
ences of the athletes, under the same oxygen concentration
as during the main exercise. The total duration of exposure
to hypoxia during this test was ~90min. Both tests were
performed on subjects’ personal bicycles connected to an
electromagnetic bicycle trainer (Cyclus 2, RBM Elektronik-
Automation GmbH, Leipzig, Germany). During each test
series, the athletes were allowed to consume water ad libi-
tum. The oxygen saturation of arterial blood (SpO2) and
heart rate (HR) was measured using the WristOx2 pulse
oximeter (Nonin Medical Inc., Plymouth, USA).

2.3. Blood Collection. Blood samples were taken from the
antecubital vein into 4mL EDTA tubes at three-time points:
before the exercise, immediately after its completion, and
following 30min of rest. They were kept on ice until centri-
fugation at 375× g for 10min at 4°C. Platelet-rich plasma
was transferred to a fresh plastic tube, and the leukocyte-
rich buffy coat was thoroughly removed. Separated erythro-
cytes were suspended in ice-cold PBS and centrifuged at
800× g for 10min, and the upper layer and the remaining
buffy coat were discarded. Red blood cells were then
resuspended in PBS and flash-frozen in liquid nitrogen.
Platelet-rich plasma was centrifuged at 2000× g for 10min
to sediment platelets. The supernatant was then transferred
to a fresh plastic tube and recentrifuged at 5000× g for 10
minutes to obtain platelet-free plasma. All samples were
stored at -80°C until analysis.

2.4. Biochemical Assays. All reagents were of analytical grade
and purchased (unless otherwise stated) from Sigma-Aldrich
(Nümbrecht, Germany, or Saint Louis, MO, USA). Redox
determinations were performed in duplicate assays: assess-
ment of antioxidant enzymes in erythrocyte samples and
assessment of nonenzymatic antioxidants, oxidative and
nitrosative stress products, inflammatory mediators, and
lysosomal enzymes in the plasma samples. The absorbance
and fluorescence were determined using an Infinite M200
PRO multimode microplate reader (Tecan Group Ltd.,
Männedorf, Switzerland). The results were then standard-
ized to 1mg of total protein content, as reported in several
other publications [34–40]. The total protein level was eval-
uated with the bicinchoninic acid (BCA) method, using a
commercial kit (Thermo Scientific PIERCE BCA Protein
Assay (Rockford, IL, USA)), with bovine serum albumin
(BSA) as a standard. Redox determinations were performed
no more than two months after the samples were frozen.

2.5. Enzymatic Antioxidant Barrier. Catalase (CAT, E.C.
1.11.1.6) activity was measured with the method developed
by Aebi [41], by evaluation of hydrogen peroxide decompo-
sition, measured spectrophotometrically at the wavelength
of 240nm. One unit of CAT was defined as the amount of
the enzyme which is needed to decompose one nmol of
hydrogen peroxide within 1 minute. The results are pre-
sented as nmol H2O2/min/mg protein.

The activity of glutathione peroxidase (GPx, E.C.
1.11.1.9) was determined using Paglia and Valentine’s

method [42] based on the conversion of NADPH (reduced
nicotinamide adenine dinucleotide) to NADP+ (nicotin-
amide adenine dinucleotide cation). The measurements were
performed spectrophotometrically at 340 nm. One unit of
GPx was represented as the amount of the enzyme necessary
to catalyze the oxidation of 1μmol of NADPH within 1
minute [43]. The results are presented as mU/mg protein.

Glutathione reductase (GR, E.C. 1.8.1.7) activity was eval-
uated spectrophotometrically with theMize and Langdon [44]
method at the wavelength of 340nm. It was assumed that one
unit of GR catalyzing oxidation of 1μmol of NADPHwithin 1
minute. The results are presented as mU/mg protein.

The activity of superoxide dismutase (SOD, E.C.
1.15.1.1) was determined with the spectrophotometric
method, according to Misra and Fredovich [45]. The absor-
bance changes accompanying adrenaline oxidation to adre-
nochrome were measured at the wavelength of 480nm.
One SOD unit corresponds to the amount of enzyme reduc-
ing adrenaline oxidation by 50%. The results are presented
as mU/mg protein.

2.6. Nonenzymatic Antioxidant Barrier. The uric acid (UA)
concentration was measured spectrophotometrically at the
wavelength of 490nm using the commercial kit (Quanti-
ChromTMUric Acid Assay Kit DIUA-250; BioAssay Sys-
tems, Hayward, CA, USA) according to the manufacturer’s
instructions. The results are presented as μmol/mg protein.

The concentration of reduced (GSH) and oxidized
(GSSG) glutathione was evaluated colorimetrically. The
determination was based on the enzymatic reaction between
NADPH, DTNB (5,5′-Dithiobis-(2-nitrobenzoic acid), and
GR. In order to determine GSSG concentration, the samples
were incubated with 2-vinylpiridine to inhibit glutathione oxi-
dation after neutralization with 1M chlorhydrol triethanola-
mine to pH6-7. The concentration of GSH was calculated as
a difference in the levels of total glutathione and GSSG. The
measurements were taken at the 412nm wavelength [46, 47].
The results are presented as μmol/mg protein.

Oxidation/reduction potential (redox ratio) was calcu-
lated based on the formula = ½GSH�2/½GSSG� [48].

2.7. Antioxidant Status. Total antioxidant capacity (TAC)
was determined by the Erel’s method [49]. 2,2-Azinobis (3-
ethylbenzene-thiazoline-6-sulfonate) (ABTS) was mixed
with potassium persulfate and incubated at room tempera-
ture for 12 hours to obtain ABTS+. In the next step, 1mL
of ABTS+ was added to 10μL of samples, and the absorbance
was read 735nm wavelength. Results of decolorization were
linear with increasing Trolox concentrations. The results are
presented as μmol/mg protein.

Total oxidant status (TOS) was evaluated colorimetri-
cally by Erel’s method [50], using the oxidation reaction of
Fe2+ to Fe3+ ions. Fe3+ ions were then detected using xylenol
orange. The results are presented as nmol H2O2 equivalent/
mg protein.

The oxidative stress index (OSI) was calculated using the
formula: OSI = ½TOS, μmolH2O2 equivalent/L½/½TAC, mmol
Trolox/L� × 10 [51, 52].
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2.8. Oxidative Stress. The concentration of thiobarbituric
acid reactive substances (TBARS) was measured colorimetri-
cally using thiobarbituric acid (TBA) method. 1,1,3,3-Tetra-
ethoxypropane was used as the standard, and determination
was performed at 535nm [53, 54]. The results are presented
as μmol/mg protein.

The spectrophotometric detection evaluated the concen-
tration of advanced oxidation protein products (AOPP).
Potassium iodide and acetic acid were added to the wells,
and the absorbance was read immediately at 340nm [55,
56]. The results are presented as μmol/mg protein.

Ischemia modified albumin (IMA) concentration was
determined colorimetrically at 470nm. The determination
was based on the measurement of the exogenous cobalt
(Co2+) binding facility of human plasma albumin [57, 58].
The results are presented as μmol/mg protein.

2.9. Nitrosative Stress. Nitrate/nitrite (NOx) concentration
was determined spectrofluorimetrically. Stable decomposi-
tion products of nitric oxide (NO) from the Griess reaction
were evaluated by measuring absorbance at 543nm wave-
length [59]. The results are presented as μmol/mg protein.

The peroxynitrite level was determined spectrophotome-
trically by measurement of the absorbance of nitrophenol at
the wavelength of 320nm. The nitrophenol production
resulted from the decomposition of peroxynitrite followed
by nitration of glycyltyrosine and 4-hydroxyphenyloacetic
acid (4-HPA) [60, 61]. The results are presented as μmol/
mg protein.

3-Nitrotyrosine (3-NT) level was measured using the
ELISA method. According to the manufacturer’s instruc-
tions, a commercial kit (Nitrotyrosine ELISA; Immundiag-
nostik AG, Bensheim, Germany) was used. The results are
presented as μmol/mg protein.

S-Nitrosothiol concentration was measured spectropho-
tometrically based on the reaction of the Cu2+ ions with
the Griess reagent [62]. The solution was shaken and incu-
bated for 20 minutes, after which the absorbance was mea-
sured at 490nm [63]. The results are presented as nmol/
mg protein.

2.10. Inflammation and Lysosomal Function. Myeloperoxi-
dase (MPO, EC 1.11.2.2) activity was analyzed spectrophotom-
etrically using sulfanilamide hexadecyl trimethylammonium,
ortho-dianisidinedihydrochloride, and hydrogen peroxide
[37, 64]. The absorbance was measured at 450nm. The results
are presented as mU/mg protein.

The tumor necrosis factor-alpha (TNF-α) level was
determined by the ELISA method using a commercially
available kit (EIAab Science Inc. Wuhan; Wuhan, China)
according to the manufacturer’s instructions. The results
are presented as pg/mL.

The activity of N-acetyl-β-hexosaminidase (HEX, EC
3.2.1.52) and β-glucuronidase (GLU, EC 3.2.1.31) was
estimated colorimetrically at 405nm using 4-nitrophenyl-
N-acetyl-β-glucosaminide (HEX) and 4-nitrophenyl-β-D-
glucuronide (GLU) as a substrate reaction [65, 66]. The
results are presented as pKat/mg protein.

2.11. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 8.4.3 for macOS (GraphPad Soft-
ware, Inc. La Jolla, USA). The normality of the distribution
was assessed using the Shapiro–Wilk test, while homogene-
ity of variance used the Levene test. For comparison of quan-
titative variables, the two-way analysis of variance (ANOVA)
followed by the original FDR method of Benjamini and
Hochberg was used. Multiplicity adjusted p value was also cal-
culated. The relationship between the assessed biomarkers was
evaluated using the Pearson correlation coefficient. The statis-
tical significance level was set at p < 0:05.

The number of subjects was determined based on our
previous experiment, assuming the test power = 0:8 and
α = 0:05 (online ClinCalc sample size calculator). Erythrocyte
GSH-Px, plasma GSH, TAC, TBARS, AOPP, and peroxyni-
trite were used for calculations, and the minimum number
of subjects should be 13 (in one group).

3. Results

3.1. Exercise Performance. The duration of the GE under
normoxic conditions was 20:2 ± 1:9min, and the maximal
work rate amounted to 5:1 ± 0:3W/kg of body weight. The
SpO2 was 98:0 ± 0:8 and 91:9 ± 3:0% at rest and at the end
of the exercise, respectively. The heart rate at the point of
exhaustion was 193 ± 8 bpm. In hypoxia, the average
duration of the exercise was 18:0 ± 1:9min, whereas the
maximal work rate was 4:6 ± 0:4W/kg. The SpO2 was
93:3 ± 3:4 and 84:3 ± 5:4% at rest and at the point of
exhaustion, respectively. The heart rate at the end of the
exercise was 190 ± 9 bpm.

The duration of the TT in normoxia was 61:1 ± 5:4min,
and the average work rate was 3:6 ± 0:3W/kg of body
weight. The SpO2 amounted to 97:8 ± 2:0 and 93:6 ± 2:3%
at rest and at the end of the exercise, respectively. The aver-
age heart rate was 176 ± 9, 177 ± 8, and 179 ± 10 bpm after
10, 20, and 30 km of the TT, respectively. Under hypoxic
conditions, the TT lasted 63:7 ± 3:0min, whereas the aver-
age work rate was 3:3 ± 0:2W/kg. The SpO2 was 93:3 ± 3:8
and 86:5 ± 2:7% at rest and at the end of the TT, respec-
tively. The mean heart rate was 174 ± 11, 176 ± 13, and
180 ± 12bpm after 10, 20, and 30km of the TT, respectively.

3.2. Enzymatic Antioxidant Barrier. In normoxia, after the
(GE) activity of glutathione reductase (GR) increased by
9% (p = 0:0464), while after 30 minutes of resting, the
activity of catalase (CAT) rose 25.4% (p = 0:0003), and the
activity of glutathione peroxidise (GPx) decreased by 13%
(p = 0:0081), all comparing to the preexercise activity. In
hypoxia, the postexercise activity of CAT and superoxide
dismutase (SOD) was consecutively 28% (p = 0:0002) and
59.8% (p < 0:0001) greater than preexercise. After resting,
the activity of CAT was 41.6% higher (p < 0:0001) than
before the GE, and SOD activity was 33.9% lower
(p < 0:0001) comparing to the evaluation performed imme-
diately after exercise. When comparing the enzymatic
activity in groups exercising hypoxia to those exercising nor-
moxia, the CAT activity was 24% higher (p = 0:0088) before
the GE. In postexercise measurement, the activity of CAT
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was 6% higher (p < 0:0001), the activity of GPx was 12.1%
lower (p = 0:0175), and the activity of SOD was 71.7% greater
(p < 0:0001). Moreover, the activity of CAT after resting was
41.6% higher (p < 0:0001) in hypoxia (Figure 1, GE).

After 30 km TT in normoxia, the activity of CAT and
SOD after the exercise rose 18.8% (p = 0:0386) and 17.1%
(p = 0:046) consecutively, and after resting for 30 minutes,
the activity of GPx and SOD increased by 15.2%
(p < 0:0001) and 22.3% (p = 0:01), respectively, all compar-
ing to the activity before exercising. If compared to the post-
exercise value, after resting, the activity of GPx decreased by
24.4% (p = 0:0009). After the exercise in hypoxia, there was a
significant increase in the activity of CAT (17.2%; p = 0:0242)
and SOD (47.9%; p < 0:0001). Furthermore, the activity of
SOD after resting was 24.4% lower (p = 0:0009) than after the
exercise. Before TT, the activity of CAT in hypoxia was 18.9%
(p < 0:0001) greater than in normoxia and 17.4% (p = 0:0233)
greater after the exercise, while the postexercise SOD activity
was 10.5% (p = 0:003) lower in hypoxia than in normoxia.
Evaluation taken 30 minutes after the end of TT revealed that
in hypoxia, the activity of GPx and SOD was significantly lower
than in normoxia—18.7% (p < 0:0001) and 19.9% (p = 0:0051),
respectively (Figure 1, TT).

3.3. Nonenzymatic Antioxidant Barrier. There were no sig-
nificant changes in concentration of uric acid (UA), reduced
(GSH), and oxidized (GSSG) glutathione or value of redox
ratio in normoxia after GE compared to those values before
exercise. However, after 30 minutes rest, the concentration
of UA increased by 18.7% (p = 0:0058), while concentration
of GSH and redox ratio lessened by 11.9% (p = 0:0031) and
24.8% (p = 0:0017) consecutively, comparing to preexercise
values. Redox ratio decreased also in comparison to postex-
ercise value (18%, p = 0:0343). In hypoxia, comparing to the
measurements taken before exercise, immediately after GE,
concentration of UA increased by 23.6% (p = 0:0006), and
concentration of GSH and redox ratio decreased by 18%
(p = 0:0002) and 31.1% (p = 0:0053) consecutively after the
exercise. After 30 minutes of resting, redox ratio was 33.5%
lower (p = 0:0028). Moreover, concentration of GSH and
redox ratio was significantly lower in hypoxia than in nor-
moxia both before (GSH 15%, p = 0:0002; redox ratio
29.3%, p < 0:0001) and after (GSH 30%, p < 0:0001; redox
ratio 51.3%, p < 0:0001) GE, as well as after 30 minutes rest
(GSH 19.7%, p < 0:0001; redox ratio 37.4%, p = 0:0004)
(Figure 2, GE).

In normoxia, the concentration of GSH and redox ratio
declined significantly after 30km time trial—19% (p < 0:0001)
and 31.6% (p < 0:0001), respectively. Thirtyminutes after finish-
ing the TT, UA concentration raised by 18.8% (p = 0:0143), and
concentration of GSH (13%, p = 0:0048) and redox ratio
(25.8%, p = 0:0009) decreased significantly compared to the
values observed before conducting the time trial, while the
GSSG concentration increased by 7.79% (p = 0:0366) compar-
ing to the measurement taken immediately after the exercise.
In hypoxia, 30km time trial affected significantly the content
of UA (increased by 22.3%, p = 0:0018), GSH (decreased by
35%, p < 0:0001), and redox ratio (decreased by 55%,
p < 0:0001). After resting, there was a significant decrease in

GSH concentration (27.5%, p < 0:0001) and redox ratio
(48.8%, p < 0:0001) in comparison to those before TT, while
GSSG content was 7.8% higher (p = 0:038) than right after
the exercise. Moreover, postexercise content of UA was 27%
greater (p = 0:0003) in hypoxia than in normoxia, while the
concentration of GSH and redox ratio was significantly lower
in hypoxia—24.2% (p < 0:0001) and 39.7% (p = 0:0005),
respectively. After 30 minutes of resting, GSH content and
redox ratio were 20.9% (p = 0:0001) and 36.8% (p < 0:0001)
lower in hypoxia than in normoxia (Figure 2, TT).

3.4. Antioxidant Status. Total oxidant status (TOS) was raised
by graded exercise until exhaustion in normoxia by 31.9%
(p = 0:0485), while total antioxidant capacity (TAC) and oxi-
dative stress index (OSI) were not affected. Moreover, after
30 minutes of resting, TOS increased by 51.9% (p = 0:0016),
and OSI increased by 55.8% (p = 0:0023) comparing to the
preexercise. In hypoxia, both TAC and TOS were elevated
after exercising—by 20.8% (p = 0:0025) and 29.7%
(p = 0:0228), respectively. There were also significant rises of
all described measurements after 30 minutes of rest in relation
to the values observed before the exercise (TAC—13.6%,
p = 0:044; TOS—56.5%, p < 0:0001; OSI—37.1%, p = 0:0276).
TOS was also 20.6% higher (p = 0:0399) after resting than
immediately after GE. Furthermore, postexercise TAC was
26.2% greater (p = 0:0003) in hypoxia than in normoxia,
whereas both TAC and TOS values after resting were higher
in hypoxia as well (26.4%, p = 0:0442; 28%, p = 0:009, respec-
tively) (Figure 3, GE).

In normoxia, total antioxidant capacity was increased by
30 km time trial by 34.8% (p = 0:0023) while oxidative stress
index was elevated by 39.7% (p = 0:0021). After resting, TAC
was raised by 16.9% (p = 0:0006) compared to preexercise
values and by 19.9% (p = 0:0001) compared to postexercise
measurement. OSI was 28.4% (p = 0:0021) lower after rest-
ing than immediately after TT. Hypoxia did not affect post-
exercise markers’ values, but resting for 30 minutes led to
12.6% growth (p = 0:0104) comparing to the preexercise
analysis. There were no significant differences between pre-
exercise values comparing normoxia and hypoxia, although
postexercise TAC was 10.3% higher (p = 0:0392) in hypoxia
than in normoxia (Figure 3, TT).

3.5. Oxidative Stress. Graded exercise until exhaustion in
normoxia did not influence oxidative stress marker concen-
tration assessed directly after exercise. However, there were
significant changes in TBARS (24% increase compared to
preexercise value, p = 0:0017) and ischemia modified protein
(IMA) (15.9% increase compared to postexercise value,
p = 0:0121) contents when measured after 30 minutes of rest.
In hypoxia, TBARS concentration was elevated by 25.8%
(p = 0:0002), and advanced oxidation protein product (AOPP)
content was increased by 18.8% (p < 0:0001) immediately after
exercise. After the rest, the significant increase of the concen-
tration of all evaluated substances was observed—TBARS by
42.2% (p < 0:0001), AOPP by 43.8% (p < 0:0001), and IMA
by 27.6% (p < 0:0001) comparing to the values before GE and
TBARS by 13% (0.0141), AOPP by 21% (p < 0:0001), and
IMA by 17.2% (p = 0:0003) comparing to the values after GE.
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Figure 1: Effect of graded exercise until exhaustion (GE) and 30 km time trial (TT) on the enzymatic antioxidant barrier in normoxia and
hypoxia. CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; SOD: superoxide dismutase. a, p < 0:05 vs. the value before
exercise in normoxia; b, p < 0:05 vs. the value after the exercise in normoxia; c, p < 0:05 vs. the value after the exercise and 30min of rest in
normoxia; d, p < 0:05 vs. the value after the exercise in hypoxia; e, p < 0:05 vs. the value after the exercise in hypoxia; f, p < 0:05 vs. the value
after the exercise 30min of rest in hypoxia.
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Figure 2: Effect of graded exercise until exhaustion (GE) and 30 km time trial (TT) on the nonenzymatic antioxidant barrier in normoxia
and hypoxia. GSH: reduced glutathione; GSSG: oxidized glutathione; UA: uric acid. a, p < 0:05 vs. the value before exercise in normoxia; b,
p < 0:05 vs. the value after the exercise in normoxia; c, p < 0:05 vs. the value after the exercise and 30min of rest in normoxia; d, p < 0:05 vs.
the value after the exercise in hypoxia; e, p < 0:05 vs. the value after the exercise in hypoxia; f, p < 0:05 vs. the value after the exercise 30min
of rest in hypoxia.
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Figure 3: Effect of graded exercise until exhaustion (GE) and 30 km time trial (TT) on antioxidant status in normoxia and hypoxia. OSI:
oxidative stress index; TAC: total antioxidant capacity; TOS: total oxidant status. a, p < 0:05 vs. the value before exercise in normoxia; b,
p < 0:05 vs. the value after the exercise in normoxia; c, p < 0:05 vs. the value after the exercise and 30min of rest in normoxia; d, p < 0:05
vs. the value after the exercise in hypoxia; e, p < 0:05 vs. the value after the exercise in hypoxia; f, p < 0:05 vs. the value after the exercise
30min of rest in hypoxia.
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There were also no differences between preexercise concentra-
tions in normoxia and hypoxia, while contents of all described
substances were significantly higher in hypoxia than in normo-
xia after the GE—TBARS 29.4% (p < 0:0001), AOPP 16.5%
(p = 0:0032), and IMA 20.1% (p = 0:0016)—and after 30
minutes of resting—TBARS 29.7% (p < 0:0001), AOPP 21%
(p < 0:0001), and IMA 21.5% (p = 0:0001) (Figure 4, GE).

After 30 km time trial in normoxia, the concentration of
TBARS was increased by 21.5% (p = 0:0034), and the con-
tent of AOPP was 12.9% (p = 0:0401) higher. After 30
minutes of rest, the TBARS concentration was elevated by
16.1% (p = 0:0267). In hypoxia, all postexercise oxidative
stress markers’ concentrations were elevated—TBARS by
42.7% (p < 0:0001), AOPP by 49% (p < 0:0001), and IMA
by 19.4% (p = 0:0101). Directly after the exercise, but after
30 minutes, the content of TBARS decreased by 11.5%
(p = 0:0328). There were no differences between preexercise
values in hypoxia and normoxia. The concentration of
AOPP after TT in hypoxia was 24.2% greater (p < 0:0001)
than in normoxia. After the rest, the contents of AOPP
and IMA were also higher in hypoxia—39% (p < 0:0001)
and 15.7% (p = 0:0407) consecutively (Figure 4, TT).

3.6. Nitrosative Stress. Besides 29.8% increase (p = 0:0014) in
peroxynitrite level after 30 minutes of resting in relation to
the pre-GE value and 18.8% decrease (p = 0:0291) in
S-nitrosothiol concentration after the rest compared to the
measurement conducted directly after exercise, there was
no other influence of GE in normoxia on nitrosative stress
markers. In hypoxia, the 3-nitrotyrosine (3-NT) level was
elevated by 15.9% (p = 0:0223) after the exercise. After rest-
ing, levels of peroxynitrite and 3-NT and concentration of
S-nitrosothiols increased by 15.6% (p = 0:0397), 41.1%
(p < 0:0001), and 31.2% (p = 0:0034), respectively, in com-
parison to the preexercise evaluation. Moreover, 3-NT level
and S-nitrosothiol content were greater after 30 minutes of
resting than immediately after exercise (21.8%, p = 0:0004;
29%, p = 0:0055 consecutively). Comparing the group
exercising in hypoxia to the group exercising in normox-
ia—in hypoxia, before exercise, the content of NOx was
20.2% higher (p = 0:0144), and the level of peroxynitrite
was 21.1% greater (p = 0:0219). In comparison, after exercise,
the NOx concentration and peroxynitrite level were 20.3%
(p = 0:007) and 16.4% (p = 0:0393) higher, and S-nitrosothiol
concentration was 17.3% lower (p = 0:044). Furthermore, 30
minutes after finishing the exercise, NOx concentration, 3-NT
level, and S-nitrosothiol content were also significantly higher
in hypoxia—18.5% (p = 0:0133), 25.4% (p < 0:0001), and
31.4% (p = 0:0055), respectively (Figure 5, GE).

After a 30 km TT in normoxia, the only significant
change was 16.4% (p = 0:0083) increase in peroxynitrite
level. In hypoxia, the level of peroxynitrite rose 13.5%
(p = 0:0252) after the exercise, while the level of 3-NT
increased by 13.1% (p = 0:0193) after 30 minutes of rest,
both comparing to the preexercise levels. Moreover, before
the exercise, the concentration of 3-NT was 12.7% higher
(p = 0:0228) in hypoxia than normoxia. No other significant
changes were observed (Figure 5, TT).

3.7. Inflammation and Lysosomal Function. After graded
exercise until exhaustion in normoxia, there were no signif-
icant changes in the activity of myeloperoxidase (MPO),
level of tumor necrosis factor-alpha (TNF-α), or the activity
of N-acetyl-β-hexosaminidase (HEX) and β-glucuronidase
(GLU). After 30 minutes of resting, level of TNF-α and the
activity of GLU increased by 36.6% (p = 0:0279) and 33.3%
(p = 0:0322) comparing to preexercise, and the level of
TNF-α rose 35% (p = 0:033) comparing to postexercise value
as well. In hypoxia, the activity of all examined enzymes,
as well as the level of TNF-α, increased after resting
comparing to the measurement taken before exercise
(MPO—52.4%, p = 0:0002; TNF-α—71%, p < 0:0001;
HEX—47.7%, p < 0:0001; GLU—105.4%, p < 0:0001). The
level of TNF-α and activity of HEX and GLU were signif-
icantly higher after rest also comparing to the assessment
performed directly after exercise—43.9% (p = 0:0014),
47.7% (p < 0:0001), and 84.7% (p < 0:0001), respectively.
No significant differences between inflammation and lyso-
somal function markers between values in normoxia and
hypoxia were observed in measurements performed before
and after GE. However, after 30 minutes, activity of all
investigated enzymes and level of TNF-α were higher in
hypoxia than in normoxia—MPO 34.4% (p = 0:005),
TNF-α 28.3% (p = 0:0161), HEX 46% (p < 0:0001), and
GLU 34.9% (p = 0:0031) (Figure 6, GE).

After 30kmTT in normoxia, the activity of GLU increased
by 29.8% (p = 0:038) considering pre-TT values. In hypoxia,
the level of TNF-α raised by 38.3% (p = 0:0109) subsequently
to the exercise, while after 30 minutes, the activity of GLU
raised by 6.4% (p = 0:0012) comparing to the activity before
exercise and by 9% (p < 0:0001) comparing to the activity
directly after exercise, and the activity of HEX increased by
17.2% (p = 0:043) in relation to postexercise measurement.
Comparing exercising in hypoxia to exercising in normoxia,
the preexercise GLU activity in hypoxia was 31.7%
(p = 0:0279) higher, while the postexercise activity of MPO
was 33.6% (p = 0:454) greater too. After resting, the activity
of GLU was also 7.2% higher (p = 0:0002) in hypoxia
(Figure 6, TT).

3.8. Correlations. The results of correlation analysis are
shown in Figure 7. Of particular note is the negative correla-
tion between GSH and TOS levels (r = −0:465; p = 0:001)
and the positive correlation between peroxynitrite and TOS
(r = 0:458; p = 0:001) in the GE group in normoxic condi-
tions. In the GE group in hypoxia, AOPP levels correlated
positively with 3-NT content (r = 0:571; p < 0:0001) and
GLU activity (r = 0:62; p < 0:0001), whereas IMA levels cor-
related with 3-NT (r = 0:55; p < 0:0001) and GLU (r = 0:487;
p < 0:0001). Interestingly, UA concentration was also corre-
lated negatively with WRmax (r = −0:326; p = 0:029). In the
TT group in normoxia, GSH concentration (r = −0:496;
p < 0:0001) and redox ratio (r = −0:496; p = 0:001) corre-
lated negatively with CAT activity, whereas in hypoxia,
UA concentration correlated positively with SOD activity
(r = 0:487; p = 0:013), and GSH correlated negatively with
TBARS (r = −0:486; p < 0:0001) and AOPP level (r = −0:605;
p = 0:0001). Similarly, redox ratio correlated negatively with
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Figure 5: Effect on graded exercise until exhaustion (GE) and 30 km time trial (TT) on nitrosative stress in normoxia and hypoxia.
3-NT: 3-nitrotyrosine; NOx: nitrate/nitrite. a, p < 0:05 vs. the value before exercise in normoxia; b, p < 0:05 vs. the value after the exercise in
normoxia; c, p < 0:05 vs. the value after the exercise and 30min of rest in normoxia; d, p < 0:05 vs. the value after the exercise in
hypoxia; e, p < 0:05 vs. the value after the exercise in hypoxia; f, p < 0:05 vs. the value after the exercise 30min of rest in hypoxia.
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TAC (r = −0:451; p = 0:001), TBARS (r = −0:468; p = 0:001),
and AOPP (r = −0:615; p < 0:0001) concentrations (Figure 7).

4. Discussion

Our study is the first to evaluate the effect of different acute
exercise protocols performed under normoxia and hypoxia
on antioxidant status, oxidative and nitrosative damage,
inflammation, and lysosomal function. We have shown that
both graded exercise until exhaustion (GE) and 30 km time
trial (TT) impair the efficiency of antioxidant systems and
induce oxidative and nitrosative stress, with hypoxia causing
more significant disruption in redox homeostasis and
inflammation.

In recent years, there has been a marked increase in
interest in mountain sports [67]. Apart from its undoubted
advantages, this type of activity is not without health risks.
Limited oxygen diffusion through the pulmonary capillaries

contributes to tissue hypoxia and the overproduction of free
radicals [32, 67]. ROS sources under these conditions
include primarily reduced partial pressure of oxygen in the
air (hypobaric hypoxia), intense physical activity, and auto-
oxidation of catecholamines. Although various adaptive
mechanisms can partially compensate for tissue hypoxia
(e.g., hyperventilation, tachycardia, increased cardiac output,
and enhanced hemoglobin and erythrocytes content), the
most effective blood response does not appear until several
days later [32].

The present study generally demonstrated the strength-
ening of enzymatic antioxidant systems during hypoxic
exercise (GE: ↑ CAT, ↑ SOD; TT: ↑ CAT vs. normoxia).
Changes in the enzymatic antioxidant barrier may reflect
various functional/pathophysiological states. The initial
increase in enzyme activity is usually adaptation to higher
production of ROS and RNS, whereas the subsequent
decrease results from depletion of the antioxidant reserves.
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Of particular note are the erythrocyte enzymes (GPx and
CAT) that degrade hydrogen peroxide. GPx plays a key role
in H2O2 degradation at physiological concentrations by
reducing hydrogen peroxide with the simultaneous conver-
sion of GSH to its oxidized form (GSSG). However, under
H2O2 overproduction, CAT exhibits greater enzymatic
activity as evidenced by the Michaelis–Menten constant
(Km) for GPx (1 × 10−6M) and CAT (2:4 × 10−4M) [68,
69]. Although we did not directly assess the rate of free rad-
ical formation, the increase in CAT and decrease in GPx
activity (versus normoxia) indicate a higher intensity of
oxidative processes during hypoxic exercise. Enhanced
plasma TOS in hypoxia also supports this hypothesis. It is
well known that TOS determines the total amount of
oxidants in a biological system [50]. Considering that free
radicals can mutually enhance their production, TOS pro-
vides more information than evaluation of individual ROS/
RNS separately. However, what could constitute an
additional source of free radicals in hypoxic exercise? During
tissue hypoxia (as during tissue ischemia), xanthine dehydroge-
nase is converted to XO, donating an electron to molecular
oxygen. The reaction catalyzed by XO produces superoxide
anions and hydrogen peroxide [2, 30, 31, 70], explaining the
increase in SOD and CAT activity under hypoxic exercise.
However, overactivation of nitric oxide synthases (NOS), espe-
cially inducible NOS (iNOS), also occurs in these conditions
[71, 72]. Excess nitric oxide (NO) concentrations inhibit cyto-
chrome oxidase activity, which in turn intensifies O2

-• produc-
tion [73, 74]. If the full O2 supply is restored, there is an
increased formation of ROS referred to as the “oxygen para-
dox” [75, 76]. Therefore, enhanced CAT activity observed in
our study is not surprising (increase at each time interval versus
normoxic exercise). Interestingly, the activity of antioxidant
enzymes (CAT, SOD) and total oxidative capacity (TOS,
OSI) were also relatively higher in high-intensity exercise until
exhaustion (GE). If O2 supply to the cells is insufficient, energy
is produced in the low-efficiency process of anaerobic glycoly-
sis, leading to an increase in H+ ions and lactate concentrations.
The consequence is the loss of ability to maintain ionic homeo-
stasis, particularly an increase in the extracellular concentration
of K+ and the accumulation of Na+ and Ca2+, which is respon-
sible for ROS overproduction [77, 78].

The signaling effects of hydrogen peroxide are associated
with proteins recording changes in cellular redox status. The
molecules responsible for transmitting the H2O2 signal to
the nucleus are low molecular weight thiols, of which
reduced glutathione is an essential intracellular source [79,
80]. Therefore, it is not surprising that GSH concentrations
were significantly lower in athletes exercising in hypoxia
compared to normoxia. Since GSSG concentrations and
GR activity were unchanged, the decrease in GSH concen-
tration may be due to the oxidation of enzymes responsible
for glutathione synthesis or the formation of S-conjugates
with glutathione and proteins. In addition to its antioxidant
role, GSH participates in DNA replication and apoptosis and
regulates the thiol groups of proteins in their reduced state
[81, 82]. Therefore, maintenance of adequate GSH levels is
crucial for proper cellular function. In our study, despite

strengthening the antioxidant barrier under hypoxia, there
was a redox imbalance in favor of oxidative reactions (GE:
↑ TOS, ↓ redox ratio). This results in enhanced oxidation
of plasma proteins (GE: ↑ AOPP, ↑ IMA; TT: ↑ AOPP)
and lipids (GE: ↑ TBARS), which indicates the occurrence
of systemic oxidative stress. This may be confirmed by the
negative correlation between GSH concentration and
TBARS and AOPP and between redox ratio and TAC,
TBARS, and AOPP. Of particular note is the increase in
IMA levels during hypoxic exercise. IMA is the earliest bio-
marker of tissue ischemia, whereas decreased oxygen satura-
tion, ischemic reperfusion, acidosis, sodium/calcium pump
dysfunction, and higher oxidative stress are factors causing
conformational changes of albumin [57]. The increase in
total antioxidant capacity may also be controversial (GE: ↑
TAC both after exercise and hypoxia vs. normoxia). Never-
theless, 70-80% of plasma TAC represents nonenzymatic
uric acid (UA), with a robust prooxidant effect in high
concentrations [83, 84]. UA can generate free radicals by
reacting with peroxynitrite or forming alkylated proteins,
lipids, and carbohydrates [85]. Higher UA concentrations
were observed in previous studies after one-time and regular
high-intensity physical training [2, 20, 86–88]. UA is the end
product of purine catabolism formed in a XO-catalyzed
reaction from xanthine. Under hypoxic/ischemic conditions,
hypoxanthine formed from ATP decomposition is accumu-
lated in the cell and then metabolized to xanthine with the
generation of ROS/RNS upon reperfusion [89, 90].

The H2O2 production may also be affected by nitric
oxide metabolism [91, 92]. In our study, higher NOx bio-
availability with a concomitant increase in CAT activity
could be explained by intensified peroxynitrite (ONOO-)
formation influenced by an acute hypoxic intervention.
Indeed, the superoxide radicals formed in the XO-catalyzed
pathway react with NO to generate the highly reactive
ONOO- [92]. Peroxynitrite is a powerful oxidizing and
nitrating agent that initiates lipid peroxidation and oxida-
tion of thiols/aromatic amino acids with an efficiency of at
least 1000-fold higher than hydrogen peroxide [93, 94].
Tyrosine residues are particularly sensitive to ONOO- dam-
age; hence, the increase in 3-NT concentrations (both after
exercise and in hypoxic conditions) is not surprising. Inter-
estingly, peroxynitrite formation occurs typically under
increased systemic inflammation [93, 94]. This may be sup-
ported by the results of our study (GE: ↑ NO, ↑ ONOO-, ↑
MPO, ↑ TNF-α). Of particular note is higher MPO activity
after hypoxic exercise. Indeed, MPO is released by neutro-
phils and monocytes during inflammatory cell activation
[95]. It is involved in hypochlorous acid production, which
exacerbates oxidative stress and initiates acute inflammation
[95, 96]. It is well known that higher secretion of cytokines,
chemokines, and growth factors is a physiological response
to decreased arterial blood O2 saturation and microdamage
of muscle fibers. Activated neutrophils and macrophages
can remove fragments of damaged muscle tissue induced
by NO and H2O2 signaling [97, 98]. Simultaneously, IL-1,
IL-2, IL-6, and TNF-α may stimulate white blood cells to
produce significant amounts of NO through prolonged
iNOS activation [99, 100]. In these conditions, XO and
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NOX are also induced, which, by positive feedback,
enhances nitrosative cell injury (GE: ↑ NOx, ↑ ONOO-, ↑
3-NT). A consequence of enhanced inflammatory response
and oxidative/nitrosative stress can be damage to the lyso-
somal membrane and the release of lysosomal enzymes into
the circulation (GE: ↑ HEX, ↑ GLU). Interestingly, lysosomal
dysfunction, mitochondrial energy metabolism, and impaired
ion homeostasis are essential sources of ROS during physical
exercise [101–103]. However, NO signaling activity may also
depend on protein S-nitrosylation, as evidenced by increased
S-nitrosothiols under hypoxic conditions. It is well known that
NO-mediated protein S-nitrosylation plays a vital role in the
adaptation to endurance exercise/hypoxia by increasing the
PGC-1α (peroxisome proliferator-activated receptor gamma
coactivator 1-alpha) expression [104, 105]. Nevertheless,
enhanced S-nitrosylation can also end in the formation of pro-
tein disulfide and a nitroxyl residue, which irreversibly alters
the biological properties of proteins.

Physical exercise is indicated in both health and disease.
Although our study does not explain it, individuals with dis-
eases with oxidative stress etiology (e.g., metabolic, neurode-
generative, and immune diseases) should be cautious during
acute hypoxic training. This may exacerbate disturbances in
redox homeostasis and inflammation. Antioxidant supple-
mentation during acute hypoxic exercise also remains an
open question.

Unfortunately, our work has numerous limitations.
These include the relatively small number of participants
and the evaluation of only selected biomarkers of oxidative
stress, inflammation, and lysosomal function. Our study also
does not explain the molecular mechanisms responsible for
the observed redox disturbances. Research on nonprofes-
sional athletes is also essential.

To summarize, our study shows that even a single ses-
sion of physical exercise disrupts the enzymatic and nonen-
zymatic antioxidant barrier leading to enhanced oxidative
and nitrosative damage at a systemic level. High-intensity
exercise of short duration alters redox homeostasis more
than prolonged aerobic exercise, while hypoxia significantly
exacerbates oxidative stress, inflammation, and lysosomal
dysfunction in athletic subjects. Although we have reported
the most commonly assessed circulating redox biomarkers,
further studies are needed to elucidate the molecular basis
of the observed relationships. Studies on larger groups of
athletes are also advisable.
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Osteoporosis can be caused by a multitude of factors and is defined by a decrease in bone density and mass caused by the
destruction of bone microstructure, resulting in increased bone brittleness. Thus, it is a systemic bone disease in which patients
are prone to fracture. The role of ferroptosis in the pathogenesis of osteoporosis has become a topic of growing interest. In this
review, we discuss the cell morphology, basic mechanisms of ferroptosis, the relationship between ferroptosis and osteoclasts
and osteoblasts, as well as the relationship between ferroptosis and diabetic osteoporosis, steroid-induced osteoporosis, and
postmenopausal osteoporosis. Emerging biomedical research has provided new insights into the roles of ferroptosis and
osteoporosis, such as in cellular function, signaling pathways, drug inhibition, and gene silencing. The pathophysiology and
mechanism of ferroptosis and osteoporosis need to be further studied and elucidated to broaden our understanding of iron
metabolism and immune regulation. Studies using animal models of osteoporosis in vivo and cell models in vitro will help
clarify the relationship between ferroptosis and osteoporosis and provide research ideas for the elucidation of new mechanisms
and development of new technologies and new drugs for the treatment of osteoporosis in the future.

1. Introduction

Cell death includes apoptosis, pyroptosis, necrosis, autoph-
agy, ferroptosis, and other death mechanisms. Before the
concept of ferroptosis was revealed, one study showed that
the regulation of iron metabolism and the maintenance of
iron homeostasis have indispensable biological roles in the
human pathophysiological process. In 2003, Dolma et al.
[1] found that the small molecule erastin can induce RAS
mutations in tumor cells, leading to cell death in a manner
different from traditional apoptosis. In 2008, using high-
throughput small-molecule screening technology, it was
found that Ras selective lethal small molecules could kill

human foreskin fibroblasts (BJeLR) in a nonapoptotic
manner [2]; however, neither apoptosis inhibitors nor
necrostatin inhibitors (Necrostatin-1) [3] could reverse cell
death induced by erastin and RSLs. In contrast, the antiox-
idant vitamin E and the iron-chelating agent deferoxamine
mesylate (DFO) can inhibit cell death [4], indicating that
ferroptosis is an iron-dependent cell death process. In
2012, Dixon et al. named this process erastin-induced cell
death with distinct morphological, genetic, and biochemi-
cal characteristics [5].

Iron, an essential trace element for humans and a neces-
sary substance for life, plays a vital role in many biochemical
processes, including oxygen transport, enzymatic reactions,
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and immune reactions. With accumulating research, various
physiological and pathological processes, such as tumor,
Parkinson’s disease, atherosclerosis, viral infection, osteopo-
rosis, immune response, and ischemia-reperfusion injury,
have been found to be related to ferroptosis [6–8], and fer-
roptosis is expected to become a new research direction for
disease treatment.

Interestingly, a growing number of studies have reported
a relationship between ferroptosis and osteoporosis. Here,
we summarize the basic pathological features of ferroptosis
and the relationship between ferroptosis and osteoclasts
and osteoblasts. We also summarize the relationship
between ferroptosis and osteoporosis and show how ferrop-
tosis regulates diabetic osteoporosis (DOP), glucocorticoid-
induced osteoporosis (GIOP), and postmenopausal osteopo-
rosis (PMOP).

2. Morphological Characteristics of Ferroptosis

Ferroptosis was delineated as a type of regulated cell death
(RCD) by the Nomenclature Committee on Cell Death in
2018. It is initiated by oxidative perturbations in the intracel-
lular microenvironment, which are constitutively controlled
by glutathione peroxidase 4 (GPX4) and can be inhibited by
iron-chelating agents and lipophilic antioxidants [9]. Fer-
roptosis is distinguished from apoptosis [10], necrosis [11],
autophagy [12], and pyroptosis [13] by a varying set of mor-
phological characteristics, inducing factors, and regulatory
pathways.

Cancer cells undergoing ferroptosis are generally round,
small, and scattered [1]. In human prepuce fibroblast BJeLR
cells treated with erastin, several effects were observed: mito-
chondria atrophied and decreased in number, membrane
density increased, the normal structure of mitochondrial
cristae was destroyed, nuclear size was normal but lacked
chromatin aggregation, and cell membranes were blistered
without rupturing [5, 14–16]. These morphological features
can help to distinguish ferroptosis from other modes of cell
death, such as apoptosis, necrosis, pyroptosis, and
autophagy.

3. Mechanisms and Regulation of Ferroptosis

3.1. Iron Metabolism and Ferroptosis. Iron is involved in the
synthesis of various important proteases and is an essential
element in the life activities of the body [17, 18]. Iron over-
load caused by abnormal iron metabolism is one of the main
characteristics of ferroptosis. Binding of ferric acid to trans-
ferrin is the main mechanism for circulation of iron in the
bloodstream. Circulating iron enters cells by binding to
transferrin receptor 1 (TFR1) on the cell membrane, where
the six-transmembrane epithelial antigen of prostate 3
(STEAP3) reduces ferric iron to ferrous iron. Finally, diva-
lent metal transporter 1 (DMT1) releases divalent iron into
the labile iron pool (LIP) in the cytoplasm. LIP enables the
active uptake of free iron in the cytoplasm, as well as recov-
ery of iron in ferritin and mitochondria, and large quantities
of LIP are present in lysosomes [19]. Lysosomes are there-
fore considered the main organelles responsible for cellular

ferroptosis [20]. Excess bivalent iron is transported extracel-
lularly by ferroportin 1 (FPN1) and stored in ferritin heavy
chain 1 and ferritin light chain 1 (FTL1) [21, 22].

Under physiological conditions, ferritin provides a
strong buffer that regulates physiological responses to iron
deficiency and excess, maintaining homeostasis [23]. Under
pathological conditions, iron overload can induce ferroptosis
by producing ROS through Fenton and Haber–Weiss reac-
tions [24, 25]. Studies have shown that DFO, an iron chela-
tor, can inhibit ferroptosis caused by intracellular iron
overload [26, 27]. In addition, a high iron diet can lead to
serious heart damage, and the ferroptosis inhibitor
ferrostatin-1 mitigates the damage caused by ferroptosis
[28]. Under physiological conditions, mitochondrial ferritin
(FtMt) regulates the free iron content in the mitochondria
and maintains normal mitochondrial iron metabolism. FtMt
overexpression can reverse erastin-induced ferroptosis both
in vivo and in vitro [29, 30]. In neurological diseases, mito-
chondrial transferrin mitoferrin 1/2 (Mfrn1/2) on the inner
mitochondrial membrane is found to be destroyed, resulting
in abnormal iron metabolism in the mitochondria [31].

Iron metabolism has been implicated in the occurrence
and development of ferroptosis. However, the role of sys-
temic iron regulation in the cellular role of iron deposits
and ferritinophagy remains elusive. Whether systemic iron
levels fully determine the effect of ferroptosis on the disease
remains to be clarified.

3.2. Ferroptosis Mediated by P53. P53 is an important tumor
suppressor gene with important roles in cell cycle inhibition,
apoptosis, tumorigenesis, and aging [32–34]. mRNA and
protein expression levels of SLC7A11 were significantly
decreased after the upregulation of p53 gene expression,
which confirmed that SLC7A11 is a new target of the p53
gene [35, 36]. p53-silenced H1299 cells were treated with
ROS, and there was no change in cell activity. In contrast,
cells with activated p53 that were treated with ROS had a
90% death rate. After adding the ferroptosis inhibitor, fer-
rostatin-1, the cell death rate decreased by approximately
40%, indicating that p53 can induce ferroptosis [37]. Recent
studies have shown that P53 can inhibit the uptake of cystine
by system xc- by downregulating the expression of the
SLC7A11 subunit, resulting in a decrease in cystine-
dependent glutathione peroxidase activity and cell antioxi-
dant capacity and an increase in lipid ROS, leading to cellu-
lar ferroptosis [38].

3.3. Voltage-Dependent Anion Channels with Ferroptosis.
Mitochondria, the main regulators of oxidative phosphory-
lation, play an important role in oxidative stress and are
major producers of ROS [39, 40]. Iron can reach the mito-
chondrial matrix by passing through the outer mitochon-
drial membrane and inner mitochondrial membrane,
subsequently regulating the physiological functions of
important organelles in the mitochondria [41]. Mitochon-
dria also play an important role in the regulation of ferrop-
tosis [42]. Under erastin induction, the voltage-dependent
anion channel protein 2/3 (VDAC2/3) on the outer mito-
chondrial membrane is opened, leading to iron
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accumulation in the mitochondria. However, the detailed
mechanism underlying the role of erastin and VDAC2/3 is
still being explored [43].

3.4. Ferroptosis Induced by Inhibition of GPX4 and Cysteine-
Glutamate Transporter Receptors (System xc-). GPX4, an
important specific marker of ferroptosis [44], can reduce
lipid peroxides to lipid alcohols and hydrogen peroxide
to water during ferroptosis [45]. Both GPX4 knockout
and the use of the small molecule inhibitor RSL3 antago-
nism against GPX4 could effectively induce ferroptosis
[46–49]. L-glutathione (GSH) is composed of glycine, glu-
tamate, and cysteine and is an important antioxidant in
the oxidative stress response, widely present in cells in
the form of reduced GSH and oxidized glutathione
(GSSG) [50]. The degradation of lipid peroxides by
GPX4 requires GSH for the provision of electrons to com-
plete the process [20]. GSH synthesis requires intracellular
uptake of cysteine, which is mediated by the sodium-
dependent system xc– (also named the cystine/glutamate
antiporter), a disulfide-linked heterodimer composed of a
heavy chain (4F2hc, gene name SLC3A2), and a light
chain (xCT, gene name SLC7A11). The sodium-
dependent system xc– transports extracellular cystine into
the cell and further converts it to cysteine, which is then
used in GSH biosynthesis [5, 51–55]. Studies have shown
that selective inhibition of system xc- leads to a decrease
in intracellular GSH, which aggravates ROS accumulation
and eventually leads to ferroptosis [56, 57]. Although a
regulatory mechanism between GXP4 and ferroptosis is
known to exist, the roles of GXP4 in different RCD and
the mechanism of information transduction pathways
remain unclear.

3.5. Ferroptosis Mediated by Lipid Peroxidation. Lipid perox-
idation is another key factor in ferroptosis. Recent studies
[58] have shown that lipid peroxides can destroy the stability
of the lipid bilayer, causing disintegration of the cell mem-
brane. Lipidomics analyses have indicated that both AA
and adrenic acid containing phosphatidyl ethanolamine
are lipid products of ferroptosis, which can undergo spon-
taneous peroxidation in the presence of hydroxyl radicals
(produced by the Fenton reaction between redox-active
iron divalent and hydrogen peroxide) [46, 59, 60]. Polyun-
saturated fatty acids (PUFAs) are prone to lipid peroxida-
tion, owing to the presence of highly active hydrogen
atoms in methylene bridges. Hydroxyl radicals can directly
interact with PUFAs in membrane phospholipids through
chain reactions to form lipid peroxides, which attack the
cytomembrane and trigger morphological changes in fer-
roptosis [61, 62]. Derivatives resulting from the decompo-
sition of lipid peroxides, including 4-hydroxynonenal (4-
HNE) and malondialdehyde (MDA), can react with
nucleic acids and proteins, leading to further cell destruc-
tion [63, 64]. These derivatives can also be used as impor-
tant molecular markers for the detection of ferroptosis and
lipid peroxidation. In addition, divalent iron can be used
as a cofactor of lipoxygenase (LOX) to catalyze lipid per-
oxidation of PUFAs [65]. Recent studies have shown [62]

that both lysophosphatidylcholine acyltransferase 3
(LPCAT3) and ACSL4 are involved in lipid peroxidation
of membrane PUFAs, and they serve as important molec-
ular markers of ferroptosis.

In the upper panel, we can see that ferroptosis involves
multiple signaling pathways and their regulators (Figure 1).
Understanding these signaling molecules and their transduc-
tion pathways is of great significance in the pathophysiology
of ferroptosis.

3.6. Ferroptosis with Osteoclasts and Osteoblasts. Over the
last two decades, the relationship between iron and oste-
oporosis has attracted increasing attention. Studies have
reported that disorders of iron metabolism, including iron
deficiency and iron overload, can lead to osteoporosis
[66–70]. The homeostasis and integrity of bone tissue
are maintained by maintaining a balance between osteo-
clastic and osteogenic activities, and the remodeling pro-
cess of bone tissue is a continuous cycle. Osteoclasts
mainly play the role of bone resorption, whereas osteo-
blasts mainly play the role of bone reconstruction, such
as the formation, mineralization, and secretion of osteo-
cytes. They mutually restrict and balance the metabolism
of bone tissues [71, 72]. Song et al. found that FA com-
plementation group D2 (FANCD2) suppresses erastin-
induced ferroptosis in bone mesenchymal stem cells
(BMSCs), and FANCD2 reduces iron accumulation and
lipid peroxidation in ferroptosis [73]. This is due to the
multidirectional differentiation potential of BMSCs. These
results suggest that ferroptosis may also occur during the
targeted differentiation of BMSCs under certain
circumstances.

3.7. Ferroptosis May Occur in Osteoclasts. Osteoclasts are
large multinucleated cells formed by the fusion of mononu-
clear macrophage lineage or BMSCs by the inductive form of
receptor activator of nuclear factor-kappa B ligand
(RANKL) and perform the function of bone resorption. Iron
ions can promote osteoclast differentiation and bone resorp-
tion by producing ROS [74]. The iron chelator DFO inhibits
osteoclast formation in vitro [75]. Liu et al. found the iron-
starvation response and ferritinophagy under normoxia in
the process of osteoclast differentiation confirmed the
involvement of ferroptosis; following RANKL stimulation,
MDA and prostaglandin endoperoxide synthase 2 (PTGS2)
gene expression in bone marrow-derived macrophages
(BMDMs) were increased, GSH and iron levels in the culture
medium supernatant decreased, and iron accumulation in
mitochondria was observed [76].

3.8. Ferroptosis May Occur in Osteoblasts. Osteoblasts play
an important role in bone regeneration and play a leading
role in the synthesis, secretion, and mineralization of the
bone matrix [77]. Previous studies have shown that the
inhibitory effect of iron on the osteogenic differentiation of
MSCs is proposed, and iron overload in mice is associated
with increased ferritin and decreased RUNX family tran-
scription factor 2 (RUNX2) levels in compact bone osteo-
progenitor cells [69]. A high dose of dexamethasone
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(10μM dexamethasone) may activate osteoblasts to induce
ferroptosis by downregulating GPX4 and system xc- [78].
Subsequent studies found that GPX4 was significantly
reduced, ROS levels were increased in MC3T3 cells induced
by high glucose, and mitochondria were generally smaller
and less tubular, with a darker-stained membrane with dis-
tinctly disrupted inner membrane folding. In addition, the
ability of MC3T3 to differentiate into osteoblasts and the
formation of mineralized nodules was decreased in a high
glucose environment, and similar phenomena were observed
in osteoblasts in mice [79, 80].

Based on the results of the above studies, we hypothe-
sized that ferroptosis of osteoclasts would reduce the occur-
rence of bone resorption, while ferroptosis of osteoblasts
would lead to reduced bone formation.

4. Potential Relationship between Ferroptosis
and Osteoporosis

Osteoporosis is a metabolic bone disease, involving an
imbalance between the bone resorptive functions of osteo-
clasts and bone forming functions of osteoblasts. This imbal-
ance leads to loss of bone mass and strength, resulting in the
increased risk of fragility fractures and a progressive
decrease in healing ability following fractures [81–83].
Global rates of hip fractures, vertebral fractures, and wrist
fractures caused by osteoporosis have increased, emerging
as a major global public health problem [84] with approxi-
mately 8.9 million people worldwide experiencing osteopo-
rotic fractures each year [85]. It is estimated that by 2050,
hip fractures in elderly men will increase by 310%, and hip
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fractures in elderly women will increase by 240% [86]. Pre-
venting and effectively treating the occurrence and develop-
ment of osteoporosis are therefore an urgent priority in
global health.

4.1. Ferroptosis and DOP. Approximately 1 in 11 adults
worldwide have diabetes, and 90% have type 2 diabetes
[87]. Diabetes mellitus is often associated with osteoporosis
[88] that this is often associated to multiple factors. It has
been suggested that the factors contributing to reduced bone
formation include oxidative stress caused by high blood
sugar and accumulation of advanced glycation end products
(AGEs) in collagen [88, 89]. Other studies suggest that low
concentrations of insulin and insulin-like growth factor 1
(IGF-1) may affect osteogenic activity and lead to osteoporo-
sis [90]. Antidiabetic drugs, such as thiazolidinedione, have
been shown to negatively affect bone metabolism and frac-
ture risk [91, 92]. However, the detailed pathological mech-
anism is not fully understood and is still being explored. In
addition, patients with diabetes often have complications
such as vision loss and neuropathy, which can increase the
risk of falls and fractures. An in-depth study of the patholog-
ical mechanism of DOP would help to improve the predic-
tion of DOP risk, as well as enable timely and reasonable
prevention and treatment of brittle fractures caused by
osteoporosis.

Iron metabolism is often disturbed in patients with dia-
betes [93–95]. Iron is also a strong oxidant that can promote
the production of many reactive oxygen free radicals. Indica-
tors of iron metabolism (transferrin, ferritin, hepcidin, trans-
ferrin receptor, etc.) can directly or indirectly affect the
occurrence and development of type 2 diabetes [94]. Ferrop-
tosis results in the production of abundant ROS through the
Fenton reaction, which causes the accumulation of lipid per-
oxides and cell damage [96]. Wang et al. [80] detected the
expression of FtMt and the occurrence of ferroptosis in the
bone tissue of a (T2DOP) rat model of type 2 diabetes. They
found that overexpression of FtMt reduced oxidative stress
induced by excess iron under high glucose conditions to
inhibit the occurrence of ferroptosis in osteoblasts, while
the silencing of FtMt induced mitochondrial autophagy of
T2DOP through the ROS/PINK1/Parkin signaling pathway.
This suggests that FtMt may be a potential target for the
treatment of T2DOP. Meanwhile, it was found that ferropto-
sis of osteoblasts increased following mitochondrial activa-
tion by carbonyl cyanide-M-chlorophenyl-hydrazine
(CCCP, a mitochondrial agonist). Additionally, several other
effects were observed: decreased expression of GPX4, osteo-
calcin (OCN), alkaline phosphatase (ALP), and osteoproteg-
erin (OPG), decreased mineralized nodules, increased ROS
levels, and increased lipid peroxide. In contrast, treatment
of the CCCP group with ferroptosis inhibitors was able to
rescue ferroptosis. Ma et al. [79] found that high glucose
induced ferroptosis in the bone tissue of a T2DOP rat model
by increasing the consumption of ROS/lipid peroxidation/
GSH. More importantly, melatonin (N-acetyl-5-methoxy-
tryptamine) significantly reduced the level of ferroptosis by
activating the Nrf2/HO-1 signaling pathway in vivo and
in vitro and improved the osteogenic ability of MC3T3-E1

cells. Based on these studies, we speculated that the occur-
rence of T2DOP was correlated with iron homeostasis
imbalance and ferroptosis in osteoblasts. Nonetheless, the
detailed mechanisms require further investigation.

4.2. Ferroptosis and GIOP. Ferroptosis is a recently discov-
ered form of cell death characterized by lipid peroxidation
caused by the downregulation of GPX4 and system xc-. It
is involved in GIOP. Yang et al. [97] found that high-dose
and long-term use of steroid hormones can alter antioxidant
capacity, reduce the activity and function of osteoblasts, and
lead to osteoporosis and osteonecrosis. Endothelial cell-
secreted exosomes (EC-Exos) are important mediators of
cell-to-cell communication and are involved in many physi-
ological and pathological processes. By inhibiting ferritin-
phagocytosis-dependent ferroptosis, EC-Exos reversed the
inhibitory effect of glucocorticoid-induced osteoblasts on
osteogenesis. Lu et al. [78] established a GIOP model with
a high dose of dexamethasone and found that high-dose
dexamethasone (10μM) can induce ferroptosis of osteo-
blasts, possibly by downregulating GPX4 and system xc-.
KEGG-based gene set enrichment analysis was performed
to demonstrate the activation of the ferroptosis pathway.
Extracellular vesicles extracted from bone marrow-derived
endothelial progenitor cells inhibited activation of the fer-
roptosis pathway by restoring GPX4 and system xc-. The
changes in the expression of ferroptosis markers, such as
SLC3A2, SLC7A11, and GPX4, were further confirmed
using RNA-seq. EPC-EVS reversed dexamethasone-
induced changes in cysteine and oxidative damage markers,
such as MDA, GSH, and glutathione disulfide (GSSG), and
improved skeletal parameters in mice. EPC-EVS reversed
dexamethasone-induced changes in cysteine and oxidative
damage markers, such as MDA, GSH, and GSSG, and
improved skeletal parameters in mice. They suggested that
EPC-EVS prevents glucocorticoid-induced osteoporosis in
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Figure 2: Diabetic, glucocorticoid, and postmenopausal induce
ferroptosis in osteoclasts and osteoblasts. The subsequent loss of
bone mass contributes to osteoporosis. RUNX2: Runt-related
transcription factor 2; TRAcP: tartrate resistance acid phosphatase.
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mice by inhibiting the ferroptotic pathway of osteoblasts.
However, further research is needed to elucidate the ferrop-
tosis mechanisms associated with GIOP.

4.3. Ferroptosis and PMOP. PMOP is caused by estrogen defi-
ciency in postmenopausal women. Estrogen deficiency is asso-
ciated with insufficient differentiation of osteoblasts and
increased activity of osteoclasts, ultimately leading to
decreased bone mass and increased bone fragility [98]. A sig-
nificant association between low serum iron levels and PMOP
has been reported [66, 99]. Abraham et al. [100] found that
dietary iron (or related factors) may have a protective effect
against bone loss in the postmenopausal spine. Ni et al. [76]
found a correlation between ferroptosis and RANKL-
induced osteoclast differentiation and iron-starvation
response, and ferritinophagy promoted the ferroptosis of oste-
oclasts induced by RANKL. In vivo, the HIF-1α-specific inhib-
itor 2-methoxyestradiol (2ME2) was found to prevent bone
loss in OVX mice. The authors, therefore, proposed that the
induction of ferroptosis of osteoclasts by targeting HIF-1α
and ferritin could be an alternative treatment for osteoporosis.

Together, these findings show that patients with osteo-
porosis often experience iron metabolism disorders, oxida-
tive stress, and lipid peroxidation, leading to ferroptosis
(Figure 2). This suggests that the regulation of ferroptosis
of osteoclasts or osteoblasts may provide a potential thera-
peutic strategy for osteoporosis (Table 1).

5. Conclusion

Owing to consistent research efforts, osteoporosis has devel-
oped from a highly disabling disease to a disease that can be
managed. Existing drugs and biologics marketed to treat
osteoporosis have some clinical efficacy, but are associated
with side effects including cancer, osteonecrosis of the jaw,
and adverse effects on liver and kidney function. Improved
antiosteoporosis treatment is therefore a significant priority
for medical researchers and clinicians.

In this review, we have summarized the cell morphology,
cell characteristics, and pathogenesis of ferroptosis, as well as
the relationship between ferroptosis and osteoporosis. Fer-
roptosis is an iron-dependent nonapoptotic form of RCD,
which is closely related to the pathophysiological processes
of various human diseases. It is accompanied by disorders

of iron metabolism and energy metabolism, upregulation
of inflammation and oxidative stress, and functional impair-
ment of important organelles in cells.

Elucidating the molecular mechanisms of ferroptosis and
osteoporosis can provide substantial insights into the field of
bone metabolism and immunity, enabling the discovery of
new therapeutics with fewer side effect for the prevention and
treatment of osteoporosis. At present, these encouraging
research results have generated great interest in further explor-
ing the mechanisms underlying iron-dependent cell death and
osteoporosis. The interaction and crosstalk among osteoclasts,
osteoblasts, and osteocytes should be considered in the treat-
ment of osteoporosis. Research on ferroptosis is still at a rela-
tively early stage, and the specific mechanism, nodal
molecules, and related signaling pathways of ferroptosis remain
unclear. Further study is required to explore these newly dis-
covered mechanisms, their associated signaling pathways and
molecular targets, to develop effective treatment methods.
The use of osteoporosis models in castrated mice, diabetic
mice, and aging mice will help to determine the relationship
between osteoporosis and ferroptosis and guide research for
further understanding and effectively treating osteoporosis.
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Table 1: Interventions and reagents targeting ferroptosis for osteoporosis.

Intervention methods or
reagents

Mechanism Effects on cells Reference

2ME2 (2-
methoxyestradiol)

Targeting HIF-1α and ferritin Inducing the ferroptosis of osteoclasts [76]

EPC-EVs Restoring GPX4 and system xc- levels Inhibiting ferroptotic pathway of osteoblasts [78]

Melatonin Activating the Nrf2/ho-1 signaling Reducing ferroptosis in MC3T3-E1 [79]

Silencing FtMt
Inducing mitophagy via ROS/PINK1/Parkin

pathway
Inhibiting ferroptosis of osteoblasts [80]

CCCP (mitophagy agonist) Activating mitochondria Promoting ferroptosis of osteoblasts [80]

EC-exos
Inhibiting ferritin-phagocytosis-dependent

ferroptosis
Reversing the inhibitory effect of glucocorticoid on

osteoblasts
[97]
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Marfan syndrome (MFS) is a genetic disorder of connective tissue that affects the fibrillin-1 protein (FBN-1). It is associated with
the formation of aneurysms, damage to the endothelium and oxidative stress (OS). Allium sativum (garlic) has antioxidant
properties; therefore, the goal of this study was to show the antioxidant effect of deodorized garlic (DG) on antioxidant
enzymes and OS markers in the plasma of patients with MFS. The activity of antioxidant enzymes such as extracellular
superoxide dismutase (EcSOD), peroxidases, glutathione peroxidase (GPx), gluthatione-S-tranferase (GST), and thioredoxin
reductase (TrxR) was quantified, and nonenzymatic antioxidant system markers including lipid peroxidation (LPO),
carbonylation, nitrates/nitrites, GSH, and vitamin C in plasma were determined in patients with MFS before and after
treatment with DG. The results show that DG increased the activity of the EcSOD, peroxidases, GPx, GST, TrxR (p ≤ 0:05) and
decrease LPO, carbonylation, and nitrates/nitrites (p ≤ 0:01). However, glutathione was increased (p = 0:01) in plasma from
patients with MFS. This suggests that treatment with garlic could lower the OS threshold by increasing the activity of
antioxidant enzymes and could help in the prevention and mitigation of adverse OS in patients with MFS.

1. Introduction

Marfan syndrome (MFS) is a disorder of genetic origin with
an autosomal dominant character that affects the gene that
encodes for the fibrillin-1 protein (FBN-1), therefore altering
connective tissue. It is associated with deformity and dys-
function of elastic fibers, which results in structural and
functional damage to the structure of the aorta causing
micro dissection of the middle layer and degeneration [1].
Damage to the aortic tissue in MFS is accompanied by oxi-

dative stress (OS), vascular dysfunction, and loss of the con-
tractile function and the endothelium-dependent
relaxation [1].

OS is caused by an imbalance between the production of
reactive oxygen species (ROS) and the ability to rapidly
detoxify their intermediate reagents or repair the damage
caused by them through the employment of biological anti-
oxidant systems [2]. Biological macromolecules such as
lipids, carbohydrates, proteins, and nucleic acids are altered
by instability in their structures caused by their reaction with
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ROS [3]. Excess ROS and reactive nitrogen species are impli-
cated in cardiovascular disease (CVD). ROS are produced by
several pathways including mitochondria, xanthine oxidase,
NADPH oxidase, and inducible nitric oxide synthase (iNOS)
[4]. There is an inverse association between the risk of
degenerative diseases where there is an increase in OS and
the consumption of medicinal plants. Therefore, it is impor-
tant to seek for strategies to improve the antioxidant capac-
ity in these diseases including MFS. One of these strategies
implies the use of garlic which has antioxidant properties.
The intake of therapeutic medicinal plants that containing
antioxidants can reduce oxidation at the endogenous level,
thus diminishing the negative consequences derived from
OS [3]. Recent work indicates that cursive sativum (garlic)
has antioxidant properties and reduces the OS present in
CVD [5]. Deodorized garlic (DG) extracts contain phyto-
chemicals and lipid-soluble organ sulfur compounds, such
as dial-lyl-thiosulfonate (allicin) and selenium that protect
against OS [6]. DG in tablets has fewer harmful side effects
than raw garlic [6]. Furthermore, DG has beneficial effects
for treatment of ROS-mediated CVD [7].

DG stabilizes compounds with antioxidant properties
such as allicin, S-allyl-cysteine (SAC), and S-
allylmercaptocysteine (SAMC) [5]. These stable compounds
exert antioxidant actions by eliminating ROS, increasing the
activity of cellular antioxidant enzymes such as superoxide
dismutase superoxide dismutase (SOD) isoforms, catalase
and GPx, and GSH levels. In a review where garlic supple-
mentation was analyzed and that included four meta-analy-
ses, garlic reduced systolic and diastolic blood pressure. In
another study using garlic supplementation, there was a
reduction of total cholesterol [8]. Furthermore, DG had
more consistent benefits than raw garlic, and rare adverse
reactions were documented with established limited cau-
sality [9].

The participation of OS in the progression of aortic dam-
age in MFS has been described [10]. LPO causes vasomotor
dysfunction in the thoracic aorta associated with OS, which
is related to a decrease in eNOS and an increase in the iNOS
pathways, and a decrease in the activity of the superoxide
dismutase (SOD) isoforms [11].

Due to the aforementioned information and to the lack
of reports on the antioxidant properties of DG on OS in
patients with MS, the goal of this study was to show the anti-
oxidant effect of DG in the plasma of MFS patients.

2. Materials and Methods

2.1. Population in Study. This was a controlled, open, analyt-
ical, prospective, and longitudinal (before-after) study that
included 13 patients of either sex, 6 men, and 7 women, that
were admitted to the Ignacio Chávez National Cardiology
Institute consecutively with aortic root dilation (>50mm).
The dilation was demonstrated by magnetic resonance
angiography.

The cases included MFS patients, classified by the Ghent
criteria in 1996 [12]. Once the patients completed the inclu-
sion criteria, a cardiological investigation of the clinical con-

dition of each patient was analyzed, including various
clinical indications of their cardiac pathology.

Studies including clotting times, radiographs, electrocar-
diography, anesthetic evaluation, and current medical treat-
ment were obtained, and care was taken that the cases were
not under treatment with antioxidants, allopurinol, or inhib-
itors of the probable pathways involved in the production of
ROS. Exclusion criteria taken into account were a doubtful
diagnosis and/or the lack of agreement to sign the informed
consent form for the research study.

Each patient was explained and asked for their approval
to include their plasma in this project, doubts were clarified,
and an informed consent was obtained to take a blood sam-
ple (baseline) and another subsequent blood sample two
months after starting the DG treatment when the interven-
tion was concluded.

2.2. Healthy Subjects. The control group consisted of 13
healthy men and/or women, who were previously evaluated
by an expert cardiologist and rheumatologist to verify that
they did not have MFS. Routine laboratory tests were

Table 1: Demographic characteristic Marfan syndrome patients.

Total Men (n = 6) Women (n = 7) p

Median (min-max)

Age 26 (14-51) 26 (14-51) 30 (16-42)

BMI 24 (12-30) 23 (12-25) 24 (18-30)

(mg/dL)

Glucose 90 ± 7 92 ± 9 88 ± 5 NS

CrS 0:67 ± 0:17 0:78 ± 0:20 0:58 ± 0:09 NS

CT 166 ± 40 154 ± 24 176 ± 50 NS

HDL 50 ± 13 47 ± 12 53 ± 15 NS

LDL 96 ± 28 93 ± 30 99 ± 29 NS

TG 119 ± 59 122 ± 85 117 ± 32 NS

Score

Ghent criteria 8 (62) 4 (66.6) 4 (57) NS

Ectopia lentis 4 (31) 1 (17) 3 (43) NS

Aortic dilatation 9 (69) 5 (83) 4 (57) NS

Systemic score 13 (100) 6 (100) 7 (100) NS

HFA 9 (69) 5 (83) 4 (57) NS

Abbreviations: BMI: body mass index; CT: cholesterol; CrS: creatinine
serum; HDL: high-density lipoprotein; LDL: low-density lipoprotein: HFA:
hereditary family antecedent; TG: triglycerides.

Table 2: Blood chemistry in healthy subjects.

Glucose (mg/dL) 85:84 ± 5:49
SCr (mg/dL) 0:77 ± 0:02
CT (mg/dL) 174:38 ± 5:56
HDL (mg/dL) 41:23 ± 1:81
LDL (mg/dL) 97:23 ± 4:46
TG (mg/dL) 109:23 ± 15:62
Abbreviations: SCr: serum creatinine; CT: cholesterol; HDL: high-density
lipoprotein; LDL: low-density lipoprotein; TG: triglycerides.
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performed to determine triglycerides and cholesterol-HDL,
cholesterol-LDL, glucose serum creatinine, and total choles-
terrol. In addition, echocardiography, computed tomogra-
phy, or magnetic resonance imaging were performed to
rule out aortic damage. Healthy subjects (HS) were not tak-
ing anti-inflammatory drugs, antioxidants, DG, or statins.
Medications that could interfere with the outcome of the
study, such as non steroidal antiinflammatory drugs
NSAIDs, lipid-lowering drugs, and antioxidant supplements
were discontinued.

2.3. Ethical Considerations. The research protocol was
approved by the Research and Ethics Committee of our
institution (institutional protocol number: PT-18-101). The
study was carried out according to the international ethical
standards and the General Health Law, as well as according
to the Helsinki declaration, modified at the Congress of
Tokyo, Japan, and with informed consent of patients and
controls [13].

2.4. Treatment. Cursive sativum Chinese garlic tablets (Ajo-
lín Forte® plus, Deodorized Garlic) of 500mg were ingested
orally with water, every 12 hours for 2 months in MFS
patients. The nutrition facts of the tablets showed a total
fat of 750mg, 600μg of sodium, 20 g carbohydrates, and
0 g protein.
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Figure 2: Effect of deodorozid garlic administration on peroxidase
activity in healthy subjects and Marfan syndrome patients. A
representative native gel is shown below the histogram, where
peroxidases are present; the gel remains transparent. and the
3,3,5,5-tetramethylbenzidine is oxidized, showing a green
coloration. Abbreviations: HS: healthy subjects; MFS: Marfan
syndrome; MFS +DG: Marfan syndrome plus deodorized garlic.
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Figure 1: Deodorized garlic increases EcSOD activity in Marfan
syndrome patients. HS: healthy subjects; MFS: Marfan syndrome;
MFS +DG: Marfan syndrome plus deodorized garlic. (a) is a
native gel representative of the EcSOD activity. Riboflavin and
TEMED, in the presence of UV light and oxygen, produce
superoxide radicals; NBT and SOD compete for them, where
SOD is present; the gel remains transparent, whereas reduced
NBT turns it purple-blue. The whole scanning shown represents
the activity of the enzyme.

Table 3: Redox biomarkers of the nonenzymatic system in the plasma.

Parameters (ml of plasma) HS MFS basal MFS +DG

LPO (nmol MDA) 5:25 ± 0:56 11:06 ± 0:69∗∗ 8:33 ± 0:45∗

Carbonylation (nmol carbonyls) 0:08 ± 3:57 × 10−3 0:11 ± 3:30 × 10−3∗∗ 0:09 ± 3:08 × 10−3∗∗

NO3
–/NO2

– (nM) 1:45 ± 0:12 2:46 ± 0:19∗∗ 1:63 ± 0:19†
GSH (nM) 0:06 ± 2:42 × 10−3 0:05 ± 1:76 × 10−3∗∗ 0:06 ± 4:17 × 10−3∗

Vitamin C (μM) 0:20 ± 0:01 0:18 ± 6:70 × 10−3 0:19 ± 7:08 × 10−3
∗∗HS vs. MFS basal, p ≤ 0:001, †MFS vs. MFS + garlic, p ≤ 0:001, and ∗HS and MFS + garlic vs. MFS, p = 0:01. Abbreviations: DG: deodorized garlic; HS:
healthy subjects; MFS: Marfan syndrome; LPO: lipid peroxidation; NO3

–/NO2
–: nitrate and nitrite ratio; GSH: gluthatione.
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Figure 3: Average activities of GPx (a), GST (b), and TrxR (c) in HS (n = 13), MFS patients (n = 13), and MFS after DG treatment
Abbreviations: HS: healthy subjects; MFS: Marfan syndrome; MFS +DG: Marfan syndrome plus deodorized garlic.
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Figure 4: Contributions of deodorized garlic in the antioxidant systems in Marfan syndrome. ∗Enzymes stimulated by selenium.
Abbreviations: DADS: diallyl disulfide; DAS: diallyl sulfide; DATS: diallyl trisulfide; DG: deodorized garlic; EcSOD: extracellular
superoxide dismutase; FBN-1: fibrillin-1 gene; GPx: glutathione peroxidase; GSH: glutathione; GSSG: oxidized glutathione; GST:
gluthatione-S-transferase; H2O2: hydrogen peroxide; iNOS: inducible nitric oxide synthase; LPO: lipoperoxidation; NF-κB: nuclear factor
κ-light-chain-enhancer of activated B cells; O2-: superoxide anion; ONOO−: peroxynitrate; SAC: S-allyl-cysteine; SAMC: S-
allylmercaptocysteine; Se: selenium.
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2.5. Blood Sample Collection. Five ml of blood per patient
was collected and centrifuged for 20min at 936 g at 4°C.
The red blood cell pellet was discarded, and the plasma
was collected in aliquots of 400μl and stored at −30°C until
used. Blood samples were obtained from each patient before
the treatment and after the two months of treatment with
the DG.

2.6. EcSOD and Peroxidase Activities. The extracellular activ-
ity of super oxide dismutase (EcSOD) was determined in
plasma by nondenaturing gel electrophoresis and nitro blue
tetrazolium (NBT) staining as described by Pérez-Torres
et al. [14] 25μl of plasma was applied directly, without boil-
ing, to a nondenaturing 10% polyacrylamide gel. The elec-
trophoresis was carried out at 120 volts for 4 hours.
Subsequently, the gel was incubated in a 2.45mM NBT solu-
tion for 20min, then the liquid was discarded, and the gel
was incubated in a 28mM EDTA solution, containing
36mM potassium phosphate (pH7.8) and 0.028mM ribofla-
vin. After 10min of incubation under dark conditions, the
nitro blue tetrazolium stain for O2

– was viewed by UV light
exposure for another 10min. Purified SOD from bovine
erythrocytes with a specific activity of 112U/mg of protein
(Sigma-Aldrich, St. Louis, MO, USA) was used as a positive
control.

For the activities of peroxidases, 35μl of horseradish per-
oxidase was loaded to a final concentration of 178.5μg as a
standard, and 25μl of plasma in the same conditions of the
native gel was run as previously described. To observe the
activity of the peroxidases, the gel was washed with distilled
water three times, during 5min, and it was then incubated
with a mixture of 3mg/ml 3,3,5,5-tetramethylbenzidine dis-
solved in a solution of ethanol: acetic acid: water (1 : 1 : 1)
with H2O2 for 10min in the dark [15]. In these conditions,
where peroxidases are present, the gel remains transparent
and 3, 3, 5, 5-tetramethylbenzidine is oxidized showing a
green coloration. The gels for EcSOD and peroxidase activi-
ties were analyzed by densitometry with a Kodak Image® 3.5
system.

2.7. Glutathione Peroxidase and Glutathione-S-Transferase.
Glutathione peroxidase and glutathione-S-transferase activi-
ties were determinate spectrophotometrically in plasma of
each patient as previously described [15]. 100μl of plasma
was suspended in 1.6ml of 50mM phosphate buffer
(pH7.3), with added 0.2mM reduced nicotinamide adenine
nucleotide phosphate NADPH, 1mM GSH, and 1UI/ml
glutathione reductase. The mixture was incubated for
1min at 37°C, then 100μl of 0.25mM H2O2 was added to
start the reaction, and the absorbance was monitored for
6min at 340 nm. Activity is expressed in nmol of NADPH
oxidized/min/ml plasma with an extinction coefficient of
6220M−1 cm−1 at 340nm for NADPH.

For glutathione-S-transferase (GST) activity, 700μl of
phosphate buffer (0.1M, pH6.5) supplemented with 100μl
GSH 0.1mM and 100μl 1-chloro-2,4-dinitrobenzene
(CDNB) 0.1mM was added to 100μl of plasma. The sample
was incubated and monitored for 10min at 37°C at 340 nm
[16]. Values of GST activity were expressed in U/min/ml

of plasma. The GST activity is expressed as units of GS-
DNB μmol/min/ml of plasma with an extinction coefficient
of 14150M−1 cm−1.

2.8. Thioredoxin Reductase. Thioredoxin reductase activity
(TrxR) was assessed as described previously [17]. 100μl of
plasma suspended in 3ml of 0.1mM phosphate buffer
(KH2PO4, pH7.0) was added to 0.2mM NADPH, 1mM
EDTA, and 0.1mg/ml bovine serum albumin. The sample
were read in the presence of 20μl of the specific TrxR inhib-
itor (10μM auranofin), and together with a duplicate of the
sample without the inhibitor was determined indirectly by
the amount of DTNB in the presence of NADPH to form
2 moles of TNB. The DTNB oxidation is monitored at
412 nm at 37°C for 6min with an extinction coefficient of
13600M-1 cm-1.

2.9. Lipid Peroxidation. Fatty acids are converted to malon-
dialdehyde which in the presence of thiobarbituric acid
develop a pink color which was read at 532nm. 50μl CH3-
OH with 4% BHT plus phosphate buffer pH7.4 was added
to 100μl of plasma. The mixture was shaken vigorously in
vortex for 5 seconds and then incubated in water bath at
37°C for 30min. 1.5ml of 0.8M thiobarbituric acid was then
added, and the sample was incubated in a water bath at boil-
ing temperature for 1 hour. After this time and to stop the
reaction, the samples were placed on ice; 1ml 5% KCl was
added to each sample as well as 4ml n-butanol; they were
shaken in vortex for 30 sec and centrifuged at 4000 rpm at
room temperature for 2min. Then, the n-butanol phase
was extracted, and the absorbance was measured. The cali-
bration curve was obtained using tetraethoxypropane as
standard [15].

2.10. Carbonylation. Protein carbonylation was detected
spectrophotometrically as previously described [15]. 100μl
of plasma were added to 500μl of HCl 2.5N. Another sam-
ple with 500μl of 2,4-dinitrophenylhydrazine and incubated
in the dark at room temperature for one hour, shaking with
a vortex every 15min, was run in parallel. At the end of the
incubation period, 500μl of 20% trichloroacetic acid were
added, and the sample was centrifuged at 15,000 × g for
5min. The supernatant was discarded. Two washings were
performed, first removing the precipitate with a sealed capil-
lary tube by adding 1ml ethanol/ethyl acetate. It was incu-
bated for 10min, and centrifuging at 15,000× g for 10min.
Finally, 1ml of 6M guanidine hydrochloride in 20mM
KH2PO4 pH2.3 was added. The mixture was incubated
again at 37°C for 30min. Absorbance was read in a spectro-
photometer at 370 nm, using water bidistilled as blank and a
molar absorption coefficient of 22,000M−1 cm−1.

2.11. NO3
−/NO2

− Ratio. The NO3
− was reduced to NO2

− by
the nitrate reductase enzyme reaction and detected by the
technique of the Griess as previously described [15]. The
NO3

− was reduced to NO2
− by the nitrate reductase enzyme

reaction. 100μl of plasma previously deproteinized with
0.5N, NaOH and 10%, ZnSO4 was mixed, and the superna-
tant was incubated for 30min at 37°C in presence of nitrate
reductase (5 units). At the end of the incubation period,
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200μl of sulfanilamide 1% and 200μl of N-naphthyl-
ethyldiamine 0.1% were added, and the total volume was
adjusted to 1ml. The absorbance was measured at 540nm.

2.12. GSH Concentration. 100μl of plasma previously depro-
teinized with 20% trichloroacetic acid (vol/vol) and centrifu-
gated to 10,000 x g for 5min was added to 800μl of
phosphate buffer 50mM, pH7.3, and plus 100μl of 1M.
The GSH concentration was determined as described previ-
ously [15] using Ellman’s reagent (5,5′-dithiobis-2-nitro-
benzoic acid). The mixture was incubated at room
temperature for 5min, and absorbance was read at 412 nm.

2.13. Vitamin C. For measuring vitamin C levels, 20% tri-
chloroacetic acid was added to 100μl of plasma. After vigor-
ous shaking, the samples were kept in an ice bath for 5min
and centrifuged at 5000 rpm for 5min; 200μl of Folin-
Ciocalteu reagent 0.20mM was added to the supernatant.
The mixture was shaken vigorously in a vortex for 5 seconds
and incubated for 10min. The absorbance was measured at
760nm. The calibration curve was obtained using ascorbic
acid standard solution [15].

2.14. Statistical Analysis. The data are presented as the
mean ± SE. Differences were considered as statistically sig-
nificant when p ≤ 0:05. Statistical significance between MFS
patients was determined by the Mann–Whitney rank sum
test followed by the normality test (Shapiro-Wilk). Statistical
significance was determined by one-way ANOVA test,
followed by Tukey’s post hoc test using Sigma Plot 14 pro-
gram (Systat Software Inc. 2107, San Jose, CA95131 EE.UU.
North First Street, Suite 360).

3. Results

3.1. General Characteristics. A total of 13 patients with MFS
and 13 healthy subjects (HS) were studied. Age in patients
with MFS had a median of 26 years with a minimum of 14
and a maximum of 51. The body mass index in MFS patients
had a median value of 24 with a minimum of 12 and a max-
imum of 30. Demographic characteristics of the MFS
patients are shown in Table 1, and the blood chemistry of
healthy subjects is shown in Table 2. The distribution and
frequency of the Ghent criteria of each of the patients are
shown in Table 3.

3.2. Extra Cellular Superoxide Dismutase and Peroxidase
Activities. Our results show that EcSOD activity was signifi-
cantly increased in HS and MFS+DG patients (p < 0:001),
in comparison to MFS patients (Figure 1). The activity of
peroxidases was significantly increased in HS and MFS
+DG patients in comparison to MFS patients (p < 0:001)
(Figure 2).

3.3. GPx, GST, and TxrR Activities. The results of the activity
of GPx showed a significant decrease in the MFS patients
compared to HS (p = 0:001). However, the treatment with
DG in MFS patients only showed a tendency to an increase
(p = 0:08) without reaching a significant value
(Figure 3(a)). Our results show that the GST activity was sig-

nificantly decreased in the MFS patients when compared to
HS and MFS+DG patients (p = 0:02 and p = 0:05, respec-
tively, Figure 3(b)). The TrxR in MFS patients was signifi-
cantly decreased when compared to that in the HS and
MFS+DG subjects (p < 0:001 and p = 0:03, respectively,
Figure 3(c)).

3.4. Non Enzymatic Antioxidant System Markers: Lipid
Peroxidation and Carbonylation. The OS indicators in the
plasma of the experimental groups are shown in Table 3.
There was a significant increase in LPO (p ≤ 0:001 and p =
0:01), carbonylation (p ≤ 0:001), and NO3

−/NO2
− ratio levels

in the MFS group in comparison to the HS and MFS+DG
groups (p ≤ 0:001 and p = 0:01, respectively). However, the
GSH levels showed a decrease in MFS patients with a signif-
icant difference compared to the HS and MFS+DG groups,
respectively (p ≤ 0:001 and p = 0:01). Vitamin C levels
showed no significant changes in the groups.

4. Discussion

The medicinal use of garlic in folk medicine is extremely old,
and thousands of investigations have shown its beneficial
effects on different pathologies such as hypertension, dyslipi-
demias, insulin resistance, and OS to mention a few. The
beneficial effects of garlic are due to organ sulfuric com-
pounds, such as allicin, E/Z-ajoene, SAC, S-allyl-cysteine
sulfoxide (alliin), SAMC, diallyl sulfide (DAS), diallyl disul-
fide (DADS), diallyl trisulfide (DATS), gamma-glutamyl tri-
peptides, and sulfur dioxide(SO2) among others [3].

On the other hand, in animal models and in humans
with MFS, there is formation of aortic aneurysms and pseu-
doaneurysms which is accompanied by endothelial dysfunc-
tion, chronic inflammation, increase in the expression and
activity of metalloproteinase, and a decrease of the antioxi-
dant enzymes. These alterations are due to the genetic muta-
tion of the FBN-1 gene [18].

The objective of this work was to show the antioxidant
effect of DG in the plasma of MFS patient. As far as we
know, there are no studies to date that show the beneficial
effect of garlic in this syndrome. Figure 4 summarizes the
results of this study on DG treatment in the plasma of the
MFS patients.

4.1. Superoxide Dismutase. SOD isoforms participate as the
first line of detoxification against the O2

– anion reducing it
to H2O2. This enzyme is expressed in blood vessels primarily
on the surface of vascular smooth muscle cells and the sub-
endothelial space. It contains a binding domain that links it
to proteoglycans and heparan sulphates which are expressed
on the cell surface. This enzyme may be secreted into the
extracellular space and is found in plasma [19]. The results
in this study suggest that the decrease of EcSOD activity
could contribute to OS in MFS patients [20]. The mutation
of FBN-1 is also associated with a decrease in heparin/hepa-
ran sulphate for which the EcSOD has a binding domain.
Genetic factors such as polymorphisms in the heparin bind-
ing domain alter the expression or activity of this enzyme
[21]. Regarding the alterations of the expression or activity
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of this enzyme by medicinal plants that provide antioxidants
in MFS patients, it was previously found that an infusion of
Hibiscus sabdariffa L. increased its activity [11]. Our results
show that the treatment with DG increases the EcSOD activ-
ity in MFS patients. The beneficial effect of garlic is due to
the organ sulfuric compounds such SAC and SAMC respon-
sible for the transcription of some antioxidant enzymes such
as SOD isoforms through the NrF2 pathway [22]. In addi-
tion, this result suggests that the O2

– anion concentration
decreases but that H2O2 increases.

4.2. GPx Activity. To detoxify the H2O2, the cell antioxidant
system is provided with other enzymes that employ it as a
substrate. 12% of the EcSOD functions are related to the
activity of some of the GPx isoforms [11]. GPx isoforms cat-
alyze the oxidation reaction of glutathione (GSH) to gluta-
thione disulfide using H2O2. It recycles some of the
molecules attacked by H2O2 and peroxidized organic mole-
cules [23]. However, the activity of GPx is reduced by proox-
idative conditions such as an inflammatory state which may
induce further the accumulation of ROS [24]. Our results
show that the GPx activity in plasma of the MFS patients
was decreased as had been previously reported [25], and that
the DG treatment tended to increase it and thus contribute
to the reduction of OS. Several studies have reported that
organ sulfuric compounds from garlic can induce the
expression of the GPx gene [26]. Another study showed that
garlic administration activated the phosphorylation of the
Nuclear factor erythroid 2-related factor 2 which was associ-
ated to an increased in the transcription of the GPx genes
[27]. The DG treatment can also provide selenium, an essen-
tial micronutrient for the catalytic center of the several anti-
oxidant enzymes such as GPx and TrxR, thus favoring an
increase in their activity. In patients with the Loeys-Dietz
syndrome, a severe variant of the MFS, there is a decrease
in GPx, GST, TrxR, selenium, and Nrf2 expression [28].
However, in MFS patients, the involvement of selenium
requires further study.

4.3. Activity of Peroxidases. Other antioxidant enzymes that
contribute to reduce H2O2 to water are peroxidases. These
enzymes play an important role in innate immunity and in
other physiologically important processes like apoptosis
and cell signaling [29]. Our results show that the activity of
peroxidases decreases in MFS patients. This may be due to
the FBN-1 mutation since the fibrillins constitute the back-
bone of microfibrils in the extracellular matrix of elastic
and nonelastic tissues [30]. Furthermore, the low activity
of these enzymes can contribute to background oxidation
which is favored, in part, by the increase in the H2O2 in
MFS patients. Treatment with DG increased the activity of
these enzymes, which reduce OS. In HepG2 cells, incubation
DAS increases both mRNA and expression of heme
oxygenase-1 (HO-1), which is a type deperoxidase [31].

4.4. TrxR Activity. TrxR possesses a selenocysteine in its cat-
alytic site [32]. Moderate OS can induce a compensatory
increase in the TrxR activity and reduce the oxidative mod-
ification of proteins present in several pathologies [33].

However, TrxR is decreased in chronic pathologies with
severe OS and metabolic disturbances [34]. In endothelial
dysfunction, TxrR decreases, and this is associated with a
prothrombotic and proinflammatory state [35]. The thiore-
doxin system in mammals consists of two antioxidant com-
ponents, the thioredoxin (Trx) and TrxR. The TrxR enzyme
catalyzes the reduction of disulfide in the active site of Trx in
the presence of NADPH. It improves the mal function of the
proteins, cellular receptors, and/or enzymes [36]. The results
of this study suggest that the decrease in TrxR activity in
MFS patients could be associated to the background OS.
These changes are associated to the lack of disulphide bonds
formed among microfibrils where the thioredoxin system is
essential to reduce these bridges [37]. However, the DG
treatment favored an increase in the activity of this enzyme,
which could contribute to decrease the OS and increase the
reduction between the disulphide bonds in the microfibrils.
The beneficial effect of garlic is associated to organ sulfur
compound such the DATS, which modulate the expression
and activity of the Trx/TrxR system [37, 38]. These sulfur
conjugates may favor an increase in the H2S production in
the presence of reduced Trx. [38]. H2S is a lipophilic mole-
cule that controls important processes in the cell including
the regulation of the Keap1-Nrf2 pathway [3].

4.5. GST Activity. Another enzyme that showed a decrease in
its activity in MFS patients was GST. This is a phase II drug-
metabolizing enzyme which detoxifies a wide variety of elec-
trophilic xenobiotics by catalyzing their conjugation to GSH.
It also reduces many organic hydroperoxides into alcohols
[39]. The decrease in the activity of this enzyme could favor
the accumulation of the LPO products including 4-hydroxy-
2-transnonenal [40]. However, treatment with DG favored
an increase in the activity of this enzyme. Different com-
pounds of garlic are linked to the increase in the activity of
this enzyme including DADS and DATS which significantly
increased the GST activities in liver damage [41]. Another
study demonstrated that organ sulfur compounds increased
the activity and mRNA of GST, and this effect was associated
to DAS, DADS, and DATS [42]. Furthermore, the reduction
of the activities of GST and GPx can also be caused by GSH
depletion, since both enzymes depend on it [43].

4.6. Redox Biomarkers of the Nonenzymatic System. GSH is
the most abundant endogenous intracellular antioxidant
present within cells. This tripeptide inactivates the O2

−

anion and the hydroxyl radical. Irreversible cell damage hap-
pens when the cell is unable to maintain its intracellular con-
centration of GSH [44]. Our results show that the GSH
concentration was significantly diminished in the MFS
patients. However, the treatment with DG increased the
GSH concentration favoring the reduction of OS through
the provision of a larger amount of this antioxidant molecule
that also acts as a substrate for GPx and GST [45]. GSH can
be obtained through the diet by consuming foods like garlic,
which contains thioallyl compounds such as the DAS DADS
and DATS. These compounds maintain the intracellular
GSH level modulating its increase and preventing its
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depletion probably through the enzymes that participate in
the GSH synthesis [46].

4.7. NO3
−/NO2

− Ratio, Lipoperoxidation, and Carbonylation.
The endothelial dysfunction in MFS patients may inactivate
eNOS and increase the iNOS expression/activity leading to
an enhanced production of NO which contributes to inflam-
mation [41]. In previous studies in MFS patients, oleic acid
was increased, and it may elevate NF-KB which participates
in the overproduction of iNOS [47]. Our results show an
increase in the NO3

−/NO2
− ratio in MFS patients. NO

metabolites may participate in the chronic inflammation
present in this syndrome. Moreover, the loss of the redox
homeostasis together with the induction of the iNOS expres-
sion/activity and with the subsequent exacerbation of NO
through NF-κB activation could lead to the formation of
peroxynitrites (ONOO–). ONOO– affects protein functions
by modifying essential reactive thiol groups and/or tyrosine
residues, thereby leading to the formation of oxidized thiol
groups or the formation of 3-nitrotyrosine in proteins. These
alterations in proteins can induce S-nitrosylation [48]. S-
nitrosylation may also regulate the expression of proinflam-
matory genes. Furthermore, S-nitrosylation impairs both
endothelium-dependent and -independent relaxation, and
these effects are accompanied by irreversible inactivation of
the antioxidant enzymes [49]. However, the treatment with
DG favors the inhibition of iNOS [50]. A recent study dem-
onstrated that SAC administration in rats significantly
decreased the expression of NF-κB, tumor necrosis factor,
and iNOS, exerting a protective effect against toxicity [45].
ONOO– is also an important intermediary in both LPO
and carbonylation [51]. We analyzed the LPO and carbonyl-
ation levels in our experimental groups. LPO is a marker of
damage to cell membranes, and carbonylation is a marker of
protein damage by ROS. The DG treatment was able to
reduce both indices through its sulfur components by mod-
ulating the antioxidant enzymes.

5. Conclusions and Perspectives

Our results demonstrated that MFS is associated with the
presence of OS, and that the treatment with DG may be
effective in diminishing this parameter by increasing the
antioxidant defense in the plasma of patients with MFS.

The application of alternative therapies such garlic
which have antioxidants properties could help in the preven-
tion and mitigation of adverse OS in the MFS patients and
thereby have a beneficial impact on patient survival. These
relevant findings suggest the need of conducting multicen-
tric studies or systematic studies providing therapies with
antioxidants that may improve the redox state of these
patients and that may be appropriate to the clinical context
of each particular subject.
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Despite recent advances in therapy, cancer still is a devastating and life-threatening disease, motivating novel research lines in
oncology. Cold physical plasma, a partially ionized gas, is a new modality in cancer research. Physical plasma produces various
physicochemical factors, primarily reactive oxygen and nitrogen species (ROS/RNS), causing cancer cell death when supplied
at supraphysiological concentrations. This review outlines the biomedical consequences of plasma treatment in experimental
cancer therapy, including cell death modalities. It also summarizes current knowledge on intracellular signaling pathways
triggered by plasma treatment to induce cancer cell death. Besides the inactivation of tumor cells, an equally important aspect
is the inflammatory context in which cell death occurs to suppress or promote the responses of immune cells. This is mainly
governed by the release of damage-associated molecular patterns (DAMPs) to provoke immunogenic cancer cell death (ICD)
that, in turn, activates cells of the innate immune system to promote adaptive antitumor immunity. The pivotal role of the
immune system in cancer treatment, in general, is highlighted by many clinical trials and success stories on using checkpoint
immunotherapy. Hence, the potential of plasma treatment to induce ICD in tumor cells to promote immunity targeting cancer
lesions systemically is also discussed.

1. Introduction

Cold physical plasma is a partially ionized gas operated at or
around body temperature [1], and the term “plasma” in this
work relates to this gas plasma and not to the protein-rich
liquid of blood plasma. Physical plasmas are multicompo-
nent systems as several plasma properties are described,
including electrons and ions, electric fields, mild thermal
and UV radiation, and reactive oxygen and nitrogen species.
The latter will be abbreviated as ROS hereafter as most RNS
also contain oxygen. It was recently outlined that ROS are
major biomedical effectors of physical plasma treatment in
biology and medicine [2].

Physical plasma is produced by different types of plasma
devices such as the plasma jet [3–8], dielectric barrier dis-
charge (DBD) [9–13], floating-electrode dielectric barrier
discharge (FE-DBD) [14, 15], atmospheric pressure glow
discharge torch (APGD-t) [16, 17], plasma brush [18],
microhollow cathode discharge air plasma jet [19], micro-
wave plasma torch [20], and nanosecond plasma gun [21].
Plasma jets and DBDs are particularly suitable for biomedi-
cal applications as these devices have already entered clinical
practice [22]. The first report of using plasma in oncology
was published in 2007 by showing the inactivation of mela-
noma cells in vitro following plasma treatment [14]. After
that, more studies provided evidence of the anticancer
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capacity of plasma in several cancer types such as the brain
[23–25], skin [26–29], breast [30–34], colorectal [35–37],
lung [38–40], cervical [41–43], leukemia [44–48], pancreatic
[49–54], liver [55–57], and head and neck [58–60]. Because
of altered metabolism and mitochondrial dysfunction, can-
cer cells are often found to produce more intracellular ROS
than nonmalignant cells [61–63]. In some studies, enhanced
intracellular ROS in cancer cells makes them more suscepti-
ble to cell death induced by extracellular ROS [64, 65].
Among the extracellular ROS generated via plasma are
superoxide anion, hydrogen peroxide, peroxynitrite, nitrite,
nitrate, hydroxyl radicals, atomic oxygen, ozone, and singlet
delta oxygen [66]. One hypothesis is that aquaporin trans-
porters [67, 68] and lower levels of cholesterol in the mem-
brane of cancer cells compared to a nonmalignant cell [69]
increase the permeation of ROS through the cancer cell
membrane, presumably via lipid peroxidation [70, 71]. As
a result, more plasma-produced ROS are being transported
to cancer cells, ultimately augmenting cell death. Cell death
is a consequence of intracellular signaling regulated by
pathways such as signal transducer and activator of tran-
scription 3 (STAT3), MAP-kinase (MAPK) [72], and phos-
phatidylinositol 3-kinases (PI3K) via AKT (protein kinase
B) [73]. Thus, plasma treatment can selectively target cancer
cells because of their unique properties [67, 69].

Moreover, several pharmacological and physics approaches
have been combined with plasma treatment to additively or
synergistically augment toxicity in cancer cells. This includes
radiotherapy [74–76], pulsed electric fields [77, 78], hyper-
thermia [79], photodynamic therapy [80], established anti-
cancer drugs [81–85], and novel anticancer compounds
[86, 87] including nanoparticles and emulsions [88–103].
This current will not focus on these aspects due to the
broad nature of the combination approaches. Instead,
plasma treatment has been described to directly or indi-
rectly affect the immune system’s cells, which may be har-
nessed in antitumor therapy [104], and current concepts
are described that address this framework. Altogether, this
review is aimed at unfolding the mechanisms, pathways,
and immune-related activities involved in plasma cancer
therapy.

2. Plasma Devices in Cancer Treatment

Analyzing plasma devices from different perspectives,
including assessing their safety aspects, the capacity of ROS
production, and cellular response to oxidative eustress and
distress, are critical steps in examining how plasma works
in cancer treatment. For a detailed overview of plasma phys-
ics, the reader is referred to reviews on this topic [105–107],
while this section intends to give a brief overview to the bio-
medical audience. There are three major types of plasma
sources including (1) DBD plasmas, also called “direct”
plasma sources, that use the human body as an electrode;
(2) plasma needles/plasma jets, also called “indirect” plasma
sources, producing a discharge between two electrodes
(Figure 1); and (3) hybrid plasma source, the combination
of both (1) and (2) plasma sources [108]. The use of these
plasma-producing systems depends on the study's purpose,

and plasma jets seem more common than DBD plasmas
based on several reports [109]. DBD plasmas' advantage is
that they do not require a particular gas flow as needed in
plasma jets, in which usually a noble gas is excited using
high-frequency electrodes. In most cases with DBDs, the
DBD electrode needs to be close to the target, and its diam-
eter varies from several millimeters to centimeters [110].
Unlike DBDs, plasma jets use three common gases, includ-
ing helium (He), argon (Ar), and nitrogen (N2), that deter-
mine the efficiency and pattern of ROS production [111].
Other critical parameters in operating plasma jets are, for
instance, gas flow rate, applied voltage, and the distance
from the nozzle to the target. For example, increasing the
distance from the target to a jet nozzle decreases the concen-
tration and variety of most reactive species reaching that tar-
get, while some, like ozone, are often found to be increased
[112]. Also, changes in the feed gas flux are accompanied
by changes in the reactive species composition, especially
when the flow switches from laminar to turbulent [113,
114]. Another critical factor is exposure time. It is well
known from microbiology studies that the growth inhibition
zones of bacteria grown on agar increase with a rise in
plasma treatment time [115]. Likewise, the plasma treatment
time dictates the extent of biological responses, e.g., apopto-
sis [110, 116]. Also, exposure time can modulate the secre-
tion of cell-signaling molecules, such as growth factors and
cytokines [117]. The plasma devices' operating conditions
affect the type and amount of reactive species products,
especially in cancer cells [6, 118, 119]. Therefore, regulating
these conditions improves plasma efficiency in inhibiting
cancer cells (Table 1).

One device that has been successfully employed in can-
cer treatment in patients [120, 121] is the atmospheric pres-
sure argon plasma jet kINPen MED (Figure 2). Generally,
medical plasmas are multicomponent systems, while it has
been established that the biological activity of plasma treat-
ment is mainly mediated via ROS/RNS and subsequent
redox signaling [2, 122]. The ROS/RNS generation process
is briefly described. For plasma jets, a gas is fed into the
device. Usually, noble gases such as argon, helium, and neon
are used to be ionized easily. These ionized gases are subse-
quently expelled into the ambient air. Reaction with oxygen
and nitrogen takes place, generating reactive oxygen and
nitrogen species. Within the plasma plume, hundreds of
chemical reactions occur [123, 124], leading to the simulta-
neous generation of a large variety of reactive species
[125]. These species have varying concentrations along the
axis of the plasma jet and are characterized by individual
travel distance and deterioration kinetics in the ambient air
[126–128]. This aspect complicates the identification of
exact species types and concentrations being delivered to
the biological target. As a general measure of species quanti-
fication, liquids can be exposed to plasma to identify some
species such as nitric oxide, singlet oxygen, hydrogen perox-
ide, hydroxyl radical, nitrite, nitrate, peroxynitrite, and
ozone, based on established redox chemistry assays [66,
129–133]. Notably, there is no tool available to simulta-
neously investigate all types of species being generated in
the plasma gas phase or treated liquids. This also holds true
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for plasma-treated tissues, as tools for assessing such species
directly in such context are currently not available [134].

3. Cell Death Signaling in Cancer Cells

Several cell death modalities are known, including necrosis,
apoptosis, necroptosis, autophagy, and pyroptosis [135].
These pathways can be a therapeutic target for the control
and destruction of cancer cells. Deregulation of cell death
signaling is a distinctive feature of cancer cells, and many
cancer therapies target the apoptosis signaling machinery,
including cell death receptors and mitochondrial signaling
pathways [136, 137]. Direct plasma treatment or plasma-
treated liquid (PTL) increases the intracellular ROS affecting
different factors in cell death signaling in tumor cells [138].
Accordingly, targeting proteins or kinases involved in cell
death signaling can efficiently induce apoptosis and death
in the cancer cell. In the following, it will be outlined which
pathways are involved in plasma-mediated cell death
(Figure 3).

3.1. Apoptosis. It has been found that the ROS produced by
plasma can induce cell death in cancer cells by activation
of four MAPK pathways, including ERK1/2, c-Jun N-
terminal kinase (JNK), p38 MAPK, and ERK5. The JNK
and p38 pathways have a crucial role in the induction of
apoptosis and the stress of the cells [139]. The activation of
these pathways involves proapoptosis Bcl-2 proteins such
as BAX and BAK that initiate intrinsic or mitochondrial cell
death signaling. Also, p38 MAPK and JNK can upregulate
p53 activity that controls cancer growth and triggers cell
death in cancer cells [140].

p53 is a tumor suppressor protein involved in stress
responses and intrinsic and extrinsic apoptosis pathways
[141]. The phosphorylation of p53 triggers the intrinsic apo-
ptosis pathway by activating the BH3 domain of proapopto-
tic proteins such as Puma, Noxa, Bad, Bax, Bak, and
apoptosis-execution factors such as Apaf1 [136]. Also, p53
can initiate extrinsic apoptotic pathway signaling through
cell death receptors such as Fas. Following activation of
one of the two (or both) pathways, downstream caspases
are activated, and apoptosis occurs. High levels of p53
protein in plasma-treated leukemia cells confirm p53-
induced apoptosis [46, 136]. Moreover, increased Bax,
Bcl-2, and caspase 8 expression in cancer cells after plasma
treatment showed the effect of plasma on intrinsic and
extrinsic pathways [46].

The ERK pathway is another MAPK pathway that coor-
dinately regulates some essential biological functions of the
cells, such as proliferation, differentiation, cycle regulation,
apoptosis, and tissue formation. Also, this pathway can be
related to tumor proliferation and invasion/metastasis
[139]. Accordingly, the regulation of this pathway can be
essential in inhibiting tumor cell growth. Plasma therapy
has been shown to dramatically increase ERK1/2 phosphor-
ylation and activate caspases in cancer cells, leading to their
death [142].

Elevated intracellular ROS activates tumor suppressor
proteins and kinases, suppressing the oncogenic PI3K/AKT
pathway. Thus, inhibition of the PI3K/AKT pathway initi-
ates cancer cell death [140]. PI3K/AKT signaling mediates
a wide range of cellular functions, including transcription,
translation, proliferation, growth, and survival. This path-
way maintains the balance between cell proliferation and
apoptosis in cancer cells and is associated with metastasis
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Pulse/AC generator
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Main discharge area

Grounded cathode

Grounded cathode
Sample

Sample
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Figure 1: Schematic of the principles of plasma jets and dielectric barrier discharges (DBD). In plasma jets, the gas flow is required for the
generation of cold physical plasma, while the plasma provided by DBD is created in ambient air. Plasma jets are grounded, while many DBD
systems use the treatment target as a grounded cathode to produce cold physical plasma. Many types of gases can be used. Usually, noble
gases such as argon, helium, and neon are employed, but air ionization is also feasible with specific parameter setups.
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in some tumors [143]. Also, PI3K/AKT activation has been
shown to play a critical role in inhibiting p53. Indeed,
plasma therapy downregulates the PI3K/AKT pathway and
induces p53-mediated apoptosis and cancer cell death [97].
Nitric oxide (NO), a product of NOX activity in some tumor
and innate immune cells, has pro- and anticancer effects.
Depending on its intracellular level, low NO levels can pro-
mote tumor cell growth, while high NO levels usually cause
the tumor cell to die [144]. Physical plasma treatment
enhances intracellular NO levels in cancer cells, leading to
MAPK p38 activation [144]. This plasma-derived NO was
shown to significantly increase the presence of active cas-
pases 3 and 8, confirming the role of plasma in activating
caspase cascade and inducing cell death [144].

Moreover, activating protein-1 (AP-1) as a dimeric
transcription factor, Fra-1, and c-Jun (highly expressed in
invasive cancers) enhance cancer cells' migration and prolif-
eration. Their phosphorylation is often regulated by MAP
kinases such as JNK and p38 [145]. Plasma treatment can
modulate the expression of AP-1 related transcription fac-
tors in cancer cells such as leukemia. It has been reported
that JUND, a subfamily of Jun, can trigger phagocyte activa-
tion and cytokine secretion such as IL-8 in plasma-treated
THP-1 cells [146].

Another pathway involved in cancer cell death is signal
transducer and activator of transcription 3 (STAT3) signal-
ing. STAT3 has a role in proliferation, survival, migration,
invasion, and angiogenesis [147]. Therefore, targeting this
pathway can be efficient in cancer cell inhibition. Plasma-
treated osteosarcoma showed an initiation in the apoptotic
pathway by reducing phosphorylation in the AMPK or
STAT3 pathways, which had an inhibitory effect on cancer
cells' growth [148]. Further experiments are needed to
explain the effect of plasma on the STAT3 pathway in this
area.

3.2. Autophagy. Autophagy is a process that occurs in all
cells to eliminate dysfunctional or damaged cell organelles.
The autophagic process plays a double-edged sword role in
cancer progression [149]. Regulation of autophagy is medi-
ated by tumor suppressor proteins such as LC3 and Beclin-
1, leading to cancer cells' death. Various environmental
stressors such as starvation, hypoxia, and growth factor dep-
rivation can convert LC3 to LC3-II by conjugating a lipid

molecule called phosphatidylethanolamine (PE) to incorpo-
rate into the autophagosome membrane. Also, Beclin-1 is
involved in the very early stage of autophagosome formation
[149, 150]. Plasma-produced ROS increased autophagosome
formation through activate ERK1/2 and induce LC3. This is
presumably due to ROS stimulating the JNK pathway to
phosphorylate Bcl-2 and releasing Beclin-1 associated with
LC3 involved in autophagic cell death [151, 152]. Using
PTL decreases the phosphorylated mTOR and AKT protein
levels, which is critical for cancer cell viability. Besides, PTL
increases LC3B expression in endometrial cancer cells. So
PTL can inhibit cell viability while inducing autophagic cell
death in endometrial cancer cells [153]. Moreover, PTL
treatment increases the level of LC3A/B, p-ERK kinase,
which is involved in Beclin-1-related autophagy. Indeed
PTL induces apoptosis of pancreatic cancer cells through
the ROS-dependent autophagy pathway [154]. As a result,
JNK phosphorylates the c-Jun protein, which leads to the
production of AP-1, which in turn promotes the expression
of many genes such as Bax and FasL [151].

3.3. Pyroptosis. Pyroptosis is another type of programmed
cell death mediated by the gasdermin family which includes
GSDMA, GSDMB, GSDMC, and DFNA5/GSDME [155].
Pyroptosis has some characteristics of apoptosis as well as
necrosis. Pyroptotic cells undergo nuclear condensation
and chromatin DNA fragmentation, similar to apoptotic
cells. In parallel, cell membrane pore formation, cell swell-
ing, cell membrane rupture, and the release of proinflamma-
tory mediators, including IL-1β, IL-18, ATP, and HMGB14
during pyroptosis, occur, sharing similar features to necro-
sis. Therefore, pyroptosis is an inflammatory form of cell
death and has a bilateral role in tumor cell progression.
Plasma treatment was shown to induce pyroptosis in cancer
cells via ROS, promoting the phosphorylation of JNK and
increasing cytoplasmic cytochrome C levels [156]. These
pathways induced caspase 9 and caspase 3 activation by
cleaving GSDME, which induces pyroptosis in cancer
cells [157].

3.4. Ferroptosis. Ferroptosis is an iron-dependent and reac-
tive oxygen species- (ROS-) reliant cell death distinct from
apoptosis, classic necrosis, autophagy, and other forms of
cell death at morphologic, biochemical, and genetic levels
[158–160]. Ferroptosis is mainly based on cytological
changes, including decreased mitochondrial cristae, a rup-
tured outer mitochondrial membrane, and a condensed
mitochondrial membrane. Excessive membrane lipid perox-
idation and the occurrence of oxidative stress cause cell
abnormalities in ferroptosis [160]. This form of cell death
can be induced by small molecules such as erastin and
Ras-selective lethal small molecules (RSL). Also, iron and
ROS accumulation, activation of the MAPK pathway, and
release of arachidonic acid mediators trigger this type of cell
death. However, xCT (SLC7A11) and glutathione peroxidase
4 (GPX4) are critical regulators of ferroptosis [159]. In addi-
tion, p53 might act as a rheostat, preventing ferroptosis
under basal or low ROS stress while promoting ferroptosis
in high oxidative stress conditions [161]. p53 represses the
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Figure 2: The atmospheric pressure argon plasma jet kINPen. The
kINPen is a certified medical product in Europe and is regularly
employed in dermatology. First initial trials in human cancer
patients have been employed. Reproduced from [125].
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expression of SLC7A11, a vital component of the cystine/
glutamate antiporter. Hence, p53 can inhibit cystine uptake
and sensitizes cells to ferroptosis [162]. Moreover, another
study implicated that plasma treatment increases cell death
in the samples with lower xCT expression than samples with
higher xCT expression [163].

Excess irons are the basis for ferroptosis. Interestingly,
redox-active iron pools (i.e., Fe2

+) via Fenton reaction can
directly catalyze lipid peroxides, which cause ferroptosis
[162]. Accordingly, it was hypothesized that plasma expo-
sure could induce destruction of the shell of ferritin and
simultaneous reduction from Fe(III) to Fe(II), resulting in
Fenton reaction to cause oxidative cell death [164]. Also,
plasma exposure may kill oral squamous carcinoma cells
through ferroptosis, dependent on ample catalytic Fe(II)
[165]. Further studies are required to demonstrate the effect
of plasma therapy in cancer cell ferroptosis.

4. Immune Cell Activation Followed by
Plasma Treatment

Plasma treatment can affect the activation of immune cells
and their ability to provide effective antitumor immunity
[166]. As currently known, antitumor immune responses
consist of innate and adaptive immunity that interacts
and acts on cancer cells by various means [104]. The innate
immune system can both foster and limit cancer progres-

sion through direct interaction with tumor cells and the
activation of other cells in the tumor microenvironment
(TME) [167, 168].

4.1. Immunogenic Cancer Cell Death (ICD). Induction of cell
death is an expected valuable outcome in plasma-treated
cancer cells. It may also cause tumor cells to externalize or
secrete many types of damage-associated molecular patterns
(DAMPs), including ATP, high mobility group protein B1
(HMGB1), calreticulin (CRT), and heat shock protein 90
(HSP90), leading to the recruitment of immune cells [169].
CRT and ATP are critical for innate immune cell activation
to uptake dead tumor cells to occur in the inflammatory
context. This mediates an antitumor immune response by
promoting DC maturation and antigen presentation, result-
ing in T-cell responses against tumor cells [170].

It has been demonstrated that nonthermal plasma treat-
ment induces ICD by the generation of ROS [171] and other
charged species [166] and increases the immunogenicity of
tumor cells. Plasma upregulates immunogenic cell surface
molecules such as MHC-I [172] and surface-exposed calreti-
culin (ecto-CRT). The latter acts as an Eat Me signal facili-
tating the recognition, engulfment, and processing of
tumor cells by APCs. High levels of extracellular ATP fol-
lowing plasma therapy [173] act as a Find Me signal for
the recruitment and activation of APCs in tumor microenvi-
ronments (Figure 4). Increased expression of CD45, a
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cancer cell membranes that allow the transport of H2O2 into the cells. Additionally, plasma treatment oxidizes cellular membranes, leading
to cell death signaling. The excessive intracellular ROS contribute to the initiation of the cell death signaling (e.g., apoptosis, autophagy,
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leukocyte marker, and CD11c, an APC marker, in the tumor
microenvironment of BALB/c mice exposed to the plasma
suggested additional leukocytes' recruitment, including
APCs, presumably via DAMP signaling [174, 175].

4.2. Macrophages. Macrophages are critical immune cells in
the TME and play a pivotal role in immune homeostasis.
In response to a wide variety of environmental conditions,
macrophages can differentiate and polarize into different
phenotypes of M1 and M2. Tumor cells release and express
molecules that hijack macrophages, supporting tumor
growth [176]. In some cancer types, such as in the pancreas
and brain, up to 50% of the cells are macrophages, continu-
ally supporting angiogenesis and phagocytose, silently and
without inflammation, dead tumor cells. These are called
tumor-associated (M2) macrophages. M2 macrophages
express CD163 (scavenger receptor) and CD206 (mannose
receptor) as anti-inflammatory markers and arginase. In
addition, they release IL-10, TGF-β, and PGE2 and have a
higher expression of PD-L1 that can repress antitumor T-
cell responses. In turn, however, macrophages can also be
licensed to kill tumor cells in the presence of proper proin-
flammatory stimuli, called proinflammatory (M1) macro-

phages [167]. M1 macrophages, as classically activated
macrophages, express CD68, CD80, and CD86 costimula-
tory molecules and can control tumor progression by releas-
ing TNF-α, IL-1β, IL-12, and iNOS. In the appropriate
setting, some cytokines such as INF-γ can convert M2
macrophages to the M1 phenotype in the TME [177, 178].
Another study, however, found an M2 skewing of
monocyte-derived macrophages with plasma treatment
[179]. While plasma-treated monocytes generated ROS and
were susceptible to plasma-induced cell death, as shown
before [180], plasma-treated macrophages were not [178].

Using human monocytes, plasma treatment was shown
to exacerbate M1 macrophages' cytotoxic activity against
tumor cells. This was accompanied by an increased expres-
sion of CD86 (M1 marker) and low levels of CD163 and
CD206 (M2 markers) on the THP-1-derived macrophages
[178]. A similar increase of toxicity was made in A549 lung
cancer cells during coculture with THP-1-derived macro-
phage in vitro [181]. Another study reported that the rate
of cell death in a plasma-treated nasopharyngeal carcinoma
cell line (CNE-1) cocultured with native (M0) macrophages
(macrophages) was higher than the presence of macro-
phages, possibly due to the increase in extracellular ATP
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[182]. In such coculture systems of cell-line-derived macro-
phages and tumor cells, elevated levels of TNF-α were also
linked to the increased cytotoxicity observed [183]. TNF-α
inhibits the tumor progression by activating CD8+ T-cells
and induces inflammatory cytokines such as IL-1, IL-6, IL-
8, and cytotoxic factors like NO and ROS produced by mac-
rophages and NK cells [184, 185]. Strikingly, recent evidence
suggests that plasma treatment supports monocytes' differ-
entiation process into macrophage-like cells. In contrast to
the other studies, this was found in cell lines and using pri-
mary monocytes isolated from the human blood [186].
Moreover, plasma treatment of cancer cells and culturing
monocytes in these DAMP-containing cancer cell superna-
tants promoted monocyte activation [123] and their cyto-
toxicity upon coculture with tumor cells [187].

4.3. Cross-Talk between Dendritic Cells and T-Cells. Activa-
tion of T-cells and the generation of long-lived memory cells
in the tumor microenvironment (TME) are the critical target
of cancer therapies. CD8+ T-cells are the key player in the
adaptive immune system for the direct killing of cancer cells
via the release of cytotoxins, such as perforin and granzyme
B. Effector CD4+ T-cells in response to an antigenic tumor
can secrete cytokines such as IFN-γ, TNF-α, and IL-2 that
limit tumor progression and help the activation of CD8+

CTL in a later stage [188]. Activation of adaptive T-cell
responses depends on antigen recognition, so antigen-
presenting cells (APC) such as DCs play a critical role in
stimulating an adaptive immune response, especially cyto-
toxic CD8+ T-cells and CD4+ T-cells. DCs are innate
immune cells known as professional APC and play a crucial
role in linking innate and adaptive immune responses. DCs
phagocytose, process, and present the tumor antigens to
naïve antigen-specific CD4+or CD8+ T-cells via major histo-
compatibility complexes (MHC) II and I, respectively. There
are two major subsets of DC: classical/conventional DC
(cDC) and plasmacytoid DC (pDC). pDC produces type I
interferons, which are essential in the stimulation of anti-
tumor immune response. They can also generate regula-
tory T-cells (Treg) in the tumor microenvironment, which
favors tumor progression. Depending on their subtype,
cDCs present tumor antigens to prime both CD8+ and
CD4+ T-cells [189].

It was previously speculated that plasma-derived ROS
treatment of tumor cells initiates the cancer-immunity cycle
by promoting ICD, DC maturation, and priming of antitu-
mor T-cells in the draining lymph node [190, 191]. A recent
in vivo report supports this claim by providing evidence for
ICD and subsequent DC activation together with checkpoint
therapy-augmented plasma and abscopal effects in a mela-
noma model [192]. Using the same cell type but a different
type of plasma source, ICD and the subsequent protection
from tumor growth in a preventive vaccination model were
shown, and mechanistically, the effects were deduced to
the action of short-lived ROS [193]. In vitro, plasma-
treated PBS activity on tumor cells may be involved in DC
maturation. Also, higher levels of TNF-α and IFN-γ and
decreased levels of immunosuppressive cytokines such as
TGF-β produced by DC cocultured with tumor cells exposed

to plasma-treated PBS an immune-enhancing effect of this
approach [194]. Moreover, other in vitro studies suggested
a distinct cytokine profile and modest but evident DC activa-
tion in the presence of directly plasma-killed tumor cells [74,
173]. It was recently reported for a translational research-
relevant plasma jet accredited as a medical device in Europe
that plasma treatment not only induced ICD in melanoma
cells that were successfully used as a preventive vaccine in
mice but also was accompanied by an increased influx of
CD4+ and CD8+ T-cells in the TME along with their
increased activation and memory phenotype [195]. More-
over, increased efficacy of plasma treatment was demon-
strated when combined with a toll-like-receptor (TLR)
agonist activating DCs and superior efficacy of one plasma-
derived ROS cocktail rich in atomic oxygen over other
ROS cocktails. These findings corroborated previous reports
on increased T-cell infiltrates in plasma-treated syngeneic
melanomas in vivo [196, 197]. In addition, it was recently
shown in vitro and in vivo that the immunogenicity
plasma-treated protein can confer immunoprotection in
mice against melanoma growth [198], giving rise to entire
novel concepts in plasma oncotherapy [199].

5. Clinical Trials and Case Series on Plasma
Therapy in Medicine including Cancer

In vivo and in vitro studies in plasma medicine have shown
promising results, encouraging clinicians to evaluate plasma
therapy in clinical settings across several types of diseases
(Table 2). Since there is only a few reports on plasma anti-
cancer studies, other clinical applications are described as
well in the following. For each plasma device, such studies
must demonstrate safe plasma treatment in the first clini-
cal step.

5.1. Case Series. Several case series and reports have reported
on the use of different plasma devices in humans to treat dis-
ease. In Greifswald, Germany, clinicians investigated the
clinical application of cold physical plasma treatment in 21
patients with advanced head and neck cancer in a palliative
setting. This study was aimed at evaluating tumor surface
changes and the ratio of apoptotic cancer cells, respectively,
in group I and group II. Among the 12 patients in group I,
there was no enhanced or stimulated tumor growth under
two weeks after cold physical plasma treatment. The result
of 9 patients in group II showed more frequent apoptotic
cells in tissue areas treated by plasma than in untreated
areas [120, 121, 200].

Moreover, German clinicians used a plasma device to
treat six patients suffering from wound healing disturbances
after maxillofacial surgical procedures. The size and localiza-
tion of the defect were different among all cases, so plasma
therapy was initiated at various postsurgery times, ranging
from 2 to 42 weeks. The primary outcome showed com-
plete healing, defined as wound closure and the absence
of any signs of infection. Besides, the secondary outcomes
showed complete remission after 48 weeks of plasma treat-
ment. In that study, several therapeutic properties of
plasma, including antibacterial effect, stimulation of tissue
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repair, regeneration, neovascularization, and skin microcir-
culation, were considered. Based on the results, plasma is a
promising approach to treat chronic healing disorders of
wounds resulting from CMF surgery [201]. Another study
by the same authors evaluated the effect of plasma therapy
on wound healing disorder following the radial forearm
free flap (RFFF) procedure. The endpoint of this therapy
showed the successful remission of wounds. It was con-
cluded that plasma treatment possibly is a new therapeutic
modality to avoid repeated surgery [202].

Actinic keratosis (AK) was another skin disease that has
been investigated to be treated using plasma. In one study,
17 lesions were plasma-treated and followed up for one
month without interval evaluation. Three lesions improved
significantly, and the condition of five lesions did not
worsen. Interestingly, none of the patients experienced side
effects, such as pain and inflammation during treatment
[203]. All patients showed a decline in AK characteristics
such as erythema, scaling, crusts, and thickness, and in some
cases, the total lesion number was decreased [204].

The efficacy of plasma therapy has also been investigated
in the treatment of wart lesions. The results of one study
revealed that all lesions of the first patient faded after 2 to
3 plasma exposure cycles. In a second patient, however, the
lesions were improved but did not disappear completely
[205]. The same authors demonstrated that plasma exposure
could also be an effective modality for wart treatment in
pediatric patients [206]. The plasma device used in this
study is currently not approved by the FDA. Nevertheless,
plasma treatment was suggested to induce apoptosis in
malignant cells ex vivo [207], so it seems likely that this also
holds for premalignant cells. However, clinical data are
insufficient to confirm the plasma mechanism in improving
the wart [206].

Overall, plasma therapy is a novel promising therapeutic
tool in managing tumor cells and the recovery of infection,
postoperative wound healing, actinic keratosis, and wart
disorders.

5.2. Clinical Trials. The first registered clinical trial on
plasma cancer treatment was initiated in Tübingen, Germany,
in 2017 to manage cervical intraepithelial neoplasia.
Approximately 170 patients were planned to participate in
the study. Final results, however, were not reported yet
apart from the observation that pathological remission
and HPV reduction were secondary outcomes [208]. In
2019, a U.S. company used plasma to treat 20 patients with
breast and lung cancer after standard treatments, including
chemotherapy, radiation, and surgery. Preliminary results
suggested a preferential targeting of tumor cells, but further
confirmation is awaited. This technology was the first to be
approved in an FDA phase I clinical trial in August 2019
[209]. Moreover, the Skin Center Dermatology Group
investigated the effect of plasma to treat 100 subjects with
skin disorders. This study enrolled 100 participants suffer-
ing from actinic keratosis, acne, or verruca plana. The
results of the plasma treatment were successful in most
cases and showed no side effects. However, this study has
not yet been completed and final results are awaited

[210]. A recent clinical study examined the effect of plasma
in the treatment of hair loss. This study started on June 8,
2020, and is currently recruiting. However, no results have
yet been reported [211].

6. Side Effects of Plasma Treatment

Any medical treatment has to meet both efficacy and safety
requirements. While many studies had investigated the effi-
cacy of plasma treatment in many types of diseases, studies
on their safe applications are less frequent. The main agents
of biomedical plasma effects, ROS, are also produced during
physiological processes in the body. Hence, ROS are not
toxic or dangerous per se, but their exacerbated concentra-
tion or application frequency might be. To understand this
from a practical point of view, it needs to be mentioned that
H2O2 at molar concentrations (e.g., 3% equals 1M) is used
for wound disinfection and dentistry. For comparison, to
reach the concentration of 1M H2O2 in 1ml of a saline solu-
tion, this would translate to a plasma treatment time of
30.000min (or 500 h) for an accredited argon plasma jet
[212]. For in vitro, in vivo (mice), and patient treatment with
this jet, typical treatment times are between 5 s and 3min
[213, 214]. This calculation emphasizes that the ROS doses
generated with plasma treatment range from inducing
ROS-related (cell death) signaling rather than overloading
the cells with necrotic doses of ROS and would account for
most medically suited plasma devices currently in use.

Nevertheless, several safety studies have been performed,
especially for the well-characterized kINPen MED [215].
This plasma jet does not generate mutagenic events, as
shown using the OECD-accredited HRPT test and the
cytokinesis-block micronucleus assay [216, 217]. Notably,
the phosphorylation of the histone 2A-X seems a secondary
event due to plasma-induced cell death rather than direct
DNA damage [218]. In vivo, no formation of micronuclei
was observed [219]. In a wound-healing model in mice, the
animals were plasma-treated for seven days using the kIN-
Pen, and one year later, the animals were investigated using
MR-imaging, CT-scanning, histopathology, and tumor
marker analysis in the blood and tissues [220]. No tumor
formation or any other detrimental long-term effect was
observed. Concerning mucosal tissue in mice, plasma expo-
sure caused mild inflammation, and the epithelial layers
healed without showing signs of hyperplasia or dysplasia
[221]. Side effects in patients were recently summarized
[215] and currently extended to the first 5-year follow-up
in plasma-treated wounds [222]. In patients suffering from
advanced squamous cell carcinoma of the head and neck,
some side effects such as bad taste, fatigue, and bleeding
were seen in some cases after plasma treatment. However,
all of the side effects were mild to moderate and not life-
threatening [223].

For plasma devices other than the kINPen MED, safety
has been implied as well, albeit less systemically. For
instance, this accounts for the PlasmaDerm and SteriPlas
devices [224–227], and the efficacy and safety of plasma
wound treatment have been reviewed in a meta-analysis
recently [228]. Moreover, the number of clinical trials
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indicates a preevaluation (e.g., CE mark in Europe) of the
safety across many other plasma sources as a prerequisite
to clinical use. In Europe, several medical plasma device
types have been employed over the last seven years in over
100 clinical centers and thousands of applications already
without any note of severe side effects. It is important to note
that there are many plasma devices for cosmetic application
on several international markets, but their safety has been
addressed to a minimal extent only in most cases. Besides,
several plasma devices or device modifications that are not
in clinical use yet but are aimed for such application have
undergone in vitro or in vivo risk assessments already
[229–234]. A DIN spec has been published in Germany that
suggests several assays that should be performed for a stan-
dard characterization of medical plasma devices [235]. A
DIN spec is a legal norm in Germany that describes detailed
methods and assays to characterize a product, process, or
device based on industry consensus. Current efforts are
aimed at generating a respective ISO-norm for the safety of
plasma devices that would harmonize risk assessments to
ensure the safety and efficacy of plasma treatment of human
diseases.

7. Conclusion

This review summarizes the recent advances in understand-
ing plasma therapy in medicine, emphasizing cancer treat-
ment. Studies of plasma therapy in the clinical setting have
only begun, but promising results were reported so far. Cold
physical plasma alters many features of tumor cells, ulti-
mately leading to their demise. Plasma also promotes
inflammatory signaling pathways that can augment antitu-
mor responses by innate and adaptive immune cells. Further
studies are required to demonstrate the effect of plasma on
memory cells' generation against tumor cells. Because
plasma releases tumor-associated antigens and facilitates
antigen processing, using a combination of plasma and
immunotherapy regimens, such as immune checkpoint
inhibitors, possibly enhances antitumor immune responses.
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Lip, oral cavity, and pharyngeal cancers (LOCP) constitute a group of rare neoplasms with unfavorable prognosis. So far, not
much is known about the role of vitamin D and oxidative stress in the pathogenesis of LOCP in the European population. The
aim of the study was to determine the concentrations of vitamin D, osteopontin, melatonin, and malondialdehyde (MDA) as
markers of oxidative stress and/or inflammation, as well as the activities of antioxidant enzymes in the course of LOCP. The
vitamin D, melatonin, and osteopontin concentrations in blood serum, the MDA levels in erythrocytes and blood plasma, and
the activities of superoxide dismutase (SOD-1), catalase (CAT), and glutathione peroxidase (GPx) in erythrocytes were
measured in blood samples taken from 25 LOCP patients of middle age (YCG), 20 LOCP elderly patients (OCG), and 25
healthy middle-aged volunteers. In both cancer groups, decreases in vitamin D and CAT, as well as increases in osteopontin
and blood plasma MDA, were observed. An increase in GPx activity in YCG and a decrease in melatonin level in OCG were
found. The results indicate the vitamin D deficiency and disturbed oxidant-antioxidant homeostasis in LOCP patients.
Osteopontin seems to be associated with LOCP carcinogenesis and requires further research.

1. Introduction

Lip, oral cavity, and pharyngeal cancers (LOCP) belong to
the most common head and neck cancers worldwide. More-
over, scientific analyses indicate that the incidence of this
type of neoplasm will increase in the future. According to
data, in 2012, 529,500 new cases of LOCP were detected
worldwide, which corresponds to 3.6% of all cancers [1, 2].
Mortality in 2012 from this group of neoplasms was esti-
mated at 292,300 cases, which corresponds to 3.6% of deaths

due to neoplastic diseases [1, 2]. Projections for 2035 show a
62% increase in the number of cases to around 856,000 cases
annually [1]. Cancers of lip, oral cavity, and pharynx are
considered together because they are characterized by simi-
lar risk factors. Neoplasms belonging to this group affect
male much more often than female, and the age group 50-
70 years is particularly vulnerable [3–5]. In addition, this
type of cancer is especially common in south-central Asia
[1]. The main risk factors for the development of LOCP
cancer include smoking [6], alcohol consumption [7, 8],
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infections caused by Epstein-Barr virus (EBV) [9], and
human papillomavirus (HPV) [10]. Early diagnosis and
treatment initiation significantly increases patient survival;
unfortunately, most cases are detected in the advanced stage
of the disease, which lowers the 5-year survival rate to about
40% [3].

Pathogenesis of lip, oral cavity, and pharyngeal cancers is
still not clear and is believed to be multifactorial in origin.
Few studies indicate the participation of extracellular matrix
and fibroblast changes, immune system, and oxidative stress
in the pathogenesis of oral submucous fibrosis, leading to
cancer of the oral cavity [11]. Additionally, molecular path-
ogenesis of head and neck cancer is associated with deletion
in region located at chromosome 9p21–22 containing p16
tumor suppressor gene [12]. An inherent element of carci-
nogenesis and neoplastic disease is the increased generation
of reactive oxygen species (ROS) [13–18]. Moreover, cancer
cells synthesize and secrete cytokines that modulate inflam-
mation and significantly increases ROS generation [19]. The
disturbance of homeostasis by ROS generated in exceeding
of physiological capacity of adaptation leads to oxidative
stress [20–22]. Although the disease has a specific localiza-
tion, systemic symptoms of oxidative stress are observed in
patients [23, 24]. ROS are a group of chemical molecules
which are characterized by the presence of nonpair electrons
and high chemical reactivity [25]. The most important ROS
include superoxide anion (O2

−), hydrogen peroxide (H2O2),
hydroxyl radical (OH−), and singlet oxygen (1O2) [20, 25].
Due to high chemical reactivity, ROS modify proteins, lipids,
and genetic material [26, 27]. The effect of lipid peroxidation
is damage to cell membranes, and the main markers of this
process is malondialdehyde (MDA) and 4-hydroxynonenal
[28]. Antioxidants play an important role in maintaining
the redox balance [29]. Endogenous antioxidants include
enzymes such as superoxide dismutases (SODs), catalase
(CAT), and glutathione peroxidases (GPxs) [30]. The anti-
oxidant defense is also constituted by small endo- and exog-
enous biomolecules such as vitamins A, C, and E, melatonin,
and glutathione (GSH) [31, 32]. The role of vitamin D as an
antioxidant remains ambiguous due to inconclusive research
results [33].

Vitamin D is a biomolecule with pleiotropic properties.
Calcitriol (1,25-dihydroxycholecalciferol) plays the most
important role among the group of compounds called vita-
min D [34]. Chemical compounds belonging to this group
can be absorbed with food, most often in the form of chole-
calciferol and ergocalciferol [35, 36]. Another source of vita-
min D is the endogenous synthesis under the influence of
ultraviolet radiation (UV) and hydroxylases found in the
liver and kidney. The substrate for this process is 7-
dehydrocholesterol [37]. Despite endogenous synthesis and
the presence of vitamin D in food products, vitamin D defi-
ciencies affect a significant part of the population worldwide
[38–40]. Vitamin D is involved in the regulation of calcium-
phosphate homeostasis, which is of particular importance
for the functioning of the skeletal system [41]. Calcitriol, act-
ing through the vitamin D receptor (VDR), reduces oxida-
tive stress by increasing the level of SODs, GPxs, and GSH
expression [33, 42]. Moreover, it was observed that vitamin

D reduced the secretion of proinflammatory cytokines,
decreasing the level of oxidative stress [43]. The role of vita-
min D and its derivatives in cancer is still under investiga-
tion. The results of the studies conducted so far are not
unequivocal. Some researchers point to a significant role of
vitamin D deficiency on cancer mortality, while no effect
on morbidity [44–46]. On the contrary, some studies do
not link cancer with vitamin D levels [47].

Research indicates a positive correlation between the
concentration of vitamin D and osteopontin [48, 49]. Osteo-
pontin is a glycoprotein secreted by osteoblasts and osteo-
clasts involved in shaping the correct bone structure [50].
The presence of this glycoprotein is not limited to the skele-
tal system. Osteopontin was found in many tissues and body
fluids such as brain astrocytes, kidney, smooth muscle,
saliva, and milk [50–52]. Tumor cells of lung, gastric, pros-
tate, ovarian, and colorectal cancer were also found to
secrete osteopontin [50]. In the course of neoplastic diseases,
an increase in the concentration of osteopontin was
observed along with an increase in the level of proinflamma-
tory cytokines [53–55]. Osteopontin was found to be a mod-
ulator of the immune response [54]. The relationship
between osteopontin and oxidative stress has not been ana-
lyzed frequently. The results of the research indicate that
the concentration of osteopontin positively correlates with
the markers of increased oxidative stress [56–59].

Melatonin (N-acetyl-5-methoxytryptamine) is a hor-
mone synthesized and secreted by pinealocytes in the circa-
dian rhythm [60, 61]. Gastrointestinal tract, lymphocytes,
ovaries, skin, and retina are sources of extrapineal melatonin
independent of the circadian rhythms [62]. The melatonin
molecule contains an indole ring that neutralizes ROS
directly [63, 64]. Moreover, research indicates that melato-
nin decreases the level of ROS by activating the silent infor-
mation regulator 1 (SIRT1) pathway [65]. Melatonin may
also indirectly affect the oxidant–antioxidant balance, stimu-
lating the expression of genes encoding antioxidant
enzymes, such as SODs and GPxs [66]. In addition to its
direct and indirect action, melatonin inactivates ROS
through its metabolites, namely, N1-acetyl-N2-formyl-5-
methoxykynuramine (AFMK) and N1-acetyl-5-methoxyky-
nuramine (AMK) [67]. The pleiotropic role of melatonin
as endo- and paracrine hormone has been analyzed in carci-
nogenesis [68, 69]. Scientists indicated an oncostatic role of
melatonin in breast, ovarian, prostate, oral, gastric, and colo-
rectal tumors [70]. One of the mechanisms of the oncostatic
action of melatonin seems to be based on the reduction of
ROS levels [71, 72]. Moreover, melatonin was found to hin-
der angiogenesis and increase apoptosis of cancer cells [73].
However, little is known about the role of melatonin in
LOCP cancer.

So far, only a few studies on the activity of antioxidant
enzymes and lipid peroxidation markers in patients with
LOCP have been conducted. The results described in the lit-
erature are not unequivocal. A decrease in SOD, CAT, and
GPx activities with an increase in MDA concentration has
been most frequently reported [74–76]. Still, according to
some other research, no changes in the activity of antioxi-
dant enzymes in the course of LOCP have been observed
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[77]. The relationship between the activity of antioxidant
enzymes and vitamin D and osteopontin and melatonin
has not been studied. Examining the mechanisms related
to vitamin D, osteopontin, melatonin, and oxidative stress
in the course of LOCP seems to be important for a better
understanding of the patophysiology of this type of cancer,
as well as for finding new methods of treatment and preven-
tion. Thus, the aim of this study was to determine the
activities of selected antioxidant enzymes, as well as the con-
centrations of vitamin D, osteopontin, melatonin, and MDA
in the course of lip, oral cavity, and pharyngeal cancer.

2. Materials and Methods

2.1. Participants. The study involved 45 patients diagnosed
with carcinoma in situ of lip, oral cavity, or pharynx accord-
ing to the International Classification of Diseases–11th Revi-
sion (ICD-11)–2E60.0 [78]. The patients were divided into
two groups according to their age, namely, younger cancer
group (YCG) and older cancer group (OCG). The classifica-
tion of patients into age groups was based on the United
Nations report, which stated that old age begins after the
age of 65 [79]. The participants were treated at the Oncol-
ogy Center, Prof. Franciszek Łukaszczyk Memorial Hospi-
tal, Bydgoszcz, Poland. The patients were referred for
planning radiotherapy using positron emission tomogra-
phy–computed tomography (PET/CT) after FDG ([18F]-
fluorodeoxyglucose) administration. The patients with G1
squamous cell carcinoma, G2 squamous cell carcinoma,
and nonkeratinizing G2 squamous cell carcinoma in histo-
pathological analysis were included in the study. The
patients with other grade and type of tumor were excluded
from the study. The control group consisted of 25 healthy
volunteers. The criteria of exclusion from the control group
were associated conditions known to be caused by or to
result in oxidative stress or involving disruption of the
oxidant-antioxidant equilibrium (cancer, diabetes, cardio-
vascular, and infectious diseases). A survey was conducted
among the people qualified for the study. The questions
concerned tobacco addiction and vitamin D supplementa-
tion. The characteristics of the study and control groups
are presented in Table 1. The study was approved by the
Bioethics Committee of the Nicolaus Copernicus University
in Toruń functioning at Collegium Medicum in Bydgoszcz,
Poland (consent no. KB 221/2018).

2.2. Study Design. The patients were eligible for the study on
the day of planning for radiotherapy. Blood samples were
collected by qualified medical personnel in the morning
(between 8:00 AM and 9:00 AM) after overnight fasting
from median cubital vein just prior to the administration
of the radiopharmaceutical. Every blood sample was col-
lected into two polypropylene tubes. First tube (vol. 6mL)
contained a clotting activator to obtain blood serum, and
another tube (vol. 10mL) was covered with K2EDTA to
obtain blood plasma. The tubes were immediately trans-
ported under reduced temperature condition to the labora-
tory for centrifugation (6,000 g for 10min at 4°C). After
centrifugation, blood serum and plasma were separated

and stored at -80°C for further analysis. The blood morpho-
tic elements remaining after centrifugation were washed
three times with a phosphate-buffered saline (PBS) at a
ratio of 1 : 3 and each time centrifuged (6,000 g for
10min at 4°C) to remove leukocytes and thrombocytes.
The red blood cells obtained in this method were mixed
with the PBS solution to obtain erythrocytic suspension
with a 50% hematocrite index.

2.3. Biochemical Analysis. The activity of selected antioxi-
dant enzymes was determined in erythrocytic suspension
with the use of spectrophotometric methods. Activity of
Zn/Cu-superoxide dismutase (SOD-1; EC 1.15.1.1) was
assayed according to the Misra and Fridovich method [80].
Analysis was based on the inhibition of adrenaline oxidation
to adrenochrome in alkaline solution at 37°C, which induced
a change in the absorbance at 480nm. Activity of SOD-1 was
expressed in IU/g Hb. CAT (EC 1.11.1.6) activity was deter-
mined with the use of the Beers and Sizer method [81] by
measuring the decrease in the absorbance at 240nm of a
solution of hydrogen peroxide decomposed by the enzyme
at 37°C. CAT activity was expressed in IU/g Hb. Activity
of cytosolic glutathione peroxidase (GPx; EC 1.11.1.9) was
assessed using the method of Paglia and Valentine [82].
The principle of the method for measuring GPx activity is
based on the ability of the enzyme to reduce hydrogen per-
oxide with a simultaneous oxidation of GSH as a coenzyme
at 37°C, measured at 340nm. Activity of GPx was expressed
in IU/g Hb. Erythrocytic and plasma MDA concentrations
were determined with the method of Buege and Aust [83]
in the modification of Esterbauer and Cheeseman [84].
The MDA concentration was expressed as the concentration
of thiobarbituric acid-reactive substances (TBARS), mea-
sured at 532 nm at room temperature. The MDA concentra-
tion in erythrocytes was expressed in nmol/g Hb and in
blood plasma in nmol/mL. Hemoglobin (Hb) concentration
was evaluated using the Drabkin method [85]. Hemoglobin
and selected hemoglobin derivatives under the influence of
potassium ferricyanide are oxidized to methemoglobin.
The absorbance is measured at 540 nm at room temperature.

Serum concentrations of melatonin, vitamin D, and
osteopontin were determined with commercially available
enzyme immune assay kits. The kits were used accordingly:
an enzyme-linked immunosorbent assay kit for melatonin
(Cloud-Clone Corp., Houston, TX, USA), a competitive
enzyme-linked immunosorbent assay kit for 25(OH)-vita-
min D (Immundiagnostik AG, Bensheim, Germany), and a
sandwich enzyme-linked immunosorbent assay kit for
human osteopontin (BioVendor, Brno, Czech Republic).
The measurements were made according to manufacturer’s
instructions. The enzyme immune assay kits used in the
study contain the reagents necessary for the study, standard
concentration analytes, blank, and control samples. The
principle of the assay is to bind the antigen by specific
anti-human monoclonal antibodies that coat the wells of
microplates found in the kits. The antigen concentration
was determined from the calibration curve. The concentra-
tions of melatonin, vitamin D, and osteopontin were
expressed in pg/mL, ng/mL, and nmol/L, respectively.
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2.4. Statistical Analysis. Statistical analysis was performed
using the Statistica 13.3 (TIBCO Software Inc.). The results
were presented as means ± S:E:M. Statistical analysis
included Student’s t-test for independent samples, for the
comparison of study group and control group, Shapiro-
Wilk test to test hypothesis of normal distribution, Levene’s
test to asses homogeneity of variances. Pearson’s correlation
coefficient was used to quantify the relationship between the
parameters measured. The level of significance was set at
p < 0:05.

3. Results

Anthropometric and clinical characteristic of patients with
lip, oral cavity, or pharyngeal cancer and healthy group were
presented in Table 1. No significant differences were found
between YCG and control group. There was a statistically
significant difference in the age of the patients between the
YCG, control group, and OCG.

The SOD-1 activity was similar in all groups and
amounted to 738 ± 21 IU/g Hb in YCG, 735 ± 19 IU/g Hb
in OCG, and 755 ± 18 IU/g Hb in control group. The
statistically lower CAT activity was observed in YCG
(59:34 ± 2:68104 × IU/g Hb) and OCG (58:11 ± 2:47104 ×
IU/g Hb) groups compared to the control group
(70:19 ± 1:87104 × IU/g Hb). The activity of GPx in YCG
was 8:54 ± 0:75 IU/g Hb and was significantly higher com-
pared to the control group (6:45 ± 0:58 IU/g Hb). In OCG,
the mean GPx activity was 7:44 ± 0:76 IU/g Hb. The results
concerning the activity of antioxidant enzymes are presented
in Figure 1.

There were no statistically significant differences in
the concentration of erythrocytic MDA in YCG (27:52 ±
4:23 nmol/g Hb), OCG (31:74 ± 6:21 nmol/g Hb), and con-
trol group (25:66 ± 1:98 nmol/g Hb). Significantly higher
concentrations of MDA were observed in the plasma of
YCG and OCG patients, amounting to 0:55 ± 0:02 and 0:56
± 0:01 nmol/mL, respectively. In the control group, the
plasma MDA level was 0:42 ± 0:02 nmol/mL. The melatonin
level in OCG was 62:12 ± 4:70 pg/mL and was significantly
lower than in the control group (84:33 ± 6:54 pg/mL). The
concentration of melatonin in YCG was 72:83 ± 5:80 pg/mL
, and no statistically significant differences were observed in
relation to the other study groups. Figure 2 shows the con-
centration of MDA and melatonin in the graphs.

The concentration of 25(OH)-vitamin D in the serum of
the healthy people was 82:57 ± 4:28 ng/mL. Considerably
lower values were observed in YCG and OCG, amounting
to 63:55 ± 7:36 ng/mL and 48:42 ± 7:09 ng/mL, respectively.
The levels of osteopontin in the LOCP patient groups were
significantly higher compared to the healthy group. The con-
centration of osteopontin in YCG and OCG was 16:04 ±
2:69 nmol/L and 14:98 ± 2:48 nmol/L, respectively, while in
the control group, it was 9:78 ± 0:72 nmol/L. Figure 3 shows
the graphs of 25(OH)-vitamin D and osteopontin concen-
tration in the study groups.

The obtained data were also tested for the presence of
correlations. In YCG, statistically significant negative corre-
lations were observed between GPx and body mass
(r = −0:51, p = 0:009), GPx and BMI (r = −0:52, p = 0:007),
and CAT and vitamin D (r = −0:42, p = 0:036), whereas a
significant positive correlation was found between plasma
MDA and osteopontin (r = 0:53, p = 0:007) (see Figure 4).
In the control group, a positive correlation between SOD-1
and erythrocytic MDA (r = 0:44, p = 0:026) and a negative
correlation between body mass and erythrocytic MDA
(r = −0:39, p = 0:049) were observed (Figure 5). No statisti-
cally significant correlations were found in OCG.

4. Discussion

As mentioned earlier, LOCP are relatively rare compared to
other neoplastic diseases. Due to the small number of
patients with such a diagnosis, there are few studies in which
the mechanisms of antioxidant defense and the concentra-
tion of melatonin, osteopontin, and vitamin D were analyzed
[74–77, 86–99]. Figure 6 presents putative mechanisms link-
ing oxidative stress, antioxidant enzymes, vitamin D, osteo-
pontin, and melatonin in LOCP carcinogenesis.

In the present study, specific modifications in the
oxidant-antioxidant homeostasis, including a decrease in
CAT and increases in GPx (in YCG) and blood plasma
MDA, were found in the LOCP patients when compared
to the healthy people. Moreover, GPx activity was found to
negatively correlate with body mass and BMI in the YCG.
Surprisingly, no statistically significant differences in SOD-
1 activity were observed. This result is in contrast with the
findings of other studies. In the study conducted by Guru-
dath et al. [86], a decrease in SOD-1 activity in patients with
cancer of oral cavity was indicated. The study group

Table 1: Anthropometric and clinical characteristic of patients with lip, oral cavity, or pharyngeal cancer and healthy volunteers (control
group). Each value is mean ± S:E:M. YCG: younger cancer group; OCG: older cancer group, ∗p < 0:05 vs. OCG.

Parameter YCG OCG Control group

n (male/female) 25 (15/10) 20 (14/6) 25 (11/14)

Age [yrs] 58:24 ± 1:29∗ 69:7 ± 1:49 55:36 ± 1:17∗

Body mass [kg] 72:53 ± 3:95 71:39 ± 3:52 71:02 ± 2:22
Height [cm] 168:92 ± 1:84 168:55 ± 1:52 169:88 ± 1:72
BMI [kg/m2] 25:09 ± 0:99 25:00 ± 1:02 24:50 ± 0:47
Current smoker (y/n) 7/18 5/15 4/21

Vitamin D supplementation (y/n) 5/20 4/16 8/17
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consisted of 25 patients with oral cancer. Only smokers and
tobacco chewers were included. Average age of the examined
subjects was 53 yrs. The control group consisted of 25
healthy people; no information was provided on smoking
or chewing tobacco in this group. Also, in the study of Sub-
apriya et al. [87], the activity of SOD in group of 12 patients
with oral precancerous lesions or oral cancer was tested. All
subjects included in the study were between 35 and 60 yrs
old and smoked or chewed tobacco. The cancer patients
showed significantly lower SOD activity compared to the
control group. Sabitha and Shyamaladevi [76] analyzed 12
blood samples obtained from patients with stage III oral can-

cer. The authors did not provide the age or information
about the addictions of people participating in the study.
Also, in that study, a significant decrease in SOD activity
was observed in the course of cancer. Similarly, in the
research by Manoharan et al. [75] decreased SOD activity
was observed. A group of 46 men with oral cancer aged 40
to 60 years old was examined. The control group was free
from smoking and chewing tobacco; no such information
was provided in the context of the study group. Decreased
activity of SOD in red blood cells was also reported by Patel
et al. [77]. The age range for oral cancer patients was 22-75
years with a median of 45 years. A group of 126 patients, 113
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Figure 1: Activity of antioxidant enzymes in the erythrocytes of patients with lip, oral cavity, or pharyngeal cancer depending on age and in
the healthy group. (a) Zn/Cu-superoxide dismutase (SOD-1) activity, (b) catalase (CAT) activity, (c) cytosolic glutathione peroxidase (GPx)
activity. YCG: younger cancer group—mean age 58:24 ± 1:29 yrs; OCG: older cancer group—mean age 69:70 ± 1:49 yrs. Data are presented
as the means ± S:E:M. ∗p < 0:05 vs. control group.
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of whom smoked or chewed tobacco, was tested. Different
results were observed in the study of Huo et al. [74]. In their
study, a group of 25 patients of both sexes aged 40 to 45
diagnosed with oral squamous cell carcinoma were investi-
gated. Only smokers and tobacco chewers were included in
the study. A healthy control group was free of tobacco chew-
ing and smoking habits. The activity of SOD and CAT, as
well as the level of erythrocytic MDA, was tested. SOD activ-
ity was higher in the group with neoplastic disease. In the
case of observed in the present study lower CAT activity in
the LOCP patients, similar results were reported by Huo
et al. [74], Subapriya et al. [87], Sabitha and Shyamaladevi
[76], and Manoharan et al. [75]. On the contrary, Patel

et al. [77] did not observe any statistically significant changes
in catalase activity in oral cancer patients. In the present
study, we noted significantly higher GPx activity in the
middle-aged LOCP patients than in the control group. The
different results were described by Gurudath et al. [86], Sub-
apriya et al. [87], Sabitha and Shyamaladevi [76], and Man-
oharan et al. [75]. The authors of these studies observed that
GPx activity decreased in the course of cancer. In our study,
erythrocytic MDA showed no statistically significant vari-
ability between the studied groups, unlike MDA level in
blood plasma, which was higher in the cancer patients. In
the other studies, increases in the level of MDA in plasma
or serum and red blood cells in patients with cancers of
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Figure 2: Concentration of malondialdehyde (MDA) and melatonin in patients with lip, oral cavity, or pharyngeal cancer depending on age
and in the healthy group. (a) Erythrocytic MDA concentration, (b) plasma MDA concentration, (c) melatonin concentration. YCG: younger
cancer group—mean age 58:24 ± 1:29 yrs; OCG: older cancer group—mean age 69:70 ± 1:49 yrs. Data are presented as the means ± S:E:M.
∗p < 0:05, vs. control group.
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the oral cavity and pharynx were unanimously indicated
[74–76, 88–90].

Considering the differences between the studies, it is
worth noting that the analyzed studies were conducted on
small groups of patients of the Asian population (mainly

India) [74–77, 86–90]. Additionally, in the study groups, a
significant proportion of patients were smokers or chewing
tobacco. The relationship between tobacco addiction and
ROS generation, which leads to an increase in the level of
oxidative stress, was confirmed in numerous studies [100,
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Figure 3: Concentration of 25(OH)-vitamin D and osteopontin in the blood serum of patients with lip, oral cavity, or pharyngeal cancer
depending on age and in the healthy group. (a) 25(OH)-vitamin D concentration, (b) osteopontin concentration. YCG: younger cancer
group—mean age 58:24 ± 1:29 yrs; OCG: older cancer group—mean age 69:70 ± 1:49 yrs. Data are presented as the means ± S:E:M. ∗p <
0:05 vs. control group.
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Figure 5: Statistically significant correlations in the healthy, control group between erythrocyte malondialdehyde (MDA) level and body
mass, erythrocyte MDA concentration, and Zn/Cu-superoxide dismutase (SOD-1) activity. The regression line is marked with a solid
line, while the confidence intervals of 0.95 are marked with a dashed line.
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Figure 6: Putative mechanisms linking oxidative stress, antioxidant enzymes, vitamin D, osteopontin, and melatonin in lip, oral cavity,
and pharyngeal cancer. Abbreviations used: LSD1: lysine-specific demethylase; NFκB: nuclear factor kappa-light-chain-enhancer of
activated B cells; PI3K/AKT/mTOR1: phosphoinositide 3-kinase/protein kinase B/mechanistic target of rapamycin; SIRT1: silent
information regulator 1.
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101], so this factor could significantly influence the obtained
results. The age of the patients is also known to have an
impact on the oxidant-antioxidant balance of the organism
[102, 103]. The discussed studies were carried out on
patients from the age of 40, whereas in the present study,
the patients were older [102, 103]. It is worth mentioning
that the activity of SOD-1 is dependent on the zinc level in
the diet, whereas GPx is an enzyme dependent on selenium.
Deficiencies resulting from an unbalanced diet may reduce
the activity of SOD-1 and/or GPx. The lower activity of
GPx in OCG compared to YCG may be the evidence of sele-
nium deficiency in the diet of the elderly patients with LOCP
cancer. Hydrogen peroxide (H2O2) is a substrate for both
CAT and GPxs [104, 105]. In the present study, lower
CAT and higher GPx activities were observed in the cancer
patients compared to the healthy control group. The lower
activity of CAT might be compensated by the increase in
GPx activity. Thus, the glutathione-related antioxidant
defense seems to be predominant in the patients. In sum-
mary, the results of the present study point to the increased
ROS generation and reduction of antioxidant defense mech-
anisms, which are characteristic of neoplastic diseases [18].
Increased levels of lipid peroxidation and MDA could be a
consequence of the disturbance of oxidant-antioxidant
homeostasis and might be involved in the carcinogenesis.

Research by Liu et al. [91] indicates the important role of
melatonin as a ROS scavenger in oral cancer. The research
was conducted on human umbilical vein endothelial cells
(HUVECs) and six human oral cancer cell lines, including
SCC25, SCC9, Tca8113, Cal27, FaDu, and human normal
oral keratinocytes (hNOKs). The addition of melatonin
(1mM) to the culture medium significantly reduced the level
of ROS in the Cal27 and FaDu cells. Concurrently, melato-
nin reduced the proliferation and induced the apoptosis of
oral cancer cells. Observed inactivation of ROS-reliant Akt
signaling significantly decreased the mobility of cancer cells.
Inhibition of angiogenesis and reduction in tumor mass
were also found. Yang et al. [92] analyzed oral squamous cell
carcinoma (OSCC) tissue arrays. The reduction of lysine-
specific demethylase (LSD1) expression under the influence
of melatonin (0.1 g/mL) was described. Lower LSD-1 expres-
sion significantly reduced tumor cell proliferation. Human
nasopharyngeal carcinoma (HONE-1), NPC-39, and NPC-
BM cell line incubated in a solution containing melatonin
(50 ng/mL) were investigated by Ho et al. [93]. Presence of
melatonin inhibited TPA-induced cell motility by regulating
the matrix metalloproteinase-9 (MMP-9) expression in naso-
pharyngeal neoplasm cells. Many scientists point to the pro-
tective role of melatonin in oral and nasopharyngeal cavity
diseases mainly by reducing oxidative stress [106–109].
However, in the present study, a statistically significant lower
melatonin concentration in patients with lip, oral cavity, or
pharynx cancer compared to the healthy group was only
observed in OCG. During the aging, the synthesis and secre-
tion of melatonin are reduced [110]. It could indicate that
melatonin deficiency is not particularly involved in the path-
ogenesis of LOCP [106–109].

Vitamin D deficiency was found to correlate with mor-
tality in the course of neoplastic diseases [44–46]. Calcitriol

modulates immune response of the tumor microenviron-
ment through the inactivation of the NFκB (nuclear factor
kappa-light-chain-enhancer of activated B cells) pathway
[46]. The reference value for vitamin D in blood plasma is
75-125 nmol/L [111]. In our study, we observed that in the
group of cancer patients, the vitamin D concentration was
below the normal level. It is in accordance with the results
of another research. Vitamin D deficiency was found to cor-
relate with mortality in the course of neoplastic diseases
[44–46]. The role of vitamin D in oral squamous cell carci-
noma was investigated by Verma et al. [94]. Female C57BL/6
mice exposed to 4-nitroquinoline-1-oxide (4NQO) carcino-
gen were used. The animals were supplemented with vitamin
D in the dose of 25-10,000 IU. The inhibition of tumor growth
was observed. Beneficial effect in lowering oral mucositis in
patients with head and neck cancer was also described by
Bakr et al. [95]. The study involved 45 patients treated with
radiotherapy divided into three groups. Two groups received
topical oral vitamin D gel. Before the intervention, the levels
of vitamin D in the blood serum of the patients were found to
be deficient. The applied treatment not only reduced oral
mucositis but also increased the level of vitamin D in the
blood serum of patients. Also, Anand et al. [96] described
vitamin D deficiency in oral cavity cancer patients. Moreover,
the VDR overexpression in the course of oral cavity neo-
plasms was indicated in that study. Additionally, vitamin D
appeared to play a special role in maintaining oral cavity
health [112]. The surprising result of the present study is
the negative correlation between CAT activity and vitamin
D in the cancer group, suggesting that some regulatory
mechanisms might be involved in the course of the disease.
Undoubtedly, the role of vitamin D and its deficiency in
LOCP cancer requires further research [112].

A significantly higher concentration of osteopontin was
observed in our study in the LOCP patients. Also, Jeyasiva-
nesan et al. [97] observed elevated osteopontin levels in
patients with oral squamous cell carcinoma. Significant
expression of osteopontin in salivary gland tumors was dem-
onstrated in the study by Darling et al. [98]. Muramatsu
et al. [99] analysed the effect of osteopontin levels on the
invasiveness of oral cavity neoplasms. The study, performed
on human oral squamous cell carcinoma cell lines, namely,
HSC2, HSC3, HSC4, SAS, KB, and BSC-OF, revealed that
high levels of osteopontin may increase the probability of
metastasis. However, the mechanisms that link osteopontin
and oral carcinomas have been not fully described yet.
Presumably, osteopontin binds to integrin A4β1 and CD44
receptors, activating phosphoinositide 3-kinase/protein
kinase B/mechanistic target of rapamycin (PI3K/AKT/m-
TOR1) pathway. In next step, mTOR1 regulates estrogen-
related receptor alpha (ERRα), which binds to DNA and
active transcription of osteopontin [113]. Overexpression
of osteopontin was associated with increased angiogenesis,
cancer cell proliferation, mobility, survival, invasion, and
metastasis [113]. The positive correlation between osteopon-
tin and lipid peroxidation, found in the present study, points
to the association of the protein with deleterious oxidative
processes in plasma membranes. Undoubtedly, these rela-
tions should be under further investigation.
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The present study has some limitations. The small num-
ber of participants is a limiting factor. However, to the best
of the authors’ knowledge, no study has been conducted
with the participation of patients with lip, oral cavity, and
pharyngeal cancer of the European population, in which
the mechanisms of antioxidant defense and the role of mel-
atonin, vitamin D, and osteopontin were simultaneously
analyzed.

5. Conclusions

The obtained results indicate a disruption of oxidant-
antioxidant homeostasis in the lip, oral cavity, and pharyn-
geal cancer patients. Impaired antioxidant enzymatic
defense and increased lipid peroxidation, correlated with
high levels of osteopontin, were determined in this type of
cancer. According to the results of the conducted study, mel-
atonin seems not to be involved in the pathogenesis of the
analyzed group of neoplasms. However, vitamin D defi-
ciency in the LOCP patients was found. The role of elevated
osteopontin in the pathogenesis of lip, oral cavity, and pha-
ryngeal carcinoma requires further research. The simulta-
neous testing of vitamin D and osteopontin levels seems to
be particularly noteworthy.
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Background. As every organ within the body, the brain is also extremely susceptible to a plethora of noxious agents that change its
chemistry. One component frequently found in current products against harmful species to crops is rotenone whose effect under
prolonged exposure has been demonstrated to cause neurodegenerative disorders such as Parkinson’s disease. The latest reports
have indeed revealed that rotenone promotes Parkinson’s in humans, but studies aiming to show congruent effects in zebrafish
(Danio rerio) are lacking. Material and Methods. In this context, the aim of the present study was to demonstrate how chronic
administration of rotenone for 3 weeks impairs the locomotor activity and sociability and induces oxidative stress in zebrafish.
Results. There were no statistically significant differences following the analysis of their social interaction and locomotor tests
(p > 0:05). However, several exceptions have been noted in the control, rotenone, and probiotics groups when we compared
their locomotor activity during the pretreatment and treatment interval (p < 0:05). We further assessed the role of rotenone in
disturbing the detoxifying system as represented by three enzymes known as superoxide dismutase (SOD), glutathione
peroxidase (GPx), and malondialdehyde (MDA). Despite the fact that there were no statistically significant changes within
SOD and GPx levels between the control group and rotenone, probiotics, and rotenone + probiotics (p > 0:05), relevant
changes have been observed between the analyzed groups (p < 0:05 and p < 0:005, respectively). On the other hand, significant
differences (p < 0:05) have been observed for MDA when we analyzed the data between the control group and the other three
groups. Conclusions. Our results suggest that rotenone can be successfully used to trigger Parkinson’s disease-related
symptomatology in zebrafish.
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1. Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder after Alzheimer’s disease (AD) and is
expected to advance by 2050. According to the latest pub-
lished statistics, the incidence and prevalence fluctuate
around 4.5-21, respectively, 18-328 cases at 100,000 individ-
uals per year (~10 million worldwide). Although of onset is
in the range of the fourth and seventh decades of life, the
existing evidence refutes this hypothesis [1].

Mechanistically speaking, PD is characterized by a con-
stant loss of dopaminergic and cholinergic neurons from
the substantia nigra pars compacta (SNpc) and posterior
motor nucleus of the vagus. Furthermore, it is characterized
by the continuous storage and aggregation of the α-synu-
clein within the central nervous system (CNS) [2].

Despite best efforts, the etiology of PD remains obscure,
recent studies revealing that PD actually possesses a multi-
factorial substrate, reflected by major phenotypic changes.
Specifically, the clinical signs exhibited by patients are
grouped under the umbrella of the Parkinsonism spectrum
and include essential tremor, stiffness, bradykinesia, and
impaired postural balance [2].

Regarding its origin, PD has been shown to be caused by
exposure to exogenous stressors (pesticides, heavy metals, or
illicit substances) [3], either by abnormal gene expression,
with or without family aggregation. By default, these deter-
minants may gradually induce autosomal dominant PD or
autosomal recessive juvenile PD [4]. However, people diag-
nosed and treated with antipsychotics are prone to signifi-
cant side effects, a phenomenon known as drug-induced
Parkinson’s syndrome (PID) [5].

Cumulatively, it can be argued that PD is gradually trig-
gered by various factors, but there are also situations in
which the cause is idiopathic. Here was another long-time
discussion due to the clinical heterogeneity and overlap
between PD dementia, Lewy body dementia, and other
types, which is why the nomenclature has been constantly
reevaluated [6].

One common and usually underexplored feature of PD
patients, yet crucial, is the role of anxiety [7] and depression
[8] as promoters and/or pointers of PD. Analogous for healthy
patients exposed to prolonged stress states as a risk group.
The associated changes of the brain’s chemistry have been
extensively discussed from both perspectives [9, 10], and
especially the petulant and abnormal oxidative stress (OS)
that disrupts the physiological status of the redox potential
[11]. The missing link of this puzzle could be the gut micro-
biota due to its ability to shape humans behavior and develop-
ment, regardless of age, sex, and health status [12].

The most powerful vehicle used in clinical practice to
diminish PD-related symptomatology and the associated
comorbidities causative or not are probiotics [13]. These
are live microorganisms known to have a helpful role in
improving digestive function [14, 15]. Their implication in
PD was often suggested in the last years [13, 16, 17]. Along
this, there are not too many studies to sustain their impor-
tance in the PD diet but, until now, the evidence strongly
supports probiotics [18]. It has been demonstrated in three

distinct randomized controlled trials that probiotics have
the capacity to ameliorate all related-gastrointestinal defi-
ciencies (constipation) in patients compared with the pla-
cebo. More precisely, the authors administered between 1
and 3 month strains of Streptococcus, Enterococcus, and espe-
cially Bifidobacterium and Lactobacillus and observed an
improvement in life’s quality, changes in fecal calprotectin,
and less bowel deficiencies. However, the results following
Unified Parkinson’s Disease Rating Scale remained low
despite the therapy [18–20].

Various animal models are being used in modeling PD
disorder in order to observe the mechanisms or even pos-
sible find new therapeutic interventions in ameliorating
and/or treating it. The successful usage of Danio rerio as
a model for neurologic disorders is due to its main advan-
tages such as physiological homology to human individ-
uals, short time of replication, and low cost of breeding
as compared to other experimental models, and it is also
suitable for drug development studies [21]. Its implication
in PD modeling was described and published in many
reports over the years [22–27].

The pesticide rotenone was often used for inducing PD
symptoms in rodents but also there are several studies which
assessed rotenone’s impact on zebrafish [28–31]. Rotenone
was for a long time utilized in several commercialized insec-
ticides, pesticides, or piscicides [24]. Beside behavioral
aspects, rotenone is able to intervene in the OS balance by
influencing enzymes level responsible with antioxidant
role [32].

Having as support all these data, the aim of this study
was to determine if probiotics brought a beneficial role in
reducing the oxidative status and reestablishment potential
of the motor impairment in a zebrafish PD model.

2. Material and Methods

2.1. Animal Husbandry. A total of sixty adults (6-8 months
old) wild-type (WT) zebrafish (Danio rerio) were pur-
chased from a local breeder. The fish were accommodated
three weeks to laboratory conditions and kept in a 90 L
recirculating dechlorinated water aquarium. Both aquariums
(housing and experimental) respected the standard parame-
ters as 26 ± 2°C temperature, pH7.5, with a 14h light/10 h
night cycle [33]. Water was changed daily in the experimen-
tal tanks. The adults were fed twice per day with TetraMin
Flakes.

2.2. Ethical Approval. This experiment was performed by
respecting the EU Commission Recommendation (2007),
Directive 2010/63/EU of the European Parliament, and the
Council of 22 September 2010 regarding protection, accommo-
dation, and care of animals for scientific/experimental purposes
[34, 35]. The current protocol was approved by the Ethical
Committee of the Faculty of Biology, “Alexandru Ioan Cuza”
University of Iasi with the registration number 11/25.05.2021.

2.3. Chemicals

2.3.1. Rotenone. Rotenone (C23H22O6) was purchased from
Toronto Research Chemicals, North York, Canada (Cat#
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R700580), under a white powder that has been dissolved in
distilled water until we reached a 2μg L-1 concentration that
was further administered daily for 21 days [30, 36].

2.3.2. Probiotics. Zircombi (ALFASIGMAS.p.A.) is a dedi-
cated food supplement for people, having the appearance
of a white powder that was purchased from a local phar-
macy. It contains two strains—Bifidobacterium longum
BB536-4 × 109 CFU (150mg) and Lactobacillus rhamnosus
HN001-1 × 109 CFU (25mg) and Vit B6-1.4mg. We dis-
solved this mixture in ¼ water using a 100ml rated balloon
being administered half an hour before routine feeding in
rearing water to ensure the ingestion as indicated by Valcarce
et al. and obtaining as follows: 3mgL-1 BB536, 0.5mgL-1

HN001, and 0.02mgL-1 vit. B6 [37].

2.4. Design Protocol. After the accommodation period was
over, they were subsequently divided into four equal groups
(n = 15) and placed in small 10 L tanks for another two days
in order to adapt to the new environment. Afterward, we
assessed their swimming performance and sociability to
determine whether or not are differences between pretreat-
ment and treatment period. The groups were as follows:
group 1 (control), group 2 (probiotics), group 3 (rotenone),
and group 4 (rotenone + probiotics). The substances were
daily renewed after water changing. The entire study lasted
21 days, and at the end of the experimental period, fishes
were killed in water with ice at a temperature under 5°C [38].

2.5. Behavioral Assessment. The social interaction test was
performed daily to evaluate the changes induced by rotenone
and the possible behavior benefic role of probiotics. For this,
we used a modified cross maze labyrinth closed by a slit and
transformed into a T maze (10 h × 50 l × 50w cm) filled with
system water (5 cm) [39, 40]. The social stimulus was placed
in the left arm of the T maze (Figure 1). The locomotor activ-
ity test was performed in the same maze. Once introduced,
each fish was let to acclimate to the new conditions for half
a minute. Movement was registered with a professional
camera placed above the experimental chamber over a period
of 240 seconds. Parameters were analyzed using EthoVi-
sion XT 11.5 software (Noldus Information Technology,
Wageningen, The Netherlands). We focused on 3 specific
parameters such as the total distance swam (cm), velocity
(cm s-1), and active status (s) for locomotor activity test and
the time spent in the left arm (s) for social interaction test.

2.6. Oxidative Stress Measurement and Sample Preparation.
Superoxide dismutase determination kit (SOD, 19160-1KT-
F), Glutathione Peroxidase Cellular Activity Assay Kit
(GPx, CGP1-1KT), and Protein Quantification Kit-Rapid
(51254-KT) were purchased from Merck, Germany. All the
analyses were performed according to the manufacturer’s
instructions. Malondialdehyde (MDA) levels were assessed
by thiobarbituric acid-reactive assay following a preestab-
lished work protocol [41].

At the end of chronic exposure period, each fish was
individually well homogenized in a 10 volume of ice-cold
saline (0.90% NaCl). Each sample was centrifuged at
5500 rpm for 10min in accordance with the already estab-

lished protocols by Jin et al. [42] and Ni et al. [43]. The
supernatant obtained was aliquoted into 2ml Eppendorf
tubes for the subsequent determination of oxidative bio-
markers levels. A spectrophotometer at distinct wavelengths
(Specord 210 Plus producer Analytik Jena, Germany) was
used to assess each enzyme activity.

2.7. Statistical Analysis. Through the Shapiro-Wilk test, we
first analyzed the normality and distribution of the data,
Microsoft Excel 2010 being used for editing, sorting, and
coding of the raw data. The data was then exported into
OriginPro v.9.3 (2016) software (OriginLab Corporation,
Northampton, MA, USA). Thereafter, we used one-way
ANOVA and Tukey HSD test to verify and certify whether
or not there are significant different variances among investi-
gated parameters from the start until endpoint [39, 44]. For
the abovementioned behavioral parameters, data are pre-
sented as average ± SEM. For OS, we calculated the variance
between the control and the experimental groups performing
multiple comparisons; data expressed as average ± SEM.
p < 0:05 was regarded as statistically significant.

3. Results

3.1. The Impact of Rotenone and Probiotics on Zebrafish
Swimming Performance. According to our swimming perfor-
mance, parameters as the total distance swam and the aver-
age velocity showed no pronounced effects of rotenone or
probiotics administration after 21 days. Regarding the total
distance swam, all the experimental groups recorded several
changes between pretreatment and treatment period. The
control group showed several picks of activity during exper-
imental period compared to the pretreatment days as: D_10
(1240:03 ± 169:9 cm, p = 0:01 Tukey, ANOVA), D_13
(1209:58 ± 71:7 cm, p = 0:02 Tukey, ANOVA), and D_15
(1220:13 ± 104:2 cm, p = 0:02 Tukey, ANOVA) vs. 620:7 ±
127:8 cm. The second group exposed to rotenone did not
present significant changes during the treatment excepting
D_6 (1369:2 ± 255:8 cm, p = 0:008 Tukey, ANOVA) and
D_14 (1642:9 ± 165:1 cm, p = 0:002 Tukey, ANOVA).

The third group treated with probiotics showed an
increase of distance swam in the first days of the treatment
with a highest value for the D_5 (1626:4 ± 138:2 cm, p =
0:006 Tukey, ANOVA). After 1 week of administration,
the trend was composed from ups and downs as it can be
seen in Figure 2. When rotenone and probiotics were
administrated together, the activity of this parameter did
not record important modifications (p > 0:05 ANOVA).

L R L R

START POINT 

The locomotor activity test The social interaction test

Figure 1: The experimental designs of zebrafish behavioral testing
adapted to T-maze.
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No significant changes were observed for control, rote-
none, and mixture group regarding the velocity parameter
(p > 0:05 ANOVA). The trend was similar for the probiotic
group excepting the short boost of hyperactivity in D_5
(6:77 ± 0:57 cm/s, p = 0:005 Tukey, ANOVA) compared to
the pretreatment: 3:18 ± 0:42 cm/s (Figure 3).

We also determined the active status which measures the
time spent by fish being active during the session. In the pre-
treatment days, fish from the control group showed a
decrease in time moving, but its activity during the whole
experimental period was following a constant trend. Fish
exposed to rotenone recorded increases in time spent mov-
ing as D_6 (224:8 ± 10:8 s, p = 0:03 Tukey, ANOVA), D_8
(228:8 ± 5:22 s, p = 0:02 Tukey, ANOVA), D_12 (227:2 ±
3:52 s, p = 0:02 Tukey, ANOVA), D_14 (236:3 ± 1:50 s, p =
0:007 Tukey, ANOVA), D_16 (232:1 ± 3:78 s, p = 0:01
Tukey, ANOVA), and D_17 (223:5 ± 4:55 s, p = 0:04 Tukey,
ANOVA) in comparison to 139:8 ± 12:7 s of pretreatment
time. Regarding the activity for the third group treated with
probiotics, its activity was similar with those observed for the
abovementioned parameters and increases in the first part of
the administration and then ups and downs. However, there
was no statistically significant difference for the mixture
group (p > 0:05ANOVA) (Figure 4).

3.2. No Effect of Rotenone and Probiotic Administration on
Zebrafish Sociability. No significant changes were observed
for the control and rotenone group (p > 0:05 ANOVA).
The single administration of rotenone or probiotics did
not have any effect on zebrafish sociability after 21 days
of exposure as it can be seen in Figure 5. Moreover, a sim-
ilar effect was also observed for the last group excepting
D_19 when time spent next to the group increased consid-
erably compared to pretreatment period (182:5 ± 16:5 s vs.
56:2 ± 19:8 s, p = 0:01 Tukey, ANOVA).

3.3. Oxidative Stress. While analyzing the data regarding OS
after 21 days of rotenone administration in zebrafish indi-
viduals, we noted several changes (Figure 6). For SOD, there
was no statistically significant difference between the control
group and the other three (p > 0:05) but rather when we
compared the rotenone group with probiotics (p = 0:014)
and probiotics + rotenone (p = 0:011). SOD level dropped
in the rotenone-exposed group compared to the control
group. Instead, the probiotics group showed an increase in
SOD activity, result which was expected to obtain knowing
the fact that probiotics can enhance SOD expression in
living cells [45] and the differential response of each body
depending on the organ investigated [46]. Meanwhile, the
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Figure 2: The total distance swam by experimental groups during locomotor activity test (n = 15). Green: control group, red: rotenone
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last group exposed to rotenone and probiotics had also an
increase in SOD level but still with no considerable change
compared to control.

In the case of GPx, analogous results were obtained since
there were no statistically significant differences between the
control group and the rest of the groups investigated
(p > 0:05). On the other hand, there was a significant change
of GPx level when compared rotenone group with probiotics
(p = 0:001) and rotenone + probiotics (p = 0:004) groups. It
is already known that OS is often reported as a risk factor
in PD development [47–49]. SOD and GPx are considered
to be the first line defense against free radicals [50] and a diet
supplementation with Lactobacillus fermentum enhance the
antioxidant system as reported by Wang et al. [51]. A similar
pattern has been also observed for GPx despite the fact that
no significant difference, whereas the level of SOD is com-
pensatory increased. Based on these considerations, there is
certainty of the existence of OS. The possible explanation
is that Bifidobacterium longum BB536 and Lactobacillus
rhamnosus HN001 modulate anxiety state in Danio rerio
but at the same time promote a hyperlocomotor activity
[52], hence, these abnormal levels of OS biomarkers.

Furthermore, the main marker of lipidic peroxidation,
MDA, presented significant high levels (p < 0:05) in the con-
trol group as compared with probiotics (p = 0:033) and in
contrast with rotenone and probiotics (p = 0:032). Also,
there were significant changes in terms of MDA levels
between the rotenone group and probiotics (p = 0:009) and

rotenone + probiotics (p = 0:01) groups, respectively. Con-
gruent with other studies, it appears that MDA is signifi-
cantly increased after 30 days of 2mgL-1 rotenone
administration [46], Bifidobacterium longum BB536 being
a reliable bacteria attributed to the reestablishment of the
antioxidant system [53].

4. Discussion

A variety of reports have highlighted that fish, among
other aquatic organisms, are deeply sensitive to pollutants
and also to natural compounds used as pesticide. In our
study, chronic administration of rotenone was performed
in zebrafish adults, and its effect on behavior and OS was
measured. We observed that administration of 2μg L-1 rote-
none had impacted the total distance travelled during test
session presenting ups and downs compared to the pretreat-
ment time. For example, Khotimah et al. [54] reported a
decreased motility after 2 weeks of 5μg/L rotenone adminis-
tration. As already reported byWang et al. [30] and our team,
there were no significant differences in terms of locomotor
impairment, thus, further highlighting the fact that PD trig-
gering in Danio rerio is dependent on dosage and time of
administration. These changes in locomotor activity can be
a consequence of mitochondrial dysfunction which is
responsible with ATP production or/and overproduction of
free radicals. It was suggested that these abovementioned
can lead to dopamine deficiency and apoptosis by the study
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of Khotimah and his team in 2015 after chronic treatment of
zebrafish with 5μg L-1 rotenone for 28 days [54]. One year
later Khatri and Juvekar also evaluated the influence of
5μg L-1 rotenone on swimming behavior after 14 days of
treatment [55].

When rotenone and probiotics were given together, this
parameter did not show any significant changes. This could
be an effect triggered by probiotic presence in the medium
based on the third group results exposed only to probiotics
where their activity was particularly increased in the first
week of the treatment than the normal behavior recorded
in the pretreatment.

It is interesting to observe that active status was different
in the case of the second and forth group which received
rotenone, respectively, rotenone and probiotics in the first
day of treatment. Rotenone administration led to a hazard-
ous zebrafish activity for all the period in comparison to
the rotenone and probiotics group whose activity was
adjusted after only 1 week of probiotic treatment.

To determine if rotenone has certain effects on zebrafish
sociability the social interaction test was performed daily.
According to our data, no significant impact on sociability
was registered, fish manifesting contradictory behavior day
after day. Even probiotic administration did not induce
important advances in zebrafish social domain; it just
sustains the normal activity. It was showed that the adminis-

tration of probiotics together with oxytocin could have a
positive influence on social domain in an ASD mouse
model [56].

OS is a common risk factor often reported in PD patho-
genesis [48, 57]. Described as imbalance between antioxi-
dants and oxidants, OS generates serious cellular damage
which causes, mainly, neuronal degeneration [58]. In our
study, we observed several changes in the antioxidant
enzymes activity and an increased level of lipidic peroxida-
tion. Treatment with 2μg L-1 rotenone for 21 days leads to
a decrease in SOD level which was in agreement with Khan’s
study observations made on PD patients regarding OS
markers [49]. On the other hand, SOD production was
encouraged by probiotics. For example, diet supplementation
with Lactobacillus fermentum could increase the level of SOD
and GPx in pigs [51].

Exposing adult zebrafish to 2mgL-1 rotenone for 30 days
showed significant activity of MDA and decreased SOD level
both intestines and brain for glutathione-S-transferase
(GST) and catalase (CAT) level [46]. Neurodegeneration
and OS have also been recorded after experimental exposure
of human liver HepG2 cells to a range between 12.5 and
250μM rotenone for 24 hours [59]. If rotenone favors OS,
probiotic presence can stimulate the antioxidant system as
it was demonstrated in our study by high levels of SOD
and GPX.
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Due to potentially antioxidant role, probiotics started
to receive more attention, and since OS was linked to
altered gut microbiota. The gut-brain axis is an important
interaction which has been reported to be disrupted in PD
individuals [60–62].

For example, Bhattaraiet al. and Dodiya and coauthors
[63, 64] administered 10mg/kg/day of rotenone for six and
twelve weeks, respectively, and brought several solid argu-
ments in this context. The administration for a period of 6
weeks led to a loss of tyrosine hydroxylase (TH) neurons
in both conventionally raised mice and germ-free. In paral-
lel, it resulted in a decrease in motor strength and coordina-
tion. The researchers concluded that chronic rotenone
intake did not cause dysbiosis, rather a shift among bacterial
load and increased in the first month and permeability in
conventionally raised mice. On the other hand, it promoted
elevated urinary cortisol, intestinal hyperpermeability, and a
diminished abundance of lactic bacteria (Lactobacillus) in
restraint stress mice by comparison with the control during
the first month and a half. Moreover, rotenone alone with-
out restraint stress disrupted the colonic expression of the
tight junction protein ZO-1 and increased the protein level
of α-syn in the colon, N-tyrosine as a marker of OS, and
myenteric plexus enteric glial cell-glial fibrillary acidic
protein expression by comparing with the control group.
In the restraint stress rotenone-induced was observed analo-
gous changes as in the rotenone alone group with several
exceptions; intestinal hyperpermeability, an abnormal
expression of Occludin and Claudin1, and increased ratio
of fecal Akkermania and endotoxemia. Nevertheless, an
intraperitoneal injection of 2.75mg/kg rotenone, 5 days per
week for 1 month promoted GI dysfunctionalities like diar-
rhea and delayed gastric emptying. The subsequent microbi-
ota analyses revealed alterations along the small intestine and
colon, whereas histological examination indicates a mucosal
thickening and goblet cell hyperplasia in the colon [65].

Nonetheless, Bifidobacterium longum BB536 and Lacto-
bacillus rhamnosus HN001 are two probiotic strains that
have been previously administered also in patients suffering
from irritable bowel syndrome (IBS). Specifically, there was
a statistically significant decrease (p < 0:0001) within two
parameters regarding “abdominal pain” and “bloating” and
overall severity of disease between IBS patients and placebo.
The beneficial effects were more detectable in IBS-diarrhea
patients as indicated by the Bristol scale (p < 0:00001) in
contrast with placebo (p = 0:04), while in IBS-constipation,
there was only a slight improvement (p = 0:06) [66]. Similar
findings were made by another team in which they enrolled
lactose intolerance patients vs. placebo. This time, the phys-
ical symptoms panel as indicated by “bloating” (p = 0:028)
and “constipation” (p = 0:045) were ameliorated in lactose
intolerance patients as compared to placebo.

Another preliminary study revealed an increased load
of both these species in pre- and postprandial individuals
that persisted even after one month following the end of
oral intake. At the phyla level, there was observed a signif-
icant decrease of Firmicutes, Proteobacteria as compared
with the sample collected prior to the actual procedure. At
the species level, the authors noted an increased abundance

of several microorganisms including Blautia producta/wex-
lerae, Haemophilus ducrey, Akkermansia muciniphila, Rose-
buria faecis, and Ruminococcus gnavus during follow-up,
followed by a reduction of Holdemania filiformis, Escherichia
vulneris, Gemmiger formicilis, and Streptococcus sinensis [67].

This mixture has been also successfully administered in
rat models. According to the results of Alsheraji et al., [53]
Bifidobacterium longum BB536 reduced total cholesterol,
very-low, low and high-density lipoprotein cholesterol,
and atherosclerotic index amounts, concomitantly with
that of liver-lipid deposition and adipocyte size. In the
same study, they demonstrated that the plasma MDA level
significantly decreased after the administration of Bifido-
bacterium longum BB536.

Bifidobacterium longum BB536 and Lactobacillus rham-
nosus HN001, in combination and/or individually, possess
the ability to inhibit the activity of the major Gram-
negative strains, even opportunistic pathogenic entities such
as Candida [68, 69]. Different teams of researchers have
also revealed in several other occasions that rotenone
causes a dysfunction of the rat’s and mice’s gastrointestinal
microbiota as well. Precisely, there was observed a decrease
of Bifidobacterium genus, as well as in Firmicutes and Bac-
teroides phyla [70, 71].

5. Conclusions

It can be concluded based on our results that rotenone is a
potent toxic agent that can be successfully used to trigger
PD-related symptomatology in Danio rerio. Furthermore,
it can offer a pathway to improve our knowledge regarding
the etiology of PD, and these observations can be in the
future further extrapolated to human individuals. Even
though Bifidobacterium longum BB536 and Lactobacillus
rhamnosus HN001 did not improve the locomotor activity,
nor diminish oxidative status in zebrafish but rather induced
a hyper-activity, our study offered a new perspective in con-
trast with the existing information.
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The development of psoriasis is associated with the consequences of oxidative stress and inflammation leading to metabolic
changes locally, in the skin cells, and systemically, in the blood. Therefore, the aim of this study was to analyze the effect of
psoriasis vulgaris (PsV) and psoriatic arthritis (PsA) on the basal plasma/keratinocyte levels of matrix metalloproteinases
(MMPs), tissue inhibitors of matrix metalloproteinases (TIMPs), and angiogenesis factors, as well as to evaluate the effect of
CBD on these parameters in keratinocytes isolated from psoriatic/healthy individuals with and without in vitro irradiation by
UVB. A quantitative chemiluminescent method of detection based on an ELISA protocol and zymography technique was used
during analysis. It was shown that activity levels of MMP-9 and TIMP-2 in PsA plasma were higher than in PsV. Changes in
the proteolytic activity were accompanied by an increase in markers of angiogenesis (angiopoietin-2, HGF, VEGF, TNFα,
PDGF, FGF), where in the specific case of angiopoietin-2 and TNFα, the overexpression in PsV was significantly stronger than
in PsA. CBD application to keratinocytes partially restored levels of MMP-1/2/3/7 and TIMP-1/2 (in an effect which was
particularly enhanced by UVB irradiation), as well as levels of the examined angiogenic factors except TNFα (levels of which
were increased in psoriatic keratinocytes and decreased in healthy keratinocytes). Presented results indicate that CBD may be
suggested as an antiangiogenic factor that reduces the proinflammatory action of UVB in psoriatic keratinocytes and partially
has a protective effect for healthy keratinocytes.

1. Introduction

Psoriasis vulgaris (PsV) is one of the most common
immune-mediated inflammatory diseases, which affects
approximately 4% of the adult population [1]. Its symptoms
are mainly related to excessive exfoliation of the epidermis;
however, the underlying cause of the disease is related to
dysfunction of the entire human immune system [2]. As a
result, not only do metabolic disturbances occur in skin cells,
changing its condition and appearance, but damage also
occurs to internal structures such as joints, as observed in
psoriatic arthritis (PsA) [2]. To date, a number of factors
in the pathogenesis of psoriasis (stress, environmental pollu-

tion, xenobiotics, genetic factors) have been defined [3], and
various metabolic pathways involved in the development of
this disease have been described, including inflammatory
and oxidative stress (and their metabolic consequences),
leading to excessive stimulation of keratinocytes (KCs) for
proliferation, as well as the formation of leukocyte infiltrates
into the dermis and vascular angiogenesis [4, 5]. Consider-
ing the fact that psoriasis is an immune inflammatory dis-
ease associated with an increased level of proinflammatory
factors, mainly at the site of damage (skin, joints), an impor-
tant issue is to determine the role of the proteolytic/antipro-
teolytic balance resulting from the levels or activity of matrix
metalloproteinases (MMPs) and their inhibitors (tissue
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inhibitors of MMPs: TIMPs) in the pathogenesis of psoriasis,
with the precise determination of the molecular mechanisms
of this disease and therapy.

Extracellular MMPs belong to a large family of multido-
main zinc endopeptidases. They are one of the most impor-
tant proteolytic enzyme families which degrade components
of the extracellular matrix, maintaining their physiological
level, which is particularly meaningful in the case of skin
cell migration and wound-healing. Moreover, MMPs are
involved in many physiological processes, such as apoptosis
or angiogenesis, especially in the human skin exposed to
UV rays [6]. Oxidative stress markers and oxidatively mod-
ified lipids, levels of which are elevated in psoriasis and after
UV irradiation, increase the expression of certain MMP
genes and/or these enzymes’ activities, both in blood and
in psoriatic skin lesions [7, 8]. In the case of psoriasis,
MMP activation is key to the incidence of structural
changes in the epidermis via the modification of intracellu-
lar contacts and the composition of the extracellular matrix
and to the promotion of angiogenesis in the skin, which
favors the infiltration of immune cells [9]. Moreover, in
addition to metabolic changes, these enzymes are addition-
ally stimulated by UV radiation commonly used in the most
psoriatic skin phototherapies [10]. This increased MMP
activity has also been linked to other pathologies, including
tumor cell spreading (metastasis), arthritis, periodontal dis-
ease, cardiovascular disease, and neurodegenerative diseases
[11]. To prevent the negative effects of the MMP overex-
pression in the body, levels of endogenous inhibitors of
these enzymes (TIMPs) are tightly physiologically regulated,
as is the MMP:TIMP ratio. These balances may be dysregu-
lated under pathological conditions [12].

Research is underway to identify compounds, including
natural ones that would aid treatment. So far, the natural
phytocannabinoid cannabidiol (CBD) has proved to be a
promising candidate, especially for use in pharmacotherapy
combined with UV phototherapy [13]. CBD is characterized
by its antioxidant, as well as anti-inflammatory properties,
consisting of support for endocannabinoids in their interac-
tion with specific transmembrane receptors, such as canna-
binoid receptors and TRPVs (transient receptor potential
channels—vanilloid subtype) or PPARs (peroxisome
proliferator-activated receptors) [14]. These features allow
the determination of CBD as a cytoprotective compound,
especially in relation to UV-irradiated skin cells [15]. More-
over, CBD has been found to reduce MMP secretion and
activity, as well as upregulation of MMP inhibitors such as
TIMP-1 in various types of cancer development [16, 17].
This inhibitory effect of CBD on MMPs was also observed
in unchanged skin fibroblasts [18]. So far, CBD is used
extensively in skincare products to avoid inflammation, dry-
ness, and the generation of free radicals in irritated tissue
[19]. However, its protective properties are constantly being
considered in the design of new therapeutic applications [20].

Therefore, the aim of this study was as follows: firstly, to
analyze how the development of PsV and PsA affect the
expression of basic MMPs and their inhibitors, as well as
growth/angiogenesis factors in plasma, and secondly, to deter-

mine the effect of CBD on these parameters in KCs isolated
from psoriatic patients and irradiated in vitro with UVB, sim-
ulating the conditions experienced under phototherapy.

2. Materials and Methods

2.1. Material

2.1.1. Plasma Sample Collection. Plasma samples were
obtained from the blood of 20 patients with psoriasis vul-
garis (12 females and 8 men, mean age: 37) and from 20
people with diagnosed psoriatic arthritis (9 females and
11 men, mean age: 36). The control group was composed
of 10 healthy females and 10 healthy men (in total: 20,
mean age: 36). All psoriasis vulgaris patients were chosen
on the basis of having a diagnosis of plaque psoriasis for
at least 6 months prior, with at least 10% of the total body
surface area affected. The severity of psoriasis was assessed
using the Psoriasis Area and Severity Index (PASI) score
(median 21; range 15–25). Patients with psoriatic arthritis
were diagnosed on the basis of a questionnaire CASPAR
(Classification Criteria for Psoriatic Arthritis). None of the
respondents received topical, oral, or injectable medications
during the 4 weeks before the study, and none had comorbid-
ities, had been a smoker, or had abused alcohol. The presence
of other both skin as well as systemic diseases excluded
patients from the study. The study was conducted in accor-
dance with the Declaration of Helsinki, and the protocol for
the collection of all (blood or skin) samples was approved
by the Local Bioethics Committee in Medical University of
Bialystok (Poland), No. R-I-002/289/2017. Written informed
consent was obtained from all participants.

Blood was collected into EDTA tubes and, to prevent
oxidation in obtained samples, butylhydroxytoluene (BHT)
was used. Plasma was then obtained by spinning for
25min in 300 × g. Isolated material was stored at -80°C
before further analysis.

2.1.2. Cell Line Derivation. KC cell lines were isolated from
psoriatic skin biopsies of 5 randomly chosen patients with
psoriasis vulgaris (2 men and 3 women; age range 25–48
years, mean 40). Biopsies were also taken from five healthy
people (sex- and age-matched individuals forming a control
group; age range 27–51 years, mean 41) who had moles,
which were removed along with the adjacent skin. Skin
biopsies were obtained from active psoriasis lesions from
the elbow or knee area. The samples were collected using
the classical surgical method. After skin decontamination,
infiltration anesthesia with 1% lignocaine was applied, and
then skin fragments of approximately 5-8mm were col-
lected. Samples immediately after biopsy were destined for
histopathological examination (hematoxylin-eosin staining,
data showed previously [21]). The remaining material was
incubated overnight at 4°C in dispase (1mg/mL) to separate
epidermis from dermis. Following incubation, the epider-
mis, mainly composed of KCs, was digested using trypsi-
n/EDTA in a 20min incubation at 37°C. Separated KCs
were washed in PBS and resuspended in growing medium:
Keratinocyte Serum-Free Medium (Gibco, Grand Island,
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NY) supplemented with fetal bovine serum (10%), penicillin
(50U/ml), and streptomycin (50μg/ml). Cells were then
cultured under standard conditions in a humidified atmo-
sphere of 5% CO2 at 37

°C. Cell culture purity and uniformity
were controlled based on the KC morphology observation.

2.1.3. Cell Treatment and Medium Collection. When KCs
formed all derived lines reached 70% confluence, cells were
exposed to UVB (312nm) radiation in cold PBS (4°C) to
avoid heat stress and oxidation of the medium components.
Used wavelength corresponds to the wavelength of the UVB
radiation (Narrov Band) used in the phototherapy of psori-
asis [22]. KCs were irradiated on ice at a distance of 15 cm
from an assembly of 6 UV lamps (Bio-Link Crosslinker
BLX 312; Vilber Lourmat, Germany) at 6W each, corre-
sponding to a flux of 4.08mW/cm2. Total UVB dose was
60mJ/cm2, which resulted in the death of approximately
30% of KCs. After irradiation, KCs were incubated for 24
hours under standard conditions in medium without supple-
mentation with growth factors. To analyze the effect of
CBD on these cells, a suspension of CBD in ethanol was
added to a final concentration of 4μM (the final concentra-
tion of ethanol was 0.3%). Following incubation (24 h), the
medium from was harvested and frozen at -80°C before fur-
ther analysis.

2.2. Methods

2.2.1. Metalloproteinase Activity. Activity of metalloprotein-
ases MMP-2 and MMP-9 was measured using gelatin zymo-
graphy [23]. Samples were electrophoretically separated on
an 8% gel containing gelatin (2mg/ml). MMP activity was
induced by incubation of the gel for 20 hours in 37°C in
Tris-HCl buffer (50mM, pH7.8) with CaCl2 (5mM) and
Triton X-100 (0.1%). Following incubation, the gel was
stained in Coomassie Blue. Next, densitometric analysis of
light fringes on a dark background was carried out using a
Versa Doc System and Quantity One software (Bio-Rad Lab-
oratories Inc., CA, USA).

2.2.2. Protein Expression. Levels of metalloproteinases MMP-
1, MMP-2, MMP-3, MMP-7, and MMP-9 and their inhibi-
tors, TIMP-1 and TIMP-2, as well as growing factors/angio-
genesis HGF, VEGF, PDFG, FGF, IL-8, angiopoietin-2, and
TNFα, were measured using commercially available kits (Q-
Plex™ Human MMP (6-Plex) no. 340949HU and Q-Plex™
Human Angiogenesis (9-Plex) no. 150249HU, Quansys Bio-
sciences, UT, USA) [24]. These assays use a quantitative
chemiluminescent method of detection based on an ELISA
protocol. These assays used two different antibodies specific
for their respective targets. Samples, as well as calibrators, were
pipetted into wells of a 96-well plate arrayed with analyte spe-
cific anti-bodies that captured chosen protein within 1 hour.
Specific proteins were immobilized to their locations in the
array. After washing away any unbound protein, a mixture
that contains biotinylated analyte specific antibodies was
added and incubated for 1 hour. The biotinylated antibodies
completed the sandwich for each specific arrayed analyte.
After washing away unbound biotinylated antibody,
streptavidin-horseradish peroxidase (SHRP) was added for

20min. Following an additional wash, the signal reading
was performed by Q-ViewTM Imager LS with Q-View Sot-
ware (Quansys Biosciences, Logan, UT, USA) according to
the manufacturer protocols and method improvements
available online at https://www.quansysbio.com/support/
tech-tips/. Protein levels were read according to the respec-
tive calibration curves in the range: 49.38–12,000pg/ml
(MMP-1), 329.22–80,000pg/ml (MMP-2), 18.52–4500pg/ml
(MMP-3), 7.41–1800pg/ml (MMP-7), 181.07–44,000pg/ml
(MMP-9), 13.7–10,000pg/ml (Ang-2), 6.9–5000pg/ml
(FGF), 19.2–14,000pg/ml (HGF), 5.5–4000pg/ml (PDGF),
13.7–10,000pg/ml (TIMP-1), 27.4–20,000pg/ml (TIMP-2),
5.5–4000pg/ml (TNFα), 2.7–2000pg/ml (VEGF), and 2.7–
2000pg/ml (IL-8). The image of the obtained curves, as
well as the distribution of measurement spots, is presented
in Figure 1.

All results were normalized against total protein concen-
tration, as measured by the Bradford assay [25].

2.3. Statistical Analysis. Data were analyzed using standard
statistical analyses, including multivariate analysis (one-
way ANOVA). The Shapiro-Wilk and the Leven tests were
used to check the normality of the data distribution and
the homogeneity of variance. Results are expressed as the
mean ± standard deviation (SD).

3. Results

The metabolic changes resulting from the development of
psoriasis are inextricably linked to the increased plasma
levels/activity of MMPs in patients diagnosed with both
PsV and PsA. Our results confirm this finding, especially
in the case of MMP-1 and MMP-7, where an increase of
25–60% was observed in the plasma of PsV and PsA patients
compared to the level of these MMPs in the control group
(Figure 2). Moreover, the plasma level of MMP-3 in psoria-
sis patients (both PsV and PsA) was more than twice as high
as in the control group. Also, the levels of MMP-2 and
MMP-9 were increased in psoriatic plasma, with significant
differences observed in different forms of the disease:
MMP-2 levels were higher than in plasma from healthy sub-
jects by about 60% in PsV and by 25% in PsA, while MMP-3
levels increased by 53% in PsV and by 125% in PsA
(Figure 2). The differences in the levels of these enzymes also
coincided with changes in their activities. MMP-2 from PsV
patient plasma digested gelatin more strongly than this same
enzyme from PsA patient plasma. An inverse relationship
was observed for the bands etched by MMP-9 (Figure 3).
The findings of increased MMPs level/activity in psoriasis
plasma were accompanied with enhanced expression of tis-
sue inhibitors of MMPs (TIMPs) (Figure 2). TIMP-1 level
was increased in plasma of both PsV and PsA patients by
40% and 25%, respectively, while the TIMP-2 level was sig-
nificantly increased (by 24%) only in plasma of PsV patients
comparing to healthy subjects.

Parallel to the disturbances in MMP activity in the
plasma of psoriatic patients, significant changes were
observed in the expression of the angiogenesis markers and
growth factors in the plasma of both PsV and PsA patients
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(Figure 4). A higher increase in these transcripts was
observed for angiopoietin-2 and TNFα in plasma of PsV
patients, which was 50% more than in the control. The same
parameters were also increased in plasma of PsA patients
and were around 15% higher comparing to healthy subjects.
Further, the expression of IL-8, HGF, and PDGF was
enhanced in psoriatic patient plasma by at least 35%. Across
VEGF and FGF levels, no significant changes were observed
compared to controls except for the FGF expression in PsA
patient plasma, which was decreased by approximately 7%.

Observed changes in the plasma of psoriatic patients
were also reflected in the levels studied in isolated skin cells
cultured in vitro. In the medium collected from psoriatic
KCs, levels of MMPs (MMP-1/2/3) were significantly higher
than in medium from parallel cultured KCs isolated from
healthy individuals (increases of 4.4 times, 2.4 times, and
1.5 times, respectively) (Figure 4). Further, UVB radiation

significantly enhanced MMP levels in medium of cultured
psoriatic or control cells. However, this increase was greater
in control cells than in psoriatic cells, e.g., the MMP-1 level
in control cells following UVB exhibited a 5.7-fold increase,
while in psoriatic KCs, this increase was only 1.4-fold. For all
assessed MMPs (MMP-1/2/3/7), CBD caused significant
reduction of their level in UVB-treated KCs. However,
MMP-3 and MMP-7 levels were decreased by CBD more
in UVB irradiated psoriatic KCs than in UV-irradiated
healthy cells, while the MMP-1 and MMP-2 expression
was reduced by CBD significantly more in UV-irradiated
healthy cells as compared with the reaction of psoriatic
KCs (Figure 4). Moreover, the TIMP expression in the
medium of KCs was enhanced in psoriatic cells by compared
to healthy cells by 32% for TIMP-1 and by 187% for TIMP-
2. However, treatment of healthy cells with UVB radiation or
CBD caused only moderate changes in the TIMP expression,

MMP-1 MMP-2

MMP-3 MMP-7
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MMP-9
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Ang-2 HGF

TIMP-2PDGF
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TNFα VEGF Ref
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Figure 1: The spot distribution in the Q-Plex™ Human MMP (a) and Q-Plex™ Human Angiogenesis (b) and the images of the obtained
curves for targeted proteins (c, d).
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while psoriatic KCs responded in a more significant manner.
It was observed that UVB radiation caused an increase of
60% for TIPM-1 and 90% for TIMP-2 in psoriatic cells,
while CBD significantly reduced the UVB-induced expres-
sion of these molecules by approximately 65–70% (Figure 5).

Psoriatic changes in skin KCs were also related to the
level of released into the medium growing factors and angio-
genesis markers (Figure 6). Psoriasis development was asso-
ciated with an increase in the level of angiopoietin-2 and
HGF by 25%, of PDGF by 80%, of TNFα and VEGF twice,
and of FGF three times as compared to healthy cells. More-
over, psoriatic KCs were also more sensitive to the experi-
mental treatments, e.g., the expression of HGF in healthy
cells was unwavering due to UVB radiation and CBD sup-
plementation, while in psoriatic KCs, UVB induced double
increase, which was prevented by CBD treatment. A similar
character of changes following cell treatment was observed
in the case of angiopoietin-2, PDGF, and VEGF, wherein
UVB radiation resulted in a maximum of 30% increase in
the expression in control cells and a 2-to-3-fold increase
in psoriatic cells. Further, CBD treatment of these cells fol-
lowing UVB irradiation caused a decrease in these protein
levels by approximately 15% in healthy KCs and 50–80%
in psoriatic cells. The strongest effect of UVB and CBD

action was visible in the changes of the FGF expression,
where UVB caused a 3- and 5-fold increase in healthy and
psoriatic cells, respectively, and CBD prevented these
changes by 65% and 85%, respectively. CBD did not
decrease only the level of proinflammatory factor TNFα,
which is also strongly increased in psoriatic cells with and
without UVB radiation, as well as following CBD treatment.
On the other hand, CBD reduced the level of TNFα to the
control level in KCs obtained from healthy people and
treated with UVB (Figure 6).

4. Discussion

The healthy appearance of the human skin has always been
seen as an indicator of a healthy body condition. Therefore,
hyperexfoliation of the epidermis caused by chronic inflam-
mation in patients with psoriasis vulgaris (PsV) is not only a
dermocosmetic problem but may indicate serious patholog-
ical changes in the body, even leading to the development of
other diseases, such as metabolic syndrome or Leśniowski’s
disease (Crohn’s disease), or may cause psychological/psy-
chiatric disorders [26]. A comorbid disease classically associ-
ated with PsV is psoriatic arthritis (PsA). It is not known
what factors lead to the development of PsA in some cases
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of PsV [2], but many reports indicate that changes in the
metabolic profile and activity of plasma proteins/blood cells
differ significantly in both diseases [27, 28], which indicates
the need for careful analysis to determine the most effective
treatments in each case.

All significant changes occurred in cellular metabolism
are usually reflected in the body fluids protein profile. This
also is visible in the case of psoriasis, where changes in skin
cell metabolism are reflected in plasma composition [29]. So
far, the reorganization of the psoriatic epidermis connected
with protease and peptidase stimulation has been observed
also as the increased level of these proteins in patients’
plasma [30]. Among these, MMPs can also be mentioned
[9]. The major functions of MMPs are remodeling and deg-
radation of extra-cellular matrix and cell membranes during
various biological processes, such as cell migration and KC
proliferation, as well as angiogenesis. There are five subfam-
ilies of MMPs: collagenases, gelatinases, stromelysins, matri-
lysins, and membrane-type MMP; however, all are involved
in the degradation of collagens, proteoglycans, and various
glycoproteins. Their stimulation or repression might be reg-
ulated at the level of biosynthesis, while their activity can be
directly modified by growth factors, cytokines, or tissue
inhibitors of MMPs (TIMPs) [12].

It has been known for many years that psoriasis is asso-
ciated with increased activity of various types of MMPs [9];
however, presented in this study are results which for the
first time clearly indicate that in the case of plasma MMPs
with collagenase or stromelysin activity, there are no differ-
ences between PsV and PsA patients, while gelatinases such
as MMP-2 and MMP-9 significantly differentiate these two
types of psoriasis. The plasma level as well as the activity
of the MMP-9 in PsA is higher than in PsV, which makes
the symptoms of this disease closer to that of rheumatoid
arthritis (RA) [31]. However, in RA, MMP-2 is present only
in latent form [32], while in PsA as in PsV, both level and
activity are significantly increased. Moreover, these results
are accompanied with increased level of MMP inhibitors
TIMP-1 and -2. TIMPs act by binding to MMPs prevent
their catalytic activity which, in the case of psoriasis, could
limit inflammatory response and the scope of epidermal
changes. Therefore, in the body’s protective response, an
increase in TIMP levels has been found in psoriatic patients’
plasma [8]. The increased expression of TIMP-2 in PsV
patient plasma also differentiates them from patients with
PsA, where this was not observed. The inhibitory effect of
TIMP-2-specific inhibition on MMP-2 (previous findings
show a strong balance between MMP-2 and TIMP-2 in the
case of cancer cells [33]) can explain the observed lack of
TIMP-2 overexpression in PsA patient plasma.

These findings, showing an increase in MMP activity in
psoriatic patient plasma, are also accompanied by increased
markers of angiogenesis. New blood vessel formation in PsV
patients favors Th1 and Th17 lymphocyte migration, as well
as distribution of KC proliferation stimulators including
growth factors, which additionally accelerates the pathogen-
esis of psoriasis [34]. However, one previous study suggests
that abnormalities of vessel architecture and circulating
levels of angiogenic growth factors have been observed in

both psoriasis and atherosclerosis [35]. In the present study,
most of the analyzed markers of angiogenesis in psoriatic
patient plasma are similarly upregulated in both PsV and
PsA; however, in the case of angiopoietin-2 and TNFα, the
overexpression in PsV is significantly stronger than in PsA.
Angiopoietin-2 (which is responsible for activation of the
Tie-2 receptor) destabilizes blood vessel maturation, prepar-
ing them for new sprout formation and stronger psoriatic
lesson invasion [36]. Additionally, it has been found that
angiopoietin-2 is upregulated by VEGF and FGF [37], which
were found to be elevated in PsV patients. Moreover, similar
data for the TNFα expression differentiating PsV and PsA
have been observed previously in psoriatic granulocytes
[5], suggesting weaker proinflammatory signaling in PsA
than in PsV, connected with stimulation or silencing by
the protective mechanisms of the joints. Therefore, the
inflammatory processes might be stronger in patients with
PsV than in PsA. As a result, the mild variant of PsV is 10
times more frequently efficiently treated than severe form
of psoriasis including PsA [38].

When analyzing the pathogenesis of psoriasis vulgaris, it
is difficult to state unequivocally whether bothersome skin
changes are the result of changes in the level of plasma sig-
naling molecules, including proinflammatory cytokines, fac-
tors stimulating KC proliferation, as well as angiogenesis, or
whether changes in the level of these factors in the plasma
result directly from changes in epidermal cell metabolism
[3]. This problem results from the complexity of the patho-
genesis of psoriasis, the development of which consists of
both environmental and genetic factors [4]. Regardless of
this, skin cells are in constant communication with the
immune cells present in the plasma and the signaling factors
produced by them. Therefore, changes in plasma are
reflected by changes in psoriatic KC metabolism and vice
versa [21]. The increase in MMPs and growing factor level
in plasma observed in this study from psoriatic patients
may be the result of KC hyperproliferation, as well as a stim-
ulus for the further development of the disease. Similar
MMP level increase in psoriatic skin cells has been previ-
ously observed and has been associated with the induction
of their expansion by IL-17 released from activated T lym-
phocytes [7].

All changes described in plasma markers indicating dis-
turbances in organism homeostasis may have a detrimental
effect on normal psoriatic patient functioning; therefore, this
study proposes CBD as a potential compound that will
decrease negative symptoms of psoriasis observed in skin
KCs, especially after their UVB irradiation, received during
phototherapy. CBD, because of its lipophilic nature, is wildly
used in skincare products to avoid dryness of the skin [19].
Moreover, its antioxidant and anti-inflammatory properties
provide protection of both healthy or psoriatic skin cells
against oxidative stress caused by UV radiation [13–15,
39]. The effect of CBD on the level of MMPs in UVB irradi-
ated KCs has not been studied so far; however, the results of
studies from cancer cells indicate an inhibitory effect of CBD
on MMPs, which is important in preventing the develop-
ment of cancer [16, 17]. The results of this study show that
CBD significantly decreases only MMP-7 level in healthy
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cells; however, it shows strong inhibitory effect for MMP-
1/2/3/7 in UV-irradiated KCs, especially in the case of psori-
atic cells. Other studies also show that CBD has the strongest
inhibitory effect on MMPs in skin cells exposed to proin-
flammatory factors, e.g., TNFα [40], which is additionally
increased in psoriatic KCs after UVB irradiation. Similar
effects of CBD under inflammatory conditions connected
with rheumatoid arthritis development are observed in
synovial fibroblasts, where CBD decreases MMP-3 level by
activating transient receptor potential ankyrin (TRPA1),
and increasing intracellular calcium levels [41].

On the other hand, CBD as well as UVB irradiation in
various ways affects the level of MMP inhibitors (TIMPs)
in both control and psoriatic KCs. While in healthy cells,
UVB irradiation and CBD treatment (separately or together)
only slightly influence the levels of TIPM-1/2; in psoriatic
cells, a strong increase is observed in TIMP level following
UVB irradiation. Psoriatic skin cells are continuously stimu-
lated to proliferation; therefore, their metabolism is still
maintained at a high level, and thus the observed reaction
is significant compared to healthy cells. Moreover, this
may be a result of the protective role of TIMPs against
UVB-induced degradation of collagen and elastic fibers
[42]. Therefore, a CBD-induced decrease in TIMP levels fol-
lowing UVB radiation could potentially be of great impor-
tance in phototherapy of psoriasis. To date, many findings
show that CBD increases TIMP levels primarily in cancer
cells, which, via MMP inhibition, prevents cancer cell migra-
tion [17, 43, 44]. In the case of psoriatic skin cells, the effect
is the opposite, similarly to umbilical vein endothelial cells
[45]. This may be connected with other TIMP actions in
KCs, including growth and apoptosis induction, as well as
angiogenesis regulation [46], which require special regula-
tion during the hyperproliferation of epidermal cells in pso-
riatic patients.

As mentioned, angiogenesis plays an important role in
psoriasis development, and compared to healthy cells, psori-
atic KCs are much more responsive to UVB radiation by
overproducing growth factors and angiogenesis markers.
However, in most cases, CBD significantly decreases these
proteins’ expression, which can prevent UVB-induced
angiogenesis. Moreover, the natural stimulation of cell pro-
liferation after UVB radiation is observed as the increased
expression of HGF, VEGF, PDGF, or FGF only in psoriatic
cells and is inhibited by CBD. Similar CBD effects have been
observed in the case of VEGF or FGF in human prostate or
colon cancer with enhanced cell proliferation [40, 47], simi-
lar to that seen in psoriasis. This suggests that CBD may sup-
port UVB phototherapy of psoriasis by limiting proliferative
signaling in irradiated cells.

The results of this study indicate that CBD regulates the
proteolytic/antiproteolytic balance in relation to the extra-
cellular matrix, both in healthy and psoriatic cells. However,
in the case of the proinflammatory factor TNFα, CBD sig-
nificantly differentiates the direction of changes taking place
in healthy and psoriatic KCs exposed to UVB radiation. It
has long been known that TNFα, as a signaling molecule,
not only induces a proinflammatory response of cells but
is also a factor actively promoting the development of psori-

asis [48]. Moreover, the TNFα expression is stimulated in
skin KCs also in response to UVB radiation [49]. However,
the antioxidant and anti-inflammatory properties of CBD
contribute to the prevention of TNFα generation in control
cells, what demonstrates the protective effect of this phyto-
cannabinoid [50]. Simultaneously, CBD induces the proin-
flammatory action of UVB in relation to psoriatic cells by
enhancing the TNFα level. However TNFα has been shown
to inhibit the following: the secretion by plasmacytoid den-
dritic cells (pDC) of interferon gamma (IFNγ—an immuno-
regulatory cytokine that induces the release of inflammatory
cytokines), the proliferation of KCs, and the maintenance of
psoriasis [51]. Therefore, taking this into account, it can be
suggested that CBD enhances the effects of narrowband
UVB phototherapy.

5. Conclusion

In this study, it was shown that increased plasma levels of
MMP-9 and TIMP-2, as well as angiogenic growth factors
(mainly Ang-2), differentiate PsV from PsA. At the same
time, these increased plasma levels are accompanied by a sig-
nificant increase in the transcription factor TNFα. This indi-
cates a significant exacerbation of metabolic/pathological
changes in PsV patients. Therefore, the application of CBD
with antioxidant and anti-inflammatory properties to UVB
irradiated KCs has shown very significant effects. CBD has
been found to prevent the disruption of the proteolytic/anti-
proteolytic balance established by extracellular matrix prote-
ases and their inhibitors in both control and psoriatic KCs,
especially in those exposed to UVB radiation. Moreover,
on the basis of the obtained results, CBD can be indicated
as an antiangiogenic factor, significantly reducing the level
of all assessed angiogenic growth factors. At the same time,
the anti-inflammatory effect of CBD is manifested by a
decrease in the level of TNFα in KCs of the healthy skin,
but an increase in the level of this transcription factor in pso-
riatic KCs, especially those exposed to UVB rays. Thus, CBD
may prove to be the drug with beneficial effects on both
healthy and psoriatic KCs, which may have important clini-
cal implications.
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Sirtuin 3 (SIRT3) is critical in mitochondrial function and oxidative stress. Our present study investigates whether hydrogen
sulfide (H2S) attenuated myocardial fibrosis and explores the possible role of SIRT3 on the protective effects. Neonatal rat
cardiac fibroblasts were pretreated with NaHS followed by angiotensin II (Ang II) stimulation. SIRT3 was knocked down with
siRNA technology. SIRT3 promoter activity and expression, as well as mitochondrial function, were measured. Male wild-type
(WT) and SIRT3 knockout (KO) mice were intraperitoneally injected with NaHS followed by transverse aortic constriction
(TAC). Myocardium sections were stained with Sirius red. Hydroxyproline content, collagen I and collagen III, α-smooth
muscle actin (α-SMA), and dynamin-related protein 1 (DRP1) expression were measured both in vitro and in vivo. We found
that NaHS enhanced SIRT3 promoter activity and increased SIRT3 mRNA expression. NaHS inhibited cell proliferation and
hydroxyproline secretion, decreased collagen I, collagen III, α-SMA, and DRP1 expression, alleviated oxidative stress, and
improved mitochondrial respiration function and membrane potential in Ang II-stimulated cardiac fibroblasts, which were
unavailable after SIRT3 was silenced. In vivo, NaHS reduced hydroxyproline content, ameliorated perivascular and interstitial
collagen deposition, and inhibited collagen I, collagen III, and DRP1 expression in the myocardium of WT mice but not
SIRT3 KO mice with TAC. Altogether, NaHS attenuated myocardial fibrosis through oxidative stress inhibition via a
SIRT3-dependent manner.

1. Introduction

Myocardial fibrosis is a cardiac interstitial remodeling
characterized by excessive cardiac fibroblast proliferation,
collagen deposition, and abnormal distribution [1, 2]. It is
closely related to hypertension, chronic heart failure, hyper-
trophic cardiomyopathy, dilated cardiomyopathy, viral
myocarditis, and many other cardiovascular diseases, which
is a potential risk factor of sudden cardiac death [3–7]. How-
ever, there is no ideal strategy for the treatment of myocar-
dial fibrosis.

Hydrogen sulfide (H2S) is considered to be the third
gasotransmitter after nitric oxide (NO) and carbon monox-
ide (CO) [8, 9]. Endogenous H2S is catalyzed by cystathio-
nine-β-synthase (CBS), cystathionine-γ-lyase (CSE), 3-
mercaptopyruvate sulfurtransferase (3-MST), and so on
[10, 11]. The enzymes are tissue-specific distributed in dif-
ferent systems. CBS is a key enzyme to produce H2S in the
nervous system, while CSE is mainly in the cardiovascular
system [12, 13]. Previous studies verified that H2S had
protective effects against atherosclerosis, myocardial hyper-
trophy, myocardial ischemia-reperfusion injury, endothelial
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cell damage, spermatogenic failure, and testicular dysfunc-
tion [13–21]. Moreover, we also found that H2S donor
GYY4137 alleviated myocardial fibrosis in spontaneously
hypertensive rats [22]. However, the detailed mechanism
by which H2S attenuated cardiac fibroblast proliferation
in vitro and myocardial fibrosis in vivo remains unclear.

Silent information regulator 2 (SIR2), a highly conserved
NAD-dependent family histone deacetylase, serves as a cell
sensor for energy utilization and metabolism regulation
[23, 24]. SIR2 is widely found in mammals and consists of
seven members including sirtuin 1 (SIRT1) to sirtuin 7
(SIRT7). The SIR2 family plays a role in metabolism, cancer,
and other physiological and pathological processes [25, 26].
Sirtuin 3 (SIRT3) is a member of histone deacetylase III to
mediate redox signaling [27]. Previous research has demon-
strated that H2S was capable of increasing SIRT3 to improve
mitochondrial function and attenuate oxidative stress. We
found that H2S improved endothelium-dependent relaxa-
tion of aortic and mesenteric arteries in paraquat-
administrated wild-type (WT) mice but not SIRT3 knockout
(KO) mice [18]. H2S reduced superoxide anion production
in angiotensin II- (Ang II-) stimulated cardiomyocytes, but
this effect is significantly weakened after SIRT3 was knocked
down. H2S protected against myocardial hypertrophy in WT
mice but not SIRT3 KO mice [16]. However, it is not known
whether H2S protects against cardiac fibroblast proliferation
and myocardial fibrosis via SIRT3 activation.

Therefore, our present study investigates whether H2S
attenuated cardiac fibroblast proliferation in vitro and myo-
cardial fibrosis in vivo and explores the possible role of
SIRT3 on the protective effects.

2. Materials and Methods

2.1. Cardiac Fibroblast Culture and Treatment. After anes-
thesia by isoflurane, neonatal Sprague Dawley rats aged 1
to 3 days old were killed by decapitation. Then, the left ven-
tricular myocardium was cut into small pieces followed by
digestion with trypsin in a constant temperature water bath
of 37°C for 5-8 minutes. After about 10 times, all superna-
tants except the first time were mixed. Next, Dulbecco’s
modified Eagle’s medium (DMEM, Wisent Inc., Montreal,
QC, Canada) containing 10% fetal bovine serum (FBS,
Wisent Inc., Montreal, QC, Canada) was timely added to
stop excessive digestion. After centrifugation, fresh DMEM
containing 10% FBS was used to resuspend the cell precipi-
tate. After differential adhesion for 4 h, the cardiomyocytes
in the medium were abandoned while confluent cardiac
fibroblasts adhered to the walls. Cardiac fibroblasts of the
2nd or 3rd passage were used in our further experiments.
Cells were then administrated with NaHS (50μM, Sigma-
Aldrich, St. Louis, MO), a common H2S donor, for 4 h
followed by Ang II (100 nM, Sigma-Aldrich, St. Louis,
MO) stimulation for an additional 24 h.

2.2. Cell Proliferation and Hydroxyproline Content
Measurement. Cell proliferation was represented as cardiac
fibroblast number enhancement, which was determined by
Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China)

as the previous study [4]. The content of hydroxyproline in
the cell culture medium and in the myocardium was
detected according to our previous research [4, 22].

2.3. Luciferase Reporter Assay. Neonatal rat cardiac fibro-
blasts were transfected with the SIRT3 promoter luciferase
fusion plasmid using the Lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA, USA), and the pRL-TK reporter
plasmid served as a control reporter. After changing by the
fresh medium with 10% FBS 24h later, cells were incubated
with NaHS (50μM) for 4 h and subsequently stimulated by
Ang II (100 nM) for 24 h. Next, the cell lysis buffer was
added to harvest the cells. The luciferase activity was
detected with a dual-luciferase reporter assay system (Pro-
mega, Madison, WI, USA). Activity of the SIRT3 promoter
was assessed by the relative luciferase activities compared
with pRL-TK, which was normalized to control in triplicate.

2.4. SIRT3 RNA Interference. After starvation for 24 h, the
mixture of the SIRT3 siRNA or nonspecific control siRNA
(NC siRNA) and the Lipofectamine 3000 reagent was added
into cardiac fibroblasts. SIRT3 siRNA (5′-CCAUCUUU-
GAACUAGGCUUTT-3′ and 5′-AAGCCUAGUUCAAA-
GAUGGTT-3′) or NC siRNA with random sequences was
commercially synthesized (GenePharma, Shanghai, China).
The expression of SIRT3 mRNA and protein was measured
by real-time PCR and western blot, respectively, to evaluate
the efficiency of SIRT3 siRNA transfection after 48 h. Some
other cells were stimulated with NaHS (50μM) for 4 h
followed by Ang II (100 nM) stimulation for 24 h after
siRNA was transfected into the cardiac fibroblasts.

2.5. Immunofluorescence. After treatment, cardiac fibroblasts
were fixed by polyformaldehyde for 10min followed by
incubation with phosphate-buffered solution (PBS) contain-
ing 0.3% Triton X-100 at room temperature for 20min. The
anti-α-smooth muscle actin (α-SMA, 1 : 50; Bioss, Beijing,
China) or anti-dynamin-related protein 1 (DRP1, 1 : 50; Cell
Signaling Technology, Danvers, MA, USA) antibody was
added into cells at 4°C overnight followed by Cy3- or Alexa
Fluor 488-conjugated IgG (1 : 500; Beyotime, Shanghai,
China) incubation at room temperature for 2 h the next
day. Nuclei were stained by DAPI (4′,6-diamidino-2-pheny-
lindole) (Beyotime, Shanghai, China). Then, cardiac fibro-
blasts were visualized and photographed with a
fluorescence microscope (Nikon, Tokyo, Japan).

2.6. Measurement of Superoxide Formation. After treatment
as the above description, the cardiac fibroblasts were incu-
bated with dihydroethidium (DHE, 2μM, in the Krebs-
HEPES buffer) at 37°C without light for 30min. The level
of superoxide in cells, presented as DHE fluorescence inten-
sity, was detected with a laser confocal microscope (Leica,
Wetzlar, Germany).

2.7. Assessment of Mitochondrial Respiration Function. The
mitochondrial respiration oxygen consumption rate (OCR)
was measured as the previous description by a Seahorse
Extracellular Flux Analyzer (XF-96, Seahorse Bioscience,
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Santa Clara, CA, USA) [16]. After being plated in XF-96-
well plates, the cardiac fibroblasts were subjected to siRNA
transfection and treatment as described above. Then, the
medium was changed into unbuffered DMEM containing
glucose (10mM), pyruvate (10mM), and GlutaMAX
(2mM, Invitrogen, Carlsbad, CA, USA). Basal respiration
was first obtained. After ATP synthesis was inhibited by oli-
gomycin (Oligo, 2μg/mL), ATP generation during respira-
tion was measured. Then, respiratory reserve capacity and
maximal respiration were detected after uncoupler carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP,
2μM) was added into the cells. Finally, rotenone and anti-
mycin A (rot & AA, 4μM) were applied to completely block
oxygen consumption.

2.8. Assessment of Mitochondrial Membrane Potential (Δψm
). After treatment, the cardiac fibroblasts were incubated in
JC-1 staining solution (Beyotime, Shanghai, China) at 37°C
without light for 20min. The level of mitochondrial mem-
brane potential (Δψm) was presented as the ratio of red
fluorescence by aggregates of JC-1 to green fluorescence by
monomers of JC-1, which were detected with a laser confo-
cal microscope.

2.9. Animal Treatment. Male 8-week-old 129S1/SvImJ WT
mice and SIRT3 KO mice were fed in the Experimental
Animal Center of Nantong University according to the
US National Institutes of Health Guidelines for Care and
Use of Laboratory Animals (approval no. NTUERLAUA-
20160224).

WT mice and SIRT3 KO mice were intraperitoneally
administrated by NaHS (50μmol·kg-1·day-1) once daily,
and normal saline (NS) was given as a control. After 2 weeks,
mice were intraperitoneally injected with a mixture of keta-
mine (100mg·kg-1) and xylazine (5mg·kg-1) to induce anes-
thesia which was confirmed by loss of reflex to toe pinching.
Then, thoracotomy was performed to expose the aortic arch,
and transverse aortic constriction (TAC) was carried out by
tying a 6-0 nylon suture ligature against a 26-gauge needle.
The needle was withdrawn immediately to form an incom-
plete constriction. The mice with the same operating proce-
dures without constriction served as sham controls. After
surgery, all mice went on being treated by NaHS or NS for
another 2 weeks [28]. During the experiments, systolic blood
pressure (SBP) was monitored by a noninvasive blood pres-
sure analysis system (Visitech Systems, Apex, NC, USA)
with the tail-cuff method every week.

2.10. Determination of H2S Concentration in the Plasma and
H2S Production in the Myocardium. The H2S level was deter-
mined using a H2S-specific microelectrode connected to a
free radical analyzer (World Precision Instruments, Sarasota,
FL, USA) in light of the previous description [16]. A stan-
dard curve was obtained by the current value in different
concentrations (0, 0.5, 1, 2, 4, and 8μM) of Na2S stock
solution. H2S in the myocardium was determined in tissue
homogenates. The homogenates were incubated in the
assay mixture (500μL) containing 460μL tissue homoge-
nates, 20μL L-cysteine (10mmol/L), and 20μL pyridoxal

5′-phosphate (2mmol/L) at 37°C in tightly sealed vials
for 30min. Then, the plasma or homogenate was dropped
into the reaction solution, and there was a significant change
in the current value. The H2S level in the plasma or the myo-
cardium can be calculated according to the standard curve.

2.11. Sirius Red Staining. After washing 3 times, myocardial
paraffin sections about 5μm thick were stained with satu-
rated picric acid-Sirius red without light for 30min. Then,
the nuclei were lightly stained with Mayer’s hematoxylin
staining solution. Finally, the collagen deposition in the
myocardium was observed and photographed with a micro-
scope. The ratio of the perivascular collagen area (PVCA) to
the luminal area (LA) was calculated to assess the degree of
perivascular fibrosis in the myocardium. The collagen vol-
ume fraction (CVF), as the ratio of the interstitial collagen
area to the myocardial area, was statistically analyzed to
evaluate the degree of interstitial fibrosis.

2.12. Quantitative Real-Time PCR. Expressions of mRNA
were carried out by real-time PCR following the MIQE
guidelines. Extracted RNA from cardiac fibroblasts or the
myocardium with the TRIzol reagent (Takara, Kyoto, Japan)
was subjected to reverse transcription according to the intro-
duction of the PrimeScript™ RT Master Mix Kit (Takara,
Kyoto, Japan). Amplification of cDNA was carried out three
times in the PCR System (ABI 7500, ABI, Carlsbad, CA,
USA) by SYBR (Takara, Kyoto, Japan) with 18S as the
housekeeping gene. All sequences of the sense primers and
antisense primers are listed below (Table 1).

2.13. Western Blots. Protein samples extracted from cardiac
fibroblasts or the left ventricular myocardium were sepa-
rated by 10% or 6% sodium dodecyl sulfate- (SDS-) poly-
acrylamide gel electrophoresis (PAGE). Then, the proteins
in the gel were transferred onto membranes of polyvinyli-
dene fluoride (PVDF) (Millipore, Billerica, MA, USA). After
the membranes were blocked with 5% nonfat milk at room
temperature for 2 h, the membranes with proteins were
incubated overnight with an appropriate primary antibody
for anti-SIRT3 (1 : 1000; Santa Cruz Biotechnology, St. Louis,
MO, USA), anti-α-SMA, collagen I, collagen III (1 : 1000;
Bioss, Beijing, China), anti-DRP1 (1 : 1000; Cell Signaling
Technology, USA), anti-β-tubulin (1 : 3000; CMCTAG, Mil-
waukee, WI, USA), and anti-GAPDH (1 : 7000; Sigma-
Aldrich, St. Louis, MO, USA) at 4°C. Next, membranes were
incubated with horseradish peroxidase- (HRP-) labeled IgG
at room temperature for 2 h. Enhanced chemiluminescence
(ECL, Thermo Fisher Scientific Inc., Rockford, IL, USA)
was dropped to visualize the protein blots.

2.14. Statistical Analysis. All data are shown as mean ± SEM
and were analyzed by one-way ANOVA followed by the
Bonferroni post hoc test (STATA 15.0). The values of P less
than 0.05 were regarded as statistically significant.

3. Results

3.1. NaHS Inhibits Cell Proliferation but Enhances SIRT3
Transcription in Ang II-Stimulated Cardiac Fibroblasts. After
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NaHS (50μM) administration for 4 h followed by Ang II
(100 nM) stimulation for another 24 h, cell proliferation
was evaluated by cell count analysis and hydroxyproline
secretion. NaHS pretreatment significantly reduced cell
numbers (Figure 1(a)) and reduced hydroxyproline content
in the cell culture medium (Figure 1(b)) after Ang II stimu-
lation. These data indicated that NaHS inhibited Ang II-
induced cardiac fibroblast proliferation.

Next, we assessed the possible role of SIR2 family mem-
bers in the attenuated effect of NaHS on cardiac fibroblast
proliferation. The mRNA expressions of all seven members,
SIRT1-SIRT7, were detected by real-time PCR. SIRT1 and
SIRT3 were significantly decreased after Ang II stimulation,
while SIRT2, SIRT4, SIRT5, SIRT6, and SIRT7 remained
unchanged. Moreover, the decreased SIRT3 was corrected
by NaHS preadministration for 4 h. However, there was no
significant change in SIRT1 by NaHS, suggesting that SIRT1
was possibly not critical in the inhibitory effect of NaHS on
Ang II-induced cardiac fibroblast proliferation. It is worth
noting that there was no alteration on SIR2 mRNA of
NaHS-treated cardiac fibroblasts without Ang II stimulation
(Figure 1(c)). Moreover, NaHS also increased SIRT3 pro-
moter activity in Ang II-stimulated cardiac fibroblasts
(Figure 1(d)). Taken together, NaHS enhanced SIRT3 tran-
scription in the inhibitory effect on Ang II-induced cardiac
fibroblast proliferation.

3.2. NaHS Inhibits Ang II-Stimulated Cardiac Fibroblast
Proliferation via SIRT3. However, whether enhanced SIRT3
was crucial in the above effect remained to be elucidated.
In our further study, SIRT3 was knocked down in cardiac
fibroblasts by RNA interference technology. After spe-
cific SIRT3 siRNA transfection, SIRT3 was significantly
reduced at both levels of mRNA and protein expressions
(Figures 2(a) and 2(b)).

Then, cell numbers and hydroxyproline content of car-
diac fibroblasts were assessed again after SIRT3 was silenced.

Our study showed that NaHS pretreatment significantly
decreased cell numbers and reduced hydroxyproline content
in Ang II-stimulated cardiac fibroblasts. However, the inhib-
itory effect was unavailable after SIRT3 was knocked down
(Figures 2(c) and 2(d)). These results suggested that NaHS
inhibited Ang II-stimulated cardiac fibroblast proliferation
in a SIRT3-dependent manner.

3.3. NaHS Suppresses Collagen Expression in Ang II-
Stimulated Cardiac Fibroblasts via SIRT3. Next, the expres-
sion of collagen I and collagen III was also examined. We
found that NaHS inhibited collagen I and collagen III
expressions at both the mRNA and protein levels in Ang
II-stimulated cardiac fibroblasts. However, the above protec-
tive effects by NaHS were absent after SIRT3 was silenced
(Figure 3). It suggested that NaHS suppressed Ang II-
stimulated cardiac fibroblast collagen expression in a
SIRT3-dependent manner.

3.4. NaHS Inhibits α-SMA Expression in Ang II-Stimulated
Cardiac Fibroblasts via SIRT3. The expression of α-SMA is
commonly regarded as a robust and sensitive marker of
cardiac fibroblast differentiation [4]. The present studies
found that the α-SMA expression was enhanced after Ang
II stimulation, which was attenuated by NaHS pretreatment.
However, the above inhibitory effect of NaHS on α-SMA
expression was obviously blunted if SIRT3 was knocked
down (Figure 4(a)). It suggested that NaHS inhibited α-
SMA expression in Ang II-stimulated cardiac fibroblasts
via SIRT3.

3.5. NaHS Attenuates Oxidative Stress in Ang II-Stimulated
Cardiac Fibroblasts via SIRT3. Previous studies have verified
that excessive oxidative stress was a critical pathophysi-
ological mechanism in several cardiovascular diseases includ-
ing myocardial remodeling, atherosclerosis, myocardial
ischemia-reperfusion injury, and diabetic cardiomyopathy

Table 1: Sequences of primers.

Gene Sense primer Antisense primer

Rat SIRT1 5′-CACCAGAAAGAACTTCACCACCAGA-3′ 5′-ACCATCAAGCCGCCTACTAATCTG-3′
Rat SIRT2 5′-AGGGACAAGGAGCAGGGTTC-3′ 5′-GAAGAGAGACAGCGGCAGGAC-3′
Rat SIRT3 5′-GAGGTTCTTGCTGCATGTGGTTG-3′ 5′-AGTTTCCCGCTGCACAAGGTC-3′
Rat SIRT4 5′-TTGTGCCAGCAAGTCCTCCTC-3′ 5′-GTCTCTTGGAAAGGGTGATGAAGC-3′
Rat SIRT5 5′-TCCAGCGTCCACACGAAACC-3′ 5′-AACACCAGCTCCTGAGATGATGAC-3′
Rat SIRT6 5′-GCTGGAGCCCAAGGAGGAATC-3′ 5′-AGTAACAAAGTGAGACCACGAGAG-3′
Rat SIRT7 5′-GAGCCAACCCTCACCCACATG-3′ 5′-ACGCAGGAGGTACAGACTTCAATG-3′
Rat collagen I 5′-AGGGTCATCGTGGCTTCTCT-3′ 5′-CAGGCTCTTGAGGGTAGTGT-3′
Rat collagen III 5′-AGCGGAGAATACTGGGTTGA-3′ 5′-GATGTAATGTTCTGGGAGGC-3′
Mouse collagen I 5′-AAGAAGACATCCCTGAAGTCA-3′ 5′-TTGTGGCAGATACAGATCAAG-3′
Mouse collagen III 5′-TTGGGATGCAGCCACCTTG-3′ 5′-CGCAAAGGACAGATCCTGAG-3′
18S 5′-AGTCCCTGCCCTTTGTACACA-3′ 5′-CGATCCGAGGGCCTCACTA-3′
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[29, 30]. SIRT3, as a vital acetyl-lysine deacetylase, regulates
mitochondrial function and reactive oxygen species (ROS)
production [31]. Our present study found that NaHS allevi-
ated DHE fluorescence intensity in Ang II-stimulated cardiac
fibroblasts, suggesting that NaHS attenuated Ang II-
stimulated ROS production. However, NaHS was no longer
able to suppress DHE fluorescence intensity after SIRT3
was knocked down (Figure 4(b)). These data showed that
NaHS attenuated oxidative stress in Ang II-stimulated car-
diac fibroblasts via a SIRT3-dependent manner.

3.6. NaHS Improves Mitochondrial Respiration Function and
Membrane Potential in Ang II-Stimulated Cardiac
Fibroblasts via SIRT3. The above attenuated effects of NaHS
on cardiac fibroblast proliferation suggested that mitochon-
drial function might also be improved by NaHS via SIRT3.
To verify the hypothesis, the oxygen consumption rate
(OCR) in Ang II-stimulated cardiac fibroblasts after NaHS
administration with SIRT3 silencing was measured. Our
study showed that NaHS significantly improved basal respi-

ration, ATP generation, respiratory reserve capacity, and
maximal respiration in Ang II-stimulated cardiac fibroblasts,
which was unavailable after SIRT3 silencing (Figures 4(c)
and 4(d)). These data suggested that NaHS improved mito-
chondrial respiration function in Ang II-stimulated cardiac
fibroblasts via SIRT3.

Next, the mitochondrial membrane potential of cardiac
fibroblasts was measured by JC-1 staining. Cells with strong
red fluorescence intensity indicated the normal mitochon-
drial membrane potential, while green fluorescence indi-
cated a decreased one. Our results showed that NaHS
increased red, but decreased green, fluorescence intensity
in Ang II-stimulated cardiac fibroblasts, whereas the effect
was significantly alleviated after SIRT3 was knocked down
(Figure 4(e)). It suggested that NaHS improved mitochon-
drial membrane potential in Ang II-stimulated cardiac fibro-
blasts via a SIRT3-dependent manner.

3.7. NaHS Decreases Blood Pressure but Restores H2S Levels
and SIRT3 Expression in Mice with TAC. The above results
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Figure 1: NaHS inhibits cell proliferation but enhances SIRT3 transcription in Ang II-stimulated cardiac fibroblasts. After pretreatment
with NaHS (50 μM) for 4 h, neonatal rat cardiac fibroblasts were stimulated by Ang II (100 nM) for 24 h. (a) The number of cardiac
fibroblasts was detected with CCK-8. (b) The content of hydroxyproline in the cell culture medium was measured. (c) Expression of
SIR2 family (SIRT1-7) mRNA was measured by real-time PCR. (d) After the SIRT3 promoter luciferase plasmid was transfected into
cardiac fibroblasts for 24 h, cells were pretreated with NaHS (50 μM) for 4 h followed by Ang II (100 nM) stimulation for another 24 h.
Relative promoter activity of SIRT3 was detected with a dual-luciferase reporter assay system. ∗∗P < 0:01 as compared with untreated
cells; ##P < 0:01 as compared with Ang II alone-stimulated cells. n = 6.
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showed that NaHS inhibited Ang II-induced cardiac fibro-
blast proliferation in a SIRT3-depended manner in vitro.
Next, the role of SIRT3 in the protective effects of NaHS
was investigated in mice. After TAC, SBP was significantly
increased in WT and SIRT3 KO mice to the same extent
in the next weeks. NaHS administration reduced SBP in
both the WT and SIRT3 knockout mice (Figure 5(a)). H2S
concentration in the plasma and H2S production in the
myocardium were impaired after TAC, which was restored
by the exogenous NaHS supplement in both WT mice and
SIRT3 KO mice (Figures 5(b) and 5(c)). SIRT3 expression
was decreased in the myocardium of WT mice after TAC,
which was elevated by NaHS. And there was no SIRT3
expression in the myocardium of SIRT3 KO mice
(Figure 5(d)). These data suggested that NaHS regulated
blood pressure and H2S levels regardless of the presence or
absence of the SIRT3 gene.

3.8. NaHS Ameliorates Perivascular and Interstitial Collagen
Deposition in the Myocardium of WT Mice but Not SIRT3
KO Mice with TAC. Perivascular fibrosis and interstitial
fibrosis are the main manifestations of myocardial fibrosis
[32]. Collagen, shown in red by Sirius red staining, was sig-
nificantly suppressed by NaHS in WT mice but not SIRT3
KO mice with TAC (Figure 6(a)). Statistical analysis showed
that after TAC, both the ratio of PVCA to LA and the CVF
in SIRT3 KO mice were higher than that in WT mice. NaHS
decreased the ratio of PVCA to LA and reduced CVF in WT
mice with TAC, which was unavailable in SIRT3 KO mice
(Figures 6(b) and 6(c)). It indicated that NaHS ameliorated
perivascular and interstitial collagen deposition in the myo-
cardium of WT mice but not SIRT3 KO mice with TAC.

3.9. NaHS Reduces Collagen and α-SMA Expressions in the
Myocardium of WT Mice but Not SIRT3 KO Mice with
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Figure 2: NaHS inhibits Ang II-stimulated cardiac fibroblast proliferation via SIRT3. (a, b) After SIRT3 siRNA or NC siRNA was
transfected into neonatal rat myocardial fibroblasts for 48 h, expression of SIRT3 mRNA and protein was measured by real-time PCR
and western blot, respectively. ∗∗P < 0:01 as compared with cells with NC siRNA transfection. n = 6. (c) After SIRT3 siRNA or NC
siRNA was transfected into cardiac fibroblasts for 24 h, the cells were pretreated with NaHS (50 μM) for 4 h followed by Ang II (100 nM)
stimulation for another 24 h. The number of cardiac fibroblasts was detected with CCK-8. (d) The content of hydroxyproline in the
cell culture medium was measured. ∗∗P < 0:01 as compared with untreated cells with NC siRNA transfection; ##P < 0:01 as
compared with Ang II alone-stimulated cells with NC siRNA transfection; &&P < 0:01 as compared with untreated cells with SIRT3
siRNA transfection. n = 6.
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TAC. The data in vitro suggested that NaHS reduced colla-
gen expression in Ang II-stimulated cardiac fibroblasts via
a SIRT3-dependent manner. Next, the possible protective
effect in vivo was further investigated. We found that after
TAC, there was more hydroxyproline content and collagen
expression in SIRT3 KO mice than in WT mice. NaHS
reduced hydroxyproline content and collagen expression in
the myocardium of WT mice with TAC. However, there
was no inhibitory effect of NaHS on the above indexes in
SIRT3 KO mice with TAC (Figures 7(a)–7(c)). Similarly,
there was more α-SMA expression in SIRT3 KO mice with
TAC than in WT mice. NaHS suppressed α-SMA expression
in the myocardium of WT mice but not SIRT3 KO mice
with TAC (Figure 7(d)). Taken together, NaHS alleviated

myocardial fibrosis in mice with TAC via a SIRT3-
dependent manner.

3.10. NaHS Restores DRP1 Expression in the Cardiac
Fibroblasts with Ang II Stimulation and in the Myocardium
of Mice with TAC via SIRT3. DRP1 is a protein associated
with mitochondrial fission, which may induce structural
damage and functional dysfunction of mitochondria [33].
Our present results showed that NaHS inhibited DRP1
expression in Ang II-stimulated cardiac fibroblasts. How-
ever, the inhibitory effect by NaHS was significantly weak-
ened after SIRT3 was knocked down (Figures 8(a) and
8(b)). After TAC, there was more expression of DRP1 in
the myocardium of SIRT3 KO mice than in WT mice. NaHS
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Figure 3: NaHS suppresses collagen expression in Ang II-stimulated cardiac fibroblasts via SIRT3. After SIRT3 siRNA or NC siRNA was
transfected into neonatal rat cardiac fibroblasts for 24 h, the cells were pretreated with NaHS (50 μM) for 4 h followed by Ang II (100 nM)
stimulation for another 24 h. (a, b) Expression of collagen I mRNA and protein was measured by real-time PCR and western blot,
respectively. (c, d) Expression of collagen III mRNA and protein was measured by real-time PCR and western blot, respectively. ∗P <
0:05 and ∗∗P < 0:01 as compared with untreated cells with NC siRNA transfection; #P < 0:05 and ##P < 0:01 as compared with Ang II
alone-stimulated cells with NC siRNA transfection; &&P < 0:01 as compared with untreated cells with SIRT3 siRNA transfection. n = 6.
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suppressed DRP1 expression in the myocardium of WT
mice but not SIRT3 KO mice with TAC (Figure 8(c)). All
these data verified that NaHS restored DRP1 expression in
the cardiac fibroblasts with Ang II stimulation and in the
myocardium of mice with TAC via a SIRT3-dependent
manner.

4. Discussion

Myocardial fibrosis is the process of extracellular matrix
remodeling to significantly increase myocardial stiffness
and eventually results in heart failure and even sudden car-
diac death [34]. The H2S supplement might have protective
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in Ang II-stimulated cardiac fibroblasts via SIRT3. After SIRT3 siRNA or NC siRNA was transfected into neonatal rat cardiac fibroblasts for
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using DAPI (blue). Bar = 50μm. (b) ROS was detected with DHE staining. Bar = 50μm. (c) The mitochondrial respiration function of
cardiac fibroblasts was measured. (d) Quantitative analysis of basal respiration, ATP generation, respiratory reserve capacity, and
maximal respiratory. ∗∗P < 0:01 as compared with untreated cells with NC siRNA transfection; #P < 0:05 and ##P < 0:01 as compared
with Ang II alone-stimulated cells with NC siRNA transfection; &&P < 0:01 as compared with untreated cells with SIRT3 siRNA
transfection. n = 6. (e) Mitochondrial permeability potential was determined by JC-1 staining. Bar = 200μm.

9Oxidative Medicine and Cellular Longevity



100

120

140

160 NaHS TAC

## ##

Sy
sto

lic
 b

lo
od

 p
re

ss
ur

e
(m

m
H

g)

100

120

140

160 NaHS TAC
&&

&&

$$ $$

Sy
sto

lic
 b

lo
od

 p
re

ss
ur

e
(m

m
H

g)

0 w 1 w 2 w 3 w 4 w 0 w 1 w 2 w 3 w 4 w

⁎⁎
⁎⁎

WT+TAC
WT+TAC+NaHS

WT+sham
SIRT3 KO+TAC
SIRT3 KO+TAC+NaHS

SIRT3 KO+sham

(a)

0

2

4

6

8
##

&&

$$

Pl
as

m
a H

2S
 (𝜇

m
ol

/L
)

⁎⁎

W
T+

sh
am

W
T+

TA
C

W
T+

TA
C+

N
aH

S

SI
RT

3 
KO

+s
ha

m

SI
RT

3 
KO

+T
A

C

SI
RT

3 
KO

+T
A

C+
N

aH
S

(b)

0

2

4

6

#

&&

$

M
yo

ca
rd

ia
l H

2S
 p

ro
du

ct
io

n
(n

m
ol

/g
 p

ro
te

in
/m

in
)

⁎⁎

W
T+

sh
am

W
T+

TA
C

W
T+

TA
C+

N
aH

S

SI
RT

3 
KO

+s
ha

m

SI
RT

3 
KO

+T
A

C

SI
RT

3 
KO

+T
A

C+
N

aH
S

(c)

0.0

0.4

0.8

1.2

##

⁎⁎

SI
RT

3/
𝛽

-tu
bu

lin
(fo

ld
 o

f W
T+

sh
am

)

W
T+

sh
am

W
T+

TA
C

W
T+

TA
C+

N
aH

S

SI
RT

3 
KO

+s
ha

m

SI
RT

3 
KO

+T
A

C

SI
RT

3 
KO

+T
A

C+
N

aH
S

SIRT3

𝛽-Tubulin

(d)

Figure 5: NaHS decreases blood pressure but restores H2S levels and SIRT3 expression in mice with TAC. After intraperitoneal injection by
NaHS (50 μmol·kg-1·day-1) or normal saline (NS) for 2 weeks, male wild-type (WT) mice and SIRT3 knockout (SIRT3 KO) mice were
subjected to transverse aortic constriction (TAC) surgery. NaHS or NS was administrated for another 2 weeks. (a) The level of SBP in
WT mice and SIRT3 KO mice was monitored every week after NaHS administration. (b) H2S concentration in the plasma was
measured. (c) H2S production in the myocardium was detected. (d) Expression of SIRT3 protein in the myocardium was measured by
western blot. ∗∗P < 0:01 as compared with WT+Sham; #P < 0:05 and ##P < 0:01 as compared with WT+TAC; &&P < 0:01 as compared
with SIRT3 KO+Sham; $$P < 0:01 as compared with SIRT3 KO+TAC. n = 6.
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effects on myocardial ischemia-reperfusion injury, cardiac
infarction, arrhythmia, cardiac hypertrophy, heart failure,
and diabetic cardiomyopathy [35–37]. It is noted that H2S
suppressed cardiac fibroblast proliferation by inhibiting K+

currents or channels and blocking the transformation of
atrial fibroblasts into myoblasts [38]. NaHS administration
ameliorated myocardial fibrosis via inhibiting cell aging in
diabetic rats [39]. H2S alleviated myocardial fibrosis and
restored cardiac function in both the CSE KO and WT mice
with myocardial infarction [40]. In our present experiment,
we verified that NaHS inhibited cell numbers, hydroxypro-
line content, α-SMA expression, and collagen production
but enhanced SIRT3 expression in the cardiac fibroblasts
and the myocardium. It suggested the inhibitory effect of
H2S on both Ang II-induced cardiac fibroblast proliferation
and TAC-induced myocardial fibrosis. Moreover, NaHS
equally reduced blood pressure but enhanced the H2S level
in all mice, suggesting that the failure of NaHS to inhibit
myocardial fibrosis in SIRT3 KO mice is due to SIRT3 defi-
ciency but not blood pressure.

The key role of SIRT3 in mitochondrial function has
been intensively investigated. However, the possible role of
SIRT3 on the protective effects of H2S against myocardial
fibrosis was unknown. Our previous research studies have
shown that H2S increased SIRT3 expression in human
umbilical vein endothelial cells and cardiomyocytes [16, 18,
41]. Other groups found that H2S improved cardiac energy
substrate metabolism via SIRT3 in db/db mice [42, 43].
H2S activated SIRT3 through S-sulfhydration to attenuate
cisplatin-induced acute kidney injury [44]. H2S also
attenuated hydrogen peroxide-induced NLR family pyrin
domain-containing protein 3 (NLRP3) inflammasome acti-
vation via SIRT3 in macrophages [45]. Moreover, we verified
that SIRT3 deficiency exacerbated diabetic cardiomyopathy
and delayed diabetic skin wound healing [46, 47]. In our
present experiment, mRNA expression of SIRT1 and SIRT3
was decreased, while other subtypes of the SIR2 family did
not change significantly in cardiac fibroblasts with Ang II
stimulation. Moreover, NaHS did increase SIRT3 transcrip-
tion. Therefore, SIRT3 was focused on the possible pathway
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Figure 6: NaHS ameliorates collagen deposition in the myocardium of WT mice but not SIRT3 KO mice with TAC. After intraperitoneal
injection by NaHS (50 μmol·kg-1·day-1) or NS for 2 weeks, male WT mice and SIRT3 KO mice were subjected to TAC surgery. NaHS or NS
was administrated for another 2 weeks. (a) Collagen deposition in the myocardium was stained with saturated picric acid-Sirius red. Bar
= 50μm. (b) Perivascular fibrosis of the myocardium was assessed by the ratio of the perivascular collagen area (PVCA) to the luminal
area (LA). (c) Interstitial fibrosis of the myocardium was assessed by the collagen volume fraction (CVF). ∗∗P < 0:01 as compared with
WT+Sham; #P < 0:05 or @P < 0:05 and ##P < 0:01 or @@P < 0:01 as compared with WT+TAC; &&P < 0:01 as compared with SIRT3 KO
+Sham. n = 6.
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of the protective effect on myocardial fibrosis next. We
found that there was more serious fibrosis in SIRT3 KO mice
after TAC, suggesting the protective role of SIRT3 in TAC-
induced myocardial fibrosis. Cardiac fibroblasts with SIRT3
knockdown and mice with SIRT3 deficiency further verified
the protective effect on myocardial fibrosis by H2S via a
SIRT3-depended manner. It is beneficial to clarify the mech-
anism of H2S against myocardial fibrosis.

It is worth noting that the researchers know little about
the detailed mechanism of how H2S regulated SIRT3 tran-
scription. Our previous study verified that H2S increased
activator protein 1 (AP-1) binding activity with the SIRT3

promoter to enhance SIRT3 transcription in hydrogen per-
oxide- (H2O2-) stimulated EA.hy926 endothelial cells [18].
Others demonstrated that the protective effect of H2S in
paraquat-induced liver injury was at least partly attributed
to nuclear factor erythroid 2-related factor 2- (Nrf2-) depen-
dent SIRT3 gene transcription [48]. H2S can induce S-
sulfhydration on specific cysteine residues of target proteins
to alter protein function and signal transduction [13]. Some
studies found that H2S S-sulfhydrated c-Jun of AP-1 to
enhance the transcriptional activity on SIRT3, which con-
tributed to decrease ROS production in H2O2-stimulated
macrophages [45]. However, the mechanism of how H2S
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Figure 7: NaHS reduces collagen and α-SMA expressions in the myocardium of WT mice but not SIRT3 KO mice with TAC. After
intraperitoneal injection by NaHS (50 μmol·kg-1·day-1) or NS for 2 weeks, male WT mice and SIRT3 KO mice were subjected to TAC
surgery. NaHS or NS was administrated for another 2 weeks. (a) The content of hydroxyproline in the myocardium was measured. (b, c)
Expression of collagen I and collagen III mRNA in the myocardium was measured by real-time PCR. (d) Expression of α-SMA protein
in the myocardium was measured by western blot. ∗∗P < 0:01 as compared with WT+Sham; ##P < 0:01 or @P < 0:05 as compared with
WT+TAC; &&P < 0:01 as compared with SIRT3 KO+Sham. n = 8.
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regulates SIRT3 transcriptional activity during myocardial
fibrosis is not known at present and needs to be confirmed
in further studies.

SIRT3 plays a vital role in mitochondrial biosynthesis
and oxidative stress, which might be critical in the process
of myocardial fibrosis [49]. Several studies also indicated
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Figure 8: NaHS restores DRP1 expression in the cardiac fibroblasts with Ang II stimulation and in the myocardium of mice with TAC via
SIRT3. (a) After SIRT3 siRNA or NC siRNA was transfected into neonatal rat cardiac fibroblasts for 24 h, the cells were pretreated with
NaHS (50 μM) for 4 h followed by Ang II (100 nM) stimulation for another 24 h. DRP1 expression in cardiac fibroblasts was detected by
immunofluorescence with Cy3 (red)-conjugated IgG. The nuclei were stained using DAPI (blue). Bar = 25μm. (b) Expression of DRP1
protein was measured by western blot. ∗∗P < 0:01 as compared with untreated cells with NC siRNA transfection; ##P < 0:01 as compared
with Ang II alone-stimulated cells with NC siRNA transfection; &P < 0:05 as compared with untreated cells with SIRT3 siRNA
transfection. n = 6. (c) After intraperitoneal injection by NaHS (50 μmol·kg-1·day-1) or NS for 2 weeks, male WT mice and SIRT3 KO
mice were subjected to TAC surgery. NaHS or NS was administrated for another 2 weeks. Expression of DRP1 protein in the
myocardium was measured by western blot. ∗∗P < 0:01 as compared with WT+Sham; #P < 0:05 or @@P < 0:01 as compared with WT
+TAC; &&P < 0:01 as compared with SIRT3 KO+Sham. n = 6.
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that H2S was capable of attenuating oxidative stress and
mitochondrial dysfunction [16, 50]. H2S inhibited oxidative
stress in the myocardium of chronic heart failure [51]. Stud-
ies have shown that impaired mitochondrial permeability
transition pores reduced mitochondrial membrane potential
depolarization and inhibited the activation of proapoptotic
proteins [52]. It has been reported that H2S effectively
improved mitochondrial membrane potential in high
glucose-stimulated human umbilical vein endothelial cells
[53]. This may be one of the important mechanisms for pro-
tection against mitochondrial function by H2S [54]. We
found that NaHS significantly inhibited Ang II-induced
ROS production, improved mitochondrial respiration func-
tion, and restored membrane potential in a SIRT3-
dependent manner. However, the detailed mechanism of
the SIRT3-mediated inhibitory effect on oxidative stress by
H2S was not known well now.

Mitochondria are highly dynamic organelles undergoing
cycles of fusion and fission to modulate the morphology, dis-
tribution, and function. DRP1, a key protein to regulate
mitochondrial fission, is related to clearing the damaged
mitochondria and maintaining the process of cellular and
organ dynamics [55]. However, an excessive increase of
DRP1 will break the balance between mitochondrial fusion
and fission to cause mitochondrial dysfunction. Therefore,
mitochondrial fission manipulated by targeting DRP1 has
been an appealing therapeutic strategy for cytoprotection
[56]. We found that NaHS corrected the excessive enhance-
ment of DRP1 in both the cardiac fibroblasts with Ang II
stimulation and the myocardium with TAC via a SIRT3-
mediated pathway. It clarified a novel mechanism for H2S

and proposed an alternative approach for mitochondrial
function protection.

In conclusion, NaHS, a H2S donor, enhanced SIRT3
transcription and decreased the DRP1 level to possibly ame-
liorate mitochondrial membrane rupture, suppress oxidative
stress, and alleviate Ang II-induced cardiac fibroblast prolif-
eration and TAC-induced myocardial fibrosis. An illustra-
tion of the mechanism is outlined in Figure 9. However,
these protective effects of H2S were unavailable if SIRT3
was silenced in cells or deficient in mice. These results have
shed new light on the molecular mechanism responsible for
the cardioprotective effect of H2S against myocardial fibrosis
through SIRT3 activation, which might propose a novel
strategy for myocardial fibrosis prevention and treatment.
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The clinical use of doxorubicin (DOX) is largely limited by its cardiotoxicity. Previous studies have shown that jaceosidin has
many biological activities. However, little is known about whether jaceosidin can attenuate DOX-related acute cardiotoxicity.
Here, we investigated the therapeutic effects of jaceosidin on DOX-induced acute cardiotoxicity. Mice were intraperitoneally
injected with a single dose of DOX to establish an acute cardiac injury model. To explore the protective effects, mice were
orally administered jaceosidin daily for 7 days, with dosing beginning 2 days before DOX injection. The results
demonstrated that jaceosidin dose-dependently reduced free radical generation, inflammation accumulation, and cell loss
induced by DOX in cardiomyocytes. Further studies showed that jaceosidin treatment inhibited myocardial oxidative
damage and the inflammatory response and attenuated myocardial apoptotic death, thus improving cardiac function in
mice injected with DOX. The inhibitory effects of jaceosidin on DOX-related acute cardiotoxicity were mediated by
activation of the sirtuin1 (Sirt1) signaling pathway. Jaceosidin lost its protective effect against DOX-related injury in Sirt1-
deficient cardiomyocytes and mice. In conclusion, jaceosidin has protective potential in treating DOX-related cardiac injury
through activation of the Sirt1 signaling pathway.

1. Introduction

Doxorubicin (DOX) has been widely used to treat solid and
haematopoietic tumours; however, a major limiting factor
for the clinical use of DOX is irreversible cardiac toxicity.
DOX-induced cardiotoxicity is characterized by irreversible
degenerative cardiomyopathy and congestive heart failure
[1–3]. The pathogenesis of cardiotoxicity induced by DOX
remains poorly understood, but accumulating evidence sug-
gests the indispensable roles of free radical production and
myocardial apoptosis [4]. DOX-induced cardiomyopathy
occurs primarily through the generation of reactive oxygen
species (ROS), which can induce myocardial lipid peroxida-
tion and myofibre degeneration [5, 6]. Additionally, previous
studies have linked ROS production to cardiomyocyte apo-
ptosis [7]. It has been demonstrated that DOX-induced car-
diotoxicity can be suppressed by the overexpression of
superoxide dismutase (SOD) and catalase [8, 9]. These find-

ings suggest that ROS production and myocardial apoptosis
play important roles in DOX-induced cardiotoxicity. There-
fore, we speculated that the suppression of ROS production
and apoptotic cell death might largely rescue DOX-
triggered cardiotoxicity.

Jaceosidin is a flavone isolated from medicinal plants of
the genus Artemisia [10]. Jaceosidin has recently gained
attention as a beneficial drug with low intrinsic toxicity.
Moreover, jaceosidin has been demonstrated to possess anti-
oxidative, anti-inflammatory, and immunosuppressive prop-
erties [11–13]. A recent study found that jaceosidin inhibits
the inflammatory response and decreases complement levels
in lipopolysaccharide- (LPS-) injected mice [14]. Fu et al.
found that jaceosidin scavenged ROS and weakened mito-
chondrial lipid peroxidation in isolated rat livers [15]. In
addition, jaceosidin ameliorated endoplasmic reticulum
stress and insulin resistance by upregulating sarco-
endoplasmic reticulum Ca2+-ATPase 2b [16]. However, the
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effects of jaceosidin on DOX-related cardiac injury and the
related signaling mechanisms remain unclear. Given the
roles of inflammation and oxidative damage in DOX-
related cardiac injury, the present study investigated whether
jaceosidin attenuates DOX-related cardiac injury in vivo and
in vitro.

2. Methods

2.1. Reagents. Jaceosidin (cat. no. 18085-97-7) and DOX (cat.
no. 1515) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Antibodies against nuclear factor E2-related fac-
tor 2 (Nrf2, cat. no. 12721S; 1 : 1000 dilution), haem
oxygenase-1 (HO-1, cat. no. 43966; 1 : 1000 dilution), nuclear
factor kappa-B (NF-κB, cat. no. 8242; 1 : 1000 dilution),
phospho-IκB kinase β (P-IKKβ; cat. no. 2078; 1 : 1000 dilu-
tion), IKKβ (cat. no. 2687; 1 : 1000 dilution), Bax (cat. no.
5023; 1 : 1000 dilution), Bcl-2 (cat. no. ab32124; 1 : 1000 dilu-
tion), sirtuin1 (Sirt1, cat. no. 8469; 1 : 1000 dilution), and
GAPDH (cat. no. 5174; 1 : 1000 dilution) were obtained from
Cell Signaling Technology Inc. (Danvers, MA, USA).

2.2. Cell Culture and Treatment. Primary cultures of neonatal
rat cardiac myocytes (NRCMs) were prepared as previously
described [17]. The cells were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% heat-
inactivated foetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc., Waltham, USA). Jaceosidin was dissolved in
0.1% dimethylsulfoxide (DMSO) for use in all in vitro exper-
iments. To induce DOX-related injury, the cells were starved
overnight in DMEM containing 0.5% FBS and then incu-
bated with DOX (1μmol/L) for 24h. The cells were pre-
treated with different concentrations of jaceosidin (0, 2.5, 5,
10, 15μmol/l) 6 hours before DOX administration. The dose
of jaceosidin was determined according to a previous study
[16]; the dose of DOX was also selected according to a previ-
ous study [2]. To knock down Sirt1 in cardiomyocytes,
NRCMs were preincubated with siSirt1 (50 nmol/l) or siRNA
(50nmol/l) for 24 h and then subjected to DOX treatment for
24 h. siSirt1 and scrambled siRNA were obtained from Invi-
trogen. Cell viability was determined by a cell counting kit-
(CCK-) 8 kit. Briefly, CCK-8 (10μl) was added to the
medium (100μl) in each well of a 96-well plate and then
incubated at 37°C for 2.5 hours. Optical density values were
obtained at 450nm using a BioTek Synergy HT Multi-
Mode Microplate Reader.

2.3. Animals and Treatment. A total of 48 male C57BL/6
mice (age: 8-9 weeks, weight: 22-24 g) were purchased from
the Experimental Animal Center of Zhengzhou University
(Henan, China). The experimental protocols were approved
by the Committee on Animal Care of The First Affiliated
Hospital of Zhengzhou University (No. 8196437). All mice
were allowed free access to food and water and were main-
tained on a 12 h light/dark cycle in a controlled temperature
(20-25°C) and humidity (50 ± 5%) environment. After 1
week of adaptation, the mice were divided into four groups
(n = 12 each): (1) vehicle+saline group, in which mice were
orally administered 0.5% carboxymethylcellulose solution

(vehicle) daily for 7 days and received a saline injection on
the second day of vehicle administration; (2) jaceosidin
+saline group, in which mice were orally administered jaceo-
sidin (4mg/kg) daily for 7 days and received a saline injection
on the second day of jaceosidin administration; (3) vehicle
+DOX group, in which mice were orally administered 0.5%
carboxymethylcellulose solution (vehicle) daily for 7 days
and intraperitoneally injected with a single dose of DOX
(15mg/kg) on the second day of vehicle administration;
and (4) jaceosidin+DOX group, in which mice were orally
administered jaceosidin (4mg/kg) daily for 7 days and intra-
peritoneally injected with a single dose of DOX (15mg/kg)
on the second day of jaceosidin administration. The dose of
DOX was determined according to a previous study [2].
The jaceosidin suspension was prepared in 0.5% carboxy-
methylcellulose for the animal experiments. The dose of
jaceosidin was selected according to a previous study [16].
Five days after DOX injection, the mice were sacrificed with
a single overdose of pentobarbital sodium (200mg/kg, ip),
and blood samples and heart tissues were collected for fur-
ther experiments.

To inhibit Sirt1 in vivo, mice were administered a specific
inhibitor of Sirt1 (Ex527, 1mg/kg) every other day for a total
of 8 days beginning 3 days before DOX injection. The dose of
Sirt1 was selected according to a previous study [18].

2.4. Haemodynamics Analysis. Cardiac function was assessed
by a pressure-volume catheter at 5 days after DOX injection.
Mice (n = 8 per group) were anaesthetized with ketamine
(100mg/kg) and xylazine (2.5mg/kg) and then connected
to a rodent ventilator after endotracheal intubation [19]. Car-
diac catheterization was then performed using a 1.0-F cathe-
ter (SPR 839; Millar Instruments Inc.) inserted retrograde
through the right carotid artery into the left ventricle. After
stabilization for 10min, the pressure signals and heart rate
were recorded continuously with an ARIA pressure-volume
conductance system coupled to a Powerlab/4SP A/D con-
verter. The data were analysed using the LabChart software.
All experiments were carried out in a blinded manner, and
the data were analysed as previously described.

2.5. Western Immunoblot. Proteins from the heart samples
were extracted with RIPA buffer. Nuclear proteins were
extracted with NE-PER™ Nuclear and Cytoplasmic Extrac-
tion Reagents (Invitrogen). Proteins were separated by 10%
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. After blocking with 5% skim milk for 4 h at
room temperature, the membranes were incubated with
the primary antibodies at 4°C overnight. After incubation
with the secondary antibody (1 : 10000, Thermo Fisher Sci-
entific) for 2.5 hours at room temperature, the protein
bands on the membranes were scanned using an enhanced
chemiluminescence system and a BioSpectrum gel imaging
system (CA, USA). Secondary antibodies and the
enhanced chemiluminescence solution were purchased
from Amersham. The band intensity was quantified by
the ImageJ software, and GAPDH was used as the internal
reference.
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2.6. Real-Time Polymerase Chain Reaction. Total RNA was
extracted using the RNeasy mini kit (Qiagen). cDNA was
generated using Superscript III reverse transcriptase and ran-
dom primers (Invitrogen). Real-time polymerase chain reac-
tion (PCR) was performed using LightCycler 480 SYBR
Green Master Mix (Roche Diagnostics). GAPDH was used
as the internal reference.

2.7. Cell Injury Assay. Five days after DOX injection, blood
samples were collected from the retro-orbital plexus of mice.
The mouse cTnI ELISA kit (#CSB-E08421m) and mouse
LDH ELISA kit (#CSB-E17733m) were purchased from
CUSABIO. Plasma cardiac troponin I (cTnI) and lactate
dehydrogenase (LDH) were detected using commercial kits
according to the manufacturer’s instructions. Optical den-
sity values were obtained at 450nm using a BioTek Syn-
ergy HT Multi-Mode microplate reader. To evaluate
cardiomyocytes in vitro, creatine kinase (CK) was detected
using a CK assay kit (A032-1-1, Nanjing Jiancheng Bioen-
gineering Institute).

2.8. Oxidative Status and Myocardial Cytokines. Five days
after DOX injection, fresh heart samples were collected and
homogenized to detect malondialdehyde (MDA) content,
4-hydroxynonenal (4-HNE), and total SOD activity using
commercially available kits according to the manufacturer’s
instructions. Nrf2 binding activity was detected using the
Nrf2 DNA binding ELISA kit (Active Motif). Cardiomyo-
cytes were also collected to detect intracellular ROS, hydro-
gen peroxide, and superoxide production. The ROS assay
kit was obtained from Abcam (#ab186027). This kit provides
an ultrasensitive fluorometric one-step ROS assay that can be
performed in a 96-well microtiter plate format. The signal
was read by a fluorescence microplate reader at Ex/Em =
520/605 nm. The hydrogen peroxide assay kit was obtained
from Biovision (Shanghai, China). This kit provides a highly
sensitive, colorimetric assay for measuring H₂O₂ in biological
samples. In this assay protocol, horseradish peroxidase
(HRP) reacts with H₂O₂ to produce a product with red fluo-
rescence (Ex/Em = 535/587 nm). The superoxide assay kit
was obtained from Beyotime (Beijing, China). The protein
carbonyl content in the supernatants of heart tissue homog-
enates was determined by using a protein carbonyl content
assay Kit (K830-100, Biovision). The resulting signal was
read by a fluorescence microplate reader at 375 nm. Oxidized
glutathione (GSSG) and total glutathione concentrations
were detected using a total glutathione/oxidized glutathione
assay kit (A061-1-1; Nanjing Jiancheng Bioengineering Insti-
tute). Reduced glutathione (GSH) values were determined
from the total and GSSG concentrations. The redox status
was represented by the GSH/GSSG ratio.

The DNA-p65 NF-κB binding assay was performed with
a Mercury TransFactor kit (BD Biosciences, Clontech). In
addition, fresh heart samples were collected and homoge-
nized to detect myocardial tumour necrosis factor- (TNF-)
α and interleukin- (IL-) 6 expression. The TNF-α mouse
ELISA kit (#BMS607-3) and IL-6 mouse ELISA kit
(#BMS603HS) were purchased from Invitrogen.

2.9. HE Staining, TUNEL Analysis, and Caspase-3 Activity.
For histological analysis, hematoxylin and eosin (H&E)
staining was used. Fresh heart samples were sectioned to
detect myocardial apoptosis with TdT-mediated dUTP nick
end-labelling (TUNEL) using a CardioTACS kit (R&D Sys-
tems) according to the manufacturer’s instructions. Cardiac
caspase-3 activity was also measured with a CPP32/caspase-
3 colorimetric protease assay.

2.10. Serum Transaminases and Creatinine Analyses. To eval-
uate the potential oral toxicity of jaceosidin, mice were orally
administered jaceosidin (4mg/kg) daily for 7 days. After that,
the mice were sacrificed, and blood samples were collected to
detect serum transaminases and creatinine. The kit for ala-
nine transaminase (ALT), glutamate pyruvate transaminase
(AST), and creatinine were provided by Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

2.11. Statistical Analysis. The data are presented as the
mean ± SEM. Statistical comparisons between two groups
were performed using two-tailed Student’s t-tests. Compari-
sons betweenmultiple groups were performed using one-way
ANOVA followed by a post hoc Bonferroni comparison
analysis. Statistical significance was accepted at a value of
P < 0:05.

3. Results

3.1. Jaceosidin Treatment Suppressed Intracellular ROS in
DOX-Treated Cardiomyocytes. To investigate the effects of
jaceosidin, NRCMs were pretreated with jaceosidin at differ-
ent concentrations and subsequently treated with DOX for
24 hours. Jaceosidin significantly decreased the ROS produc-
tion induced by DOX in a dose-dependent manner, with a
maximal effect at a dose of 15μmol/l (Figure 1(a)). We fur-
ther investigated the inhibitory effect of jaceosidin on hydro-
gen peroxide and superoxide production in DOX-treated
cells. We found that the elevations in hydrogen peroxide
and superoxide in cardiac myocytes in response to DOXwere
significantly attenuated after jaceosidin treatment
(Figures 1(b) and 1(c)). In addition, jaceosidin treatment
markedly reduced myocardial MDA levels in DOX-treated
cells (Figure 1(d)). DOX decreased the GSH/GSSG ratio
and the total SOD activity; however, these alterations were
largely inhibited by jaceosidin in a dose-dependent manner
(Figures 1(e) and 1(f)). We also detected the protein carbonyl
content, which is a representative product of protein oxida-
tive damage. The results showed that jaceosidin dose-
dependently decreased the protein carbonyl content in
DOX-treated cells (Figure 1(g)).

3.2. Jaceosidin Treatment Suppressed Inflammation and Cell
Loss in DOX-Treated Cardiomyocytes. We then examined
NF-κB activity in DOX-treated cardiomyocytes. The DNA
binding activity of NF-κB p65 was increased in DOX-
treated cardiomyocytes. However, p65-DNA binding activity
was suppressed by jaceosidin in a dose-dependent manner
(Figure 2(a)). The gene expression levels of TNF-α and IL-6
were markedly elevated after DOX treatment. However, these
increases in TNF-α and IL-6 were largely suppressed by
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Figure 1: Jaceosidin inhibited reactive oxygen species (ROS) production in doxorubicin- (DOX-) treated cells. (a–c) The production of ROS,
hydrogen peroxide, and superoxide in jaceosidin-treated cells (n = 6). (d) Malondialdehyde (MDA) content in jaceosidin-treated cells (n = 6).
(e) The ratio of glutathione (GSH) to oxidized glutathione (GSSG) in jaceosidin-treated cells (n = 6). (f) Total superoxide dismutase (SOD)
activity in DOX-treated cells. (g) Protein carbonyl content in the indicated groups (n = 6). For (a–g), cells were pretreated with various
concentrations of jaceosidin (0, 2.5, 5, 10, 15μmol/l) 6 hours before DOX (1 μmol/L) administration. The oxidative stress markers (a–g)
were detected 24 hours after DOX administration. Data are shown as means ± SEM. Comparisons between multiple groups were
performed using one-way ANOVA followed by a post hoc Bonferroni comparison analysis. ∗P < 0:05 compared with control. #P < 0:05
compared with DOX alone.
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jaceosidin (Figures 2(b) and 2(c)). DOX treatment impaired
cardiomyocyte viability, and jaceosidin dose-dependently
improved cell viability in response to DOX (Figure 2(d)).
Jaceosidin treatment also dose-dependently decreased the
release of CK and LDH in DOX-treated cardiomyocytes
(Figures 2(e) and 2(f)).

3.3. Jaceosidin Treatment Attenuated DOX-Related Cardiac
Injury in Mice. To further determine the effects of jaceosidin,
mice were administered a single injection of DOX to mimic
DOX-induced acute cardiac injury. As shown in
Figures 3(a) and 3(b), DOX significantly decreased the body
weight and the ratio of heart weight to tibal length, and these
effects were largely restored by jaceosidin treatment. Further-
more, treatment with jaceosidin reduced DOX-related car-
diac injury, as indicated by the decrease in cTnI and LDH
release (Figures 3(c) and 3(d)). Treatment with jaceosidin
also improved cardiac function in DOX-treated mice, as indi-

cated by the improvements in EF, maximum first derivative
of ventricular pressure with respect to time (+dP/dt) and
stroke work, as well as the decrease in left ventricular end-
diastolic pressure (LVEDP) (Figures 3(e)–3(h)). Histological
examination showed that the number of cardiomyocyte vac-
uoles was increased in DOX-treated mice, and the change
was significantly ameliorated in the DOX+jaceosidin group
(Figure 3(i)).

3.4. Jaceosidin Treatment Inhibited Heart Oxidative Damage
in DOX-Treated Mice. Accumulating evidence suggests that
oxidative damage plays an important role in the development
of DOX-related cardiac injury [3, 20]. Our findings suggested
that the reduction in the mRNA levels of SOD1, SOD2, and
glutathione peroxidase 1 (Gpx1) was prevented by jaceosidin
treatment (Figures 4(a)–4(c)). DOX also impaired total SOD
activity, and this effect was prevented by jaceosidin treatment
(Figure 4(d)). Jaceosidin reduced the increased levels of
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Figure 2: Jaceosidin inhibited the inflammatory response and cell loss in vitro. (a) Nuclear factor kappa-B (NF-κB) binding activity (n = 6).
(b, c) The mRNA levels of inflammatory factors (n = 6). (d) Cell viability after doxorubicin (DOX) treatment (n = 6). (e, f) The release of
lactate dehydrogenase (LDH) and creatine kinase (CK) in cells (n = 6). For (a–f), cells were pretreated with various concentrations of
jaceosidin (0, 2.5, 5, 10, 15 μmol/l) 6 hours before DOX (1 μmol/L) administration. The inflammatory markers (a–f) were detected 24
hours after DOX administration. Data are shown as means ± SEM. Comparisons between multiple groups were performed using one-way
ANOVA followed by a post hoc Bonferroni comparison analysis. ∗P < 0:05 compared with control. #P < 0:05 compared with DOX alone.
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Figure 3: Continued.
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MDA and 4-HNE observed in the myocardium of vehicle-
treated mice at 5 days post-DOX injection (Figures 4(e) and
4(f)). To further evaluate the oxidative stress caused by
DOX, we assessed the GSH/GSSG ratio and the protein car-
bonyl content. DOX decreased the GSH/GSSG ratio but
increased the protein carbonyl content, and these pathologi-
cal alterations were prevented by jaceosidin treatment
(Figures 4(g) and 4(h)). The decreased protein expression
of Nrf2 and HO-1 induced by DOX was prevented by jaceo-
sidin treatment (Figure 4(h)). Jaceosidin treatment also
restored Nrf2 activity to normal levels in the hearts of
DOX-treated mice (Figure 4(i)).

3.5. Jaceosidin Treatment Blunted the Inflammatory Response
and Apoptotic Cell Death in DOX-Treated Mice. To deter-
mine whether jaceosidin could suppress the inflammatory
response in the hearts of DOX-treated mice, we first exam-
ined NF-κB p65 expression in the hearts. Jaceosidin was
found to attenuate the increased expression of nuclear NF-
κB p65 in response to DOX (Figure 5(a)). Jaceosidin treat-
ment also suppressed IKKβ phosphorylation after DOX
injection (Figure 5(b)). Jaceosidin treatment significantly
decreased the mRNA levels of TNF-α, MCP-1, interferon-
(IFN-) γ, and IL-17 in mice exposed to DOX (Figure 5(c)).

The protein levels of TNF-α and IL-6, as detected by ELISA,
were markedly elevated after DOX treatment; however, these
increases were suppressed in jaceosidin-treated mice
(Figure 5(d)). The TUNEL staining data revealed significant
myocardial apoptosis in the DOX group compared with the
saline control, and jaceosidin treatment significantly attenu-
ated DOX-induced myocardial apoptosis (Figure 5(e)).
Jaceosidin decreased Bax protein expression but increased
Bcl-2 protein expression in the heart tissue of DOX-treated
mice (Figures 5(f) and 5(g)). Caspase-3 activity was markedly
increased in DOX-treated mice. However, the activation of
caspase-3 by DOX was abolished by jaceosidin (Figure 5(h)).

3.6. Jaceosidin Treatment Activated Sirt1 in the Hearts of
DOX-Treated Mice.We next detected the effect of jaceosidin
on Sirt1 expression. As shown in Figure 6(a) and Figure S1,
DOX decreased myocardial Sirt1 expression, and this effect
was prevented by jaceosidin treatment. The in vitro analysis
also revealed that jaceosidin increased Sirt1 expression in
DOX-treated cardiomyocytes (Figure 6(b), Figure S1). The
impaired Sirt1 activity in DOX-exposed cardiomyocytes
was also improved after jaceosidin treatment (Figure 6(c)).
To identify whether Sirt1 activation was responsible for the
protective role of jaceosidin in DOX-related injury, we
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Figure 3: Jaceosidin (4mg/kg) inhibited doxorubicin- (DOX-) related cardiac injury in vivo. (a) Body weight (n = 12). (b) The ratio of heart
weight (HW) to tibia length (TL) (n = 12). (c, d) The plasma levels of cardiac troponin I (cTnI) and lactate dehydrogenase (LDH) (n = 12). (e)
Ejection fraction (EF) in the mice (n = 8). (f, g) Left ventricular end-diastolic pressure (LVEDP) and the alteration in +dP/dt (n = 8). (h) The
alteration in stroke work (n = 8). (i) Cardiomyocytes vacuolization were evaluated by HE staining. Mice were intraperitoneally injected with a
single dose of DOX (15mg/kg) to establish the acute cardiac injury model. Five days after DOX injection, blood samples and heart tissues
were collected to assess cardiac injury, as reflected by (a–h). Data are shown as means ± SEM. Comparisons between multiple groups were
performed using one-way ANOVA followed by a post hoc Bonferroni comparison analysis. ∗P < 0:05 compared with saline. #P < 0:05
compared with DOX alone.

7Oxidative Medicine and Cellular Longevity



Saline DOX

SO
D

1 
m

RN
A

 (f
ol

d) #

⁎

0

Ve
hi

cle

Ja
ce

os
id

in

Ve
hi

cle

Ja
ce

os
id

in

0.2

0.4

0.6

0.8

1

1.2

(a)

SO
D

2 
m

RN
A

 (f
ol

d)

Saline DOX

#

⁎

Ve
hi

cle

Ja
ce

os
id

in

Ve
hi

cle

Ja
ce

os
id

in

0

0.2

0.4

0.6

0.8

1

1.2

(b)

G
px

1 
m

RN
A

 (f
ol

d)

#

⁎

Saline DOX

Ve
hi

cle

Ja
ce

os
id

in

Ve
hi

cle

Ja
ce

os
id

in

0

0.5

1

1.5

(c)

#

⁎
To

ta
l S

O
D

 ac
tiv

ity
 (f

ol
d)

Saline DOX

Ve
hi

cle

Ja
ce

os
id

in

Ve
hi

cle

Ja
ce

os
id

in

0

0.5

1

1.5

(d)

Saline DOX

#

⁎

M
D

A
 le

ve
l (

fo
ld

)

Ve
hi

cle

Ja
ce

os
id

in

Ve
hi

cle

Ja
ce

os
id

in

0

1

2

3

4

5

(e)

Saline DOX

4-
H

N
E 

le
ve

l (
fo

ld
)

#

⁎

Ve
hi

cle

Ja
ce

os
id

in

Ve
hi

cle

Ja
ce

os
id

in

0

1

2

3

4

5

(f)
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depleted Sirt1 in cardiomyocytes. The results showed that
jaceosidin was unable to protect against ROS production,
increased MDA and TNF-α mRNA levels, and cell loss in
Sirt1-deficient cells (Figures 6(d)–6(h)).

3.7. Jaceosidin Had No Protective Effect in Sirt1-Inhibited
Mice. To confirm the role of Sirt1 in the effects of jaceosidin,
mice were exposed to a Sirt1 inhibitor (Ex527). Extensive
examinations indicated that unlike the ameliorated DOX-
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Figure 4: Jaceosidin (4mg/kg) reduced oxidative stress in doxorubicin- (DOX-) treated mice. (a–c) The mRNA levels of superoxide
dismutase 1 (SOD1), SOD2, and glutathione peroxidase 1 (Gpx1) in the hearts (n = 6). (b) Total SOD activity in the hearts (n = 6). (e, f)
Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) levels in the hearts (n = 6). (g) The ratio of glutathione (GSH) to oxidized
glutathione (GSSG) in jaceosidin-treated mice (n = 6). (h) Protein carbonyl content in jaceosidin-treated mice (n = 6). (i) The protein
expression of nuclear factor E2-related factor 2 (Nrf2) and haem oxygenase-1 (HO-1) in jaceosidin-treated mice (n = 6). (j) Nrf2 activity
(n = 6). Mice were intraperitoneally injected with a single dose of DOX (15mg/kg) to establish the acute cardiac injury model. Five days
after DOX injection, heart tissues were collected to assess myocardial oxidative damage, as reflected by (a–j). Data are shown as means ±
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analysis. ∗P < 0:05 compared with saline. #P < 0:05 compared with DOX alone.
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Figure 5: Jaceosidin (4mg/kg) suppressed inflammation and cardiac apoptosis in doxorubicin- (DOX-) treated mice. (a, b) P65 and IκB
kinase β (IKKβ) expression (n = 6). (c) mRNA levels of inflammatory factors in the hearts (n = 6). (d) Cytokine levels in the hearts (n = 6).
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related cardiac injury in jaceosidin-treated mice, the extent of
cardiac injury in the mice with DOX+jaceosidin+Ex527 was
similar to that in mice with DOX+Ex527, as evidenced by
alterations in the levels of EF, cTnI, +dP/dt, 4-HNE, inflam-
matory factors, and caspase-3 activity (Figures 7(a)–7(g)).

3.8. Oral Treatment of Jaceosidin Had No Liver or Renal
Toxicity. To evaluate the potential oral toxicity of jaceosidin,
mice were orally administered jaceosidin (4mg/kg) daily for
7 days. After that, ALT, AST, and creatinine were detected.
As shown in Figure S2A-C, jaceosidin administration
cannot affect serum ALT, AST, and creatinine levels.

4. Discussion

Several ROS scavengers have been evaluated for their ability
to limit DOX-induced cardiotoxicity, but with little success
[21]. A low oxidant scavenging efficacy and/or the scavengers
undergoing secondary reactions with other biomolecules
might explain their lack of benefit [22]. Therefore, a strategy
for preventing DOX-induced cardiotoxicity would help
improve the quality of life of cancer patients. The present
study demonstrated for the first time that jaceosidin can pro-
tect against DOX-related cardiac injury in mice and cardio-
myocytes. We also found that jaceosidin supplementation
can improve cardiac function and suppress DOX-induced
oxidative stress, the inflammatory response, and myocardial
apoptosis in mice through the activation of Sirt1. These data
suggest that jaceosidin supplementation may be a promising
avenue for improving cardiomyocyte survival in DOX-
treated mice.

Several natural products have demonstrated the ability to
protect against DOX-induced cardiotoxicity [20, 23]. How-
ever, these agents have adverse side effects, including weight
loss and potentiation of doxorubicin-induced myelosuppres-
sion [24]. Jaceosidin has been shown to provide protection
against several diseases [13, 14]. Jaceosidin attenuated osteo-
arthritic cartilage damage by blocking IκB degradation in
mice [25], and it inhibited contact hypersensitivity in mice
by downregulating IFN-γ signaling in T cells [26]. Jaceosidin
has not been further investigated for its biological effect in the
heart, particularly for the treatment of DOX-induced cardio-
toxicity. As expected, we found that jaceosidin largely
reduced DOX-related cardiac injury and improved cardiac
function. To the best of our knowledge, this is the first report
of the protective effect of jaceosidin in DOX-induced cardio-
toxicity. Considering the translational potential of the pres-
ent findings, it was important to confirm that jaceosidin
treatment did not compromise the oncological efficacy of
DOX.We did not evaluate the effects of jaceosidin on tumour
growth and metastasis. However, several lines of evidence
have demonstrated that jaceosidin can suppress the growth
of several tumour types [27, 28], suggesting that jaceosidin
would not compromise the oncological efficacy of DOX.

DOX has a high affinity for heart tissue and can abun-
dantly accumulate in cardiomyocytes. DOX interferes with
the normal electron transport chain to increase the produc-
tion of free radicals and stimulate the oxidation of membrane
lipids, leading to the accumulation of the highly reactive elec-
trophile 4-HNE, which modifies various protein functions
and impacts cardiac function [29]. A previous study indi-
cated that amelioration of oxidative damage by FNDC5
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Figure 6: Jaceosidin (4mg/kg) did not provide cardiac protection in sirtuin1- (Sirt1-) deficient cells. (a) Sirt1 protein expression in DOX-
treated mice (n = 6). (b) Sirt1 protein expression in DOX-treated cells (n = 6). (c) Sirt1 activity in DOX-treated cells (n = 6). (d) Sirt1
protein expression in DOX-treated cells (n = 6). (e, f) ROS production and MDA content in DOX-treated cells (n = 6). (g) TNF-α mRNA
level in DOX-treated cells (n = 6). (h) Cell viability after Sirt1 deficiency in DOX-treated cells (n = 6). For (b, c) and (e–h), cells were
pretreated with jaceosidin (15 μmol/l) 6 hours before DOX (1 μmol/L) administration. To knock down Sirt1 in cardiomyocytes, NRCMs
were preincubated with siSirt1 (50 nmol/l) or siRNA (50 nmol/l) for 24 hours. Data are shown as means ± SEM. For (d), comparisons
were performed using two-tailed Student’s t tests. For others, comparisons were performed using one-way ANOVA followed by a post
hoc Bonferroni comparison analysis. ∗P < 0:05 versus the matched control.
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overexpression helped alleviate DOX-related cardiac dys-
function [2]. In agreement with these previous reports, we
found that DOX-induced ROS production, lipid peroxida-
tion, and the impairment of SOD activity were blunted by
jaceosidin treatment. Our findings are in agreement with a
previous study showing that jaceosidin eliminated free radi-
cals in LPS-induced RAW 264.7 macrophages [30]. However,
there have been conflicting reports regarding the effects of
jaceosidin. Kim et al. found that jaceosidin induced apoptosis
in ras-transformed human breast epithelial cells through the
generation of ROS. These discrepancies might be explained
by the different roles of jaceosidin in different cells. A previ-
ous study reported that DOX-induced NF-κB activation
occurred very early in the heart [31]. However, this activation
could not be detected at 5 days after DOX injection [32].
Inconsistent with this study, we found that even at 5 days
after DOX injection, NF-κB activation could still be detected
in the heart tissue. Further assessment revealed that the
mRNA levels of inflammatory factors and cytokine produc-
tion were increased in the hearts of DOX-treated mice. These
increases were largely blunted in jaceosidin-treated mice,
which is in agreement with a study that found that jaceosidin
attenuated lung histopathological changes, inhibited the
expression of NF-κB, and decreased the levels of complement
3 (C3) [14]. These data imply that attenuation of oxidative
damage and the inflammatory response are involved in
jaceosidin-mediated inhibitory effects in DOX-related car-
diac injury in mice.

Nrf2 has been recognized as one of the major cellular
defence mechanisms against oxidative stress [33]. In
response to ROS, Nrf2 is activated and mediates the induc-
tion of several cytoprotective enzymes [34]. It has been

reported that elevated Nrf2 activity provides protection
against DOX-induced cardiomyopathy [35]. Here, we tested
the hypothesis that substantial Nrf2 activation, through
jaceosidin induction, is involved in cardioprotection during
DOX therapy. The results showed that jaceosidin restored
Nrf2 protein expression in the hearts of DOX-treated mice.
The mRNA levels of SOD1, SOD2, and Gpx, as well as
SOD activity, were significantly decreased in the DOX group,
and jaceosidin treatment was found to significantly, but not
completely, prevent DOX-induced oxidative effects. These
findings were consistent with a previous study showing that
jaceosidin treatment increased the expression and activity
of SOD in diabetic nephropathy [13]. These data suggest that
jaceosidin may stimulate Nrf2-mediated downstream antiox-
idants to protect against DOX-induced damage.

Notably, DOX-induced oxidative stress activated apopto-
tic signaling and resulted in cardiomyocyte apoptosis in iso-
lated cardiomyocytes, which was a key component in DOX-
induced cardiotoxicity [36]. DOX caused the depletion of
catalase and Gpx in the heart, thus creating an environment
that promoted hydroxyl radical production, resulting in cyto-
chrome c release followed by caspase-3 activation and myo-
cardial apoptosis [7, 37]. We also found that jaceosidin
largely attenuated DOX-induced myocardial apoptosis and
cardiomyocyte loss. Jaceosidin treatment also decreased Bax
expression and suppressed caspase-3 activity in DOX-
exposed hearts. The attenuation of cell apoptosis also con-
tributed to jaceosidin-mediated protection.

Sirt1, a histone deacetylase, is implicated in various cellu-
lar functions [38]. Sirt1 activation was shown to inhibit car-
diomyocyte apoptosis in response to pathological stimuli
[39]. Zhang et al. found that the Sirt1 protein level was
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Figure 7: Jaceosidin (4mg/kg) did not provide cardiac protection in mice with sirtuin 1 (Sirt1) inhibition. (a) Ejection fraction (EF) in DOX-
treated mice (n = 8 − 10). (b) The level of cardiac troponin I (cTnI) in DOX-treated mice (n = 6). (C) +dP/dt in DOX-treated mice (n = 6). (d)
The levels of 4-hydroxynonenal (4-HNE) in DOX-treated mice (n = 6). (e, f) The levels of tumour necrosis factor- (TNF-) α and interleukin-
(IL-) 6 in DOX-treated mice (n = 6). (g) The activity of caspase-3 in mice (n = 6). To inhibit Sirt1 in vivo, mice were subjected to a specific
inhibitor of Sirt1 (Ex527, 1mg/kg) every other day for a total of 8 days beginning 3 days before DOX injection. Data are shown as means
± SEM. Comparisons were performed using one-way ANOVA followed by a post hoc Bonferroni comparison analysis. ∗P < 0:05 versus
the matched control.
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slightly increased in response to DOX [40]. Inconsistent with
this study, we observed decreased Sirt1 expression in DOX-
exposed hearts. This finding was in line with a previous study
that found that DOX induced a significant decrease in Sirt1
activation and that activating Sirt1 prevented DOX-related
cardiotoxicity in mice [41]. Here, we found, for the first time,
that jaceosidin increased Sirt1 protein expression and activity
in vivo and in vitro. Sirt1 knockdown abolished the protec-
tive effects provided by jaceosidin in DOX-induced cardio-
toxicity. These data clearly indicated that jaceosidin-
mediated protection against DOX-related cardiac injury
was mediated by the activation of Sirt1.

In conclusion, the present study demonstrated that jaceo-
sidin treatment inhibited myocardial oxidative and inflam-
matory damage and reduced apoptosis, thereby improving
cardiac function after DOX treatment. Our results provide
experimental evidence for the application of jaceosidin in
the treatment of DOX-related cardiac injury.
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Oxygen-free radicals, reactive oxygen species (ROS) or reactive nitrogen species (RNS), are known by their “double-sided” nature in
biological systems. The beneficial effects of ROS involve physiological roles as weapons in the arsenal of the immune system
(destroying bacteria within phagocytic cells) and role in programmed cell death (apoptosis). On the other hand, the redox
imbalance in favor of the prooxidants results in an overproduction of the ROS/RNS leading to oxidative stress. This imbalance
can, therefore, be related to oncogenic stimulation. High levels of ROS disrupt cellular processes by nonspecifically attacking
proteins, lipids, and DNA. It appears that DNA damage is the key player in cancer initiation and the formation of 8-OH-G, a
potential biomarker for carcinogenesis. The harmful effect of ROS is neutralized by an antioxidant protection treatment as they
convert ROS into less reactive species. However, contradictory epidemiological results show that supplementation above
physiological doses recommended for antioxidants and taken over a long period can lead to harmful effects and even increase
the risk of cancer. Thus, we are describing here some of the latest updates on the involvement of oxidative stress in cancer
pathology and a double view on the role of the antioxidants in this context and how this could be relevant in the management
and pathology of cancer.

1. Introduction

In vivo synthesis of reactive oxygen and nitrogen species
highlights either a physiological role necessary for normal
cell function or oxidative stress characterized by excessive
ROS production, thereby altering and damaging intracellular
biomolecules, including nucleic acids, proteins, and lipids [1,
2]. Oxidative damage has been described as a serious mecha-
nism in the initiation and progression of cancer.

Cancer is the most worrisome health problem that has
received worldwide attention in the past decades. Currently,
it is the second leading cause of death in developing countries
after cardiovascular mortality [3]. More than 14 million new
cancer cases occurred worldwide in 2012, according to the
International Agency for Research on Cancer (IARC). The
number of cancer deaths increased by 1.5 million, from 6.7
in 2002 to 8.2 million in 2012 [4]. By 2030, the global burden
is expected to reach 21.7 million cancer cases and 13 million
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cancer deaths [5]. This estimate of future burden growth is
attributable to physical and environmental risk factors
highlighted by globalization and socioeconomic metamor-
phoses such as pollution, UV radiation, adoption of new life-
style, and unhealthy diet (poor diet, physical inactivity,
smoking, etc.) [6].

There are many factors behind the process of carcinogen-
esis. Oxidation of DNA, proteins, and lipid peroxidation
reactions generated by reactive intermediates, produced by
oxidative stress, plays a major role in carcinogenesis. It has
been suggested that 8-hydroxy-2-deoxyguanosine, malon-
dialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and car-
bonylated proteins, by-products of oxidative damage, have
mutagenic potential. Increased plasma and tissue concentra-
tions of these oxidative stress second messengers have been
reported in lung, gastric, colon, and breast cancers [7–10].
These findings call attention to the role of antioxidant defi-
ciency or increased free radicals in producing such effects
and provide a starting point for research into the therapeutic
potential of antioxidants in cancer, which was later con-
firmed to be related to cellular and genetic damage induced
by reactive forms of oxygen [11].

The growing knowledge of the mechanisms of oncogene-
sis related to oxidative stress has allowed the development of
several treatments largely represented by the class of comple-
mentary alternative therapies, to target a specific mechanism
without affecting quality of life, in contrast to less selective
conventional chemotherapies [12]. In the last decades, anti-
oxidant molecules have been recognized as one of the most
effective forms of alternative and complementary therapy
integrating a double therapeutic and preventive facet [13].
They are classified into different groups according to their
properties: endogenous enzymatic antioxidants, endogenous
nonenzymatic antioxidants, and exogenous antioxidants.

Thus, it was long considered antioxidants to be defensive
weapons that can help prevent and suppress the development
of cancerous processes, but lately a body of scientific evidence
is emerging to challenge the efficacy or even the safety of
these complementary alternative treatments calling for a
reconsideration of a new paradoxical concept of double-
edged antioxidants [14]. The topic on where the beneficial
effects of the antioxidants become actually nocive in cancer
therapy has been discussed in some relevant and recent
reviews [15], or articles concerning (only) certain specific
areas, such as bladder cancer development [16], or ROS-
(reactive oxygen species-) based nanomaterials [17], but the
exact role of antioxidants and the ambiguity of the
oxidants-antioxidants interplay remain unclear. The current
study is aimed at offering a comprehensive picture of oxida-
tive stress implication in the various cancer developments
and subsequently summarizing the most relevant findings
of the anticancer role of all classes of antioxidants, presented
here according to their conventional classification. The strat-
egies to improve the efficacy of antioxidants in the clinical
context have also been discussed. Data on the antioxidants
and ROS controversial or contradictory roles in cancer, illus-
trative for the antioxidant paradox, the double-faceted
impact in tumoral processes, are presented in the final part
of this review.

2. Free Radicals, Oxidative Stress, and Cancer

2.1. Biology of Free Radicals. In the mid-1950s, Gerschman
et al. were among the first to suggest that the deleterious
effects of O2 on the body could be attributed to the formation
of oxygenated free radicals [18]. Inspired by their work,
Denham Harman, the former chemist of the Shell Company,
gave a hypothesis in 1956 famously known as “free radical
theory of aging,” postulating that aging and associated
diseases are the consequence of a progressive alteration of
cellular constituents under the effect of free radicals and
ROS [19, 20]. In 1972, Harman extrapolated his theory to
the “mitochondrial theory of aging,” proposing that ATP
synthesis in the mitochondria involved the electron transfer
along a series of membrane multienzyme complexes until
their ultimate recovery by molecular oxygen. During this
transfer, reactive oxygen derivatives were produced that
could generate mitochondrial and nuclear DNA mutations
and damage the cellular constitutive proteins. These alter-
ations in turn would cause other mutations promoting the
synthesis of other ROS and thus the accumulation of free rad-
icals in the affected cells. Today, the mitochondrial theory is
privileged in the explanation of aging phenomena [21].
Harman’s point of view was reinforced in 1969 when
McCord and Fridovich isolated from human red blood cells
the first enzymatic defense system against the superoxide
anion produced by univalent reduction of the oxygen, the
superoxide dismutase [22].

The discovery that the human body was capable of syn-
thesizing free radicals has thereafter been the starting point
for establishing the biological reality of free radicals and their
possible pathophysiological roles. The most common radical
species in biological systems are the oxygen-derived radicals
also known as the reactive oxygen species (ROS). The ROS
include oxygenated or primary free radicals such as superox-
ide anion (O2

⋅-), hydroxyl radical (OH⋅), or nitrogen monox-
ide (NO⋅) and also nonradical highly toxic derivatives such as
hydrogen peroxide (H2O2), peroxide anion (O2

2-), and per-
oxynitrite (ONOO-) [23]. The ROS, a natural consequence
of aerobic metabolism, are synthesized during certain vital
processes at a reasonable dose, their concentration being reg-
ulated by the balance between their rate of production and
their rate of elimination by antioxidant systems [24–26].
When the balance between prooxidants and antioxidants is
maintained, the ROS play a positive physiological role in
the normal functioning of the cells, particularly in the phago-
cytosis process or the programmed cell death (apoptosis)
[27–30]. However, when the homeostasis of oxygen becomes
imbalanced in the prooxidant direction, it leads to a patho-
logical state known as oxidative stress [31, 32]. Oxidative
stress is a risk factor linked with mitochondrial dysfunction
for numerous pathophysiological conditions in which cells
are subjected to an endogenous or exogenous production of
oxygenated free radicals that exceeds their antioxidant capac-
ities and directly damage on contact macromolecules, includ-
ing lipids, proteins, and DNA [33].

The lipid structures and in particular the cell membranes
are the first targets of the ROS because of their richness in
unsaturated fatty acids [34–36]. ROS reactions with
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membrane lipids concretize in lipid peroxidation processes
in cascade. Normally, the primary products of lipoperoxida-
tion, the lipid hydroperoxides (LOOH), are detoxified through
the enzymatic pathway of glutathione S-transferases (GST);
however, when homeostasis is disturbed, the lipoperoxides
escaping this detoxification led to toxic aldehydes; the best
known of which is malondialdehyde (MDA) a highly reactive
and mutagenic dialdehyde; the potential mutagen of MDA
was detected in bacterial and mammalian cells [36–38].
MDA forms stable bonds with -NH2 amine groups of biomol-
ecules (proteins, phospholipids, or nucleic acids) to produce
inter- and intramolecular bridges of amino-3-iminopropene
and structural modifications, and thus, it diffuses easily and
can reach the cellular nucleus. At this level, MDA can bind
with the nucleotide bases, guanine and cytosine, creating brid-
ges between the DNA strands that will lead to the cessation of
the replication process or induce mutagenic effects [39]. In
addition, the structures induced by MDA are recognized as
nonautonomous by the immune system, resulting in an auto-
immune response [40, 41].

Another major toxic by-product generated by lipid per-
oxidation is 4-hydroxy 2-nonenal (HNE) [42, 43]; the higher
toxicity of 4-HNE can be explained by its rapid reactions with
thiols and amino groups; 4-HNE formed in cells will modify
proteins via Michael addition by reacting with compounds
having a thiol group (GSH, Cys, and coenzyme A) [44, 45],
but also, by the formation of adducts with three different side
chains, by its reaction with the -SH groups of the cysteines,
and by the formation of Schiff bases with the -NH2 groups
of the amino acids lysine and histidine [46, 47]. These adduc-
tions of HNE proteins modify and cause protein cross-
linking and induce carbonyl stress, which contributes to the
promotion of cytotoxic events such as cell growth arrest,
mitochondrial dysfunction, apoptosis, and necrosis by
modifying cellular proteins and nucleic acids, causing
microinflammation that can damage neurons and to the
progression of chronic schizophrenia, an Alzheimer’s
pathogenesis [48–51].

Carbonyl stress may also contribute to the progression of
cancer; the concentrations of advanced glycation end-
product (AGE) marker of the carbonyl stress were found to
be higher in the serum of breast cancer patients in the early
stage of the disease, but also with advanced breast cancer
(stage III and IV) [52]. HNE also forms adducts with DNA,
reacting with the -NH2 group of deoxyguanosine, resulting
in DNA damage andmutagenic effects [53]. Not surprisingly,
4-HNE is considered a second toxic messenger of free radi-
cals; it is found to be involved in a variety of pathologies,
especially in humans, including atherosclerosis, Alzheimer’s
disease, Parkinson’s disease, cirrhosis of the liver, and several
cancers [54, 55]. Numerous pathologies are associated with
lipid peroxidation, such as neurodegenerative diseases
(Alzheimer, Parkinson), diabetes, cancers, inflammatory
diseases, or aging [56–59].

Proteins also undergo direct and indirect damage follow-
ing their interactions with the ROS, which are affecting their
function by causing conformation modifications, fragmenta-
tions of the peptide chain, aggregation of cross-linked reac-
tion products, changes in electrical charges, and increased

susceptibility to proteolysis, resulting in loss of protein enzy-
matic activity and loss of function of receptor transporting
proteins [37, 61].

The sulfur amino acids, such as methionine and cysteine,
are particularly vulnerable to oxidation. Methionine is con-
verted into methionine sulfoxide, then methionine sulfone
that is heavily involved in neurodegenerative pathologies
[61, 62]. The oxidation of the thiol group of cysteine (-SH)
generates the sulfenic acid (-SOH) leading to the formation
of S-S disulfide bridges or of sulfinic (-SO2H) and sulfonic
acid (-SO3H) [60]. Tyrosine forms 3,4-dihydroxyphenylala-
nine; the nitration of this residue by peroxynitrite generates
3-nitrotyrosine detected in the plasma of diabetic subjects
[64]. The basic amino acids lysine, arginine, and histidine
constitute, in contact with free radicals, carbonyl derivatives
such as 2-oxohistidine, α-aminoadipic semialdehyde, and
glutamic semialdehyde. Carbonyl proteins are considered
markers of the oxidative stress of proteins, and the increase
in their rates is observed in a number of pathological condi-
tions such as neurodegenerative diseases, muscular dystro-
phy [65], cataractogenesis, rheumatoid arthritis [66], and
diabetes [67].

ROS from endogenous or environmental sources also
pose a threat to the integrity of the genome by causing irre-
versible cellular changes in genomic components especially
point mutations, deletions, gene rearrangements, and ampli-
fication [68]. The OH radical is the most important inducer
of DNA oxidation reacting directly with all DNA compo-
nents, such as purine and pyrimidine bases and the skeleton
of deoxyribose sugar, and generating single-strand and
double-strand breaks, abasic sites, and inter- and intrastrand
covalent bonds as well as with the proteins and modified
bases [69, 70]. Among the DNA bases, which are particularly
sensitive to oxidation reactions, the most widely studied are
the guanines as these have the lowest ionization potential
and therefore constitute the main target of ROS [71, 72].
The ROS interaction with guanine will produce 8-oxo-7,8-
dihydroguanine (8-oxodG) molecules by type I and type II
photosensitization reactions [73, 74]. 8-oxodG has a high
mutagenic potential leading to G :C to T :A transversions
that have been observed in oncogenes and tumor suppressor
genes (such as p53 gene), known to play an important role in
carcinogenesis [39, 75, 76]. The accumulation of 8-oxodG
was detected during liver carcinoma [77, 78]. 8-oxo-20-deox-
yguanosine is also reported in the early stages of carcinogen-
esis [79].

2.2. Involvement of Oxidative Stress in Carcinogenesis. It is
now well established that the uncontrolled production of
reactive oxygen species and the products resulting from their
reactions with biomolecules and cells contribute to the etiol-
ogy of several pathologies, among which the most reported is
cancer [25, 80, 81]. Carcinogenesis begins with genetic alter-
ations, in which a very important role is played by high oxi-
dative states [82]. The most frequent invasive cancers,
according to GLOBOCAN 2018, an online database provid-
ing worldwide estimates of specific cancer incidence, are of
prostate, breasts, lungs, gastric, and colorectal (Figure 1).
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2.2.1. Colorectal Cancer. Colorectal cancer is the third most
common neoplastic disease in the world, and the fourth
major cause of mortality [84]. The colon and rectum are per-
manently exposed to an uncontrolled rate of ROS from
endogenous and exogenous sources that lead to the disrup-
tion of intestinal homeostasis and can contribute to an
increased risk of cancer [85, 86]. Numerous studies have
reported increased levels of phospholipase A₂ (PLA2) and
myeloperoxidase (MPO) enzymes, associated with the pro-
duction of high concentrations of free radicals, including
RNS and ROS as well as increased levels of MDA and
4-HNE, major products of lipid peroxidation in patients
with CRC [87–89]. 8-Oxo-7,8-dihydro-2′-deoxyguanosine,
8-hydroxydeoxyguanosine (8-OHdG), 2-hydroxyadenine,
and 8-hydroxyadenine which resulted from DNA oxidation
were 2-fold higher in colorectal cancers than in normal
mucosa [90]. Similar results were detected in urine sample
and peripheral blood leukocytes; a significant increase of
8-oxoGua and 8-oxodG excreted daily in urine addition-
ally to 8-oxodG in leukocytes DNA was reported in colo-
rectal cancer compared to healthy control [91].

2.2.2. Breast Cancer. A study conducted in western Algeria
covering 62 breast cancer patients compared to 21 cancer-
free controls, evaluating the levels of free oxygen radicals
and antioxidants via FORD (free oxygen radicals defense)
and FORT (free oxygen radicals test) tests, obtained signifi-
cantly modified FORT/FORD ratio with increased FORT
values and decreased FORD for the cancer patients [92].
The upregulation of oxidative stress markers and downregu-
lation of the antioxidant defense system are considered one
of the factors that correlate with the initiation and mainte-
nance of breast cancer progression (Table 1) [92, 93]. DNA
in breast cancer was reported to contain high concentrations
of base modifications, products of DNA oxidation such as the
8-hydroxydeoxyguanosine, which seem to be involved in
breast cancer [94–98]. High levels of urinary 8-OHdG have
been detected in women with breast cancer, and the value
of 8-OHdG becomes more significant in the later stage of
cancer, suggesting that ROS may play an important role in
the early carcinogenesis [99]. The ROS are also signaled in

the architectural distortion of the breast epithelium inducing
fibroblast proliferation, hyperplasia of the epithelium, cellu-
lar atypia, and breast cancer [100].

2.2.3. Prostate Cancer. There is strong evidence that ROS
from endogenous or exogenous sources are associated with
the proliferation of prostate cancer cells [101–104]. The pros-
tate epithelium of patients with this type of cancer is sub-
jected to more intense oxidative stress as compared to men
without the disease [102]. This increase in the generation of
ROS is seemingly the result of the overexpression of the var-
ious isoforms of NAD(P)H oxidases (NOX), demonstrated in
the cancer cells of the prostate [105, 106]. To identify the
levels of ROS and the role of the extramitochondrial ROS
generator, in the NOX system in prostate cancer cells, Kumar
et al. used three cell lines (LNCaP, DU145, and PC3), normal
prostate cell cultures (WPMY1, RWPE1, and primary nor-
mal epithelial cell cultures), and agents (the NOX inhibitor
diphenyliodonium and the antioxidant N-acetyl-L-cysteine)
that neutralize the effect of ROS and block their extramito-
chondrial generation. The results showed that NOX inhibi-
tion and ROS neutralization induced growth arrest and
blocked proliferation of prostate cancer cell lines and that
ROS generation was directly proportional to the aggressive
phenotype [107]. A significant decrease in GPx–selenoen-
zyme and GSH in PC prostate cancer patients has been very
well documented by Zachara et al. and Szewczyk-Golec et al.,
in tissue and serum compared to the control [108, 109].
These results showed that the lack of GPx defense system
accompanied the increase of OS and thus the development
of pathological prostate conditions. According to Miyamoto
et al., the loss of GPx activity was associated with oxidative
stress, through glycoxidative stress and two steps of nitroxi-
dative stress, reversible by nitrosation of a selenium moiety,
and irreversible by formation of a sulfur-seleno bridge
between Cys91 and Sec 45 [110, 111].

2.2.4. Lung Cancer. Lung cancer is a leading cause of cancer-
associated mortality worldwide, causing 1,000,000 deaths per
year, due to a poor prognosis, high resistance to treatment,
and poor survival rate [112, 113]. In lung cancer, oxidative
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Figure 1: The distribution of cases for the 10 most common cancers in 2018 for both sexes (source: GLOBOCAN 2018 [83]).
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stress is found to be a consequence of the disease as well as
cooccurrence with smoking, which appears to be a major
cause of lung cancer with 90% and 70-80% of cases of lung
cancer men and women, respectively [114–118]. In a study
conducted by Xu et al. 8-OHdG was elevated in mice treated
with nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) major components of tobacco that are
associated with the etiology of lung cancer [119]. Smoking
therefore contributes to the supply of oxidants not only by
exogenous means but also by endogenous means through
the induction of chronic inflammation of the respiratory
tract with accumulation and activation of leukocytes. This
activation leads to high concentrations of ROS/RNS and
induces genetic mutations, incessant damage to DNA, inacti-
vation of apoptosis, regulation of growth factors and cyto-
kines, and activation of growth supporting genes, ultimately
leading individuals to a high risk of lung cancer [114, 120–
123]. The exogenous oxidants cause lung injury by a number
of mechanisms, including depletion of glutathione and other
antioxidants, initiation of redox cycling mechanisms,
improvement of respiratory thrust in neutrophils and
macrophages, inactivation of protease inhibitors such as a1-
antitrypsin inhibitor, and direct damage to lipids, nucleic

acids, and proteins [124]. The reaction of NO with ROS
altered the function of proteins by nitridation or induced
structural alterations of DNA, including single- or double-
strand DNA breaks, purine, pyrimidine, or changes in deoxy-
ribose and reticulation of DNA; damage to DNA induced
either stopping or induction of transcription, induction of
DNA pathways signal transduction, replication errors, and
genomic instability, contributing to the progression of
pulmonary carcinogenesis [125].

2.2.5. Gastric Cancer. Gastric cancer is the fifth leading cause
of cancer. It has a relatively rare occurrence in individuals less
than 40 years of age [83]. However, the highly aggressive and
heterogeneous nature of these cancers has made them the
third leading cause of deaths in cancer patients, globally
[126]. The stomach is continuously exposed to ingested pol-
lutants and carcinogens. The ROS are also produced in large
amounts due to bacterial metabolism and food digestion in a
highly acidic environment. The cytoprotective mechanism of
the gastric system and ingested antioxidants naturally prevent
the above factors from affecting the stomach. However, several
internal and external elements including lifestyle disorders,
exposure to pollutants, and prevalence of Helicobacter pylori

Table 1: The role of oxidative stress on cancer development.

Cancer type Sample collection Models Biomarkers Reference

CRC

Human colon tissue, males, mean age 67 yrs, range 60-83,
normal tissue (n = 2) and cancerous tissue (n = 5) In vivo

↑ROM
↑MPO

Keshavarzian et al. (1992) [87]

Human colorectal mucosal tissues, normal tissue (n = 20) and
tissue tumors (n = 20) In vivo

↑MDA
↑MPO
↑PLA2

Otamiri et al. (1989) [88]

Urine sample, cancer patients (n = 222) and healthy(n = 85)
Leukocyte DNA, healthy volunteers (n = 134), and malignant

cancer patients (n = 179)
In vivo

↑8-oxoGua
↑8-oxodG
↑8-oxodG

Roszkowski et al. (2011) [91]

BC

Blood samples (plasma), women with breast cancer (n = 62) and
healthy controls (n = 21) In vivo

↑FORT
↓FORD

Tahari et al. (2013) [92]

Blood samples, women BBC (n = 50), BC (n = 50),
and healthy women (n = 50) In vivo ↑8-OHdG Eldin et al. (2019) [96]

Urine sample, cancer patients (n = 18) or healthy
control (n = 10) In vivo ↑8-OHdG Yamamoto et al. (1996) [99]

Blood samples (serum), BC patients (n = 35) and healthy
controls (n = 35) In vivo

↑MDA
↑GSSG
↓GSH
↓TAC

↓GSH/GSSG

Hewala et al. (2019) [93]

PC

DU 145
LNCaP
PC3

In vitro
↑H2O2

↑O2
-

↑Nox
Kumar et al. (2008) [107]

Blood samples (erythrocytes and plasma), PC patients
(n = 30; age 61 ± 8 years), BPH patients (n = 30; age 63 ± 8 years),

and healthy men (n = 25; age 61 ± 14 years).
In vivo ↓GPx3 Szewczyk-Golec et al. (2015) [108]

Human prostate tissue, PC (n = 32), BPH (n = 40) patients,
and healthy subjects (n = 39) In vivo ↓GSH-Px Zachara et al. (2005) [109]

LC A/J mice (female n = 35) In vivo ↑8-OHdG Xu et al. (1992) [119]

Abbreviations: 8-OHdG: 8-hydroxy-20–deoxyguanosine; 8-oxodG: 8-oxo-2′-désoxyguanosine; PLA2: phospholipase A2; MP: myeloperoxidase; CRC:
colorectal cancer; BC: breast cancer; ROM: reactive oxygen metabolites; GSH: glutathione (total, reduced); GSSG: glutathione disulfide; LC: lung cancer;
MDA: malondialdehyde; TAC: total antioxidant capacity; PC: prostate cancer.
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infections can cause a disbalance in the cytoprotective mecha-
nisms and lead to production of highly reactive and cytotoxic
oxidative products like ketones, epoxides, and reactive alde-
hydes. These compounds trigger the formation of DNA adducts
including malondialdehyde-deoxyguanosine, advanced lipid
peroxidation end products, and AGEs and promote the prog-
nosis of gastric cancer [127]. Although genetic factors predis-
pose to development of gastric cancer, the above factors play a
significant role in its development and prognosis [128].

Unlike other types of cancers, the correlation
between dietary factors and reduced risk of development
of gastric cancers is well established by the World Cancer
Research Fund/American Institute for Cancer Research
(WCRF/AICR). The antioxidant activity of flavonoids like
quercetin and naringin present in apples and grape fruit,
respectively, can inhibit carcinogen-activating enzymes in case
of gastric cancers. The metabolism of toxins into carcinogens
due to the expression of CYP1A1 (cytochrome P450 enzyme)
is also inhibited which prevents DNA damage [129]. In gen-
eral, it is known that the phytochemicals downregulate the
β-catenin phosphorylation to enhance the apoptotic pathways
in events of gastric cancer and simultaneously upregulate the
AMPK pathway to support cellular homeostasis [130]. A
recent study indicated a strong expression of the MUC4 gene
in human gastric cancers. It was reported that the antioxidant
alpha-lipoic acid inhibits the binding of STAT3 to the MUC4
promoter region to suppress the MUC4 expression and hence
significantly reduces the proliferation of gastric cancers [131].
The anthocyanin (delphinidin)-rich extracts of calafate berries
also significantly reduces the viability and migration of stom-
ach cancer cells [132].

ROS appear to be involved in the progression of tumor
progression [133], and a healthy organism must therefore
be endowed with an adequate cellular defense to eliminate
these molecules of extreme toxicity. These antioxygenic
defense mechanisms are more precisely known as the antiox-
idants [134].

3. Antioxidants in Cancer Therapy

According to Tang and Halliwell, an antioxidant is defined as
any substance that slows down, prevents or inhibits the gen-
eration of a toxic oxidant, neutralizes those already produced
by donating their own electrons, and thereby prevents the
harmful chain reactions caused by these oxidants [135].
Under this definition, antioxidants are classified according
to their mode of action, their cellular location, and their
origin into endogenous, enzymatic and nonenzymatic, and
exogenous [136]. In recent years, the topic of antioxidants
has become more famous in modern society in cosmetics
and nutrition, but the use of antioxidants is at the center of
the scientific debate when it comes to prevention or supple-
mentation in oncology therapy, with benefits, but also harm-
ful effects being reported [137].

3.1. Antioxidants, a Protection against Cancer. Many
researchers have confirmed the involvement of the free radi-
cals and ROS in the pathogenesis of many cancers [81, 138,
139], so it is logical to think that the alternative medicine of

antioxidants acts in the prevention of this disease. Beyond
their ability to trap ROS, antioxidants exhibit anticancer
activities by increasing the immune response, stimulating
cancer recessive genes, decreasing oncogene expression, or
inhibiting tumor angiogenesis [140]. Below, we provide a
summary of the strong evidence supporting the protective
effect of the different classes of antioxidants.

3.2. Endogenous Enzymatic Antioxidants

3.2.1. Superoxide Dismutase (SOD). The superoxide dismu-
tases, which make a class of metalloproteins, are one of the
most effective antioxidant enzymes. In mammals, there are
three isoforms, each of which has a metal ion as a cofactor:
the cytosolic Cu/Zn-dependent SOD, the manganese mito-
chondrial SOD, MnSOD, and the extracellular Cu/Zn-SOD
[141]; these differ in the chromosomal location of the gene,
the nature of the active site metal, their quaternary structure,
their cellular localization, and other characteristics [142], but
they all catalyze the dismutation of the highly reactive super-
oxide anions to oxygen and the less reactive (but potentially
toxic) hydrogen peroxide [143, 144]. SOD must therefore
work in conjunction with other enzymes such as the iron-
cofactor catalase and glutathione peroxidase, to eliminate
the formed hydrogen peroxide [145].

There are numerous studies that have showed that the
expression and enzymatic activities of all the three SOD iso-
types are at a significant decrease across the majority types of
cancers: CuZnSOD (SOD1) activity is decreased in breast
carcinoma [146], gastric adenocarcinoma [147], and hepato-
carcinogenesis [148] and MnSOD (SOD2) expression is
downregulated in the ductal carcinoma tissues in patients
with breast cancer [149] and skin cancers [150] and displays
low levels which correlates with pancreatic cancerous tumor
growth [151] and other primary ovarian and prostate tumors
[152]. Extracellular SOD (SOD3) expression is downregu-
lated in lung carcinomas [153] but also in prostate pancre-
atic, thyroid, or colorectal cancers according to Griess et al.
[154]. Moreover, Bonetta [155] provides in a recent descrip-
tive review evidence of multiple studies the relevance of
MnSOD gene therapy [156] or of synthesized SOD mimetics
in cancers [157, 158].

The diminished activity of SOD is associated with the
destructive effects of O2

⋅− superoxide which by way of depro-
tonation of serine or threonine residues contribute to the
accelerated rates of phosphorylation in many oncogenic sig-
naling processes with subsequent antiapoptotic effect and
tumoral progression [154].

The downregulation of MnSOD expression has been
associated with changes in gene regulation mechanisms, such
as altered DNA methylation patterns that involve abnormal-
ities in transcription factor binding, such as the widely
studied Sp1/Sp3 [159, 160], or decreased histone acetylation
[161]. The aberrant DNA methylation, which can occur as
either global hypomethylation in the early phase of neoplasia
or regional hypermethylation of normally unmethylated
CpG sites has been previously showed to be induced, among
others, by reactive oxygen species and their derivatives DNA
damage [162–164]. On the other hand, Robbins and Zhao
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[159, 165] describe the antitumoral effect of MnSOD overex-
pression in a multistage skin carcinogenesis mouse model
that was found in a previous study by [150], as involving sup-
pression of activator protein-1 (AP-1) a transcription factor
regulating oncogenic signaling. At the same time, the dimer
AP-1 function depends on redox-sensitive Jun or Fos-type sub-
units and their phosphorylation states, which suggest the anti-
oxidant capabilities of MnSOD in tumor suppression [159].

In light of these multiple results, the importance of SOD
as a tumor suppressor seems well justified, in particular of
MnSOD, whose active role in protecting mitochondria
against increased oxidative stress may prevent defects in
mitochondrial function that would lead to the development
and progression of cancer [166].

However, there is yet a “puzzling dichotomy” on SOD
role in cancer [167], as clinical and experimental studies
bring enough evidence on unexpectedly high levels/activity
of SOD in tumoral tissues [168–170]. In the most recent
study on the antioxidant enzyme dichotomy, Gaya-Bover
et al., assessed by western blot the levels of MnSOD, CuZn-
SOD, CAT (Catalase), GPx, and other proteins both in tumor
and nontumor adjacent tissue from colorectal cancer patients
found that nontumor adjacent tissue of had higher levels of
antioxidants enzymes that detoxify H2O. However, tumor
tissues showed higher levels of MnSOD and acetylated
MnSOD that actually increased in stages II and III compared
to stage I of malignancy and precancerous stage [171]. Palma
et al. state that SOD2 undergoes a change of roles from a sup-
pressor of tumor initiation to actually promoting tumor
progression towards more malignant phenotypes, once the
disease is established [167]. This observation is further con-
textualized by Kohan et al., when referring to the importance
of aerobic glycolysis in tumor cell survival [168]. Thus, the
MnSOD upregulation suppresses mitochondrial oxidative
phosphorylation and leads to the activation of AMPK
(AMP-activated protein kinase) that triggers the Warburg
effect switch to glucose metabolization via glycolysis [168].
The glycolytic phenotype switch of the malignant cells is
regarded as an adaptive advantage that decreases dependence
on mitochondrial respiration and enables them to proliferate
and invade into the peritumoral normal tissue [172].

3.2.2. Catalase (CAT). Catalase, a heme oxidoreductase,
strongly expressed in the liver, erythrocytes, and lungs
[173] and located mainly in the peroxisomes [174] is com-
posed of four polypeptide chains and contains iron atoms
within the heme, which constitute the active sites of the pro-
tein [175]. The dismutation of the hydrogen peroxide by cat-
alase happens with the heterolytic cleavage of the O-O bond
of the hydrogen peroxide by the iron atoms of the heme
group, thereby creating a water molecule and a highly oxidiz-
ing FeIV=O bond [143, 144]. The latter can oxidize a new
molecule of hydrogen peroxide, generating dioxygen.

Catalase uses only H2O2 as a substrate and functions
when it is present at high concentrations above physiological
conditions; it does not eliminate all of the hydrogen perox-
ides and is quantitatively less effective than the glutathione
peroxidase [176].

The overexpression of catalase in breast cancer cells
MCF-7, a human-derived breast cancer cell line, not only
impaired the proliferation and migration of the cancer cells
but also improved sensitivity to anticancer treatments like
doxorubicin, cisplatin, and paclitaxel when compared to par-
ent cells and raised the resistance to the prooxidant combina-
tion ascorbate and menadione (Asc/Men) [177]. The elevated
catalase activity confers strong protections against cancer by
reversing the malignant phenotype via decreasing the cellular
levels of ROS production (mainly H2O2) [177]. The high
activity of CAT and when combined with chemotherapeutic
drugs especially cCisplatin, 5-fluorouracil, and hydroxyurea
correlate with decreased aggressiveness and suppress the pro-
liferation of small lung cancer cell lines—A549 compared to
untreated cells [178]. CAT treatment leads to disturbing the
antioxidant defenses pathway and then a high production
of intracellular H2O2 that could be responsible for the tran-
scription factors NF-κB inactivation associated with promo-
tion of tumorigenesis in A549 cells [178]. Bracalante et al.
demonstrated that overexpression of catalase downregulates
cell proliferation and reversed the amelanotic phenotype in
clones A7 of the human A375 amelanotic melanoma cells
compared with the parental cell lines [179]. A7 increased
basal levels of hydrogen peroxide and as a result upregulated
genes of the antioxidant system (AOS) induced and increased
the ability of these cells to respond to oxidative stress, and
then reduced the ROS levels, leading to less aggressive tumor
cells [179].

The transfected RASMC vascular smooth muscle cells with
AdCAT construct containing the human CAT (50-100-fold
excess) reduced proliferation andDNA synthesis with increased
spontaneous apoptosis through a COX-2-dependent mecha-
nism compared with the corresponding parental cells [180].
The cell survival and the apoptosis resistance in RASMCs were
maintained by H2O2; it is a downregulation by catalase-
suppressed malignant phenotype [180, 181].

3.2.3. Glutathione Peroxidase (GPx). Glutathione peroxidase,
a selenium-dependent enzyme, present in extracellular fluids,
cytosol, and mitochondria [182], was first identified by Mills
in 1957 for its antioxidant activity [183]. Unlike catalase, glu-
tathione peroxidase reduces a wide variety of organic hydro-
peroxides (ROOH) and neutralizes H2O2 using the reduced
glutathione monomer (GSH) as a proton donor cofactor
(H+), which is subsequently converted into oxidized glutathi-
one (GSSG); ultimately, the reactions lead to the formation of
assimilable molecules, a cysteine or disulfide bridge, water
molecules, and alcohol [144, 184].

Increased GPx levels were observed in many tumor cells,
such as the oral squamous cell carcinoma (OSCC) [185], lung
[186], colorectal [187], breast [188], and brain tumor [189]
patients, compared with healthy controls. This can be
explained by the fact that the tumor has high levels of oxida-
tive stress; the body increases then the antioxidant system
levels to compensate the increased levels of ROS as a natural
defense against cancer [190]. Adenovirus-mediated human
glutathione peroxidase gene (AdGPx) overexpression
reduced the growth of pancreatic cancer cells in vitro and
in vivo models. In vitro AdGPx enhanced the tumor-
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suppressive effect of AdMnSOD; their combination slows the
MIA PaCa-2 cells growth by 71% compared to parental cells.
While after AdMnSOD and AdGPx injection into nude mice
either alone or in combination showed a greatest effect by
decreasing the tumorigenicity of pancreatic tumor cells
[191]. The GPx increase is related to a H2O2 increase or other
hydroperoxides caused by overexpression ofMnSOD; the GPx
activity neutralizes the increased hydrogen peroxide levels
caused by overexpression of MnSOD to maintain intracellular
homeostasis [191–194]. In addition, a high GPx expression
drastically impeded tumor growth of weakly tumorigenic
L929 fibrosarcoma cells injected subcutaneously into nude
mice and increased the sensitivity of strongly tumorigenic
B16BL6 melanoma cells to an angiodestructive therapy
[195]. GPx4 inhibits tumor angiogenesis and malignancy
through blocking eicosanoid synthesis, including COX-2, pre-
vented TNF-mediated activation of cytokine-driven NF-κB
and prostaglandin PGE2 production and abrogated PGE2-
dependent COX-2 expression [195].

3.3. Endogenous Nonenzymatic Antioxidants

3.3.1. Bilirubin. The final product of the catalytic degradation
reaction of heme and hemoglobin proteins by reticuloendo-
thelial cells in the presence of two enzymes, heme oxygenase
and biliverdin reductase [73], is considered a very important
physiological antioxidant [196]. Bilirubin is remarkable for
its powerful antioxidant potential against peroxyl radicals
(ROO⋅) and hydrogen peroxide [197, 198].

Due to its double action as a powerful antioxidant and as
a prooxidant, bilirubin has been shown to have anticancer
activity in both in vitro and in vivo, depending on the
concentration and the cell type exposed to this pigment
[199–202]. Emerging studies have suggested that serum bili-
rubin levels were negatively correlated with cancer risk and to
cancer mortality [203–207]. In vitro, a 48h treatment with a
concentration of 10μg/mL of bilirubin induced antiprolifer-
ative behavior in TMK-1 human gastric carcinoma cell line
with a decrease close to 50% in cell population versus control
and increased by more than twofold the intracellular radical
levels after 6 h-24 h of incubation while no change was
observed in control [202]. Bilirubin also caused a dose-
dependent decrease (0–50μM; for 48 h) in cell viability of
colon adenocarcinoma cell lines [208]. The defense mecha-
nisms by which bilirubin exhibits antitumor properties can
be explained by the induction of prooxidant effects, apoptotic
action, arresting cell cycle, and disrupting mitochondria dys-
function [202, 208].

In vivo, an intraperitoneal injection of 25mg/kg of biliru-
bin in BALB/c nude mice bearing HRT-18 colon cancer xeno-
grafts increased plasma bilirubin levels around 35–40mM and
dramatically slower the tumor growth when compared to the
control phosphate-buffered saline. The bilirubin exert antican-
cer activity by halting cell cycle progression at G1 phase
through inducing p53 and the activation of MAPK/ERK-
dependent p27 pathway which inhibits the activation of cyclin
E/CDK2 and/or cyclin D/CDK4 complexes [209]. The same
study describes an in vitro bilirubin dose-dependent model
using multiple cell lines; at a lower dose (5mM), bilirubin

inhibits cell proliferation of hepatocellular carcinoma HepG2
and NIH/3T3 immortalized mouse; the antiproliferative
behavior of MDA-MB 231 human mammary gland ductal
carcinoma cells, pancreatic PANC-1, malignant melanoma
WM 266.4 including colonic HRT-18 studied in vivo can only
be obtained in a concentration ≥ 25μM. The antioncogenic
effect of bilirubinin was found to be partially dose dependent;
at a high concentration, it acts as a proapoptotic factor in the
tumor environment [209].

3.3.2. Coenzyme Q10 (CoQ10). Coenzyme Q10, known as
ubiquinone, is a hydrophilic compound essential for the
transport of electrons in the mitochondrial oxidative chain
[210, 211, 298]. It is found in cell membranes, plasma, and
lipoproteins where it acts as an antioxidant by trapping
RO2

-⋅ radicals, thus inhibiting lipid peroxidation [198].
Because of its double role as a potent antioxidant mole-

cule and as redox status at the mitochondria [213], the coen-
zyme Q has been proposed to have therapeutic potential for
the treatment of several types of cancer [214–216]. Coen-
zyme Q10 deficiency has been reported in many cancer
patients. A decreased mean value of blood vessels of coen-
zyme Q10 have been found in patients with breast and mye-
loma cancer compared to healthy controls [217]. In vitro,
the response of PC3 human prostate cancer cells towards
CoQ10 was markedly different compared to PNT2 human
prostate nonmalignant cells. A 24 h incubation of cancer cells
with different concentrations of coenzyme Q10 (50, 100, and
250μM) significantly lowered cancer cells grow PC3 with no
change on PNT2 noncancer cells compared to the control;
the results showed also a greater free radical generation in
PC3 [213]. Apparently, the abundance of ROS can explain
the antitumor potential of CoQ10; the cancer cell killing was
found to be on Ros-induced cytotoxicity dependent through
apoptosis, necroptosis, and autophagic cell death [218]. At
high concentration, the CoQ1, an analog of CoQ10, showed
remarkable antiproliferative effects in HepG2 human hepato-
cellular cancer cells. Although CoQ1 was slightly more toxic
to Hep G2, the anticarcinogenic effect of CoQ1 can be attrib-
uted to its antimetabolite and cytotoxic activities, which
disrupt normal biochemical reactions [219, 220].

Another analog of CoQ10 appears to be involved in the
antitumor defense, the coenzyme Q0 (2,3-dimethoxy-5-
methyl-1,4-benzoquinone) decreased cell viability of A549
adenocarcinoma human alveolar basal epithelial cells and
show a strong cytotoxicity towards both breast cancer cell
lines MDA-MB-231 by arrest of G0/G1-phase cell cycle and
S-phase cell cycle arrest in SKBr3 cells by inducing apopto-
genic phenotype and promoting cell death [221, 222]. The
anticancer efficacy and the cytotoxicity of the CoQ analogs
can be also chain length dependent; the antiproliferative
activity of CoQs was found to be negatively correlated with
the length of CoQ’s isoprenyl side chain [222].

In vivo supplementation with CoQ10 (0.4mg/kgG1/day)
has a therapeutic effect against hepatocellular neoplasia
HCC induced by toxic agents such as trichloroacetic acid
(TCA) in male Sprague-Dawley rats; these compounds exert
a carcinogenic action by increasing oxidative stress, lipid per-
oxidation, and inflammation. The administration of CoQ10
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ameliorated the histopathological dysplastic changes, pre-
vented the reduction of GSH and SOD activity, and signifi-
cantly attenuated the expression of the nuclear factor-κB
signaling pathway which enhances the transcription of
TNF, iNOS, and COX-2 genes; CoQ10 reduced significantly
both hepPar-1 and AFP immunomarkers of tumor in the
liver cells of rats [223]. The CoQ10-glucan synergies showed
a high metastatic activity in Balb/c mice implanted with
Ptas64 mammary carcinoma; the volume of tumors (mm3)
after CoQ10-glucan supplementation was two times smaller
than supplementation with glucan alone; the CoQ10 seems
to reinforce the capacity of glucan to half the development
of tumor through the stimulation of innate immune cells
such as macrophages, dendritic cells, granulocytes, and natu-
ral killer cells and activation of mitogen-activated protein
kinases (MAPKs) and nuclear transcription factor NF-κB
p6512 [224, 225].

3.3.3. Melatonin. Melatonin or N-acetyl-5-methoxytrypta-
mine is a neurohormone mainly secreted by the pineal gland,
but also in extrapineal organs including the retina, gastroin-
testinal tract, skin, bone, marrow, and lymphocytes, with an
insignificant systemic contribution, and is synthesized from
N-acetylation, followed by methylation of serotonin in the
absence of light through the use of a methylation factor. It is
synthesized by N-acetylation, followed by methylation of
serotonin in the absence of light through 2 transferases: aryl-
alkylamine-N-acetyltransferase (AANAT) and 5-hydroxy-
indole-methyltransferase (5 HIOMT). Its first role was
discovered in interaction with its organ of origin the pineal
gland and was linked to its neuroendocrine function, in partic-
ular to the hypothalamo-pituitary-gonadal axis. A second
obvious functional role of melatonin is involved in the
synchronization of the sleep/wake cycle (chronobiotic role)
[226]. Besides these functions, melatonin has been shown to
act as a free radical scavenger and a potent endogenous antiox-
idant [227]. In in vitro cell-free systems, Tan et al. showed that
melatonin (IC50 = 21μM) quenches 50% of the adducts
(DMPO-· OH) generated following exposure of H2O2 to
ultraviolet light, five times more than GSH (IC50 = 123 μM)
and thirteen times more than mannitol (IC50 = 283μM)
[228]. A structure-activity relationship was thus established,
among the 3 indoleamine analogues of melatonin, 5-
hydroxytryptamine (5-HT) lacking the methyl group in the
5-OH position of the indole ring and the acetyl group linked
to the N position of the side chain; in N-acetyl-5-hydroxytryp-
tamine (NA-5-HT) lacking the methyl group in the 5-OH
position and 5-methoxytryptamine (5-MT) lacking an acetyl
group in the N position of the side chain, only 5-MT reduced
the formation of the adduct DMPO-· OH adduct with an effi-
ciency lower than 60% of that of melatonin at high concentra-
tion [229]. These data show that the methyl group located at
the 5-OH position of the indole ring of methionine gives it
an important capacity for its hydroxyl radical trapping func-
tion, while the N-acetyl group produces a synergistic action.
The melatonin (IC50 = 1:5mM) has also been found to neu-
tralize directly the nitric oxide generated by 1-hydroxy-2-oxo-
3-(N-methyl-3-aminopropyl)-3-methyl-1-triazene (NOC-7)
in a dose-dependent manner and more effectively than

N-acetylserotonin (IC50 = 20mM), 5-hydroxytryptophan
(IC50 = 15mM), L-tryptophan (IC50 = 40mM), and seroto-
nin (IC50 = 8mM), with a large biomolecular rate constant
of 3:0 × 107 m−1 s1. This potent ability to lower NO- concen-
trations can be explained either by direct scavenges or inca-
pacitating its production while inhibiting its synthesis by
lowering the activity of the prooxidative enzyme NO synthase
[230]. This free radical scavenging ability extends to other rad-
icals as well. Melatonin (ORACperoxyl = 2:04) was found to
be twice as effective as Trolox (ORACperoxyl = 1:00) and
vitamin C (ORACperoxyl = 1:12) and three times more
effective than reduced glutathione (ORACperoxyl = 0:68) in
detoxifying the peroxyl radicals ROO· generated by Azobis
(2-methylpropionamidine)dihydrochloride (AAPH) [231].
Additionally ORAC-OH shows also that melatonin was 2-
fold efficient than Trolox and 8-fold than dopamine, with
GSH as a prooxidant [232]. Adding to its radical scavenging
ability, melatonin also stimulated the levels of several antioxi-
dative enzymes, including SOD, glutathione peroxidase, gluta-
thione reductase, and catalase [233]. Melatonin administration
(10mg/kg) increased superoxide dismutase, GSH system like
GPx, and catalase activities with a tissue-dependent degree
and reduced MDA+4 HDA lipid peroxidation markers in the
kidney, liver, and brain homogenates compared to the group
of rats receiving twice weekly for 3 months 10mg/kg of ben-
zo(a)pyrene B(a)P alone [233]. A similar response was
observed in xenografts (induced by the CT26 cell line) in
BALB/c mice. Melatonin showed radioprotective action at
20mg/kg in the lung and cardiac tissues after a single 5Gy
gamma ray exposure by stimulating GPx and SOD activities
and depleting MDA level [234]. Melatonin not only upregu-
lates antioxidant enzymes but also downregulates prooxidant
enzymes such as myeloperoxidase, nitric oxide synthase, and
eosinophil peroxidase [235, 236]. Also, AMK melatonin
metabolites generated via the kynuric pathway acted as antiox-
idants and thus slowed down the prooxidative enzyme nitric
oxide synthase (iNOS) [237, 238]. Another benefit of melato-
nin was recorded in the brain of rats treated with kainic acid,
a neuronal excitotoxin. Melanonine played a protective role
against DNA damage, by reducing the increase in oxidative
marker 8-hydroxy-2-deoxyguanosine (8-OHdG) in both the
frontal cortex and hippocampus. The proposed mechanism
through which melatonin protects DNA from KA damage
may be associated with nitric oxide (NOS) inhibition [239].

Melatonin has many therapeutic properties in the treat-
ment of cancer through several mechanisms, including
inhibiting cancer cell proliferation, decreasing oxidative
stress, and increasing immune system activity. Liu et al.
reported that 2mM melatonin attenuates the proliferation
of the MFC gastric cancer cell line in mice, by upregulating
the mRNA expression of the transforming growth factor-β1
(TGF-β1) in tumor tissues. TGF-β1 has been shown to sup-
press tumor development in a time- and dose-dependent
manner, by blocking the cell cycle (G1-phase arrest), via
increasing cyclin-dependent kinase (cdks) inhibitor levels
[240, 241]. This report was corroborated by Bizzarri et al.
At physiological concentrations, the synergy of melatonin
with low noncalcemic doses of 1,25-(OH) 2D3 significantly
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inhibited the proliferation of rat RM4 breast cancer cells in
the presence of estrogen by enhancing the TGF-β1 effect
[242, 243]. In hepatocellular carcinoma, melatonin showed
significant tumor growth inhibition both in vitro and
in vivo. The melatonin potentiates sorafenib-induced apo-
ptosis in 3 hepatoma cell lines HepG2, HuH7, and Hep3B
via synergistic activation in a dose- and cell type-dependent
manner, by enhancing ROS production, proapoptotic genes
PARP hydroly and Bax, reducing the amount of mt-DNA
in treated cells, and mitophagy-mediated by mitochondria
and lysosome colocalization, rising the expression of mito-
phagy markers PINK1 and Parkin by downregulating heat
shock protein 60 (Hsp60) [244]. Similar results were found
in vivo; melatonine increased the therapeutic potential of
mesenchymal stem cells (MSCs) in adult female rats after
diethylnitrosamine- (DEN-) induced hepatocellular carci-
noma (HCC). Melatonin thwart HCC carcinogenicity by
inhibiting oxidative stress designated by the decrease in mal-
ondialdehyde levels and the increase in the activities of the
enzymes superoxide dismutase, catalase, and glutathione
peroxidase; inflammation by downregulating the expression
of interleukin-1 beta, nuclear factor kappa B, vascular endo-
thelial growth factor, and matrix metallopeptidase 9 genes;
and upregulated expression of metalloproteinase inhibitor 1
gene, and induction of apoptosis indicated by increased
activity of cleaved caspase-3 and Bax genes and downregu-
lated expression of antiapoptotic genes Bcl2 and survivin
[245]. Moreover, Yun et al. investigated the prooxidant and
apoptotic efficacy of melatonin in a wild-type human
colorectal cancer cell line (SNU-C5/WT) in a dose-time-
dependent manner. The result showed that melatonin less-
ened SNU-C5/WT viability, through enhancing superoxide
generation and reducing cellular prion protein (PrPC)
expression, as well as PTEN-induced kinase 1 (PINK1) levels.
This advanced mitochondria-mediated apoptosis and endo-
plasmic reticulum stress. This study highlights the promising
strategy to target colorectal cancer [246]. Into the bargain,
(20μg/mL) melatonin and (50mg/j) capecitabine synergized
together and improved survival and tumor growth inhibition
in vivo in pancreatic tissue of male Syrian hamsters injected
with the carcinogen N-nitroso bis(2-oxopropyl) amine
(BOP), compared to capecitabine alone; this combination
showed an upgrade in the antioxidant enzymes GSH, SOD,
CAT, and GSH-Px activities and a retrogression of lipid per-
oxidation products [247].

3.4. Exogenous Antioxidants

3.4.1. Trace Elements

(1) Selenium. A mineral micronutrient with strong antioxi-
dant activity, essential for the defense of the body against
damage caused by oxidative stress [248, 249], was acquired
through diet; selenium is located mainly in the liver, kidneys,
blood, brain, heart muscle, and testes. As a cofactor, selenium
is incorporated in the form of selenocysteine into selenium-
dependent enzymes, such as the GPx; hence, its role in free
radical scavenging [250]. Selenium is also an antagonist of
many metals (As, Cd, Pb, and Hg) and is therefore likely to

modulate their toxicity which causes oxidative stress,
disruption of pigment function, and alteration in protein
activity [251, 252].

The selenoproteins act as a defensive barrier against
reactive oxygen species and inflammatory responses [131].
Several studies have described the potential of selenium in
the induction of apoptosis and selective cytotoxicity to cancer
cell lines derived from the lung, colorectal, breast, esopha-
geal, stomach, and prostate [132, 253, 254]. Recently, a study
suggested that intracellular selenium and cisplatin may act
synergistically and modulate the transient receptor potential
vanilloid 1 (TRPV1) cation channel. These channels are
responsible for the regulation of body temperature and sens-
ing scalding sensory stimuli in events of distress. Hence, to
some extent, relief from cancer-associated pain is possible
through the above synergistic therapy. Besides, they also
reported an increase in apoptotic proteins and a reduction
in cell viability in the MCF-7 breast cancer cell line cultures
on treatment with selenium as well as selenium+cisplatin.
Also, an increase in ROS occurs on the use of chemothera-
peutic agents including cisplatin. Selenium being an antioxi-
dant overcomes the side effects of chemotherapy in general
[255]. As a part of the recent development in cancer treat-
ment, selenium-based nanobiocomposites of L-asparaginase
have also been constructed which act as improved drug
delivery systems with intact antioxidant function. Thus, it
opens new dimensions to cancer therapy [256].

(2) Zinc. Zinc is the second most abundant elemental trace
element in the body after iron, mainly found in bones, mus-
cles, and liquids rich in proteins (plasma or cerebrospinal
fluid) [257]. With indirect antioxidant property [258], this
mineral participates in the structure or the regulation of more
than 300 enzymes, in particular the antiradical enzymes
involved in the protection against the toxic derivatives of
oxygen, such as the superoxide dismutase [259]. Thus, the
catalytic complexes that zinc and thiol groups form have
been observed to stabilize and protect proteins against oxida-
tion [260]. Zinc is also involved in maintaining the tissue
functional levels of metallothionein, a molecule potentially
capable of trapping free radicals [261].

Well-established evidence suggests decreased activity of
ZIP1 (SLC39A1)-zinc uptake transporter in malignant cells.
Although this indicates that zinc deficiency may be a trigger-
ing factor for cancer development, more studies are required
to sustain the claim with absolute certainty [262]. However,
zinc deficiency is strongly associated with esophageal squa-
mous cell carcinoma, prostate cancer, and colon cancer
[263]. It is also noted that zinc deficiency prominently causes
oxidative DNA damage and simultaneously impairs the
DNA repair ability in cells leading to increased frequency of
mutations [264, 265]. The anticancer activity of zinc is asso-
ciated with its significant role in promoting transcription fac-
tors for cellular propagation, antioxidant defense system, and
DNA repair [263]. In prostate cancer, the modulation of can-
cerous cell growth is observed in the LNCaP cell-line with
increased zinc supplementation. This is associated with the
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activation of the ERK1/2 phosphorylation and reduction in
VHR phosphatase and ZAP-70 kinase levels that together
result in antiproliferative activities of zinc [266].

(3) Copper. Copper plays multiple roles in the metabolism of
carbohydrates, lipids, and proteins, in the maintenance of
bone mass and cartilages, and in the synthesis of hemoglobin
and also contributes to immune defenses and the fight
against the phenomenon of oxidation and aging [267–272].
In this regard, copper is a powerful antioxidant stimulating
the activity of SOD, cytochrome C oxidase, and dopamine
β-hydroxylase [73, 273].

Elemental copper is reported to be a strong modulator for
the expression of several growth factors including vascular
endothelial growth factor (VEGF), interleukins, and oxida-
tive phosphorylation. Thus, it stimulates angiogenesis, cellu-
lar proliferation, migration, and oxidative stress. Hence, the
anticancer therapies are largely based on anticopper (copper
chelation) treatment approach, especially for metastatic can-
cers [274]. Copper complexes, on the other hand, show a
spectrum of activities depending on the ligands attached to
it and have been associated with both mitotic and apoptotic
cancer cell deaths. The copper complexes prepared with
N-benzyl 2-(diethyl amino) acetamide and 2-(diethyl
amino) N-phenyl ethyl acetamide have shown anticancer
activity in the U87 and HeLa cell lines [275]. The mixture
of dithiocarbamates and copper salts react with cellular cop-
per to form a proteasome that is responsible for inducing
apoptosis [276] and also dismutates superoxides into harm-
less compounds [277]. Thus, they are emerging as promising
metal-based cytotoxic agents for cancer therapy.

3.4.2. Vitamins

(1) Vitamin C. Vitamin C (ascorbic acid; C6H8O6) is a heat
and thermo labile antioxidant [278] that represents the most
important line of defense against oxidative stress in extracel-
lular fluids, acting as an antioxidant and cofactor in oxygen-
catalyzed hydroxylation reactions [279]. It is a powerful
scavenger of the ROS including the superoxide anion, singlet
oxygen, H2O2, NO, and OH [280]. The antioxidant role of
vitamin C is based on the inhibition of lipid peroxidation
by reducing the oxidized vitamin E after its reaction with
lipid radicals, generating the ascorbyl radical, which can be
reduced by glutathione-dependent enzymes [281]. Vitamin
C protects biomembranes and lipoproteins [282].

Dietary supplementation of vitamin C has been associ-
ated with improved patient outcome in advanced cancers of
breast and pancreas [283]. Moreover, a synergistic action of
ascorbic acid and anticancer agents like etoposide, cisplatin,
and doxorubicin has also been reported. In 2015, a study
reported selective death of cells with KRAS or BRAF muta-
tions in human colorectal cancer cells. Interestingly, the
dehydroascorbate (oxidized form of ascorbate) was found
to compete with GLUT1 transporter (for glucose uptake)
and reduced to ascorbic acid inside the cancer cells. The
increased uptake of DHA and the subsequently increased

concentration of vitamin C inside the cells can thus be corre-
lated to death of cells undergoing above mutations [284]. Vita-
min C-associated tumor inhibition and reduction in tumor
aggressiveness have also been reported in gastric cancers [285].

(2) Vitamin E. The liposoluble vitamin E is the most impor-
tant antioxidant of the hydrophobic interior sites of cell
membranes [286]. Under this designation, the tocopherol
and tocotrienol families are grouped, with alpha-tocopherol
as the most abundant and most biologically active form
[146, 287, 288]. This lipophilic antioxidant has the capacity
of trapping and neutralizing free radicals such as lipoperox-
ides, forming nontoxic tocopheryl radicals and interrupting
the lipid oxidation chain [73], and also increasing the activity
of antioxidant enzymes such as SOD, GPx, catalase, glutathi-
one transferase, and NAD(P)H reductase [289].

Vitamin E has been, most convincingly, identified as a
potential adjuvant in the treatment of cancers. Dietary defi-
ciency of vitamin E in generalized populations of Northern
Europe and USA and their increased risk of colon and pros-
tate cancer are clearly evident from epidemiological studies
in literature [290, 291]. They also promote apoptosis and
inhibit angiogenesis by modulating the immune system and
structural proteins like sphingolipids and collagen [292, 293].
Moreover, vitamin E stimulates the p53 tumor suppressor
gene and simultaneously downregulates mutant p53 proteins
[294]. Vitamin E as well as its natural and synthetic isoforms
exhibits strong antioxidation potential which further aids in
therapies to overcome the side effects of anticancer drugs.
Together, these factors prevent cancer development and pro-
liferation [295].

An excellent experimental illustration of the antioxidant
protective effect of vitamins and minerals was the famous
French study started in 1994, Supplements in Vitamins and
Minerals Antioxidants (SU.VI.MAX), a double-blind trial
on 5034 men to test the impact of a daily intake of vitamin
and mineral antioxidants in reducing the occurrence of
prostate cancer. A supplement consisting of a combination
of antioxidants at physiological doses of synthetic beta-
carotene (6mg), tocopherol (30mg), vitamin C (120mg),
selenium (100μg), and zinc (20mg) or one placebo capsule
was administered daily for 8 years. Overall, there was a mod-
erate, nonsignificant reduction in the incidence of prostate
cancer associated with supplementation; however, the effect
was significantly different concerning the PSA (prostate-spe-
cific antigen). In men with normal initial PSA (<3ng/mL),
the supplement was associated with a significantly reduced
rate of prostate cancer, which would support the consump-
tion of antioxidant vitamins and minerals as a method of
chemoprevention of prostate cancer [296].

Examining the relationship between MnSOD polymor-
phisms, a putative risk factor for prostate cancer, and status
of exogenous dietary antioxidants—selenium, lycopene, a-
tocopherol, and g-tocopherol—in modifying prostate carci-
nogenesisprocess in 567 cases and 764 controls, Li et al.
[297] demonstrated that the combined status of the men-
tioned antioxidants is inversely associated with the risk of
prostate cancer in patients with MnSOD polymorphism.
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3.4.3. Polyphenols. Polyphenols comprise more than 8000
hydrosoluble organic compounds, synthesized as secondary
metabolites by plants [298, 299]. They are subdivided into
several chemical groups and are characterized by the pres-
ence of at least two phenolic groups, one of which is directly
associated with hydroxyl functions or engaged in another
function: ether, ester, and heteroside [300]. Polyphenols are
considered powerful antioxidants that prevent oxidative
damage by not only trapping hydroxyl radicals, superoxides,
and nitrites [301] but also by chelation of transition metals
such as iron and copper essential catalysts of redox reactions
[302], or by the inhibition of enzymes that produce free rad-
icals [303, 304].

In the EPIC meta-analysis of data obtained from dietary
questionnaires of 345,904 people, from seven European
countries over a period of six years, Boeing et al. reported a
significant inverse association between total fruit and vegeta-
ble consumption and risk of cancers of the upper aerodiges-
tive tract of the oral cavity, pharynx, esophagus, and larynx at
an 80 g/day intake [305].

Plant flavonoids are considered preventive therapies
against cancer [306], and this important role of flavonoids
was supported by the results of a recent study of Bondonno
et al. analyzing the Danish nationwide dietary behavior over
a 23-year period [307]. The researchers noted that a moder-
ate intake of flavonoids was inversely associated with all-
cause mortality including the cancer-related mortality, with
the strongest associations between flavonoids and mortality
being observed in high-risk populations of smokers and high
alcohol consumers [307].

Quercetin is a unique flavonoid because of its biphasic
oxidation properties. At cell concentrations in the 1-40mM
range, quercetin acts as an antioxidant and thus reduces the
ability of ROS to damage cellular DNA [308], whereas at
doses above 40mM, quercetin acts as a prooxidant generat-
ing ROS which exert cytotoxic effects on the tumor [308].
Quercetin significantly inhibits NF-κB nuclear factor-kappa
B activity activated by ROS [308–311]. The NF-κB is a master
regulator of many genes involved in the carcinogenesispro-
cess through promotion of inflammation, cell growth,
differentiation, and angiogenesis [312]. Its activation may
regulate the production of prostaglandins via the gene
cyclooxygenases-2 (COX-2), which promotes both angiogen-
esis and metastasis in certain tumor models, potentially
through the regulation of vascular endothelial growth factor
(VEGF) and MMPs [313–316]. NF-κB mediates a crosstalk
between inflammation and the accumulation of proinflam-
matory cytokines cytokines such as TNF-alpha, and IL-6 in
a tumor microenvironment with elevated NF-κB activity
leads to the protumorigenic microenvironment [312]. The
NF-κB is therefore a promising anticancer therapeutic path-
way; the suppression of NF-κB leads to tumor regression
[312]. Min and Ebeler revealed that treatments with 1mM
quercetin prevent H2O2-induced DNA oxidative damage in
Caco-2 human epithelial colorectal adenocarcinoma cells by
improving the DNA repair process [317]. Moreover, the
same researchers observed that treatment with quercetin
(1-100μM) induces the expression of the mRNA of human
8-oxoguanine DNA glycosylase (hOGG1), an enzyme

involved in the DNA repair [317]. In addition, quercetin
has been shown to inhibit cell proliferation in the human
breast carcinoma cell line MCF-7 by inhibiting cell cycle pro-
gression at G2 and M phases, in addition to induction of the
apoptosis pathway [318]. This mechanism involved was the
inhibition of cyclin B1-Cdc2 kinase enzymatic complex
activity [318], critically involved otherwise in the unfolding
of early mitotic events [319].

4. Nanoantioxidant Strategies

In spite of the anticancer effectiveness of antioxidants, they
remain a growing challenge for clinicians due to their
instability, limited bioavailability, poor solubility, and low
selectivity, which limit their therapeutic uses in cancer. To
overcome these pharmacokinetic limitations, a promising
nanotechnology offers the possibility of delivering bioactive
compounds directly into tumor tissues, and therefore provid-
ing their maximal anticancer therapeutic activities. A variety
of novel nanoantioxidant-based delivery systems to target
cancer have been reported [320].

4.1. Lipid-Based Nanoparticles. Solid lipid nanoparticles
(SLNs) are the novel generation of submicron-sized colloidal
nanocarriers ranging from 50 to 1000 nm where the liquid-
lipid has been replaced by a solid-lipid such as mono-, di-,
or triglycerides, phospholipids, lipid acids, glyceride mixtures
or waxes, and cholesterol and surfactants. SLNs offer relevant
characteristics such as site-specific targeting, long-term phys-
ical stability, large surface area, and low toxicity and therefore
have immense antiproliferative potential in cancer therapy
by delivering antioxidant drugs incorporating them into the
SLN formulation in order to improve the drug pharmacoki-
netics and/or reduce their toxicities [321]. The SLNs-
antioxidant contributions have been reported in curcumin,
a natural antioxidant compound with anticancer potential
[322]. Wang et al. showed that curcumin- (cur-) loaded SLNs
exhibited higher antiproliferative activity in a dose-dependent
manner and induced strong cytotoxicity and apoptosis by
enhancing ROS production in SKBR3 cells, resulting in a
decrease in the Bax/Bcl-2 ratio, as well cyclin-dependent
kinase 4 (CDK4) and cyclin D1 expression compared to free
curcumin. These findings indicate that cur–SLNs might be
an efficient chemodrug against breast cancer [323]. Similar
to this, the incorporation of sesame into SLNs showed its
ability to induce the normalization of skin cancers after [324].

4.2. Micelles. Micelles are defined as the self-assembly of col-
loidal nanometries (diameter less than 50nm) and consist of
a hydrophobic core and a hydrophilic shell and are therefore
used to transport hydrophilic and lipophilic molecules. Their
surfactant structures can be aggregated by cationic, anionic,
zwitterionic, or nonionic groups depending on the nature
of the head groups, their origin, and the length of the alkyl
chains. These polymers have been considered promising
nanocarriers in cancer clinical trials for their capacity, critical
size, drug incorporation efficiency, stability, and release rate
[325]. Quercetin-loaded polymeric micelles showed signifi-
cant antiproliferative and apoptotic potential in vivo and
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in vitro in CT26, PC3, and H22 tumor-bearing mice,
enhanced cytotoxicity in the MCF-7 human breast cancer
cell line, and improved drug accumulation in the A549 can-
cer cell line and murine xenograft model [326]. Furthermore,
Hasegawa et al. demonstrated that administration of catechol
in micelles thwart cancer by inhibiting ROS-mediated angio-
genesis and thus the formation of capillary networks in the
tumor tissue environment in the chicken ex ovo chorioallan-
toic membrane assay [327].

4.3. Cyclodextrin. Cyclodextrins are cyclic oligosaccharides
formed from α-(1,4)glycosidic units by the enzymatic degra-
dation of starch by cyclodextrin glucanotransferase, resulting
in a toroidal structure and are water soluble in nature with a
hydrophobic core 0.5 to 1.0 nm in diameter and a hydrophilic
outer surface. The cyclodextrin complex confers high aque-
ous solubility, dissolution rate, and bioavailability to poorly
water-soluble drugs. Their unique characteristics predispose
them to applications in the design of an efficient cancer drug
delivery system [320]. The encapsulation of vitamin E into
the inclusion complex β-cyclodextrin (β-CD) showed fast
dissolving nanofibers accompanied with efficient antioxidant
properties and light and shelf stability compared to its
uncomplexed form. Moreover, even after 3 years of storage,
the vitamin E/HP-B-CD nanofibers preserved its antioxidant
hallmark. Along the same lines [328], Dhakar et al. reported
an improvement of water solubility and antioxidant property
with no cytotoxicity of kynurenic acid (4-hydroxyquinoline-
2- carboxylic acid, KYNA) loaded in cyclodextrin nanos-
ponges compared to free kynurenic acid [329].

5. Antioxidants and Controversies

The antioxidants and ROS display yet controversial or con-
tradictory roles in tumorigenesis, as ROS which more often
are involved in tumor development and progression, are also
toxic to cancer cells, and can potentially induce apoptosis at
high levels [330], and conversely antioxidants may cause an
increase in the risk of cancer [331].

Against the general opinion favoring the anticancer role of
antioxidants, a 2014 study in mouse models of BRAF and
KRAS oncogenes-induced lung cancer found that nutrient
supplementation with the antioxidants N-acetylcysteine and
vitamin E significantly accelerated tumor cell proliferation
and growth by reducing ROS, damaging DNA and preventing
tumor suppressor p53 activation [332], which leads to the ces-
sation of its roles in the response to DNA damage such as
DNA damage repair, cell cycle arrest, senescence, and apopto-
sis, all of which are in place to prevent mutations from being
passed on down the lineage, its inactivation therefore pro-
motes the development of many types of tumors [332–334].

The above study suggested that the antioxidants in lung
cancer cells may downregulate the endogenous ROS defense
through feedback mechanism on supplementation with N-
acetylcysteine and vitamin E. As a result, a significant
decrease can be noted in oxidative DNA damage, which in
turn, suppresses the activation of the p53 gene. These out-
comes were based on the findings that the antioxidant selec-
tively supported proliferation of lung cancer cells with wild-

type p53 and was not observed in cells with mutant or inac-
tivated p53. In general, it is suggested that the continuous
use of antioxidants like glutathione, superoxide dismutase,
catalase, and thioredoxin may prevent the ROS levels from
inducing anticancer mechanisms (mainly apoptosis) by
keeping them in check [14]. Also, since tumor cells them-
selves produce antioxidants to overcome oxidative damage,
the additional supplements may allow tumor cells to store
surplus antioxidants and promote its survival and further
proliferation [335]. A recent observational study of 2014
patients demonstrated an association between antioxidant
supplements (including vitamins, carotenoids, and coenzyme
Q10) and increased risk for breast cancer recurrence and
death [336].

In a large-scale research on the potential effects of daily
antioxidant supplementation (120mg of vitamin C, 30mg
of vitamin E, 6mg of beta-carotene, 100μg of selenium,
and 20mg of zinc) against the risk of skin cancers, with a
median follow-up period of 7.5 years, Hercberg et al.
reported more beneficial effects in men, whose prior antiox-
idant status was lower (for beta-carotene and vitamin C),
but not in women, who had an increased rate of melanoma
compared to the placebo group [337].

A meta-analysis of four randomized clinical trials involv-
ing 109,394 subjects investigating the effect of beta-carotene
supplementation on the incidence of lung cancer among
smokers and/or male asbestos workers surprisingly showed
that high-dose beta-carotene supplementation (30mg daily)
related to tobacco was significantly associated with an
increased lung cancer risk; a high concentration of beta-
carotene in interaction with cigarette smoke promotes lung
carcinogenesis by acting as a prooxidant exacerbating oxida-
tive damage [338]. The reactive nitrogen species (RNS) found
in the gaseous phase of cigarette smoke triggers the prooxi-
dant behavior of β-carotene, generating wider range of
oxidation products, including 4-nitro-β-carotene which
induced more lipid peroxidation and DNA damage [339–
342]. Besides the effect of high concentration, at a high partial
pressure of oxygen, may also affect the antioxidants function
of β-carotene in favor of prooxidant behavior due to autoox-
idation [343].

6. Conclusions

Under physiological conditions, both endogenous and
exogenous antioxidants are undoubtedly important and
interdependent to circumscribe the prooxidative damage of
the ROS. Multiple factors ranging from genetics to imbal-
anced lifestyle can disrupt oxidative homeostasis leading to
oxidative stress, high generation of reactive oxygen species
(ROS), and free radicals that consequently assault the struc-
ture of DNA molecules, proteins, and increased lipid
peroxidation. During these damaging processes, a variety of
molecules are produced, including 8-OH deoxyguanosine,
malondialdehyde, and 4-hydroxy 2-nonenal, participate to
promote the risk of mutagenesis, and are significantly corre-
lated with carcinogenesis.

As such, a strong enzymatic and nonenzymatic antioxi-
dant defense system to efficiently scavenge the ROS and
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prevent oxidative damage is essential in the prophylaxis
against the development of cancerous processes. Numerous
reports ranging from in vitro and animal experimental to
clinical and large observational studies have shown the anti-
tumoral efficacy of the antioxidants and the potential for
reducing the side effects of the chemotherapy and radiother-
apy regimens. The use of conventional antioxidants-free
therapies has been limited in biomedical trials due to their
poor permeation across cell membranes and cell internaliza-
tion, easier degradation, and limited bioavailability. To over-
come these barriers, a recent nanoantioxidant system may
provide potential solutions to enhance antioxidant efficiency
and to offer target delivery.

However, inclusion of antioxidants in cancer therapy is
controversial due to their unpredictable interaction with che-
modrugs. Furthermore, recent research has revealed the
overconsumption of antioxidants (and in particular synthetic
antioxidants) can promote the survival and growth of cancer
cells; a phenomenon known as the antioxidant paradox. A
high antioxidant supplementation that exceeds safe levels
can cause “antioxidant stress” and can fuel the metastasis-
promoting physiological imbalance. In light of all these data,
great caution is advised in the use of large doses of supple-
ments. The natural state of health is a question of balance.
A balanced diet of antioxidants can thus hold the key to
cancer prevention.
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Background. Although the efficacy of epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR- TKI) therapy has been
proven in non-small cell lung cancer (NSCLC) patients, acquired resistance to EGFR-TKIs presents a serious clinical problem.
Hence, the identification of new therapeutic strategy is needed to treat EGFR-TKI-resistant NSCLC. Methods. Acquired EGFR-
TKI-resistant lung cancer cell lines (HCC827, H1993, and H292 cells with acquired resistance to gefitinib or erlotinib) were used
for cell-based studies. IncuCyte live cell analysis system and XFp analyzer were used for the determination of cell proliferation
and energy metabolism, respectively. In vivo anticancer effect of phenformin was assessed in xenografts implanting
HCC827 and gefitinib-resistant HCC827 (HCC827 GR) cells. Results. HCC827 GR and erlotinib-resistant H1993 (H1993
ER) cells exhibited different metabolic properties compared with their respective parental cells, HCC827, and H1993. In
EGFR-TKI-resistant NSCLC cells, glycolysis markers including the glucose consumption rate, intracellular lactate level, and
extracellular acidification rate were decreased; however, mitochondrial oxidative phosphorylation (OXPHOS) markers
including mitochondria-driven ATP production, mitochondrial membrane potential, and maximal OXPHOS capacity were
increased. Cell proliferation and tumor growth were strongly inhibited by biguanide phenformin via targeting of
mitochondrial OXPHOS complex 1 in EGFR-TKI-resistant NSCLC cells. Inhibition of OXPHOS resulted in a reduced
NAD+/NADH ratio and intracellular aspartate levels. Recovery of glycolysis by hexokinase 2 overexpression in erlotinib-
resistant H292 (H292 ER) cells significantly reduced the anticancer effects of phenformin. Conclusion. Long-term treatment
with EGFR-TKIs causes reactivation of mitochondrial metabolism, resulting in vulnerability to OXPHOS inhibitor such as
phenformin. We propose a new therapeutic option for NSCLC with acquired EGFR-TKI resistance that focuses on cancer
metabolism.

1. Background

Epidermal growth factor receptor-tyrosine kinase inhibitors
(EGFR-TKIs) such as gefitinib and erlotinib have generally

been used in non-small cell lung cancer (NSCLC) patients
as first-line targeted therapy since 2003, and their prognosis
has significantly improved with the targeted therapy. Unfor-
tunately, long-term treatment with EGFR-TKIs frequently
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causes resistance to targeted therapy, which led to the devel-
opment of second- and third-generation EGFR-TKIs that
avoid point mutations in the EGFR tyrosine kinase domain
[1]. The T790M point mutation in EGFR exon 20 was
reported as a major cause of EGFR-TKI resistance [1, 2].
Consequently, diverse resistance research was conducted on
the H1975 NSCLC cell line carrying the T790M mutation,
and a third-generation EGFR-TKI, osimertinib (Tagrisso®),
which targets T790M, has been approved by the United
States Food and Drug Administration as first-line therapy
for metastatic lung cancer patients with an EGFR exon 19
deletion or L858R mutation [3]. However, acquired resis-
tance to EGFR-TKIs may not be solely due to point muta-
tions in some patients [2]. Although several molecular
mechanisms for acquired resistance to EGFR-TKIs have been
suggested, clinically available new therapeutic strategies are
still needed [1].

Because a principal hallmark of cancer cells is rapid
growth, a sufficient supply of nutrients is a critical require-
ment for cancer cells. Therefore, understanding cell type-
specific metabolic processes that consume or use nutrients
in cancer is important and could offer potential target(s) for
cancer chemotherapy. After the discovery of the Warburg
effect (metabolic dependency on glycolysis even under aero-
bic conditions), metabolic reprogramming in tumors has
been extensively studied, and several clinically effective tar-
gets for controlling cancer cell-specific metabolism have been
identified [4, 5]. In the present study, a new therapeutic strat-
egy for treating EGFR-TKI-resistant NSCLC that focuses on
cancer metabolism is proposed and the pharmacological effi-
cacy of phenformin, a biguanide agent was elucidated.

2. Materials and Methods

2.1. Reagents and Antibodies. Antibodies recognizing Hexo-
kinase I (C35C4), Hexokinase II (C64G5), phospho-
pyruvate kinase isozymes M2 (PKM2) (Tyr105), PKM2
(D78A4), α-tubulin, phospho-EGFR (Tyr1068) (1H12),
phospho-AKT (Ser473), and phospho-p44/42 mitogen-
activated protein kinase (MAPK) (Thr202/Tyr204) (20G11)
were purchased from Cell signaling Technology (Danvers,
MA, USA). Anti-Pyruvate Dehydrogenase E1-alpha subunit
(S293) and total OXPHOS human antibody cocktail were
obtained from Abcam (Cambridge, United Kingdom).
Antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was supplied from Millipore (Burlington, MA, USA) and
anti-Flag was purchased from Sigma Aldrich (St. Louis,
MO, USA). Epidermal growth factor (EGF), sodium 2-
oxobutyrate (AKB), and L-aspartic acid were supplied from
Sigma Aldrich. Gefitinib and osimertinib were obtained from
MedChemExpress (Monmouth Junction, NJ, USA). Erloti-
nib, phenformin, and rotenone were purchased from Cay-
man (Ann Arbor, MI, USA).

2.2. Cell Culture and Establishment of Stably Hexokinase II
Overexpressing H292 ER Cells. Human lung cancer cells
H1993, H1993 ER, H292, and H292 ER cells were kind gifts
of Dr. Sang Kook Lee (Seoul National University, Seoul,
Republic of Korea). HCC827, HCC827 GR, H1975, H1993,

H1993 ER, H292, and H292 ER cells were cultured in RPMI
1640 medium (Hyclone, Logan, UT, USA) with 10% fetal
bovine serum (Biowest, MO, USA) and 1% penicillin/strep-
tomycin (100U/mL, Hyclone). All cells were maintained in
an incubator humidified 5% CO2 at 37

°C.
To establish hexokinase II stably overexpressing cells,

pCAG-Flag-HK2-IRES-Blas plasmid was transfected to
H292 ER cells using Lipofectamine 2000 as specified by the
manufacturer’s instruction (Invitrogen, Carlsbad, CA,
USA). Colonies were selected by incubation with blasticidin
(15μg/mL, Invitrogen). pCAG-Flag-IRES-Blas vector was
used for mock transfection. pCAG-Flag-IRES-Blas and
pCAG-Flag-HK2-IRES-Blas plasmids were kindly donated
from Dr. Hong-Duk Youn (Department of Molecular Medi-
cine & Biopharmaceutical Sciences, Graduate School of Con-
vergence Science, Seoul National University, Seoul, Republic
of Korea).

2.3. Cell Proliferation. Cells were seeded in a 96-well plate
(2 × 103 cells/well) and cultured for 72h. To determine cell
proliferation, real-time scanned phase-contrast images were
acquired and integrated confluence was analyzed by Incu-
Cyte® ZOOM™ Live Cell Analysis system (Essen BioScience,
Ann Arbor, MI, USA).

2.4. Genomic DNA Sequencing. Genomic DNA from lung
cancer cell lines was extracted with lysis buffer (10% sodium
dodecyl sulfate (SDS), 100mM NaCl, 100mM ethylenedi-
aminetetraacetic acid (EDTA), 50mM Tris (pH8.0)) and
proteinase K (15mg/mL). Exon 18-21 region of EGFR gene
was amplified by polymerase-chain-reaction (PCR). Thermal
cycler settings include an initial denaturation at 95°C for
3min followed by 40 cycles of denaturation at 95°C for
20 sec, annealing at 59.1°C for 10 sec, and extension at 72°C
for 30 sec. Primers for exon 18 (sense: CAAATGAGCTG
GCAAGTGCCGTGTC, antisense: GAGTTTCCCAAACA
CTCAGTGAAAC), exon 19 (sense: GCAATATCAGCCTT
AGGTGCGGCTC, antisense: CATAGAAAGTGAACAT
TTAGGATGTG), exon 20 (sense: CCATGAGTACGTAT
TTTGAAACTC, antisense: CATATCCCCATGGCAAACT
CTTGC), and exon 21 (sense: CTAACGTTCGCCAGCC
ATAAGTCC, antisense: GCTGCGAGCTCACCCAGAATG
TCTGG) were used, and capillary electrophoresis sequencing
was performed in Macrogen (Seoul, South Korea).

2.5. Immunoblot Analysis. After washing with cold sterile
PBS, cells were lysed with lysis buffer containing 20mM
Tris-Cl (pH7.5), 1% Triton X-100, 137mM sodium chloride,
1mM sodium orthovanadate, 10% glycerol, 2mM EDTA,
25mM β-glycerolphosphate, 1mM phenylmethylsulfonyl-
fluoride, 2mM sodium inorganic pyrophosphate, and
1μg/mL leupeptin. Total cell lysates were separated using
SDS polyacrylamide gel and electrophoretically transferred
to nitrocellulose membranes. After serial incubation of the
membranes with primary antibodies and horseradish perox-
idase- (HRP-) conjugated anti-IgG antibodies, the mem-
branes were exposed to enhanced chemiluminescence
(ECL) reagent (Millipore, Burlington, MA, USA), and images
were obtained using LAS3000 mini (Fujifilm, Tokyo, Japan).
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2.6. 2-Deoxyglucose- (2-DG-) Uptake Assay. Cells seeded in a
96-well plate (2 × 104 cells/well) were incubated with 1mM
2-DG for 10min. 2-deoxyglucose-6-phosphate (2-DGP)
was determined using Glucose uptake-Glo assay kit (Pro-
mega, Madison, WI, USA) following the manufacturer’s
instruction.

2.7. Determination of NAD+/NADH Ratio. Cells were plated
in a 96-well plate and treated with the indicated concentra-
tion of phenformin for 24 h. Using NAD+/NADH Glo Assay
(Promega), the NAD+/NADH ratio was calculated [6].

2.8. Determination of Glucose Consumption in Culture
Medium. Cell culture media were collected 24 h after incuba-
tion, and a 1000-fold diluted solution was achieved by adding
ice-cold 50% methanol. The solution was introduced to 1
equivalent volume of chloroform for phase separation. Sam-
ples were vortexed for 10 s and subsequently centrifuged at
16,000 rcf for 5min. The upper hydrophilic phase was trans-
ferred to a microcentrifuge tube, and the extraction was
repeated once with the remaining lower phase. The collected
hydrophilic phase was dried under gentle stream of nitrogen.
Dried samples were reconstituted with 100μL methoxya-
mine hydrochloride (20mg/mL, Sigma Aldrich) in pyridine
and incubated at 37°C for 90min. Following cool-down, sam-
ples were introduced to 100μLN,O-bis(trimethylsilyl)tri-
fluoroacetamide solution with 1% trimethylchlorosilane
(Sigma Aldrich) and derivatized at 60°C for 40min. Glucose
contents were analyzed by the Shimadzu GCMS-QP2010
(Tokyo, Japan) system equipped with DB-5MS (30m,
0.25mm, 0.25μm; Agilent Technologies, DE, USA). Inlet
temperature was set at 270°C, and the samples were injected
in split mode (1 : 2). Column oven temperature was main-
tained as the following gradient: 0min, 80°C; 2min, 80°C;
7min, 100°C; 10min, 100°C; 35min, 200°C; 36min, 200°C;
48.5min, 300°C; and 50.5min, 300°C. Mass scan ranged from
40 to 600m/z with 3.06 scan/s of scan rate. Absolute quanti-
tative values were calculated with peak area based on calibra-
tion curve by external glucose standard solutions and
normalized by total protein contents.

2.9. Determination of Intracellular Lactate and Aspartate
Levels. The sample injection volume was 5μL, and peak sep-
aration was performed on a Hypersil GOLD C8
(2:1 × 150mm, 5μm, Thermo Scientific, Waltham, MA)
maintained at 30°C. The analysis was performed to gradient
condition using Agilent 1290 infinity II system with auto-
sampler, column oven, and binary pump (HPLC water con-
taining 0.01% (v/v) formic acid, A; 100% methanol, B), and
flow rate was 0.2mL/min. LC-MS/MS data were acquired
with an Applied Biosystems SCIEX 4000 QTRAP hybrid tri-
ple quadrupole-linear ion trap mass spectrometer equipped
with a Turbo V ionization source. The detection was con-
ducted using multiple reaction monitoring (MRM) of the
transitions of m/z 89 > 43 for lactate, m/z 132 > 88 for aspar-
tate, and m/z 157 > 112 for 13C5, D5,

15N-glutamate (ISTD)
in the negative ion mode. Acquisition and analysis data were
performed with Analyst® software (ver.1.6.2; Applied Biosys-
tems, Foster City, CA, USA).

2.10. Determination of Mitochondria ATP Production Rate,
Oxygen Consumption Rate (OCR), and Extracellular
Acidification Rate (ECAR).OCR and ECAR were determined
using XFp analyzer (Seahorse Bioscience, North Billerica,
MA, USA). XFp cell mito-stress test kit, XFp glycolysis stress
test kit, and XFp Real-Time ATP rate assay kit (Seahorse Bio-
science) were used to detect OCR, ECAR, and ATP ratio,
respectively. All the reagents and assay conditions were
followed by manufacturer’s instructions.

2.11. RNA Preparation and RNA Sequencing. Total RNA was
extracted from HCC827 and HCC827 GR cells using TRIzol
reagent (Invitrogen). Purity and concentration of RNA sam-
ples were evaluated by NanoDrop Lite (Thermo Scientific,
MA, USA), and transcriptome RNA-sequencing of the sam-
ples was performed by Macrogen.

2.12. Transmission Electron Microscopy. Cells were fixed with
Karnovsky’s fixative and fixed with 2% osmium tetroxide.
0.5% uranyl acetate was used for staining, and propylene
oxide and ethanol were used for dehydration. By using
Spurr’s resin, cells were embedded and polymerized at
70°C. After embedding, blocks were trimmed with ultrami-
crotome (EM UC7, Leica, Wetzler, Germany) and detected
with Transmission Electron Microscope (JEM1010, JEOL,
Tokyo, Japan).

2.13. Flow Cytometry Analysis to Determine Mitochondria
Membrane Potential. Tetramethylrhodamine methyl ester
perchlorate (TMRM) (Sigma-Aldrich, MO, USA) was pre-
pared as 100μM stock solution in dimethyl sulphoxide. Can-
cer cells were incubated with 100nM TMRM for 30min at
37°C. After trypsin treatment, the detached stained cells were
analyzed by Novocyte flow cytometer (Agilent, CA, USA).

2.14. Xenograft Assay. Five-week-old male Balb/c-nu mice
were supplied from Raon Bio Inc. (Seoul, South Korea).
Animal studies were performed according to the institute
regulation and approval from Seoul National University
Institutional Animal Care and Use Committee (Approval #:
SNU-170717-6-1). Mice were kept in SNU semipathogen-
free animal facility, with five mice in each cage. After anes-
thesia with Zoletil®/Rompun® mixture, 3:5 × 106 HCC827
or 3 × 106 HCC827 GR cells were inoculated on right flanks
of mice. One week after inoculation, the mice were randomly
divided into two groups (vehicle control group and phenfor-
min treatment group (300mg/kg/day, P.O.)). Animal num-
ber in xenograft study is 6-10 per group. Mice were
monitored every other day, tumor length and width were
detected by calipers, and tumor volume was calculated using
the formula ðlength × width2Þ × 0:5. Animals were sacrificed
by carbon dioxide inhalation in euthanasia chamber.

2.15. Statistics. Student’s t-test was performed to compare the
difference between two groups. One-way ANOVA and
Tukey’s post hoc was used to analyze differences in multiple
comparison. Statistical analysis was calculated using Sigma-
Plot (version 12.5). The statistical significance was accepted
at ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗ P < 0:001; #P < 0:05,
##P < 0:01, and ###P < 0:001.
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3. Results

3.1. Long-Term Treatment with EGFR-TKIs Induces Acquired
Resistance with Downregulation of EGFR Signaling in Lung
Cancer Cells. Gefitinib-resistant NSCLC HCC827 (HCC827
GR) cells were established via long-term exposure of the cells
to stepwise escalation of gefitinib. HCC827 GR cells exhibited
resistance to gefitinib at a level similar to that in H1975 cells
(T790M mutation). Other lung cancer cell lines, H1993
(NSCLC) and H292 (mucoepidermoid lung cancer) cells,
also exhibited resistance to erlotinib after long-term treat-
ment (H1993 ER and H292 ER, respectively) (Figure 1(a)).
Osimertinib, a third-generation EGFR-TKI, strongly inhib-
ited H1975 cell proliferation but marginally affected cell
proliferation in the lung cancer cell lines with acquired
EGFR-TKI resistance (HCC827 GR, H1993 ER, and H292
ER) (Figure 1(b)). Because various mutations in the EGFR
tyrosine kinase domain associated with gefitinib resistance
have been reported [7], DNA sequencing of EGFR exons 18
to 21 was performed for HCC827, HCC827 GR, H1975,
H1993, H1993 ER, H292, and H292 ER cells. An exon 19
deletion mutation and inherited gefitinib resistance,
T790M, were found in HCC827 and H1975 cells, respectively
(Figure 1(c)). However, mutations were not detected in all
the lung cancer cells with acquired EGFR-TKI resistance
tested (Figure 1(c)). Furthermore, EGF-induced phosphory-
lation of EGFR (Tyr1068) and its downstream kinases,
phosphorylation of AKT (Ser473) or p44/p42 MAPK
(Thr202/Tyr204), was not observed or was weaker in the
three acquired-resistance cells compared with their parental
cell lines. In addition, the EGFR tyrosine kinase-inhibiting
effects of gefitinib, erlotinib, and osimertinib were weaker
(Figure 1(d)). Conversely, EGFR phosphorylation and its
downstream signals were successfully suppressed by osimer-
tinib but not by gefitinib or erlotinib in H1975 cells (T790M)
(Figure 1(d)). The results showed that the acquisition of
EGFR-TKI resistance by long-term treatment with gefitinib
or erlotinib led to relatively minimal effects on EGFR activity,
and these cells subsequently exhibited decreased sensitivity to
EGFR-TKIs, even osimertinib.

3.2. Glycolysis Activity Is Decreased in Lung Cancer Cells with
Acquired EGFR-TKI Resistance. EGFR signaling promotes
aerobic glycolysis in triple-negative breast cancer (TNBC)
[8], and the inhibition of EGFR reverses the Warburg effect
and reactivates oxidative phosphorylation (OXPHOS) in
NSCLC cells [9]. Because EGFR signaling is suppressed in
the three acquired-resistance lung cancer cell lines
(HCC827 GR, H1993 ER, and H292 ER), we examined glu-
cose metabolism in these cancer cells. The 2-DG uptake assay
showed that glucose uptake in all three resistant cancer cell
lines was decreased (Figure 2(a)), and the glucose consump-
tion assay showed that the amount of glucose remaining in
the culture medium was higher in HCC827 GR cells com-
pared with HCC827 parental cells (Figure 2(b)). Using the
XFp analyzer with a glycolysis stress kit, changes in the extra-
cellular acidification rate (ECAR) representing glycolysis
were estimated. After being exposed to the same amount
of glucose (10mM), HCC827 GR and H1993 ER cells

showed less changes compared with their parental cells
(Figure 2(c)). Furthermore, expression levels of enzymes
involved in glycolysis (HK1, HK2, and GAPDH) were
lower in the two resistant cell lines (HCC827 GR and
H1993 ER) (Figure 2(d)), whereas the dimer (inactive) form
of Tyr105-phosphorylated PKM2 was slightly reduced in
HCC827 GR and H1993 ER cells (Figure 2(d)). Notably,
H292 ER cells lacked both HK1 and HK2, first-step enzymes
in glycolysis, and the Tyr105-phosphorylated PKM2 level
was upregulated (Figure 2(d)), indicating that glycolysis dys-
function in the H292 ER cells was mainly due to HK1/2
defects. The mRNA expression associated with the glycolysis
gene set was further analyzed using RNA sequencing for both
HCC827 and HCC827 GR cells. However, mRNA expression
patterns associated with glycolysis in the two cell types did
not exhibit any specific trends (Figure S1A). Although
metabolic differences were not clearly identified at the
mRNA or protein level in glycolytic enzymes, the metabolic
data indicate that glycolysis capacity was decreased in the
lung cancer cells with acquired EGFR-TKI resistance.

3.3. Reactivation of Mitochondrial OXPHOS Function in
Lung Cancer Cells with Acquired EGFR-TKI Resistance.
Because glycolysis is the main energy process using glucose
in rapidly growing cancers, glycolysis is considered a hall-
mark of cancer (Warburg effect) [10]. However, the role of
mitochondrial OXPHOS in cancer progression has also
been studied [4, 5, 11, 12]. Because EGFR inhibition
induces the reactivation of mitochondrial OXPHOS in
NSCLC cells [9], and the lung cancer cells with acquired
EGFR-TKI resistance exhibited decreased EGFR kinase sig-
naling activities (Figure 1(d)), OXPHOS activities in the
three lung cancer cell lines with acquired EGFR-TKI resis-
tance were compared with those in their parental cell lines.
Using the XFp analyzer with a cell mito stress test kit, oxy-
gen consumption rate (OCR) changes were monitored after
treatment with OXPHOS modulators (1.5μM oligomycin,
0.5μM trifluoromethoxy carbonylcyanide phenylhydrazone
(FCCP), and a mixture of 0.5μM rotenone and 0.5μM
antimycin A). ATP-linked mitochondrial respiration
increased in HCC827 GR and H1993 ER cells compared
with their parental cells (Figure 3(a)). In H292 ER cells,
maximal respiration in mitochondria increased but ATP-
associated respiration did not change significantly com-
pared with the parental cells (Figure 3(a)). Then, the ATP
production ratio was compared between glycolysis and
OXPHOS using the XFp analyzer with an ATP real-time
rate assay kit. ATP production in the HCC827 cells was
highly dependent on glycolysis (88.75%), but not on
OXPHOS (11.25%). However, HCC827 GR cells had more
ATP production that depended on mitochondrial OXPHOS
(27.14%) than did HCC827 cells (Figure 3(b)). Mitochon-
drial membrane potential is induced by a proton pump in
OXPHOS and regarded as an essential component during
mitochondrial ATP production. Mitochondrial membrane
potential in HCC827 and HCC827 GR cells was analyzed
via staining with tetramethylrhodamine methyl ester
(TMRM, red dots). As shown in Figure 3(c), total inte-
grated red fluorescence intensity versus cell confluence
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Figure 1: Continued.
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Figure 1: Acquisition of EGFR-TKI resistance by long-term treatment of gefitinib or erlotinib in NSCLCs. (a and b) Effects of EGFR TKIs on
cell proliferation of EGFR TKI-resistant lung cancer cells. HCC827, HCC827 GR, H1993, H1993 ER, H292, H292 ER, and H1975 cells were
incubated with various concentrations of gefitinib or erlotinib (a) and osimertinib (b), and cell proliferation was monitored for 72 h by
IncuCyte ZOOM analyses. Data represent means ± S:E:M: (n = 3 − 6, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗ P < 0:001 vs. parental cell line;
###P < 0:001 vs. H1975). (c) Genomic DNA sequencing of EGFR exon 18 to 21. (d) EGFR and its downstream signaling activities in
HCC827, HCC827 GR, H1993, H1993 ER, H292, and H292 ER cells. All cells were pretreated with vehicle or 100 nM gefitinib, erlotinib,
or osimertinib for 1 h and then exposed to 100 ng/mL EGF for 5min. Total cell lysates were subjected to immunoblottings for phospho-
EGFR (Tyr1068), phosphor-AKT (Ser473), or phosphor-p44/p42 MAPK (Thr202/Tyr204).
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Figure 2: Continued.
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was significantly higher in HCC827 GR cells. Conversely,
the basal intracellular level of lactate, the end product of
glycolysis, was significantly decreased in HCC827 GR cells
compared with HCC827 cells (Figure 3(d)). Inhibition of
OXPHOS can cause a compensative increase in glycolysis
resulting in the conversion of pyruvate to lactate. The lactate
level increased in phenformin- (OXPHOS inhibitor-) treated
HCC827 GR cells; however, a difference in HCC827 cells was
not detected (Figure 3(d)). These results indicate that mito-
chondrial OXPHOS was reactivated in the NSCLC cell lines
with acquired EGFR-TKI resistance (HCC827 GR and
H1993 ER). Next, we assessed morphological changes in

the mitochondria as well as the protein and mRNA expres-
sion of OXPHOS subunits. Transmission electron micros-
copy images showed no differences in the size and number
of mitochondria in both HCC827 and HCC827 GR cells
(Figure 3(e)). The expression of OXPHOS subunit proteins
(complex 2, 3, 5) was slightly increased in HCC827 GR cells
compared with HCC827 cells; however, the OXPHOS
subunits expression in H1993 ER and H292 ER cells was
not significantly different from that in their parental cells
(Figure 3(f)). The distribution of expression levels of different
mRNAs associated with OXPHOS subunits was viewed as a
MA plot. Significant fold-changes between HCC827 and
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Figure 2: Decreased glycolysis activity in acquired EGFR-TKI-resistant lung cancer. (a) Relative glucose consumption by 2-DG uptake assay.
Data represent means ± S:E:M: (n = 3, ∗∗P < 0:01, ∗∗∗ P < 0:001 vs. 2-DG uptake in parental cell line). (b) Glucose contents in culture
media. Glucose level was determined by GC-MS in culture media from HCC827 and HCC827 GR cells incubated for 24 h. Glucose
concentration was normalized by total protein amounts. Data represent means ± S:E:M: (n = 3, ∗P < 0:05 vs. HCC827). (c) ECAR
changes. ECAR values were obtained from glycolysis stress test using XFp analyzer. Glucose (10mM), oligomycin (1 μM), and 2-DG
(50mM) were added at indicated time points. Data represent means ± S:E:M: (n = 3, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗ P < 0:001 vs. parental cell
line). (d) Basal protein expression levels of glycolysis enzymes. Protein expression of hexokinase (HK)1, HK2, GAPDH, phosphor-PKM2
(Tyr105), PKM2, and phospho-PDHA1 (Ser293) was assessed by immunoblottings.
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HCC827 GR cells were not found (Figure S1B). The data
indicated that increased OXPHOS capacity in EGFR-TKI-
resistant NSCLC is associated with enhanced mitochondrial
function but not with changes in related gene expression.

3.4. Inhibition of Proliferation in Lung Cancer Cells with
Acquired EGFR-TKI Resistance Is Caused by Phenformin.
Biguanides, the most prescribed anti-diabetic agents, have
been recognized for their anticancer effects, and many clini-
cal trials are currently in progress [13–16]. The repositioning

of biguanides as anticancer agents is attracting much atten-
tion due to the cost benefit and minimal safety issues. In a
recent study, the combination of osimertinib with phenfor-
min delayed osimertinib resistance in a preclinical NSCLC
model [17]. We hypothesized that phenformin, an OXPHOS
complex 1 inhibitor, would selectively inhibit the prolifera-
tion of lung cancer cells with acquired EGFR-TKI resistance
that mainly employ mitochondrial OXPHOS. A prototype
biguanide, phenformin, more effectively inhibited the prolif-
eration of HCC827 GR and H1993 ER cells than their
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Figure 3: Reactivation of mitochondria function in acquired EGFR-TKI-resistant lung cancer. (a) OCR values were measured by XFp
analyzer with cell mito stress kit. Oligomycin (1.5 μM), FCCP (0.5 μM), and mixture of rotenone (Ro, 0.5 μM) and antimycin A (AA,
0.5 μM) were treated at indicated time points. Data represent means ± S:E:M: (n = 3, ∗∗∗ P < 0:001 vs. parental cell line). (b) Relative
contribution of glycolysis and OXPHOS to ATP production. Using XFp real-time ATP rate assay kit, ATP production rate from glycolysis
and OXPHOS was simultaneously determined in HCC827 and HCC827 GR cells. Data represent means (n = 3, ∗P < 0:05 vs. mito ATP
production rate in HCC827). (c) Mitochondrial membrane potential. HCC827 and HCC827 GR cells were incubated with 100 nM TMRM
for 30min, and fluorescence signals were detected by IncuCyte ZOOM. Total integrated intensity of TMRM (red fluorescence) was
normalized with cell confluence (outlined with yellow line). Data represent means ± S:E:M: (n = 3, ∗∗∗ P < 0:001 vs. HCC827). (d)
Intracellular lactate levels. HCC827 and HCC827 GR cells were treated with 100μM phenformin for 24 h, and lactate levels in cell lysates
were determined by LC-MS/MS. Intracellular lactate level was normalized with total protein amounts. Data represent means ± S:E:M:
(n = 3, ∗∗P < 0:01, ∗∗∗ P < 0:001 significant difference between the two indicated groups). (e) Number and size of mitochondria (red
arrows) in HCC827 and HCC827 GR cells were analyzed by TEM. (f) Protein level of OXPHOS subunits (ATP5A, UQCRC2, SDHB,
COX II, and NDUFB8) was detected by immunoblotting.
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parental cell lines (Figure 4(a)). However, the growth-
inhibiting effect of phenformin was not enhanced in H292
ER cells compared with H292 cells (Figure S2C), which is
consistent with the data showing no difference in ATP-
associated OCR change (Figure 3(a)). Next, the potential
mechanism by which phenformin inhibits the proliferation
of EGFR-TKI-resistant NSCLC cells was assessed. Because
OXPHOS is required for aspartate biosynthesis in
proliferating cells [6, 18], intracellular aspartate level was
measured after exposing HCC827 and HCC827 GR cells
to phenformin. The intracellular aspartate level decreased
to a greater extent in HCC827 GR cells than in HCC827
cells after exposure to phenformin (Figure 4(b)). Inhibition
of aspartate biosynthesis occurs due to an imbalance in the
NAD+/NADH ratio. When the cellular NAD+/NADH
ratio was measured, phenformin-mediated NAD+/NADH
imbalance was only observed in HCC827 GR cells
(Figure 4(c)). α-Ketobutyrate (AKB) is a representative
electron acceptor that participates in regenerating NAD+

[6]. The addition of both AKB and aspartate partially
alleviated the growth-inhibiting effects of phenformin in
HCC827 GR cells (Figure 4(d)). To assess if mitochondrial
OXPHOS complex I is a target of phenformin, the effects of
rotenone, a potent OXPHOS complex 1 inhibitor, were
investigated. TMRM-based mitochondria membrane potential
in HCC827 GR cells was more potently reduced by rotenone
treatment than HCC827 cells (Figure S2A). As expected,
rotenone exerted strong growth-inhibiting effects in HCC827

GR cells, and its antiproliferative effect was reversed with
AKB treatment (Figure S2B). To evaluate the anticancer
effects of phenformin in vivo, Balb/c nude mice were
implanted with HCC827 or HCC827 GR cells. In xenografts
inoculated with HCC827 GR cells, oral administration of
phenformin (300mg/kg/day) significantly reduced tumor
growth derived from HCC827 GR cells. Conversely,
phenformin administration did not significantly affect tumor
growth in xenografts inoculated with HCC827 cells
(Figures 4(e) and 4(f)).

3.5. Reversal of Anticancer Effects of Phenformin Is Caused by
Glycolysis Reactivation in Lung Cancer Cells with Acquired
EGFR-TKI Resistance. Because the reactivation of OXPHOS
in most of the lung cancer cell lines with acquired EGFR-
TKI resistance was observed, we hypothesized that phenfor-
min sensitivity could be diminished by the restoration of gly-
colysis (Warburg effect) in the resistant cell types.
Hexokinase (HK) is a first-step glycolytic enzyme that con-
verts glucose into glucose 6-phosphate. Among the five HK
isoforms, HK2 is highly expressed and functions as the pre-
dominant form in cancer cells [19]. Because HK2 and HK1
expressions were absent in H292 ER cells (Figure 2(d)), we
hypothesized that HK enzyme deficiency is a key event for
the metabolic shift to OXPHOS in H292 ER cells. HK2-
overexpressing H292 ER cells (H292 ER-HK2) were
established by transfection with a Flag-tagged human HK2
overexpression vector (Figure 5(a)). XFp analysis with a
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Figure 4: Selective anticancer effect of phenformin in acquired EGFR-TKI-resistant lung cancer. (a) HCC827, HCC827 GR, H1993, and
H1993 ER cells were exposed to phenformin (30 and 100μM) for 72 h, and cell proliferation was monitored by IncuCyte ZOOM. Data
represent means ± S:E:M: (n = 6, ∗∗∗ P < 0:001 vs. parental cell line). (b) Intracellular aspartate level. HCC827 and HCC827 GR cells were
treated with 100 μM phenformin for 24 h, and aspartate levels in cell lysates were determined by LC-MS/MS. Data represent means ± S:E:
M: (n = 3, ∗∗∗ P < 0:001 vs. vehicle-treated group). (c) Potentiation of redox stress by phenformin in acquired EGFR-TKI-resistant cancer
cells. Intracellular NAD+/NADH ratio was analyzed in HCC827 and HCC827 GR cells 24 h after exposure with vehicle or 100μM
phenformin. Data represent means ± S:E:M: (n = 3, ∗∗∗ P < 0:001 vs. vehicle-treated group). (d) Reversal of antiproliferative effect of
phenformin by electron acceptor or aspartate. Cell proliferation was monitored for 72 h in HCC827 and HCC827 GR cells treated with
phenformin (30 and 100μM) in the presence or absence of 1mM AKB or 10mM aspartate. Data represent means ± S:E:M: (n = 6, ∗∗P <
0:01, ∗∗∗ P < 0:001 vs. vehicle-treated group). (e and f) In vivo anticancer effect of phenformin on tumor growth of EGFR-TKI-resistant
lung cancer. HCC827 and HCC827 GR cells were inoculated into right flank of Balb/c nude mice, and the mice were orally administered
with 300mg/kg phenformin or tap water (vehicle) once a day. (e) Representative images. (f) Tumor volumes were measured every other
day. Data represent means ± S:E:M: (n = 6 − 10, ∗P < 0:05 vs. vehicle-treated group).
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glycolysis stress test kit showed that ECAR changes repre-
senting glycolysis and its capacity were greater in H292 ER-
HK2 cells compared with mock-transfected cells
(Figure 5(b)). The ATP production ratio from glycolysis also
increased from 63.55% to 83.22% (Figure 5(c)). Furthermore,
the inhibitory effects of phenformin on the proliferation of
H292 ER cells were significantly decreased by HK2 overex-
pression, indicating that enhanced glycolysis reduces the
anticancer effects of phenformin in lung cancer cells with
acquired EGFR-TKI resistance (Figure 5(d)).

4. Discussion

EGFR overexpression has been detected in approximately
half of NSCLC patients and is associated with poor progno-
sis, whereas EGFR-TKIs such as gefitinib and erlotinib signif-
icantly increase the survival rate of patients without serious
side effects (6). Unfortunately, most patients acquire resis-
tance to EGFR-TKIs within 6–12 months [20, 21]. Several
heterogeneous mechanisms, such as de novo mutation,
amplification, and downstream pathway activation of EGFR
or the activation of bypass pathways (e.g., pathways involving
c-Met, Axl, insulin-like growth factor receptor, and other
members of the EGFR family), explain the acquired EGFR-

TKI resistance in NSCLC [22–25]. Osimertinib (Tagrisso®,
a third-generation EGFR-TKI) has been approved for the
treatment of patients with metastatic and EGFR T790M
mutation-positive NSCLC [26]. However, several cases of
patients resistant to osimertinib have been reported in clinics
[26]. Although phenotype characteristics of EGFR-TKI-
resistant lung cancer cells can be classified as EGFR-
dependent and EGFR-independent growth [26], deciding
an appropriate treatment strategy is difficult due to the
acquired resistance being driven by heterogeneous mecha-
nisms. Herein, we propose a plausible therapeutic strategy
targeting the cancer metabolism of EGFR-TKI-resistant lung
cancer cells that focuses on the metabolic shift to mitochon-
drial OXPHOS.

In the tested lung cancer cell lines, the metabolic use of
glucose differed between EGFR-TKI-sensitive and EGFR-
TKI-resistant lung cancer cells. Both glucose uptake and
glycolytic capacity were significantly reduced in lung cancer
cell lines with acquired EGFR-TKI resistance compared with
their parental cell lines. Conversely, the overall function of
mitochondria was enhanced in the resistant cell lines, as
evidenced by increases in mitochondrial ATP production
and mitochondrial membrane potential. Reportedly, EGFR
stimulation accelerates glycolysis in TNBC cell lines [8].
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Figure 5: Reversal of antiproliferation effect of phenformin by glycolysis reactivation. (a) Establishment of hexokinase2 overexpressing H292
ER cells (H292 ER-HK2). H292 ER cells were transfected with pCAG-Flag-HK2-IRES-Blas or pCAG-Flag-IRES-Blas and protein expression
was confirmed by immunoblotting. (b) ECAR values in H292 ER-MOCK and H292 ER-HK2 cells. Glycolysis stress test was performed
by XFp analyzer, and ECAR was measured and normalized with basal ECAR level. Data represent means ± S:E:M: (n = 3, ∗∗P < 0:01,
∗∗∗ P < 0:001 vs. H292 ER-MOCK). (c) Relative contribution of glycolysis and OXPHOS to ATP production in H292 ER-MOCK and
H292 ER-HK2 cells. Using XFp real-time ATP rate assay kit, ATP production rate from glycolysis and OXPHOS was measured in H292 ER-
MOCK and H292 ER-HK2 cells. Data represent means (n = 3, ∗∗P < 0:01 vs. mito ATP production rate in H292 ER-MOCK). (d) Alleviated
antiproliferative effect of phenformin by HK2 overexpression. H292 ER-MOCK and H292 ER-HK2 cells were treated with vehicle or
phenformin and cell proliferation rate was monitored for 72 h by IncuCyte ZOOM. Data represent means ± S:E:M: (n = 6, ∗∗∗ P < 0:001
vs. H292 ER-MOCK). (e) Schematic illustration for metabolic shift to OXPHOS and the enhanced biguanide responsiveness in acquired
EGFR-TKI resistant lung cancer.
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Furthermore, suppression of EGFR signaling in NSCLC
cells reverses the Warburg effect and reactivates OXPHOS
[9]. Because EGFR-TKI-resistant lung cancer cell lines
(HCC827 GR, H1993 ER, and H292 ER) acquired resistance
via stepwise exposure to EGFR-TKIs over a long-term period
[21, 27] and exhibited downregulated signaling activity of
EGFR (Figure 1(d)), compensatory activation of mitochon-
drial OXPHOS in the resistant NSCLC cell lines appears
reasonable.

Cancer metabolism is an emerging research area in
cancer biology. Based on the reprogrammed pathways of
nutrient utilization and metabolism in cancer cells, several
metabolic characteristics have been identified as hallmarks
of cancer and recognized as promising therapeutic targets
for cancer chemotherapy [10, 28–32]. The metabolic pro-
cesses of mitochondria have attracted attention as part of
the development of treatment strategies targeting cancer
metabolism [5]. In particular, biguanides inhibiting mito-
chondrial complex I could be of interest because metformin
has been used for an extended period as an effective type 2
diabetes agent, and its safety is proven [14]. However, clear
evidence showing the successful anticancer efficacy of bigua-
nides has not been reported in numerous clinical trials, which
may be due to the nonselection of either a proper biomarker
that determines the reactivity of biguanide or an appropriate
biguanide-responding carcinoma [33–35]. In the present
study, phenformin strongly inhibited cell proliferation and
tumor growth in NSCLC with acquired EGFR-TKI resistance
(Figure 4).

We demonstrated that the anticancer effects of phen-
formin depend on the metabolic status of cancer cells,
ATP production via glycolysis, or mitochondrial OXPHOS
(Figure 5(c)). Although diverse cellular proteins including
AMP-activated protein kinase, liver kinase B1 [36],
OXPHOS complex 1 [37], and mitochondrial glycerolpho-
sphate dehydrogenase [38] have been suggested as phar-
macological targets of biguanides, we considered the
NAD+/NADH imbalance caused by OXPHOS complex 1
inhibition a plausible mechanism by which phenformin
acts on EGFR-TKI-resistant NSCLC. Because NAD+ is
required to activate cytosolic malate dehydrogenase to
generate oxaloacetate and then for the synthesis of aspartate
through aspartate aminotransferase, a key function of mito-
chondrial OXPHOS and the redox balance in cancer cells is
the biosynthesis of aspartic acid for the rapid growth of can-
cer [6, 18]. As shown in Figure 4, the intracellular aspartate
level was decreased by phenformin in EGFR-TKI-resistant
NSCLC. Because the metabolic shift to mitochondrial
OXPHOS is triggered by long-term exposure to EGFR-TKIs,
biguanide targeting OXPHOS may result in sustained redox
stress as well as a subsequent aspartic acid deficiency and
can be proposed as a new therapeutic option for NSCLC with
acquired EGFR-TKI resistance. Consistent with our data, the
combination of phenformin with osimertinib delayed the
occurrence of resistance in a preclinical model of NSCLC in
a recent study [17].

The present study has several limitations. First, all lung
cancer cell lines did not exhibit a metabolic shift from glycol-
ysis to mitochondrial OXPHOS under long-term exposure to

EGFR-TKIs. In fact, phenformin sensitivity in H292 ER cells
was of a similar intensity to that of its parental H292 cells
(Figure S2C). Second, a proper biomarker indicating if a
metabolic shift had occurred was not suggested. The
expression levels of glycolytic enzymes, such as HK1, HK2,
and GAPDH, were downregulated in HCC827 GR and
H1993 ER cells. Conversely, Tyr105-phosphorylated PKM2,
an inhibitory form of PKM2, and S293-phosphorylated
PDHA1, which converts pyruvate into acetyl-CoA, were
also downregulated in HCC827 GR and H1993 ER cells.
Based on our results showing that the expression levels
of glycolytic enzymes, such as HK1 and HK2, were low
and those of the inactive form of PKM2 (Tyr105-
phosphorylated PKM2) and S293-phosphorylated PDHA1
were high, H292 ER cells should be more dependent on
OXPHOS and more vulnerable to phenformin. However,
significant differences were not observed in terms of
inhibitory effects of phenformin on the proliferation of
H292 and H292 ER cells (Figure S2C). Because the
metabolic processes of cancer cells are diverse, elucidating
an indicator that defines the metabolic characteristics of
cancer is challenging. Although specific genes that uniquely
control the metabolic status of cancer cells have been
successfully elucidated in a few studies [33, 35, 39], we
could not find a common metabolic point for which
mitochondrial function is upregulated in three different
EGFR-TKI-resistant lung cancer cell lines. However, we
presume that biguanide sensitivity in NSCLC with acquired
EGFR-TKI resistance relies on mitochondrial OXPHOS
activity. Because mitochondrial function is precisely controlled
by numerous enzymes involved in several biochemical
cycles, predicting the responsiveness to biguanide by only
assessing specific gene expression is difficult.

5. Conclusions

Long-term treatment with EGFR-TKIs induces chemore-
sistance with a metabolic shift from glycolysis to OXPHOS
in lung cancer cells. Suppressing OXPHOS by phenformin
causes redox imbalance, leading to inhibition of aspartate
biosynthesis and ultimately cancer cell growth. Our
research provides pharmacological evidence for a thera-
peutic strategy using biguanides for EGFR-TKI-resistant
NSCLC (Figure 5(e)).
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Obstructive sleep apnea (OSA) is a chronic respiratory disorder, which can be present in up to 50% of the population, depending on
the country. OSA is characterized by recurrent episodes of partial or complete obstruction of the upper airways with consistent
movement of the respiratory musculature during sleep. Apneas and hypopneas can lead to a decrease in oxygen saturation, an
increase in carbon dioxide in the blood, and subsequent arousals and sleep fragmentation caused by repetitive activation of the
central nervous system. As a consequence, intermittent hypoxemia and consequent reoxygenation result in the production of
reactive oxygen species, leading to systematic oxidative stress, which is postulated to be a key mechanism of endothelial
dysfunction and increased risk for cardiovascular disorders in patients with OSA. In this review, various biomarkers of oxidative
stress, including high-sensitivity C-reactive protein, pregnancy-associated plasma protein-A, superoxide dismutase, cell-free
DNA, 8-hydroxy-2-deoxyguanosine, advanced oxidation protein products, lipid peroxidation products, receptor for advanced
glycation end-products, and thioredoxin are discussed. Biomarkers of oxidative stress have the potential to be used to assess
disease severity and treatment response. Continuous positive airway pressure (CPAP) is one of the most common noninvasive
treatments for OSA; it keeps the upper airways open during sleep. This reduces episodes of intermittent hypoxia, reoxygenation,
and arousal at night. CPAP has been shown to have anti-inflammatory properties and decrease oxidative stress. The
administration of certain compounds, like vitamins A, C, and E as well as N-acetylcysteine and allopurinol, can decrease
oxidative stress markers. However, their role in the treatment of OSA remains unclear.

1. Introduction

Obstructive sleep apnea (OSA), a chronic respiratory disor-
der, is present in up to 50% of the population, depending
on the country, and affects nearly 1 billion adults aged 30–
69 years [1]. OSA is characterized by recurrent episodes of
partial or complete obstruction of the upper airways, with
consistent movement of the respiratory musculature during
sleep [2]. Apneas and hypopneas can lead to a decrease in
oxygen saturation, an increase of carbon dioxide in the blood,
and subsequent arousals and sleep fragmentation caused by
repetitive activation of the central nervous system [3]. Fre-
quent awakening during sleep is followed by somnolence
during the day, lack of concentration, and chronic fatigue.

The main risk factor for OSA is obesity; other risk factors
include postmenopausal status in women, craniofacial dys-
morphisms, alcohol use, overuse of hypnotics, and advanced
age [4]. The risk of developing cardiovascular disorders such
as ischemic heart disease, heart failure, arrhythmia, stroke,
and transient ischemic attack is relatively high in patients
with OSA [5, 6]. In addition, OSA can predispose patients
to hypertension, irrespective of other factors. OSA may cause
cognitive dysfunction as well and accelerate aging [7].

The first-choice method for diagnosing OSA is overnight
polysomnography, which can assess the severity of OSA in
terms of apneas and hypopneas per hour (AHI). OSA sever-
ity is divided into mild, moderate, and severe, depending on
AHI per hour; mild patients have 5 to 14 episodes per hour,
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moderate cases have 15 to 29 per hour, and severe cases have
over 30 per hour [8]. Additional parameters, such as oxygen
desaturation index (ODI), measured as the mean number of
oxygen hemoglobin saturation drops of 3% or more per hour
of subjective sleep duration, mean blood hemoglobin oxygen
saturation (SpO2), and duration of oxygen blood saturation
below 90% (TSpO2 < 90%) may also be measured during
polysomnography [9, 10]. The gold standard of treatment
for OSA is a continuous positive airway pressure (CPAP),
which can be delivered using a wide variety of devices. CPAP
keeps the upper airways open during sleep and, as a conse-
quence, reduces apneas and hypopneas [11].

2. Oxidative Stress in OSA

Recurrent episodes of disturbed airflow due to obstruction dur-
ing sleep in patients with OSA can lead to apneas/hypopneas
and sequent fluctuations in blood oxygenation, with intermit-
tent hypoxemia and hypercapnia. As a consequence, intermit-
tent hypoxemia and the consequent reoxygenation result in
the production of reactive oxygen species (ROS), leading to sys-
temic oxidative stress [12]. ROS can react with nucleic acids,
proteins, and lipids leading toDNA alterations, cellular damage,
and inflammation [6, 13]. Moreover, intermittent hypoxemia
stimulates the production of proinflammatory factors and pro-
motes metabolic dysregulation and platelet aggregation [14].

The systemic oxidative stress present in OSA may repre-
sent a key mechanism of endothelial dysfunction and a pri-
mary reason for the increased risk of cardiovascular found in
this patient population [15, 16]. More specifically, ROS induce
endothelial dysfunction in the early stages of OSA by increas-
ing the expression of leukocyte-specific (L-selectin and integ-
rins) and endothelial-specific adhesion molecules (E-selectin,
P-selectin, ICAM-1, and VECAM-1). Additionally, endothe-
lial dysfunction may also cause microvascular damage [17].

Sampol et al. first showed that patients who underwent
thoracic aortic dissection had a high prevalence of previously
undiagnosed and frequently severe OSA [18]. It was postulated
that aortic dissectionmay relate to ROS production induced by
intermittent hypoxia and hypoxia-inducible factor-1 (HIF-1).
Moreover, the progression of aortic dissection is also affected
by this pathway, which promotes the expression of vascular
endothelial growth factor (VEGF), as well as matrix metallo-
proteinases 2 and 9 in the aortic wall [19].

Obesity, which occurs in more than 50% of OSA patients, is
itself a chronic inflammatory state related to systematic oxida-
tive stress and increased cardiovascular morbidity [6, 20].
Simiakakis et al. [21] showed that systemic oxidative stress in
patients with OSA is not associated with disease severity but
rather with the presence of obesity, smoking, and female sex.

2.1. Biomarkers of Oxidative Stress in OSA Patients. In the
following section, biomarkers of oxidative stress in patients
with OSA will be discussed in more detail. For this purpose,
Medline and Embase databases were queried, and only
papers published in the last 20 years were analyzed. We used
key words such as “obstructive sleep apnea,” “oxidative
stress,” “CPAP,” and “antioxidants.” The present systematic
review was reported based on the guidelines of the Preferred

Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) Statement (Figure 1).

In our review, we only studied English articles, using sys-
temic reviews, meta-analyses, prospective studies, and case
reports. Biomarkers of oxidative stress in patients with OSA
are presented in Table 1.

2.1.1. High-Sensitivity C-Reactive Protein. A high-sensitivity
C-reactive protein (hsCRP) is an acute-phase protein, in
which high levels represent a marker of inflammation [22],
though hsCRP may also be an oxidative stress marker [23].
There is a positive correlation between the levels of hsCRP
and the parameters used to assess OSA severity, such as
AHI, ODI, and SpO2 < 90% [24]. Obesity, assessed by body
mass index (BMI), is a common comorbidity among OSA
patients and is associated with increased oxidative stress,
independently from presence of OSA [25]. While some view
OSA as independent from obesity and elevated CRP levels
[26], Volná et al. [24] reported a significant difference in
the serum levels of hsCRP in patients without OSA compared
to severe OSA after correction for BMI.

2.1.2. Pregnancy-Associated Plasma Protein-A. Pregnancy-
associated plasma protein-A (PAPP-A) belongs to the metal-
loproteinase family. PAPP-A is synthesized by the placenta
during pregnancy; therefore, it is widely used as a marker
for prenatal genetic screening [27]. Moreover, PAPP-A is
produced by the colon, kidneys, endometrium, bones, and
testicles, among other organs [28]. PAPP-A was found to
be a marker of instability in atherosclerosis in coronary syn-
dromes. Moreover, high levels of PAPP-A have been
reported to be present in patients with asthma, chronic
obstructive pulmonary disease, and lung cancer [29, 30].
Thus, a high level of PAPP-A may signal the presence of
inflammation and oxidative stress and could be used as a bio-
marker of risk for patients with atherosclerosis [31–33].
Results from previous reports assessing the levels of PAPP-
A in OSA patients remain ambiguous. Cengiz et al. [34]
showed that PAPP-A levels were significantly higher in
OSA patients compared with a control group. In this study,
a negative correlation between AHI and the levels of PAPP-
A was reported. Surprisingly, patients with moderate OSA
were found to have higher levels of PAPP-A compared with
those who had mild or severe OSA [34]. In contrast, Volná
et al. reported no significant correlation between AHI and
the severity of OSA [24]. The ambiguity of these results
may be due to a relatively small study sample.

2.1.3. Superoxide Dismutase Activity. Superoxide dismutase
(SOD) is an essential antioxidant enzyme that eliminates
ROS in a similar fashion to catalase and peroxidase. Lower
activity levels of SOD were present in OSA patients com-
pared with healthy subjects [35]. A significant reduction in
SOD activity was reported in those who had mild to moder-
ate OSA [13].

2.1.4. Cell-Free DNA. High cell free-DNA (cfDNA) levels
are considered a serum marker of many inflammatory dis-
eases, such as stroke, ischemic heart failure, acute coronary
syndrome, and OSA [21, 36, 37]. Free radicals in OSA
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patients destroy nucleic acids and lead to a higher level of
free nucleosomes and cfDNA [38]. The levels of cfDNA
were found to be significantly higher in OSA patients
compared with healthy subjects [39]. Moreover, a linear
correlation between cfDNA concentration and severity of
disease was observed [40].

2.1.5. 8-Hydroxy-2-deoxyguanosine. 8-Hydroxy-2-deoxygua-
nosine (8-OHdG) is a product of DNA oxidation and has
been used as a biomarker of oxidative stress. Significantly
higher urinary 8-OHdG excretion has been observed in
patients with severe OSA. In the same study, a positive corre-
lation between 8-OHdG and AHI, ODI, and TSpO2 < 90%
was observed [41]. In contrast, Jordan et al. [42] showed that
the concentration of 8-OhDG correlates with a duration of
lower saturation. However, urinary excretion remained
within the normal range in OSA patients. Presumably, in this
group, hypoxemia and consequent reoxygenation did not
induce strong DNA damage.

2.1.6. Advanced Oxidation Protein Products. Advanced oxi-
dation protein products (AOPP) are a group of oxidized
proteins that are produced by oxidation overload [43].
AOPP is a marker of both oxidative stress and inflamma-
tion [44]. They represent a more stable biomarker than
products of lipid oxidation [45]. A study by Tóthová
et al. [46] showed that AOPP concentrations in saliva
samples are higher in the morning compared with the eve-
ning in patients with OSA. Thus, hypoxia, which occurs

during sleep in OSA patients, induces oxidative stress.
Yağmur et al. [47] discovered a positive correlation
between AOPP blood concentrations and AHI, TSpO2 <
90%, and ODI. Moreover, higher levels of AOPP are
observed in patients with severe and moderate OSA com-
pared with those who had mild OSA or were healthy sub-
jects. Mancuso et al. [48] published contradicting results,
where there was no correlation between polysomnography
parameters and AOPP concentrations.

2.1.7. Lipid Peroxidation Products. End-products of lipid per-
oxidation include oxononenal (ONE), malondialdehyde
(MDA), and hydroxynonenal (HNE). Lipid oxygenation is
typically assessed by measuring the plasma concentrations
of thiobarbituric acid-reactive substances (TBARS), which
contain MDA and lipid peroxides. Hopps et al. [49] detected
significantly higher levels of lipid peroxidation in patients
with severe OSA compared with those who had mild and
moderate disease severity. In all OSA patients (n = 48), posi-
tive correlations between AHI and TBARS and between ODI
and TBARS were detected. Moreover, neck circumference,
which is an anthropometric parameter used as a screening
tool for obesity, was positively correlated with TBARS [49].
8-Isoprostane is a product of the oxidation of arachidonic
acid and is considered to be a reliable marker of oxidative
stress because of its chemical stability [50]. Urinary excretion
of 8-isoprostane was higher in OSA patients compared with
healthy individuals [51].

Records identified from
databases searching (Medline
n = 949, EMBASE = 220) 
total : 1169

Records removed before 
screening:

Duplicate recordsr emoved 
(n = 383)
Records removed for other 
reasons (n = 228)
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- Not english (n = 124) 
- Not full text available (n = 197)
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(n = 237)

Reports excluded :
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Figure 1: PRISMA flow diagram showing the study selection and identification.
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2.1.8. Receptor for Advanced Glycation End-Products.
Advanced glycation end-products (AGE) are the results of
the nonenzymatic glycation of proteins. This reaction can
occur during intermittent hypoxia and hyperglycemia [52,
53]. Receptor for advanced glycation end-products (RAGE)
is a multiligand cell-surface receptor that interacts with
AGE. Interaction between the receptor and its ligand acti-
vates nuclear factor-kappa B (NF-κB) and stimulates oxida-
tive stress and inflammatory marker production. RAGE is
expressed in podocytes, mesangial cells, and renal tubules,
among other tissues [54]. Soluble RAGE (sRAGE) and
endogenous secretory RAGE (esRAGE) were recently identi-
fied as two isoforms of this receptor. In OSA patients, sRAGE
and esRAGE expression negatively correlated with AHI,

ODI, and BMI [24, 55]. In addition, esRAGE expression
relates to systolic and diastolic blood pressure; the lower the
blood pressure, the higher the expression of esRAGE [55].
However, such a correlation was not found for sRAGE. Thus,
it was suggested that these isoforms may have differing roles
in OSA progression.

2.1.9. Thioredoxin. Thioredoxin (Trx), along with NADPH
and thioredoxin reductase (TrxR), is part of the Trx system,
which is present in all living organisms. The main role of this
system is to regulate a variety of cellular redox reactions and
signaling pathways, such as antioxidant defense and gene
transcription [56]. Guo et al. [57] found a positive correlation
between the concentrations of Trx and the severity of OSA.

Table 1: Characteristics of oxidative stress markers in obstructive sleep apnea (OSA) patients.

Author Study population Marker Outcome

Volná J. et al.
2011 [24]

51 men divided into groups
according to AHI values

hsCRP
sRAGE
PAPP-A

(i) Positive correlation between AHI, ODI, TSpO2 < 90%, and hsCRP
levels (p < 0:001)

(ii) Significant difference between hsCRP levels in severe OSA
(AHI ≥ 30) compared to healthy individuals (AHI ≤ 5) (p = 0:039)
(iii) Negative correlation between sRAGE and AHI (p = 0:044) and

between sRAGE and ODI (p = 0:027)
(iv) No correlation between OSA parameters and PAPP-A levels

Cengiz A. et al.
2018 [34]

44 OSA
44 control group

PAPP-A

(i) PAPP-A levels significantly higher in OSA, particularly in patients
with moderate severity, compared to the control group (p < 0:001)

(ii) Negative correlation between AHI and PAPP-A
(iii) Positive correlation between minimum and mean oxygen levels at

night and PAPP-A

Wysocka E.
et al. 2008 [35]

41 OSA
39 control group

SOD
(i) Decreased activity of SOD in OSA compared to controls,

particularly in those with moderate to severe severity (p = 0:006)
Bauça J. et al.
2017 [39]

62 OSA
52 control group

cfDNA
(i) Increased concentration of dsDNA in OSA compared to controls

(p = 0:007)

Ye L. et al.
2010 [40]

127 OSA (43 mild, 39 moderate, and
45 severe)

52 control group
cfDNA

(i) Positive correlation between level of cfDNA and AHI and ODI
(ii) Linear correlation between cfDNA concentration and severity of

OSA

Yamauchi M.
et al. 2005 [41]

75 OSA (17 nonsevere [AHI < 30],
58 severe [AHI ≥ 30] 8-OHdG

(i) Urinary excretion of 8-OHdG higher in severe OSA (p = 0:03)
(ii) Positive correlation between 8-OHdG urinary excretion and AHI,

ODI, and TSpO2 < 90%
Jordan W.
et al. 2006 [42]

25 OSA (20 moderate to severe, 5
UARS or mild OSA)

8-OHdG
(i) 8-OHdG concentration slightly higher in patients with moderate to

severe OSA (NS)

Tóthová L.
et al. 2019 [46]

24 OSA (AHI > 30) AOPP
(i) Salivary AOPP concentrations higher in the morning compared to

evening (p < 0:05)

Yağmur A.
et al. 2020 [47]

125 OSA (32 mild, 34 moderate, 59
severe)

40 control group
AOPP

(i) Higher levels of AOPP in severe and moderate OSA subjects
compared to mild OSA subjects and healthy controls (p < 0:05)

(ii) Positive correlation between AOPP blood concentration and AHI,
TSpO2 < 90%, and ODI (p < 0:001)

Mancuso M.
et al. 2012 [48]

41 OSA (7 mild, 15 moderate, and 19
severe)

32 control group
AOPP (i) No correlation between AOPP levels and AHI

Hopps E. et al.
2014 [49]

48 OSA (21 low [AHI < 30], 27 high
[AHI > 30]) TBARS

(i) Positive correlation between AHI, ODI, and TBARS concentration
(p < 0:0001)

Cherneva R.
et al. 2017 [51]

86 OSA (ESS < 11)
45 control group

8-
Isoprostane

(i) Higher urinary excretion in OSA patients compared to controls
(p = 0:028)

Cai W. et al.
2015 [55]

139 OSA (46 with AHI < 42, 46 with
42 ≤AHI < 66, 47 with AHI ≥ 66)

sRAGE
esRAGE

(i) Negative correlation between sRAGE and esRAGE expression and
AHI (p < 0:05)

Guo Q. et al.
2013 [57]

54 OSA (14 mild, 11 moderate, and
29 severe)

Trx (i) Positive correlation between AHI and Trx concentration (p < 0:05)
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Increased Trx levels were proportional to reduced O2 satura-
tion and increased AHI values.

3. The Impact of CPAP on Oxidative
Stress in OSA

CPAP is one of the most common noninvasive methods of
treating OSA; by keeping the upper airways open during
sleep, CPAP reduces episodes of intermittent hypoxia, reox-
ygenation, and arousal during the night. CPAP is also
reported to decrease oxidative stress [58, 59]. The efficacy
of CPAP depends on the duration of therapy. Alzoghaibi
and BaHammam [60] showed that even one night of over-
night CPAP treatment impacts lipid peroxidation and
decreases TBARS concentrations. However, such a short
therapy does not affect antioxidant production, and SOD
activity remains unchanged after CPAP therapy. In contrast,
decreased concentrations of 8-isoprostane from exhaled
breathe were reported after only 2 days of CPAP therapy
[61]. Likewise, three months of CPAP treatment led to a sig-
nificant reduction in 8-isoprostane serum concentrations
[58]. Borges et al. [62] reported that 8-week CPAP therapy
had no significant impact on oxidative stress biomarkers,
including SOD and AOPP. However, sleep efficiency and
hours of sleep significantly improved. In several studies,
AOPP concentrations remained unchanged after 3 months
of CPAP therapy; however, the number of patients who
underwent reevaluation after therapy was small (n = 7)
[48]. Eight-week CPAP therapy also significantly decreased
the levels of 8-OHdG [63]. With regard to Trx, studies have
shown that one-month therapy significantly decreases the
concentrations of this biomarker in patients with severe
OSA [64].

4. The Role of Antioxidants in OSA

4.1. Vitamins and Microelements. Vitamins C, E, and A are
essential microelements that act as antioxidants to protect
lipids, proteins, nucleic acids, and other important biomole-
cules against oxidative stress damage [65, 66]. Their antioxi-
dant properties are related to their ability to donate electrons.
Selenium (Se), a metalloid, is present as selenoproteins,
which are important in many reactions, such as the forma-
tion of thyroid hormones and antioxidant defense [67].

The role of antioxidants in OSA has been reported in
many studies, though opinions may differ. Several studies
reported decreased levels of vitamins A and E in OSA
patients compared with healthy individuals [68, 69]. In con-
trast, Saruhan et al. [70] found that concentrations of vitamin
A are increased in OSA patients and are positively correlated
with AHI. The levels of vitamin E were also higher in OSA
patients compared with healthy individuals, but the differ-
ence was not statistically significant, possibly due to the dif-
ferent sample sizes of the groups used in the study (47 vs.
114). Vitamins A and E, fat-soluble compounds, are stored
in adipose tissue and the liver; oxidative stress and inflamma-
tion induce an increased release of vitamins from adipose tis-
sue. Moreover, oxidative stress in OSA patients upregulates
the expression of α-tocopherol transfer protein (αTTP),

which is responsible for vitamin E transfer between the liver
and other tissues [71]. However, the concentrations of vita-
min C, a water-soluble compound, were significantly
decreased in OSA patients compared with healthy subjects
[70]. Opinions regarding the correlation between selenium
levels and OSA also differ. Chen et al. [72] demonstrated that
selenium concentrations are decreased in newly diagnosed
OSA patients with mild to moderate severity. In contrast,
Saruhan et al. [70] found significantly higher selenium levels
in OSA patients compared with healthy subjects. In both
studies, patients with comorbidities, which could impact
the results, were excluded. The disparity between these stud-
ies could also result from varying sample sizes.

In the literature, several studies have investigated the use
of antioxidants as therapy for OSA. Grebe et al. [73] per-
formed measurements of flow-mediated dilation (FMD) on
brachial artery by ultrasonography. FMD is a parameter that
assesses endothelial function. FMD values were decreased in
OSA patients; however, after intravenous administration of
vitamin C, FMD increased in these patients, but not in the
control group. In addition, animal models, including rats,
have been used to assess the influence of vitamins C and E
on oxidative stress. Intermittent hypoxia generated by
obstruction of the trachea led to higher concentrations of
MDA and AOPP, both indicators of oxidative stress. The
administration of antioxidants significantly decreased AOPP
levels, with no impact on MDA concentrations [59].

4.2. Medications and Perspective for Future OSA Therapy.
Several medications frequently used to treat diseases other
than OSA have antioxidant properties. NAC is well-known
as a mucolytic drug and is used in acetaminophen intoxica-
tion. Moreover, NAC is essential to glutathione synthesis
and has an antioxidant effect. A 30-day oral administration
of N-acetylcysteine (NAC) has been previously tested in
OSA patients. This study reported that in NAC-treated
patients, lipid peroxidation products were significantly
decreased and levels of glutathione were increased after treat-
ment [13]. Allopurinol, which is commonly used in urate-
lowering therapy, has additional properties, such as scaveng-
ing free radicals and inhibition of lipid peroxidation [74]. An
animal model study, performed on rats, reported a significant
decrease in lipid peroxidation products in allopurinol-treated
rats [75].

5. Conclusion

Taken together, oxidative stress in patients with OSA arises
as a consequence of intermittent hypoxia during the night.
Biomarkers of oxidative stress may be used to assess disease
severity as well as the individual response to treatment. Sev-
eral of these markers, including high-sensitivity CRP, 8-
hydroxy-2-deoxyguanosine, thioredoxin, advanced oxida-
tion protein products, and lipid peroxidation, have positive
correlations with AHI, ODI, and SpO2 < 90%.

CPAP therapy is essential to treat OSA due to its antiox-
idative properties. Many studies have reported a significant
decrease in the concentrations of many oxidative markers,
such as 8-isoprostane, 8-hydroxy-2-deoxyguanosine, and

5Oxidative Medicine and Cellular Longevity



thioredoxin. The impact on the reduction of oxidative stress
is greater the longer the therapy. However, SOD activity did
not differ after the treatment. Likely, it is necessary to con-
duct further studies with a longer period of CPAP treatment
and a wider study group.

In addition, surveys on the administration of antioxi-
dants such as vitamins and antioxidant medications demon-
strated decreased levels of markers of oxidative stress.
However, several were performed on animal models, and fur-
ther experimentation is warranted. Nonetheless, antioxidants
may one day be utilized as complementary therapy for OSA,
with potential benefits for patients who are intolerant to
CPAP.
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Introduction. Obesity is one of the most important public health problems in the world. Among obese people, there are those who,
apart from excessive body weight, do not exhibit other metabolic dysfunctions, have a lower risk of developing cardiovascular
diseases (CVDs), and show lower mortality. According to the theory, they are referred as metabolically healthy obese (MHO), in
contrast to metabolically unhealthy obese (MUO). Metabolic disturbances occurring with obesity have been well established to
be associated with oxidative stress. Aim. The purpose of this study was to analyse the association between selected
anthropometric and biochemical parameters with oxidative stress in MHO, MUO, and normal weight young adults. Material
and Methods. Individuals with age between 18 and 36 years with no history of chronic diseases and use of medicaments, with or
without obesity, participated in the study. Complete blood counts, biochemical measurements, and parameters of oxidative
stress such as total antioxidant capacity (TAC), total oxidative status (TOS), oxidative stress index (OSI), serum concentration
of malondialdehyde (MDA), ceruloplasmin, thiol groups and lipid hydroperoxides (LPH), concentration of lipofuscin (LPS) in
erythrocytes, and the activity of superoxide dismutase (SOD) were measured. Results. 422 patients who met the inclusion criteria
were enrolled in the study. Among the study participants, 208 people (49.29%) were offspring of patients with angiographically
confirmed coronary artery disease. Among the participants, 16 patients have been included in the group of metabolically healthy
obese (MHO) people and 61 patients in the group of metabolically unhealthy obese (MUO) people and 345 patients had normal
body weight. Significant differences between metabolically unhealthy obese and normal weight patients, as well as between
women and men, have been found. Conclusions. We showed significant differences in the selected parameters of oxidative stress
between metabolically unhealthy obese (MUO) individuals and young volunteers with normal body weight as well as without
significant medical history.

1. Introduction

Obesity is a significant risk factor for metabolic disorders
leading to multiple diseases such as diabetes mellitus, cancer,
and cardiovascular diseases [1]. It has been observed that
there is a subgroup of patients, called metabolically healthy

obese (MHO), with no metabolic abnormalities despite
excessive body weight. Patients with metabolic disorders in
the course of obesity belong to metabolically unhealthy obese
(MUO) individuals [2]. According to the current definition,
body mass index (BMI) above 30 kg/m2 allows the diagnosis
of obesity. Obesity causes worsening of quality of life and
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poses economic burden for countries worldwide [3]. The
prevalence rate of obesity increased by 27.5% between 1980
and 2013 [4].

Cardiovascular diseases (CVDs), such as coronary heart
disease and stroke, belong to the most important causes of
mortality worldwide [5, 6]. The incidence of CVDs among
young people has increased past two decades, and it may be
associated with increasing incidence of obesity [7]. Athero-
sclerosis is the main mechanism leading to CVDs [8].
Oxidative stress is suspected to play an important role in
the pathogenesis of atherosclerosis [9].

Oxidative stress results from imbalance between prooxi-
dative and antioxidant factors in favour of prooxidative fac-
tors [10]. Representatives of reactive oxygen species (ROS),
highly reactive radical or nonradical molecules generated in
the course of oxygen metabolism, are superoxide anion,
hydroxyl radical, and hydrogen peroxide [11]. Superoxide
dismutase (SOD), glutathione peroxidase, and catalase are
main antioxidant enzymes in humans [12]. Ascorbic acid,
glutathione, beta-carotene, tocopherols, and tocotrienols
belong to nonenzymatic antioxidants [13]. Reactive oxygen
species can damage macromolecules such as proteins, lipids,
and deoxyribonucleic acid (DNA) [14]. Lipid peroxidation
assessment by measurement of malondialdehyde blood con-
centration is a useful marker of oxidative stress [15]. Oxidative
stress was shown to be a distinctive feature of obesity [16].

Although there is a distinction between MHO and MUO,
research results show thatMHO individuals have a greater risk
of developing cardiovascular diseases and cardiovascular
events than normal weight individuals but less than MUO
individuals. Research on the differences in metabolic status
betweenMUO andMHO individuals may contribute to a bet-
ter understanding of the metabolic heterogeneity phenome-
non in obese people and the pathogenesis of cardiovascular
disease in the course of obesity. It was recently documented
that such abnormalities as increased serum myeloperoxidase
(MPO) activity, nitric oxide (NO) formation, and nitrosative
damage to proteins are associated with the progression of
metabolic disturbances of obesity as well as elevated
ONOO—blood concentration may be a valuable predictor of
development of hypertension and metabolic syndrome in
obese individuals [17].

The purpose of this study was to analyse the association
between selected anthropometric and biochemical parame-
ters with oxidative stress in young healthy adults with and
without obesity and metabolic disturbances.

2. Materials and Methods

Blood samples were taken from healthy volunteers, both
descendants of people with premature angiographically con-
firmed CHD and healthy volunteers from the MAGNETIC
study (Metabolic and Genetic Profiling of Young Adults with
and without a Family History of Premature Coronary Heart
Disease). The detailed recruitment procedure of the MAG-
NETIC study, which was a case-control study, was published
[18]. Individuals were recruited from offspring of patients
hospitalized in the Silesian Centre for Heart Diseases due to
premature CHD and from untreated people aged 18–36 years

without a family history of CHD. From the whole group of
recruited volunteers, we selected obese individuals and those
with normal weight. The group was divided into two sub-
groups: metabolically healthy obese (MHO) persons and
metabolically unhealthy obese (MUO) persons. The control
group constituted of normal weight persons without the met-
abolic syndrome. Criteria of metabolic health according to
Buscemi et al. have been used [19]. Subjects who met at least
two of the following conditions are considered metabolically
unhealthy: (1) systolic blood pressure ðSBPÞ ≥ 130mmHg or
diastolic blood pressure ðDBPÞ ≥ 85mmHg or use of antihy-
pertensive medication; (2) triglycerides ≥ 150mg/dL or use
of lipid-lowering medication; (3) high density lipoprotein
(HDL) cholesterol < 40mg/dL (1.0mmol/L) (men) or < 50
mg/dL (1.2mmol/L) (women); (4) total cholesterol > 200
mg/dL (5.2mmol/L) or use of cholesterol-lowering medica-
tion; (5) glucose > 100mg/dL (5.55mmol/L) or diabetes
mellitus type 2. People who met one or no criterion are con-
sidered metabolically healthy.

Inclusion criteria for the study group were as follows: (1)
age between 18 and 36 years, (2) obesity, (3) no use of medi-
caments, and (4) agreement for participation in trial. Inclu-
sion criteria for the control group were as follows: (1) age
between 18 and 36 years, (2) normal weight, (3) no metabolic
syndrome, (4) no use of medicaments, and (5) agreement for
participation in the trial. Exclusion criteria for both groups
were as follows: (1) age below 18 years or above 36 years,
(2) use of medicaments, and (3) acute or chronic disease.

Blood pressure was measured with a certified automatic
apparatus. Blood samples were obtained from every individ-
ual between 7 am and 9 am, approx. 8–10 h after the last meal.
The serum sample was obtained for oxidative stress analyses
and frozen immediately at -80 C. Complete blood counts
(CBC) were analysed by a Sysmex XE2100 (Sysmex Corpora-
tion, Kobe, Japan). Biochemical measurements were analysed
by a Cobas 6000 (Roche Diagnostics, Indianapolis, IN, USA)
using Roche reagents. The following parameters were
assessed: uric acid, total cholesterol, low density lipoprotein
(LDL) cholesterol, high density lipoprotein (HDL) choles-
terol, triglycerides, and glucose. The measurements were
done in a clinical laboratory. In all patients, the body mass,
height, BMI, waist-hip ratio (WHR), visceral adipose index
(VAI), SBP, and DBP were measured. VAI was calculated
from waist circumference (WC), BMI, triglycerides (TG)
blood concentration, and high density lipoprotein (HDL)
concentration based on the methodology described by
Amato et al. [20] according to the following rules:

Males : VAI =
WC

39:68 + 1:88 × BMI

� �
×

TG
1:03

� �
×

1:31
HDL

� �
,

Females : VAI =
WC

36:58 + 1:89 × BMI

� �
×

TG
0:81

� �
×

1:52
HDL

� �
:

ð1Þ

The thiol (SH) group serum concentration was measured
according to the methodology described by Koster et al. 5,5′
-Dithiobis (2-nitrobenzoic acid) (DTNB) is reduced by
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compounds containing SH groups, yielding the yellow anion
derivative, 5-thio-2-nitrobenzoate, absorbing at a wavelength
of 412nm [21]. An automated PerkinElmer analyser was
applied. Results have been shown as the thiol group concen-
tration per gram of protein.

Total antioxidant capacity (TAC) was determined by the
colorimetric method developed by Erel. Ions 2,2′-azinobis-3-
ethylbenzothiazoline-6-sulfonate change colour, and they are
measured as the modification in absorbance at 660 nm [22].
This procedure was conducted in an automated PerkinElmer
analyser calibrated with Trolox.

The methodology described by Erel has been used to
measure serum total oxidative status (TOS). Oxidizing agents
in an acidic medium cause the oxidation of ferrous ions to
ferric ions. Xylenol orange changes colour in the presence
of ferric ions, and it is measured as the change in absorbance
at 560nm [23]. This assay was conducted in an automated
analyser (PerkinElmer) calibrated with hydrogen peroxide.

Oxidative stress index (OSI) has been calculated as per-
centage ratio of TOS to TAC.

Malondialdehyde (MDA) serum concentration was mea-
sured fluorometrically according to Ohkawa et al. with mod-
ifications. Samples were mixed with 8.1% sodium dodecyl
sulfate, 20% acetic acid, and 0.8% 2-thiobarbituric acid. Sam-
ples were vortexed and then incubated for one hour at 95
Celsius degrees. In the next step, butanol-pyridine 15 : 1
(v/v) was added. The mixture was shaken for ten minutes
and then centrifuged. The butanol-pyridine layer was mea-
sured fluorometrically at 552nm and 515nm excitation (Per-
kinElmer, Waltham,Massachusetts). Tetraethoxypropane was
used as the standard. 2-Thiobarbituric acid-reactive substance
concentration values are expressed as MDA equivalents [24].

Ceruloplasmin (CER) serum concentration has been
determined by the methodology described by Richterich. It
is based on the ability of ceruloplasmin to catalyse the oxida-
tion of p-phenylenediamine to the coloured product which
can be detected spectrophotometrically [25].

Measurements of lipid hydroperoxides (LPH) concentra-
tion were conducted basing on the methodology developed
by Sődergren et al. It is associated with colour change of xyle-
nol orange in the presence of ferric ions, followed by the
addition of methanol and butylated hydroxytoluene (BHT).
The change of absorbance was measured at 560nm in the
Victor X3 automated analyser (PerkinElmer), which was cal-
ibrated with hydrogen peroxide [26].

Concentration of lipofuscin (LPS) in erythrocytes has
been measured according to Jain as fluorescence of the
extraction of erythrocytes in a mixture of isopropanol and
chloroform [27]. Results were shown in relative units (RUs).

The activity of superoxide dismutase (SOD) has been
measured according to the method published by Oyanagui.
In this method, the activity of SOD is negatively proportional
to the concentration of coloured product generated in the
reaction of nitric ions with naphthalene diamine and sulfani-
lic acid. Nitric ions are products in the reaction of superoxide
ions (generating by xanthine oxidase) with hydroxylamine.
Absorbance was measured using an automated PerkinElmer
analyser at a wavelength of 550nm. The enzymatic activity
of SOD was expressed in nitric units (NUs). The activity of

SOD isoenzymes such as MnSOD and CuZnSOD has been
determined using KCN as the inhibitor of the CuZnSOD
activity [28].

The experimental protocol has been approved by the Bio-
ethics Committee at the Institute of Occupational Medicine
and Environmental Health in Sosnowiec (no. 03/2013) and
further extended by the Bioethics Committee at the Medical
University of Silesia (no. KNW/0022/KB1/118/18/19).

Statistical analysis has been performed by Statistica 10
(Statsoft, Tibco). The normality of distribution was checked
with the Shapiro-Wilk as well as Lilliefors test. Spearman’s
rank correlation has been performed for the analysis of corre-
lations between determined parameters in the group of all
participants and for both men and women separately.
Mann–Whitney U test has been used to analyse the associa-
tions of measured parameters with sex. Kruskal-Wallis
ANOVA and post hoc test were used to find differences
between MHO, MUO, and metabolically healthy normal
weight (MHNW) participants. Statistical tests were per-
formed correcting for multiple comparisons (Dunn’s test).
Frequencies of categorical values were compared using the
χ2 test. Box plots and respective tests were prepared in the
R software.

3. Results

422 patients who met inclusion criteria have been enrolled in
the study. In this group, 44.8% (189) were men and 55.2%
(233) were women. The average age was 27:67 ± 4:48 years
in the whole group, 27:69 ± 4:41 years among men and
27:64 ± 4:54 years among women. 16 patients were classified
as metabolically healthy obese people (7 women and 9 men).
61 patients met the definition of metabolically unhealthy
obese (19 women and 42 men). 345 patients were classified
as metabolically healthy with normal weight (MHNW) (207
women and 138 men). Among the study participants, 208
people (49.29%) were offspring of people with angiographic-
ally confirmed CHD (98 men and 110 women). 76 partici-
pants were current smokers (37 men and 39 women), 47
persons were past smokers (27 men and 20 women), and
298 participants had never smoked (125 men and 173
women). Differences between MHNW, MHO, and MUO
individuals in terms of epidemiologic, anthropometric, and
biochemical data are presented in Table 1.

There were significant differences between men and
women in biochemical parameters and unhealthy behaviour
such as alcohol consumption between men and women as
well as the parameters of oxidative stress (Table 2). Oxidative
stress parameters assessed in the study may be divided into
three groups: antioxidant barrier (SH groups, SOD, MnSOD,
CuZnSOD, and CER), parameters associated with total anti-
oxidant/oxidant status (TAC, TOS, and OSI), and oxidative
damage (MDA, LPH, and LPS). In the whole group of partic-
ipants, TOS, OSI, and SOD activities (total SOD, MnSOD,
and CuZnSOD) and LPS and ceruloplasmin concentrations
were significantly higher among women than men. The thiol
group concentration per gram of protein was significantly
lower among women than men. In both males and females,
TAC positively correlated with uric acid concentration.
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Among men, significant differences associated with
metabolic status in LPH and LPS blood concentration
and SOD blood activity (total and CuZnSOD, but not
MnSOD) were observed. LPH concentration in MUO
was higher than in MHNW. LPS concentration was the
highest in MHNW and the lowest in MHO. SOD total
blood activity and CuZnSOD activity were highest in
MHNW (Figure 1, Supplementary table 1). There were
no differences between MHO and MUO regarding
oxidative stress parameters.

Among women, significant differences associated with
metabolic status in SH group concentration per gram of pro-
tein (PSH), TAC, and total SOD activity (but not MnSOD

and CuZnSOD) were observed. TAC was the highest in
MUO and the lowest in MHNW. Total SOD activity was
higher in MHNW than in MUO (Figure 2, Supplementary
table 2).

In men, we observed significant negative correlation
between age and TAC, SOD, and CuZnSOD. The LPS nega-
tively correlated with age, total cholesterol, LDL, triglycer-
ides, BMI, WHR, and VAI while positively with HDL. SOD
activity negatively correlated with triglycerides, BMI, WHR,
and VAI, while opposite correlation was found between the
latter parameters and LPH. TAC was negatively correlated
with age and HDL cholesterol, while positively with triglycer-
ides, uric acid, and VAI (Table 3).

Table 2: Differences between men and women in terms of biochemical and oxidative stress parameters as well as epidemiologic and
anthropometric data.

Variable
Men

Mean (SD) (n (%))/
median (Q1; Q3)

N
Women

Mean (SD) (n (%))/
median (Q1; Q3)

N
p value

U Mann–Whitney/χ2∗

Age (years) 27.69 (4.41) 189 27.6374 (4.54) 233 ns

Alcohol (yes) 159 (84%) 189 155 (67%) 232 0.001∗

Smoking
(i) Current
vs.
(ii) Past
(iii) Never

37 (20%)
27 (14%)
125 (66%)

189
39 (17%)
20 (9%)
172 (74%)

231 ns∗

Family history of premature coronary heart
disease (CHD) (yes)

98 (52%) 189 109 (47%) 232 ns∗

Family history of type 2 diabetes (T2D) (yes) 91 (48%) 189 130 (56%) 232 ns∗

Total cholesterol (TC) (mmol/L) 4.83 (1.06) 189 4.82 (0.86) 233 ns∗

Low density lipoprotein cholesterol
(LDL-C) (mmol/L)

2.98 (0.96) 189 2.70 (0.81) 233 0.0072

High density lipoprotein cholesterol
(HDL-C) (mmol/L)

1.44 (0.35) 189 1.82 (0.44) 232 <0.001

Triglycerides (TG) (mmol/L) 1.32 (1.52) 189 0.91 (0.50) 232 0.00049

Glucose (mmol/L) 5.06 (0.46) 188 4.87 (0.43) 232 <0.001
Uric acid (UA) (μmol/L) 342.63 (64.03) 189 255.67 (55.81) 233 <0.001
Body mass index (BMI) (kg/m2) 25.52 (5.20) 189 22.54 (4.27) 233 <0.001
Systolic blood pressure (SBP) (mmHg) 130.89 (14.64) 189 120.35 (11.79) 233 <0.001
Diastolic blood pressure (DBP) (mmHg) 79.76 (10.58) 189 76.55 (9.45) 233 0.0022

Thiol group concentration (PSH)
(μmol/g protein)

4.39 (4.00; 4.70) 189 4.00 (3.60; 4.20) 233 <0.001

Ceruloplasmin (CER) (mg/dL) 36.10 (31.80; 41.40) 189 45.10 (38.70; 55.10) 233 <0.001
Total antioxidant capacity (TAC) (mmol/L) 1.02 (0.950; 1.130) 189 1.04 (0.940; 1.130) 233 0.905

Total oxidative status (TOS) (μmol/L) 4.70 (3.600; 6.100) 189 5.300 (4.40; 6.950) 232 0.0024

Oxidative stress index (OSI) (%) 0.45 (0.36; 0.61) 189 0.51 (0.41; 0.67) 232 0.0034

Lipid hydroperoxides (LPH) (μmol/L) 2.39 (1.90; 3.10) 188 2.50 (2.00; 3.10) 232 0.36

Superoxide dismutase (SOD) (NU/mL) 19.63 (18.44; 21.651) 189 21.10 (19.70; 22.70) 233 <0.001
MnSOD (NU/mL) 10.80 (9.77; 11.90) 189 11.40 (10.10; 12.50) 233 0.0015

CuZnSOD (NU/mL) 9.066 (8.10; 10.30) 189 9.80 (8.60; 11.00) 233 0.00026

Lipofuscin (LPS) (RU/L) 190.30 (114.01; 302.30) 189 275.20 (196.40; 350.20) 233 <0.001
Malondialdehyde (MDA) (μmol/L) 1.66 (1.29; 2.06) 186 1.690 (1.310; 2.110) 233 0.52

Mean (SD): mean value (standard deviation) calculated for quantitative features; n (%): the number of people (the percentage of this number in relation to the
subgroup) given in the case of qualitative features; N : size of the subgroup; MHNW: metabolically healthy normal weight individuals; MHO: metabolically
healthy obese individuals; MUO: metabolically unhealthy obese individuals; ns: not significant; Q1: first quartile; Q3: third quartile. ∗χ2 test.
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In women, we observed significant negative correlation
between age and SOD and CuZnSOD, while positive with
TAC and LPS. The LPH positively correlated with triglycer-
ides, SBP, and VAI. TAC was positively correlated with
cholesterol, triglycerides, and uric acid (Table 4).

4. Discussion

Our results show that gender differences have a significant
impact on parameters related to oxidative stress. In some
parameters, we observed a significant trend related to the
number of metabolic disturbances from healthy persons with
normal weight to metabolically unhealthy obese. Comparing
to other studies, our subjects were younger and they were not
treated for any disease.

The strength of our study is undoubtedly the participa-
tion of young people, without a significant medical history
and medication administration. The limitation of our work
is the design and the lack of follow-up which could allow us
to investigate the relationship between selected parameters
of oxidative stress, in the predisposition to develop coro-
nary artery disease. The prospective studies are needed.
The study presented by us is a case-control study; therefore,
it allows only to determine the presence of specific correla-
tions, not a cause-and-effect relationship. Another limita-
tion of the study is the lack of evaluation of oxidative
stress in red blood cells and the lack of oxidative nucleic
acid as well as protein damage. Another limitation is the
lack of one accepted definition of MHO and MUO; thus,
the necessity to choose one of the suggested. We used the
criteria according to Buscemi, which take into account
parameters such as blood pressure, blood glucose concen-

tration, and plasma lipid profile (TG, TC, and HDL-C).
The criteria for the diagnosis of MUO developed by other
authors take into account also other parameters. For exam-
ple, the Karelis criteria and the Wildman criteria include
the value of the homeostasis model assessment of insulin
resistance (HOMA-IR) index [29], which was not calcu-
lated in our study.

4.1. Gender Differences in Terms of Oxidative Stress. Accord-
ing to the results of the study conducted on the healthy
population by Brunelli et al., the state of oxidative stress is
higher in women than in men. In this study, such parame-
ters as diacron reactive oxygen metabolite (dROM) and bio-
logical antioxidant potential (BAP) have been assessed [30].
Higher lipid peroxidation among women has been reported
in the study conducted by Block et al. [31] In the other
study, higher oxidative stress in men than in women mea-
sured by blood concentration of the thiobarbituric acid-
reacting substances (TBARS) and urinary concentration of
8-iso-PGF2α has been documented [32]. Nielsen et al. have
shown that MDA concentration is slightly but significantly
higher in men than in women [33]. The data available in
the literature therefore show discrepancies in the relation-
ship between sex and oxidative stress, which our study also
confirms; however, we have also shown higher intensity of
oxidative stress in women than in men regarding following
parameters: PSH, CER, TOS, SOD, MnSOD, CuZnSOD,
and LPS.

Due to the described differences between men and
women in terms of the parameters of oxidative stress in our
cohort, we decided to analyse the relationship between body
weight and metabolic health status and the parameters of oxi-
dative stress separately for women and men.

MUO MHO MHNW

Metabolic status

25

20

15

10

5

0

0.55
0.7

0.66

Kruskal-wallis, p = 0.77

M
al

on
di

al
de

hy
de

 (𝜇
m

ol
/L

)

Metabolic status
MUO
MHO
MHNW

(k)

Figure 1: Oxidative stress parameters—differences between men with different metabolic status. MHNW: metabolically healthy normal
weight individuals; MHO: metabolically healthy obese individuals; MUO: metabolically unhealthy obese individuals. Data are presented in
boxes as median, first, and third quartile values. (a) Thiol group concentration; (b) ceruloplasmin; (c) total antioxidant capacity; (d) total
oxidative status; (e) oxidative stress index; (f) lipid hydroperoxides; (g) superoxide dismutase; (h) Mn-dependent superoxide dismutase; (i)
Cu- and Zn-dependent superoxide dismutase; (j) lipofuscin; (k) malondialdehyde.
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4.2. Oxidative Stress in Association with Body Weight and
Metabolic Health

4.2.1. Oxidative Stress Parameters Related to Antioxidant
Barrier. Gol et al. studied the differences in the concentration
of native thiol groups (-SH) and the total concentration of

thiol groups (-SH and -S-S-) between people who lead a sed-
entary lifestyle, people who are overweight or obese, and peo-
ple who exercise regularly. There was no significant
difference between these groups in the native thiol groups.
In terms of the total number of thiol groups, the highest value
was found among people who exercise regularly and the
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weight individuals; MHO: metabolically healthy obese individuals; MUO: metabolically unhealthy obese individuals. Data are presented in
boxes as median, first, and third quartile values. (a) thiol group concentration; (b) ceruloplasmin; (c) total antioxidant capacity; (d) total
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lowest among people who lead a sedentary lifestyle [34]. In
our study, we assessed the concentration of thiol groups per
gram of protein. In women, the value of this parameter was
decreased both in MHO and in MUO, which implies the
higher intensity of oxidative stress, and was negatively corre-
lated with triglycerides and BMI and there was no association
with uric acid, while in men, the parameter positively corre-
lated with triglycerides and uric acid, while negatively with
HDL cholesterol concentration. Decreased concentration of
reduced thiol groups may be a result of increased oxidative
stress in those individuals and indicated different prooxidant
and antioxidant mechanisms in men and in women.

Alissa et al. published the results of a study aimed at
assessing the relationship between selected parameters of
iron metabolism and dietary iron supply and risk factors
for coronary heart disease among men from Saudi Arabia.
270 men participated in the study: 130 of whom underwent
coronary angiography (<50% stenosis was found) consti-
tuted the study group and 140 persons without grounds for
suspecting coronary artery disease constituted the control
group. There was a significantly higher incidence of such car-
diovascular risk factors as diabetes mellitus, hypertension,
and metabolic syndrome in the research group. People in
the study group were also significantly older than those in
the control group (55:6 ± 1:1 vs. 41:2 ± 1:5 years). It was
found that in the research group, the concentration of cerulo-
plasmin in the blood was significantly higher [35]. In our
study, no significant differences in the concentration of ceru-
loplasmin were found between the groups with or without
metabolic disturbances; however, we observed that it was sig-
nificantly higher in women. Perhaps the increase in cerulo-
plasmin concentration occurs only at a later stage of
metabolic disorder progression than in the population we
studied.

SOD is one of the most important antioxidant enzymes
in the human organism [36]. Baynes and Thorpe suggested
that in response to oxidative stress, cells increase the produc-
tion of this enzyme to prevent mitochondria from oxidative
damage [37, 38]. The function of this enzyme is to catalyse
the dismutation reaction of the highly reactive superoxide
radical anion. SOD occurs in the form of three isoenzymes:
cytosolic CuZnSOD, mitochondrial MnSOD, and extracellu-
lar SOD (EC-SOD). It has been shown that oxidative stress
causes increase in the expression of antioxidant enzymes
such as SOD [39]. The data available in the literature on
the dependence of SOD activity on body weight and meta-
bolic health status are not unequivocal. Isogawa et al. pub-
lished data that gave partially similar conclusions to ours.
According to the results of their study, SOD activity nega-
tively correlates with BMI. They have shown also that lower
SOD activity correlates with increased carotid intima-media
thickness which is a well-known indicator of increased car-
diovascular risk, but on the other hand, existence of carotid
plaque positively correlates with SOD activity [40]. Among
the population we studied, the relationship is even stronger
in obese individuals with a metabolically unhealthy pheno-
type and is slightly greater in women than in men. Yubero-
Serrano et al. showed that the activity of SOD in patients
with two components of metabolic syndrome is signifi-

cantly lower than in patients with three or more concomi-
tant components of the metabolic syndrome. They have
concluded that SOD activity could be the most relevant
biomarker of oxidative stress in patients suffering from
metabolic syndrome [41]. It is noteworthy that in both
above-mentioned studies, mean age of participants was
similar and higher than in our study. Isogawa et al. per-
formed their study on the group of patients in which only
some of the participants had components of the metabolic
syndrome, but Yubero-Serrano et al. enrolled only people
with metabolic syndrome. Farah et al. have shown no
significant difference in SOD activity between MHO and
MUO patients [42]. According to our results, the total
blood SOD activity was significantly lower in MUO than
in MHNW, both in women (difference 6.37%; p = 0:0025)
and in men (difference 11.79%; p = 0:0321). According to
our research, the determination of total blood SOD activity
could be a marker of obesity-related metabolic disorders,
both in women and in men.

4.2.2. Oxidative Stress Parameters Related to Total
Antioxidant/Oxidant Status. The term TAC of plasma or tis-
sue fluid refers to the total capacity to neutralize the prooxi-
dative potential of reactive oxygen species. It is important
that the determination of the TAC takes into account the
synergistic or antagonistic effect of the various antioxidants
present in the plasma or tissue fluid, as opposed to the mea-
surement of the concentration of individual antioxidants
[43]. A high fraction of TAC is attributed to uric acid as the
endogenous antioxidant molecule [44]. That is why we
observed a strong correlation in the whole group.

OSI is the percentage ratio of TOS to TAC. In a study by
Nowicki et al., in which people after cardiovascular events
(study group) and those without a history of cardiovascular
events (control group) participated, no significant difference
was found in OSI between the research and the control
group, as well as no significant correlation was found
between OSI and BMI [45]. Our study also showed no signif-
icant difference in terms of OSI between the MUO, MHO,
and MHNW groups. Romuk et al. conducted a study to
investigate the differences in the parameters of oxidative
stress between patients with ischemic and nonischemic car-
diomyopathy. It has been found that in patients with ische-
mic cardiomyopathy, the TAC value is significantly higher
and the OSI value is significantly lower. There were no signif-
icant differences in TOS. In the study, people with normal
body weight or overweight participated [46]. In obese and
overweight adolescents, TAC and TOS measured in the
plasma and saliva were documented to be higher than in
the control group [47]. Higher BMI was shown to be an inde-
pendent risk factor for the lower total antioxidant status
(TAS) which may be correlated with increased carotid
intima-media thickness in patients with arterial hypertension
[48]. In our study, TAC was significantly higher in obese
women with metabolic diseases, and we found an increasing
correlation of TAC with increasing metabolic disorders,
measured as total cholesterol and triglyceride level. This
may suggest that obesity and related metabolic disturbances
may contribute to the development of coronary artery disease
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in a young population. In our results, the TAC among MHO
women was 2.91% higher than that among MHNW women,
and the TAC value among MUO women was 10.68% higher
than that among MHNW women (p = 0:0042). Our results
suggest that TAC could be a marker of metabolic disorders
developing in the course of obesity in women, but more
research is needed in this direction.

4.2.3. Oxidative Stress Parameters Related to Oxidative
Damage. Simão et al. conducted a study that compared the
parameters of oxidative stress in patients who had suffered
an ischemic stroke, depending on the coexistence or absence
of features of the metabolic syndrome. In the group of
patients with metabolic syndrome, a significantly higher con-
centration of lipid hydroperoxides and a significantly higher
value of the oxidative stress index were found. In the entire
population studied by us, as well as among men analysed sep-
arately, the concentration of lipid hydroperoxides was signif-
icantly higher in metabolically obese patients (MUO) but, as
already mentioned, without significant differences in OSI
[49]. As shown in this study, MUO subjects had increased
hydroperoxide lipid levels compared to MHNW and MHO
individuals. It has been previously demonstrated that hydro-
peroxides derivatives are the main primary products of lipid
oxidation, particularly in several human inflammatory
diseases including diabetes, hypertension, dyslipidaemia,
and metabolic syndrome [50, 51].

Lipofuscin is a conglomerate of highly oxidized proteins
and lipids considered to be a marker of cell aging. Oxidative
stress plays a role in the formation of lipofuscin [52]. There is
not a large amount of data elucidating the clinical relevance
of LPS measurement in metabolic syndrome. Cazzola et al.
have documented that overweight and obesity are associated
with increased LPS content in erythrocytes. Taking into
account the overall results of this study, it is probably associ-
ated with increased lipid peroxidation and the making of
aldehydes promoting the formation of cross-links between
proteins and phospholipids. Only metabolically healthy
females have been enrolled into the study [53]. Our results
are therefore not fully comparable as we showed a downward
trend for LPS content with increasing metabolic abnormali-
ties. Further studies are needed to better understand the role
of LPS as a possible marker of oxidative stress in the course of
metabolic disorders.

Research shows that metabolically healthy obesity
(MHO) is not a permanent condition. Echouffo-Tcheugui
et al. showed that in a four-year follow-up, 43% of MHO
women and 46% of MHO men develop disorders that allow
them to qualify as metabolically obese patients (MUO)
[54]. Moreover, even obese people who are metabolically
healthy have an increased health risk. According to the
results of the meta-analysis carried out by Zheng et al.,
MHO individuals have a significantly higher risk of cardio-
vascular events than metabolically healthy normal weight
people (MHNW) (RR 1.5; 95% CI 1.27–1,77) [55]. Bell
et al. demonstrated an increased risk of developing type 2
diabetes in this population [56], and Arnlöv et al. showed
an increased risk of developing CVD [57]. The state of
MHO should therefore not be regarded as completely normal

but rather as a transition period between the state of health
and the development of overt metabolic syndrome, as well
as a condition associated with an increased risk of morbidity.

4.3. Can Supplementation of Antioxidants Be a Useful
Direction in Therapy? The results presented in this study
show that obese people with metabolic disorders show more
disturbances in the parameters of oxidative stress than people
with normal body weight without metabolic disorders. The
literature suggests the usefulness of many nutraceuticals with
antioxidant properties in obese patients, but much of the
information on this topic is based mainly on the results of
basic research [58]. Recently, the role of isoflavones in the
prevention and therapy of type 2 diabetes has been described
in detail [59], as well as the properties of phytoestrogens in
the context of their use in the prevention of obesity and the
resulting disorders [60]. However, it should be noted that this
subject is of great interest, and in recent years, the results of
clinical trials and meta-analyses evaluating the importance
of antioxidant supplementation in the context of the treat-
ment of obesity and related metabolic disorders have been
published. Suliburska et al. presented the results of a random-
ized, double-blind study, which showed that a 3-month sup-
plementation of green tea extract has a positive effect on body
weight, lipid profile, blood glucose concentration, and TAS in
obese people, as well as on zinc and magnesium metabolism
[61]. A systematic review and meta-analysis of clinical trials
showed that spirulina supplementation is associated with
weight loss in obese subjects [62]. Saffron has documented
beneficial effects on waist circumference and fasting blood
glucose [63]. The supplementation of certain nutraceuticals
with antioxidant properties has a beneficial effect on the met-
abolic status of obese people and may be considered in the
treatment of obese people. However, it should be remem-
bered that such an approach should be of an auxiliary nature
and cannot replace a lifestyle change, including a rational diet
and exercise, leading to weight loss.

5. Summary

Our findings suggest that metabolically unhealthy obese
patients have more pronounced oxidative stress parameters
comparing to those with normal weight without metabolic
disturbances. The significant differences between men and
women may imply different mechanisms leading to oxidative
stress and its complications. Our results are partially con-
firmed by the studies that have been conducted so far, which,
however, mainly concerned patients with already developed
disease entities, which are complications of obesity.

An important achievement of our research is the demon-
stration that the total SOD activity is statistically significantly
lower in MUO compared to MHNW in both women and
men, while the TAC value increases significantly in MUO
women. Our study involved young people, untreated for
chronic diseases; therefore, these parameters of oxidative
stress could be considered for use in clinical practice as early
markers of the development of metabolic disorders with
weight gain. More research is needed. These results show that
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obesity is always a pathological condition, despite the lack of
specific disease entities already developed.
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