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The inflammation during wound healing process is character-
ized by activation of cellular, vascular, and biochemical mech-
anisms that occur to perform a fast tissue repair and avoid
complications [1, 2]. The first cells to migrate to the injured
area are neutrophils, which recruit macrophages by chemo-
taxis. These cells promote the release of cytokines, growth
factors, and reactive oxygen species (ROS) and nitrogen
(RNS) responsible for a good evolution of the wound healing
process [3]. The excess of ROS and RNS generated during
inflammation can lead to cell damage, such as membrane
disorganization and protein oxidation, altering cell functions
[4, 5]. Furthermore, the excess of proinflammatory mediators
promotes an increase in the content of hydrogen peroxide
(H,0,) and nitric oxide, which accelerates the peroxidation
of cell components [6, 7]. The balance between ROS produc-
tion and antioxidant defenses is important for the resolution
of inflammatory diseases as well as for efficient tissue repair
[4, 5, 6]. Therefore, a controlled inflammation process is
necessary to avoid persistent tissue damage through the con-
tinuous action of free radicals, ROS, and RNS [7].

Cytokines, growth factors, oxidative markers, and other
molecular markers are considered biomarkers that allow
understanding the progression of inflammatory disorders
and tissue repair processes. Currently, different therapeutic
interventions and their mechanism of action (cellular and
extracellular) have been investigated to better understand this
complex process [8]. In this context, several interventions have
been investigated for the treatment of inflammatory diseases,
and in this edition, we observed the high potential of these
compounds for the treatment of inflammatory diseases (e.g.,
melatonin; Hibiscus sabdariffa; atorvastatin; olaparib, curcu-
min, and plant extracts in general) exhibiting antioxidant
and anti-inflammatory actions. In many cases, these proper-
ties are based on the interruption of cellular redox metabolism,
suppressing oxidative stress, a pharmacological effect that
opens new spaces for the reuse of drugs, and the development
of new strategies for the treatment of inflammatory disorders
and tissue repair. Furthermore, the anti-inflammatory action
of different interventions has been attributed to modulation
of the STAT-3, AP-1, NFkB, and Nrf2 pathways.
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This special issue brings together a set of thirteen studies
in an interdisciplinary platform that addresses the inflam-
matory subcellular, cellular, and molecular bases associated
with redox metabolism. This special issue also highlights
the ongoing effort to understand the redox systems associ-
ated with inflammatory disorders and tissue repair at all
levels and to understand how the action of different treat-
ments can lead to reduced gene expression of inflammatory
proteins and increased levels of antioxidant enzymes. Thus,
this issue contains seven articles that describe different
mechanisms involved in this complex process, under differ-
ent pathological conditions, which are briefly mentioned in
the following.

Some studies have shown that external agents such as food,
lack of sleep, and physical activity reflect an imbalance between
oxidant and antioxidant mechanisms in favor of oxidants, in
addition to inhibiting anti-inflammatory pathways, thus caus-
ing tissue damage. These prooxidant mechanisms are related
to genetic and epigenetic regulation and can regulate the
expression of molecules that can activate the signal transduc-
tion pathways responsible for inflammation and cause oxida-
tive damage to proteins, lipids, and DNA. Thus, antioxidant
systems seem to play a crucial role in maintaining tissue
morphological and functional integrity. Phenolic compounds
present in herbal medicines, in addition to oncological drugs,
drugs of the statin class, and hormones, have shown efficacy
in inflammatory disorders and intestinal preneoplastic lesions,
testicular, oral mucositis, and muscle inflammatory damage by
suppressing oxidative stress, attenuating cellular responses,
activating intracellular pathways, and reducing cell death.

Ideally, inflammatory modulators should be able to reduce
proinflammatory cytokines and increase anti-inflammatory
cytokines and antioxidant defenses. Furthermore, it is impor-
tant to emphasize that chronic inflammation associated with
high oxidative stress can cause organelle damage, leading to
a lot of diseases that compromise the good function of the
cells. In this context, we can highlight that Hibiscus sabdariffa
reduces intestinal preneoplastic lesions in a murine model,
attenuating inflammation cellular responses in the initial
phase of these lesions. On the other hand, curcumin associated
with physical activity reduces muscle damage as well as proin-
flammatory markers. In contrast, the increase in oxidative
stress promoted by plant extracts used with sex inhibitors
was reported in a systematic review of this special issue.
Furthermore, high levels of inflammatory cytokines were
found in patients with exotropia, associating this condition
with the inflammatory process. The hormone melatonin
reduced colitis and restored the intestinal microbiota by
reducing oxidative stress and the inflammatory response.

We hope that the readers of this special issue will find
these findings interesting and useful to advance the under-
standing of such a complex and multifaceted theme, suggest-
ing update for this interesting topic.
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The skin is a critical organ for the maintenance of the integrity and protection of the organism. When a wound occurs, a sequence
of healing mechanisms is triggered to reconstruct the wounded area. 8-caryophyllene is a sesquiterpene in Copaifera langsdorffii
oleoresin with antioxidant and anti-inflammatory potential. On the basis of previous studies with C. langsdorffii, f-caryophyllene
was selected to evaluate its wound healing potential and pharmacological mechanisms. The excision wound model was used with
male Wistar rats and macroscopic, histological, immunohistochemical and biochemical analyses were performed with skin
samples, comparing the f3-caryophyllene-treated group with reference drugs. The results showed macroscopic retraction of the
wounds treated with f-caryophyllene. Biochemical assays revealed the antioxidant and anti-inflammatory mechanisms of the
B-caryophyllene-treated group with increasing levels of IL-10 and GPx and decreasing levels of pro-inflammatory molecules,
including TNF-a, IFN-y, IL-1f3 and IL-6. After f3-caryophyllene treatment, immunohistochemical assays showed enhanced re-
epithelialization, through the increase in laminin-y2 and desmoglein-3 immunolabeling. B-caryophyllene also act in the
remodeling mechanism, increasing the collagen content in the Masson’s trichrome staining. These findings indicated the
wound-healing potential of p-caryophyllene topical formulation in rat skin wounds, mediated by antioxidant, anti-
inflammatory and re-epithelialization mechanisms.

1. Introduction

Skin wounds are major health problems that affect millions
of people every year, causing physical and psychological
deficiencies when not treated correctly [1]. The comorbidi-
ties associated with unhealed wounds increase every year,
and the costs of healing treatments have reached billions of
dollars worldwide [2]. The wound-healing process involves
overlapping and interdependent mechanisms (inflamma-
tion, epithelialization, angiogenesis, wound retraction and
matrix remodeling) to reconstruct the skin [3]. When there

is an imbalance among these mechanisms, the healing pro-
cess enters a pathologic state, resulting in errors of healing,
such as hypertrophic scars and unhealed wounds [4]. To
prevent pathologic mechanisms of wound healing, there
are several treatments on the market used to promote cuta-
neous healing by acting as antimicrobial or anti-
inflammatory agents, improving tissue debridement, epithe-
lialization and/or remodeling mechanisms. However, the
existing treatments may not be efficient in treating cutane-
ous wounds depending on the type, extension and location
of the injury [5]. Therefore, studies have focused on
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discovering alternative drugs that accelerate skin wound
healing without scarring [6].

pB-caryophyllene  (trans-(1,9)-8-methylene-4,11,11-tri-
methylbicycloundec-4-ene) is a natural bicyclical sesquiter-
pene found in several plants and essential oils, including C.
langsdorffii (Leguminosae) oil [7]. B-caryophyllene is a vola-
tile compound that is poorly soluble in water and has high
pharmaceutical potential due to its analgesic, antioxidant,
antimicrobial and anti-inflammatory activities [8-10]. Previ-
ous studies on C. langsdorffii have suggested the healing
potential of C. langsdorffii oil resin in a 10% formulation
[11]. Therefore, our group tested a 1% p-caryophyllene
emulgel formulation to analyze the wound-healing potential
and the mechanisms of action of this new formulation in a
rat excision wound model.

2. Materials and Methods

2.1. Chemicals and reagents. The reference drugs neomycin
sulfate (5mg/g) + bacitracin zinc (2501U/g), dexpanthenol
5% and collagenase 1.2 U were purchased from pharmaceu-
tical industries. SOD, CAT, MPO, GSH, GPx and silica gel
60H chromatoplates were obtained from Sigma-Aldrich
Chemicals (Saint Louis, USA). ELISA kits of TNF-«, IFN-
y, IL-1p, IL-6 and IL-10 were bought from R&D Systems
(Minneapolis, USA). Biochemical colorimetric kits for quan-
tification of AST, ALT, y-GT, urea and creatinine were pur-
chased from Interteck-Katal (Belo Horizonte, Brazil). The
primary antibodies Lamy2 was purchased from Santa Cruz
Biotechnology (Dallas, USA). Dsg3, Ki-67, a-SMA anti-
bodies and immunohistochemistry reveal kits were pur-
chased from Abcam (Cambridge, USA). Sepineo P600,
propylene glycol and methyldibromo glutaronitrile/phenox-
yethanol were obtained from Spectrum Chemical
Manufacturing Corporation (New Brunswick, USA). Labra-
fac lipophile WL 1349 was purchased from Gattefossé (Lyon,
France).

2.2. Extraction and isolation of B-caryophyllene. The extrac-
tion and isolation of f3-caryophyllene have been previously
reported by Ribeiro et al. [12] [12]. Briefly, C. langsdorffii
oleoresin was collected in the northern and southeastern
regions of Brazil, and the plant voucher was identified by Sil-
vana Tavares Rodrigues at the Herbarium from EMBRAPA
Amazonia Oriental (SPFR 10120). One hundred milliliters
of a volatile fraction of oleoresin was added to 500 mL of
water and subjected to hydrodistillation for 12 hours using
a Clevenger-type apparatus. Then, the volatile fraction was
subjected to a spinning band distillation process to obtain
fractions rich in f-caryophyllene. 3-caryophyllene was puri-
fied from these fractions by classical column chromatogra-
phy packed with Sigma-Aldrich 60H silica gel impregnated
with AgNO, with a gradient of hexane-ethyl acetate used
as the mobile phase.

2.3. Formulation of emulgel and 1% [-caryophyllene
emulsion. The emulgel was synthesized homogenizing Sepi-
neo P600 (3% w/w), propylene glycol (5% w/w), Labrafac
lipophile WL1349 (10% w/w), methyldibromo glutaroni-
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trile/phenoxyethanol (0.1% w/w) and water at room temper-
ature (+25°C) with a Polytron PT 10-35 GT (Kinematica,
Switzerland) at 600 rpm. The 1% fS-caryophyllene emulsion
was synthesized homogenizing the -caryophyllene (1% w/
w) with the emulgel at room temperature (+25°C). The rhe-
ological behavior of the emulgel was analyzed in a Rheome-
ter R/S plus (Brookfield) equipped with a C50-1 spindle and
RHEO Software 2000 version 2.8. The sample behavior was
monitored at a constant temperature (25°C) using a water
bath/circulator.

2.4. Animals. In total, 105 male 7-week-old Wistar rats
weighing 250+ 20 g (Central Animal House, UNESP, Botu-
catu) were used in the experiments. The animals were
housed individually for one week before the experiments
and subjected to a temperature of 23+2°C and a 12-hour
dark-light cycle, and the animals had free access to food
and water until the experimental procedure were initiated.
This study was approved by the Ethics Committee on Ani-
mal Use at Sdo Paulo State University under protocol 976/
2017.

2.5. Experimental protocol of excision wound. The rats were
anesthetized with intraperitoneal ketamine (100 mg/kg)
and xylazine (10 mg/kg) [13]. The hair of their back was
shaved and a full-thickness skin wound excision was made
in the dorsum (in the subscapular area) using a 3 cm diam-
eter punch. The wound placed in this area could not be
reached by the animals, which prevented self-licking [14].
Each rat was topically treated twice per day for three differ-
ent experimental periods: 3, 7 or 14 days (n=35 animals/
period). After each period, the animals were euthanized,
and samples of the skin wounds and blood were collected
for analyses. The animals were allocated into the following
seven groups (n=>5/group):

(i) FST: wounded animal without treatment

(ii) NeBa: wounded animal treated with neomycin
5 mg/g + bacitracin zinc 2501U/g

(iii) Dex: wounded animals treated with dexpanthenol
5%

(iv) Col: wounded animals treated with collagenase
1.210

(v) Emulgel: wounded animals treated with emulgel
(vehicle)

(vi) Car: wounded animals treated with 1% p-caryo-
phyllene emulgel

(vii) Control: animals without lesion and treatment —
physiologic pattern

2.6. Wound contraction analysis. To measure the contraction
of the wounded area, each wound was photographed using a
digital camera with a scale bar on days 0, 3, 7 and 14 after the
excision wound was induced (day 0). A morphometric anal-
ysis was performed through measurement of wounded areas
using specific software, and the percentage of wound
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contraction of each rat was calculated using the following
formula [11, 15]:

Wound concentration (%)
= {(initial wound area — analyzed area)/initial wound area}
* 100

(1)

2.7. Hepatic and renal toxicity. Immediately after the eutha-
nasia of each animal, blood was collected and centrifuged for
15 minutes at 6000 rpm and 4°C. The supernatant was col-
lected and used to determine liver and kidney toxicity using
AST, ALT and y-GT (IU/L) parameters as well as the con-
centrations of urea and creatinine (mg/dL).

2.8. Inflammatory mediators and antioxidant enzymes. Sam-
ples of wounded skin of each animal were collected to quan-
tify the IFN-y, IL-18, IL-6, IL-10 and TNF-a inflammatory
cytokines and the antioxidant enzymes, including SOD,
CAT, GPx and GSH. Halves of each wound were cut using
a scalpel, including the border and center of the lesions.
The skin samples were instantly homogenized (1:5m/v) in
phosphate buffer (pH7.4) and centrifuged for 15 minutes
at 10000 rpm and 4°C. The supernatant of each sample was
collected, and the cytokines were quantified by ELISA as
described by the supplier. The results were expressed in
pg/mg of protein. The following molecules involved in oxi-
dative stress pathways were quantified through biochemical
assays according to protocols: SOD (IU/mg of protein)
[16], CAT (IU/mg of protein) [17], GPx (nmol NADPH/
min/mg of protein) [18] and GSH (nmol/mg of protein)
[19].

2.9. Histological parameters. The other halves of wounded
skin samples from each rat were fixed with 10% buffered
formaldehyde, embedded in paraffin, sectioned (5pm) and
stained with HE and Masson’s trichrome stain. Each section
was submitted to morphometric analysis via light micros-
copy. With HE staining, the epidermis thickness (¢m), num-
ber of total cells in the epidermis and dermis (ym?) and the
quantity of blood vessels in the dermis (number of blood
vessels) were analyzed. With Masson’s trichrome staining,
the collagen content of the dermis (um?”) was analyzed.
The border and center regions of the wounds were analyzed
with five different photomicrographs of each region in the
sections. AvSoft BioView Spectra software was used to per-
form the analysis.

2.10. Immunohistochemistry. Skin samples from each rat
were processed routinely (fixation with 10% buftered form-
aldehyde, embedded in paraffin and sectioned; 5um thick-
ness). Immunohistochemistry was then performed with
primary antibodies against laminin-y2  (1:200 uL),
desmoglein-3 (1:200 uL), Ki-67 (1:100uL) and a-SMA
(1:400 uL) according to the protocols of a specific HRP/
DARB detection kit. The areas (um?) and positive cells (count
of positive cells) for each antibody were quantified in the
border and center of wounds with five different photomicro-

graphs for each region of the sections. AvSoft BioView Spec-
tra software was used to perform the analysis.

2.11. Statistical analysis. The data are expressed as the means
+ standard deviation. Two-way ANOVA with Bonferroni
post-test was used in the analysis of wound contraction.
The inflammatory mediator, oxidative stress and toxicity
data were submitted to one-way ANOVA with Tukey’s
post-hoc test. Histological parameters and immunohisto-
chemical data were analyzed according to the Kruskal-
Wallis test with Dunn’s post-test. GraphPad Prism 5.01 soft-
ware (GraphPad Software Inc., San Diego, USA) was used to
perform the analyses with a significance of 5%.

3. Results

3.1. Emulgel and 1% [3-caryophyllene emulsion stability test.
The rheological behavior of emulgel and 1% fS-caryophyl-
lene emulsion showed a non-Newtonian characteristic, with
pseudoplastic behavior (n <1). This result demonstrates that,
with the increase of the shear rate, the viscosity reduces (data
not shown).

3.2. Wound contraction analysis. The contraction of the
wounds was analyzed on days 3, 7 and 14 (Figure 1). The
data showed macroscopic contraction of wounds and a
decrease in local edema in the groups treated with NeBa
and Car for three days compared to the FST and Emulgel
groups. After seven and fourteen days of treatment, the
Col and Car formulations showed the best results in terms
of macroscopic contraction compared to the FST and emul-
gel formulations. Furthermore, in both periods of treatment,
the rats treated with Car showed decreased fibrinous exudate
compared to the other groups.

3.3. Hepatic and renal toxicity. To analyze the hepatic and
renal toxicity of the formulation containing S-caryophyl-
lene, the liver enzymes (AST, ALT and y-GT) and kidney
proteins (creatinine and urea) were evaluated in the blood
of the rats after 14 days of treatment (the longest period of
treatment). No significant differences among the values of
all the treatment measurements and the normal parameters
were found during the three experimental periods of treat-
ment (Table 1).

3.4. Quantification of inflammatory mediators. The concen-
trations of the IFN-y, IL-1p, IL-6, IL-10 and TNF-a cyto-
kines as evaluated by ELISA are shown in Figure 2. The
level of IFN-y was reduced in the Car group compared to
the FST group after three days. In the two other treatment
periods, the NeBa, Dex and Col commercial formulations,
as well as the tested Car drug, decreased the levels of IFN-
y compared to the FST and Emulgel. After three days, a
reduction in the IL-13 level in NeBa and Dex treated groups
compared to FST group was observed. Within seven days,
decreased levels of IL-1J3 were observed in the NeBa, Dex,
Col and Car groups compared to the FST and Emulgel
groups. In the last period of treatment, the Car group
showed decreased IL-1f concentrations compared to all
wounded groups. The IL-6 levels were decreased in the
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F1GURE 1: Wound contraction (%) in FST, NeBa, Dex, Col, Emulgel and Car treatments during 3, 7 and 14 days. Equal letters represents no
statistical difference. Capital letters indicate statistical difference compared to groups with small letters, according to two-way ANOVA

followed by Bonferroni test, with p <0.05 (n=5).

TaBLE 1: Systemic toxicity analysis data for liver (AST, ALT, y-GT) and renal (creatinine, urea) parameters in the serum of rats treated for

14 days.

Groups AST (IU/L) ALT (IU/L) y-GT (IU/L) Creatinine (mg/dL) Urea (mg/dL)
EST 143 +£28 62+12 1.2+04 0.30 £ 0.03 44+2.1
NeBa 138+ 17 65+7.7 1.1+0.3 0.31£0.04 44+6.2
Dex 150 £ 28 80+17 0.9+0.3 0.27 £0.03 43+5.6
Col 153 +29 63+12 1.0+0.2 0.30£0.05 45+4.6
Emulgel 146+ 6.1 65+8.5 1.1£0.2 0.26 +0.04 44+47
Car 124+ 14 60+9.5 1.1+0.2 0.31+0.03 42+7.6
Control 147 £25 65+9.1 1.0+0.2 0.30£0.02 44+49

One-way ANOV A followed by Tukey test, with p <0.05 (n =5). FST: wounded animal without treatment; NeBa: wounded animal treated with neomycin 5 mg/
g+ sulfate bacitracin zinc 250 IU/g; Dex: wounded animals treated with dexpanthenol 5%; Col: wounded animals treated with collagenase 1.2 TU; Emulgel:
wounded animals treated with emulgel (vehicle); Car: wounded animals treated with f-caryophyllene emulsion; Control: animals without lesion and

treatment — physiologic pattern.

NeBa, Dex and Car groups after three and seven days of
treatment compared to the FST and Emulgel groups. The
levels of IL-10 were not different among the treatments on
days three and seven. In the last period of treatment, an
increase in IL-10 was observed in the NeBa, Dex, Col and
Car treatment groups compared to the FST and Emulgel
treatment groups. The TNF-« levels were reduced in the
NeBa, Dex and Car groups compared to the FST and Emul-
gel groups on day fourteen, and there were no significant dif-
ferences in the two other periods (Figure 2).

3.5. Oxidative stress analysis. The CAT activity, GPx activity,
SOD activity and GSH concentration are shown in Figure 3.
The activity of CAT was decreased in the Col and Car
groups compared to the FST and Emulgel groups on day
fourteen, with the same level of Control, demonstrating the
normality of the enzyme in the groups. During the first
two periods of treatment, there was no significant difference
in the CAT activity. The GPx activity was increased in the
NeBa, Col and Car treatment groups compared to the other
groups during the seven-day treatment period with no dif-
ferences on days three and fourteen. The GSH concentration

and SOD activity was not different among the wounded
groups in any period (Figure 3).

3.6. Histological parameters. There was no difference in the
quantification of cells from the epidermis, border of center
of the dermis among the wounded groups in any period of
treatment (Figures 4-6 and Supplementary materials 1).
The morphometric analysis showed a reduction in the epi-
dermis thickness of the animals treated with the NeBa,
Dex, Col and Car formulations compared to that of the ani-
mals in the FST and Emulgel groups after seven and four-
teen days. Moreover, the results of the Car group on day
fourteen were similar to those of the Control group, result-
ing in normal epidermis thickness in the Car treatment
(Figures 4 and 7). The quantification of blood vessels in
the border and center of the wounds did not reveal a signif-
icant difference during any period of treatment (Figures 5
and 6, Supplementary materials 2). The quantification of
total collagen in the border of the wounds showed no differ-
ence on days three, seven and fourteen. In the central area of
wounds, there was an increase in collagen amount in the Car
group compared to the FST and Emulgel on day three, with
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F1GUure 2: Concentrations of IFN-y, IL-1f3, IL-6, IL-10 and TNF-«& (pg/mg protein) in cutaneous wounds at 3, 7 and 14 days. Equal letters
show no statistical difference and different letters indicate statistical difference compared to the other groups, according to one-way ANOVA

followed by Tukey test, with p <0.05 (n=5).

a similar concentration compared to Control. After seven and
fourteen days, no differences were observed (Figures 8-10).

3.7. Immunohistochemistry. There was an increase in a-
SMA-immunolabeled fibroblasts in the NeBa, Dex, Col and
Car samples compared to FST and emulgel samples after
three and seven days of treatment with no differences on
day fourteen. However, the commercial treatments and Car
formulation showed results similar to the control, indicating
normalization of a-SMA in these groups (Figures 11 and
12). Immunolabeling for Dsg3 showed a reduction in the
labeled area of the NeBa and Car groups compared to the

EST group after three days. There was a decrease in Dsg3
immunolabeling in the Col and Car groups compared to
the FST and Emulgel groups after seven days. There was
no significant difference in the last period of treatment
(Figures 11 and 13). There was an increase in Lamy2 immu-
nolabeling in the Col and Car groups compared to the FST
and Emulgel groups on day three and an increased area in
the Car group compared to the FST and Emulgel groups
on day fourteen (Figures 11 and 14). There were no signifi-
cant differences among the wounded groups in the number
of Ki-67-immunolabeled cells in the epidermis, border
region of central region of the dermis after three, seven



FST NeBa Dex

Col Emulgel Car Control

FST NeBa Dex Col Emulgel Car Control

6
3 days
£ E
) 13}
: 2
2, £,
k) k]
© g 2
A5 2
I z
T 2 I
k5] kst
< <
g =
o o
FST NeBa Dex Col Emulgel Car Control
o 200 7 = 200 -
g 15}
2 g
& i o .
w 1507 4 A & 150
G £ A A A =
g A g B A
P £ 1001 A E w04 ,
X £ =
=)
j = .
42: 50 z 50
3 el
g
E 0 - s 0 -
FST NeBa Dex Col Emulgel Car Control FST NeBa Dex
1500 ~ 1500 —
£ =
g 3
£ g
G ‘*EO 1000 5 1000 +
o0
s £ £ N
S S A
H 2504, A A £ 500 A
£ A AB AB £
o B
Z Z
o O
0 - 0 -
FST NeBa Dex Col Emulgel Car Control FST NeBa Dex
80 80
’;:\ —~
3 60 5 60
s £ £
O £ £ o404 A
2 S
= 2 AB
D Q a AB
2 3
0 -

FST NeBa Dex

Oxidative Medicine and Cellular Longevity

14 days

CAT activity(U/mg of protein)

FST NeBa Dex Col Emulgel Car Control

50

nmolNADPH/min/mg protein

Col Emulgel Car Control FST NeBa Dex Col Emulgel Car Control

1500 -

)
g
2
&' 1000
=}
o0
£
A ]
A AB g 500
= A AB AB AB
B e A AB
w
¢ JMmBEe -
[
Col Emulgel Car Control FST NeBa Dex Col Emulgel Car Control
80
‘% 60
2
a,
£ A
AB AB AB \:\')/ A
a
Q
w

FST

Col Emulgel Car Control NeBa Dex Col Emulgel Car Control

F1gure 3: Concentrations of CAT, GPx, GSH and SOD in skin wounds at 3, 7 and 14 days. Equal letters show no statistical difference and
different letters indicate statistical difference compared to the other groups, according to one-way ANOVA followed by Tukey test, with

p<0.05 (n=5).

and fourteen days (Figures 15-17 and Supplementary
materials 3).

4. Discussion

B-Caryophyllene is a sesquiterpene in many consumable
plants and essential oils with related antioxidant, anti-
inflammatory and antimicrobial potentials [8-10]. Previous
studies using C. langsdorffii oil resin as a treatment for skin
excision wounds have shown that the best effective concen-
tration of the oil resin was 10%, and the phytochemical pro-
file of the oil resin has been determined [11, 20]. Therefore,
we calculated the concentration of the sesquiterpene based
on these studies to synthesize the emulgel formulation for
this study, resulting in a concentration of 1%. The present
study confirmed the wound-healing activity of an emulgel
formulation containing 1% f-caryophyllene in a rat exci-
sion model, demonstrating the antioxidant and anti-
inflammatory activities as well as the improvement in

remodeling and re-epithelialization mechanisms mediated
by the sesquiterpene.

There are some topical drugs on the market with differ-
ent mechanisms of action to treat wounds aiming to reduce
the time of cutaneous healing and treat errors in tissue
repair. Topical formulations containing neomycin and baci-
tracin zinc sulfate are used in the initial phase of skin
wounds to prevent injury from infection, one of the major
factors of delayed wound healing [5]. Dexpanthenol (5%)
is also used in skin injuries with previous studies reporting
the proliferative potential of keratinocytes and fibroblasts
with this treatment [21]. Another common drug used to
treat cutaneous wounds is collagenase, a protease of Clostrid-
ium histolyticum, which has been show to play a role in the
debridement of provisional extracellular matrix and to have
a remodeling mechanism that makes it useful to treat
wounds in the clinic [22, 23]. Therefore, these three drugs
were used in our study as positive controls to compare the
new treatment containing f3-caryophyllene.
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FIGURE 4: HE photomicrographs of the epidermis in FST, NeBa, Dex, Col, Emulgel, Car and Control groups during 3, 7 and 14 days.

AST, ALT and y-GT are enzymes that catalyze reactions
in some peptides and are highly expressed in hepatocytes.
When drugs cause a toxic effect in the liver, there is an
increase in these enzymes in blood flow, and they are used

in the evaluation of hepatic toxicity [24]. Creatinine and
urea are proteins physiologically synthesized by the body
and are filtered by the kidneys for elimination from the
organisms. The increase in plasma levels of these proteins
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F1cure 5: HE photomicrographs of the border of the wounds in the dermis of FST, NeBa, Dex, Col, Emulgel, Car and Control groups during
3, 7 and 14 days.
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F1gure 7: Thickness of epidermis (ym) of FST, NeBa, Dex, Col, Emulgel, Car and Control groups during 3, 7 and 14 days. Equal letters show
no statistical difference and different letters indicate statistical difference compared to the other groups, according to the Kruskal-Wallis test,

followed by the Dunn post-test, with p <0.05 (n=5).
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F1cure 8: Quantification of collagen (ymz) at the border and center of wounds of FST, NeBa, Dex, Col, Emulgel, Car and Control groups
during 3, 7 and 14 days. Equal letters show no statistical difference and different letters indicate statistical difference compared to the other
groups, according to the Kruskal-Wallis test, followed by the Dunn post-test, with p <0.05 (n=5).

represents the instability of renal filtration due to a toxic
effect [25]. The plasma levels of hepatic and renal proteins
of B-caryophyllene and positive controls were similar to
those measured for physiological quantification (Control),
demonstrating that the local treatment containing the ses-
quiterpene did not have systemic toxicity.

Cutaneous injury results in the synthesis and release of
mediators of the hemostatic cascade and the death of cells
in the wounded area with the local release of reactive oxygen
species (ROS) [26]. Although the released free radicals and
ROS have important roles in the antimicrobial pathway,
exacerbated release of ROS can cause chronic inflammation
and impairment in the healing process, resulting in hyper-
trophic scars or unhealed wounds [27]. To control the con-
centration of ROS, the cells of the area synthesize
antioxidant mediators that are involved in the superoxide
and hydrogen peroxide pathways. Superoxide radicals are
highly reactive molecules that are processed into hydrogen
peroxide, a less reactive molecule, by SOD [16]. However,
at high concentrations, hydrogen peroxide is a toxic com-
pound to cells. Thus, hydrogen peroxide is metabolized by
CAT and GPx (with consumption of GSH), resulting in
water and oxygen molecules [18, 28]. Previous studies have

reported the in vitro antioxidant potential of S-caryophyl-
lene [8, 29], and our findings showing that GPx increased
activity confirmed the antioxidant potential of S-caryophyl-
lene in a rat excision wound model as well as in the NeBa
and Col positive controls.

The inflammatory mechanism is essential for the correct
healing of skin wounds. The IL-1f, IL-6 and TNF-a pro-
inflammatory cytokines are involved in cell differentiation
and proliferation, coordinating the synthesis of granulation
tissue, angiogenesis, re-epithelialization and collagen remod-
eling mechanisms [30]. Furthermore, these cytokines are
associated with IFN-y to enhance the migration to and pro-
liferation of leukocytes at the wound, improving the debride-
ment of necrotic tissue and the phagocytosis of antigens
[31]. IL-10 is another interleukin involved in the inflamma-
tory mechanism of skin wounds, acting as an anti-
inflammatory mediator inhibiting the synthesis of pro-
inflammatory cytokines and playing a role in angiogenesis
[32]. However, the imbalance among inflammatory cyto-
kines can lead to a chronic inflammation process, resulting
in errors in the subsequent healing mechanisms and the
impairment of wound healing [33]. In the present study,
the cytokine quantification data showed that the anti-
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FIGURE 9: Masson’s trichrome photomicrographs of the border of the wounds in the dermis of FST, NeBa, Dex, Col, Emulgel, Car and
Control groups during 3, 7 and 14 days.
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FIGURE 10: Masson’s trichrome photomicrographs of the center of the wounds in the dermis of FST, NeBa, Dex, Col, Emulgel, Car and
Control groups during 3, 7 and 14 days.
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inflammatory activity of p-caryophyllene in cutaneous
wounds was due to the reduction in IFN-y, IL-18, IL-6
and TNF-a levels as well as the increase in IL-10 level with
anti-inflammatory potential similar to NeBa, Dex and Col.

Another mechanism of wound healing involves the con-
traction of wounds with the interaction of fibroblasts and
extracellular matrix proteins resulting in wound closure
[34]. TGF-f1 is a growth factor involved in mechanisms in
all phases of wound healing, including the differentiation
of fibroblasts. Through TGEF-S1 stimulation, fibroblasts
located at the border of injuries synthesize a-SMA, an intra-
cellular stress fiber protein, acquiring a contractile pheno-
type and differentiating into myofibroblasts [35]. The
myofibroblasts bind to the collagen I extracellular fibers
and initiate the contraction of the stress fibers, reducing
the wounded area. [35]. Thus, the role of the S-caryophyl-
lene formulation in wound contraction was validated
through macroscopic evaluation, in which a decrease in
wounded area was observed in groups treated with f3-caryo-
phyllene, neomycin/bacitracin and collagenase. Moreover,
the immunohistochemical data of a-SMA suggested that
the increase of wound contraction of these groups was medi-
ated by a-SMA as indicated by the increase of immunolabel-
ing of this protein in these treatments.

Re-epithelialization is important in cutaneous wound
healing with the proliferation and migration of keratinocytes

from the border of injuries. First, proteinases dissolve adhe-
sion molecules among keratinocytes, such as desmoglein-3.
These cells proliferate and synthesize the anchoring protein,
laminin-y2, to assist in keratinocyte migration through the
extracellular matrix, coordinating the re-epithelialization
mechanism [36, 37]. However, the overexpression of prolifer-
ating mediators causes the hyperproliferation of keratinocytes
at the wounds with an increase of epidermis thickness as a
marker of keloid formation [38]. Therefore, the histological
results of epidermis thickness and the immunohistochemical
data of keratinocyte proliferation (Ki-67), desmoglein-3 and
laminin-y2 demonstrated that f-caryophyllene and collage-
nase treatments enhanced the re-epithelialization mecha-
nism in which desmoglein-3 and laminin-y2 involved
during the migration of cells. Our findings corroborated
the results of Koyama et al. [39], who reported enhanced
re-epithelialization of skin wounds after treatment with -
caryophyllene oil in mice [39].

Finally, the provisional extracellular matrix is replaced
by permanent tissue to initiate the remodeling mechanism.
In this process, type III collagen and other components of
the provisional matrix are metabolized by extracellular
matrix metalloproteinases. Simultaneously, compounds,
such as type I collagen, elastin and proteoglycans, are syn-
thesized and organized as more resistant tissues, and excess
myofibroblasts, fibroblasts and endothelial cells proliferate
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F1GURE 13: Photomicrographs of the immunolabeling of Dsg3 in wounds of FST, NeBa, Dex, Col, Emulgel, Car and Control groups during
3, 7 and 14 days.
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F1GURE 14: Photomicrographs of the immunolabeling of Lamy2 in wounds of FST, NeBa, Dex, Col, Emulgel, Car and Control groups during
3, 7 and 14 days.
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FIGURE 17: Photomicrographs of the immunolabeling of Ki-67 of the center of the wounds in the dermis of FST, NeBa, Dex, Col, Emulgel,
Car and Control groups during 3, 7 and 14 days.
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during healing and undergo apoptosis [40]. Our histological
evaluation results of Masson’s trichrome staining suggested
the role of B-caryophyllene in skin repair, increasing colla-
gen synthesis in the central area of wounds during the first
period of cutaneous healing with better results in the remod-
eling mechanism compared to the reference drugs.

5. Conclusions

Considering our results, we conclude that the emulgel for-
mulation containing 1% p-caryophyllene enhances in vivo
skin wound healing through antioxidant, anti-inflammatory,
wound contraction, re-epithelialization and remodeling
mechanisms. Our results demonstrated the potential of f3-
caryophyllene in skin wound therapy compared with three
reference drugs, with better results in wound healing com-
pared to reference drugs. Furthermore, the analysis of
hepatic and renal parameters confirmed the safety of the
tested formulation by showing that there was no systemic
toxicity. Therefore, this study provides good evidence that
1% p-caryophyllene has great potential for use in treating
full-thickness skin wounds, demonstrating the safety and
effectiveness of this drug as a future alternative treatment
for wound healing.
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Exhaustive and acute unusual physical exercise leads to muscle damage. Curcumin has been widely studied due to the variety of its
biological activities, attributed to its antioxidant and anti-inflammatory properties. Furthermore, it has shown positive effects on
physical exercise practitioners. However, there is no literature consensus on the beneficial effects of curcumin in acute physical
activities performed by sedentary individuals. Therefore, we systematically reviewed evidence from clinical trials on the main
effects of curcumin supplementation on inflammatory markers, sports performance, and muscle damage during acute physical
exercises in these individuals. We searched PubMed/MEDLINE, Scopus, Web of Science, and Embase databases, and only
original studies were analyzed according to the PRISMA guidelines. The included studies were limited to supplementation of
curcumin during acute exercise. A total of 5 studies were selected. Methodological quality assessments were examined using
the SYRCLE’s risk-of-bias tool. Most studies have shown positive effects of curcumin supplementation in sedentary individuals
undergoing acute physical exercise. Overall, participants supplemented with curcumin showed less muscle damage, reduced
inflammation, and better muscle performance. The studies showed heterogeneous data and exhibited methodological
limitations; therefore, further research is necessary to ensure curcumin supplementation benefits during acute and high-
intensity physical exercises. Additionally, mechanistic and highly controlled studies are required to improve the quality of the
evidence and to elucidate other possible mechanisms. This study is registered with Prospero number CRD42021262718.

1. Introduction

Exhaustive physical exercise, especially acute or high
intensity with many eccentric contractions, leads to muscle
damage and delayed onset muscle soreness (DOMS) [1-3].
The disruption of the sarcolemma can characterize muscle
damage, in addition to cytoskeletal damage, distortion of
contractile components, and extracellular abnormalities of
the myofibril matrix [4]. Furthermore, exercise-induced
muscle damage (EIMD) induces an inflammatory response

associated with decreased muscle strength, decreased ROM,
localized swelling, and an increase in muscle proteins in the
blood, such as creatine kinase (CK) [5]. It also raises markers
such as C-reactive protein (CRP) and inflammatory interleu-
kins and contributes to the production of reactive oxygen
species (ROS) by promoting the activation of transcription
factors, such as the nuclear factor nuclear-«B (NF-xB) [6-8].

Impaired muscle function caused by EIMD and DOMS
and subsequent inflammatory responses can affect sports
performance. In this sense, strategies capable of controlling
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or minimizing muscle damage and exacerbated inflamma-
tory responses have been increasingly studied. In this
regard, nutritional supplements with antioxidant and
anti-inflammatory properties have represented an alterna-
tive for such purposes [9, 10]. Among the alternatives,
curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl) 1,6-hep-
tadiene-3,5-dione) stands out, being the main polyphenol
of Curcuma longa L. [11, 12]. The Food and Drug Admin-
istration (FDA) of the United States has listed curcumin as
“Generally Recognized as Safe” (GRAS), and supplements
containing curcumin have been approved for human con-
sumption [13].

A recent review has shown that curcumin has various
biological activities, thanks to its antioxidant and anti-
inflammatory properties, which could be cardioprotective,
immune-regulating, antineoplastic, and hepatoprotective
effects, in addition to positive effects on diabetes and the
nervous system [14]. Moreover, it has shown positive effects
on exercise practitioners and athletes. A clinical trial with
individuals of both sexes has shown that, after eccentric
exercise, supplementation with curcumin (500 mg) signifi-
cantly reduced EIMD and CK concentrations, leading to
better recovery after exercise [15]. Another study has also
shown that curcumin significantly decreased CK levels and
muscle pain in men undergoing muscle damage protocol
[16]. The study by Sahin et al. [17] showed that curcumin
prevented muscle damage and improved performance in
animals by regulating the pathways of NF-«B and nuclear
factor derived from erythroid 2-like 2 (Nrf2).

From what is known, although curcumin has been exten-
sively studied due to its beneficial potential in physical exercise
and sports performance, there is no literature consensus on its
effects on acute and/or high-intensity physical exercises.
Therefore, from clinical trials, we have summarized the avail-
able evidence of the effects of curcumin supplementation on
inflammatory markers, sports performance, and muscle dam-
age during acute physical exercises in sedentary individuals.

2. Methods

2.1. Protocol and Registration. This systematic review was
guided by the following research question: “What is the
impact of curcumin supplementation on sports performance
in sedentary individuals? Second, what are the main inflam-
matory mechanisms involved in this process? Third, what
are the main methodological parameters used to assess the
effect of curcumin supplementation on sports perfor-
mance?” This systematic review was developed according
to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [18].

2.2. Eligibility Criteria. This study included randomized-
controlled clinical trials with sedentary individuals older
than 18 years submitted to acute physical exercise. In con-
trast, studies carried out with children, teenagers, seniors,
and physically active individuals were excluded. Concerning
the intervention type, we have included studies with any
dosage and form of curcumin supplementation. Studies in
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which curcumin supplementation has occurred in combina-
tion with other foods or medication were excluded.

2.3. Search. This systematic review was developed according
to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines [18], which were used
to guide the selection, screening, and eligibility of studies.
The participants, intervention comparators, outcomes, and
study design (PICOS) criteria adopted in this study are
shown in Table 1.

Six authors (ARC, KAD, LFM, LAO, SMSP, and SSP) inde-
pendently searched for original articles using the following
electronic databases: PubMed/MEDLINE (https://www.ncbi
anlm.nih.gov/pubmed),  Scopus  (https://www.scopus.com/
home.uri), Web of Science (https://www.webotknowledge
.com), and Embase (https://www.embase.com). The descriptors
were structured based on search filters built for three domains:
(i) curcumin, (ii) exercise, and (iii) human. The PubMed/MED-
LINE platform filters were constructed using a hierarchical
distribution of the MeSH terms (Medical Subject Headings)
and by the algorithm TIAB (Title and Abstract). These filters
were adapted for research in the Scopus platform, Web of Sci-
ence, and Embase; however, the filter for the original article
was provided by the Scopus platform (Table S1). The search
strategies were not limited by date and language. The
bibliographic search was performed on June 28, 2021.

2.4. Study Selection. The authors (ARC, KAD, LFM, LAO,
SMSP, and SSP) selected eligible studies following the analy-
sis of their titles and abstracts. The level of agreement among
these reviewers was assessed using kappa (kappa =0.909).
The information was extracted independently and analyzed
separately. After reading titles, abstracts, and full-text analy-
sis, we have included all randomized controlled trials that
assessed the effects of curcumin consumption in sedentary
adults submitted to acute physical exercise. Letters, reviews,
observational studies, book chapters, abstracts, unpublished
articles, in vitro studies, animal experiments, studies with
physically active individuals, and studies that associated
curcumin supplementation with another food or medicine
were excluded. In addition, two reviewers (KAD and LAO)
manually searched the reference lists of the studies selected
in the previous step independently evaluated to find addi-
tional relevant articles. Selections were then compared, and
differences were resolved in consultation with another three
reviewers (MMS, RVG, and CMDL).

2.5. Data Extraction Process. After selecting the clinical trials,
the data of the publications were extracted using standardized
information such as an author’s name, year of publication, the
country where the study was held, sample characteristics
(sample size, average age, and anthropometric data), study
design, follow-up, intervention characteristics (dose and form
of consumption), and primary and secondary outcomes. After
the data extraction step, the researchers compared the data to
ensure integrity and reliability.

2.6. Risk of Bias. The quality and risk of bias in the studies’
methodology were assessed by the criteria described on the
SYRCLE’s risk-of-bias (RoB) tool (Systematic Review Centre
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TaBLE 1: PICOS criteria for study inclusion.

Parameter Inclusion criteria

Participants Physically inactive adults

Intervention or Consumption of curcumin

exposure Acute physical exercise
Comparison Placebo (no curcumin supplementation)
Inflammation markers, muscle pain, and
Outcome damage, sports performance and
fatigue, biochemical and oxidative markers
Study design Randomized clinical trials

for Laboratory animal Experimentation) [19]. The following
methodological domains based on RoB were evaluated
according to five domains of bias: (1) selection bias (random
sequence generation, baseline characteristics, and allocation
concealment), (2) performance bias (random housing and
blinding of caregivers and/or investigators), (3) detection
bias (random outcome assessment, blinding of outcome
assessment), (4) attrition bias (incomplete outcome data),
(5) reporting bias (selective outcome reporting), and other
bias (the ethics committee and statistics).

The studies were categorized independently by the
authors in three levels of bias according to the items in the
RoB tool and were scored as “low risk of bias,” “high risk
of bias,” or “unclear” (when the experimental information
was not sufficient for categorization). We constructed a fig-
ure in the Review Manager® 5.4 program from Cochrane
Collaboration (RoB 2.0) to demonstrate the risk of bias
across all included studies (Copenhagen: The Nordic
Cochrane Center 2020).

2.7. Data Analysis. All the clinical trials reviewed in this arti-
cle were summarized in a standard data extraction model,
according to the main characteristics and results of sports
performance, muscle damage, and inflammation markers
(Table 2). The studies were chronologically ordered by year
of publication. Inflammatory and muscle performance
markers were considered the primary outcomes. In addition,
we analyzed the effect of the tested dose concerning the
duration of clinical trials.

3. Results

3.1. Study Selection. The flowchart with the number of
selected and excluded articles in each stage was built
according to the PRISMA guidelines (Figure 1). After
searching PubMed, Scopus, Web of Science, and Embase,
we have identified 5331 articles. Posteriorly, 1960 dupli-
cates were removed, resulting in 3371 articles, of which
3356 were excluded after reading the titles. After reading
the abstracts and full text, we have excluded ten articles.
Nine evaluated the effect of curcumin consumption on
physically active or moderately individuals, and one did
not evaluate parameters of interest, such as inflammatory
markers or pain and damage muscle. We have performed

the citation search to identify other relevant studies; how-
ever, none met the eligibility criteria. Finally, five articles
were included in this study.

3.2. Description of Included Studies. In the five studies
included in this review, 98 young adult individuals of both
sexes, sedentary and with no comorbidities, were studied.
The sample size ranged from 12 to 28 individuals. As for
the study sites, three of them were conducted in Japan [2,
3, 20], one in China [21], and one in the United States
[22]. All studies were randomized and controlled. The inter-
vention time ranged from 2 days to 4 weeks.

The type of acute exercise performed varied. Regarding
the type of acute exercise performed, it was observed that
the majority (n = 3; 60%) performed eccentric contractions
of the elbow flexors, one study (20%) performed a test of
six sets of ten leg press repetitions, and one study (20%) per-
formed a three-rep set of drop jump high (DJH) 70%, DJH
100% (defined as the highest jump height), and DJH 130%
and an acute bike challenge. In most studies (1 =4; 80%),
the curcumin was offered as capsules and in one (n =20%)
of them in the form of nanobubble water extract. In all stud-
ies (100%), curcumin was ingested alone, and the control
group was curcumin-free.

One study (20%) evaluated the effect of consumption of
curcumin, divided into two doses, one before exercise and
the other 12 hours after exercise, and one study (20%) used
curcumin for six days, starting two days before performing
acute physical exercise and continuing three days after.
Other two studies (40%) also offered curcumin before and
after eccentric exercise; in this way, one study evaluated
the supplementation of curcumin for seven days before
the performance of eccentric exercise of the elbow flexors
(PRE group) and for four days after the exercise (POST
group); other study evaluated this supplementation in two
experimental groups: one group received curcumin for
seven days before acute exercise and the other for seven
days after exercise. Lastly, one study (20%) evaluated the
use of curcumin on performance in acute exercise at two
time points, presupplementation and after four weeks
(postsupplementation).

The amount of curcumin varied from 180 to 400 mg per
day. Two studies (40%) evaluated the effect of 180 mg/day of
curcumin supplementation for up to 7 days. One study
(20%) offered 230.9mg/day of curcumin for four weeks.
Another study (20%) evaluated the single use of 300 mg/day
of curcumin divided into two doses of 150 mg. In addition,
one study (20%) evaluated the use of 400 mg/day of curcu-
min for up to 6 days (Table 3).

3.3. Studies’ Main Results

3.3.1. Inflammation. Most studies included in this review
(n=3; 60%) evaluated inflammatory markers. Of these,
three studies (60%) evaluated the proinflammatory cytokine
such as tumor necrosis factor-a (TNF-«), which regulates
multiple biological processes and is a mediator of inflamma-
tion. One study showed a reduction of TNF-a. Two studies
(n=40%) also evaluated the proinflammatory cytokines
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PR [ Identification of studies via databases and registers ] [ Identification of studies via other methods ]
S
= Records identified through database Records removed before
2 (n=5331) screening: . .
b= & .
2 PubMed (1 = 330) / Scopus Duplicate records removed R?CO.rdS 1dentlﬁed froT.
2 (n = 1347)/ Web of Science (n =1960) Citation searching (n = 4)
= (n =704)/ Embase (n = 2950) -
Records screened Records excluded
(n=3371) (n = 3356) ‘
Reportssought for retrieval Reports not retrieved
® (n=3) (n=1)
g
5 v Reports excluded due to: l
< Reports assessed for eligibility - Subjects active or Lo Reports excluded:
(n=15) » moderately astive (n=9) Reports assessed for eligibility > - Subjects active or
- Not evaluation on (n=3) moderately active (n =3)
inflammatory markers or
pain and damage (n = 1)
v
o Studies included in review
L
= (n=5)
S Reports of included studies
=
= (n=0)

FiGureg 1: PRISMA diagram. Different phases of the selection of studies for conducting qualitative and quantitative analyses. Flow diagram

of the systematic review literature search results. Based on [18].

TasLe 3: Effects of different concentrations and exposure time of curcumin before and/or after intense physical exercise on different

markers.
>200 n?g/Cc{f 200-300 mg of curcumin/day >300mg of curcumin/day

Evaluated markers Cur;‘;“&:;s v <7 days >7 days to 28 days <7 days

BE AE BE+AE AE BE+AE
Proinflammatory cytokines n=1 n=1 n=1 — n=1
Anti-inflammatory cytokines — — — — n=1
CK n=2 n=2 n=1 n=1 n=1
Muscle pain n=2 n=2 n=1 — n=1
Muscle performance n=2 n=2 n=1 n=1 _
Lactate, NH, — — — n=1 —
Biochemical (ALT, ALP, TG, HDL, glucose) — — — n=1 —
Oxidative stress n=1 n=1 — — _

BE: before exercise; AE: after exercise; BE+AE: before and after exercise; n: number of studies.

interleukin-6 (IL-6) and interleukin-8 (IL-8). Decreased
expression of these cytokines was observed only for IL-6
and IL-8 in 1 and 2 days after curcumin exposure. These
interleukins are related to the acute inflammatory response,
stimulating the release of acute-phase proteins, as well as
neutrophil chemotaxis [23]. This acute phase, mediated by
proinflammatory cytokines, is generally followed by the
expression of anti-inflammatory cytokines (Wang et al,
2016). Only one study (n=20%) evaluated the anti-
inflammatory cytokine interleukin-10 (IL-10); however,
there was no difference in these cytokines between treated
and receiving placebo in 6 days of treatment.

McFarlin et al. found in a study with 28 individuals that
supplementation of 400 mg/day of curcumin significantly

reduced the levels of IL-8 (-21%; p = 0.030) at 1 day (-21%)
and 2 days (-18%) and TNF-a (-25%; p=0.028) at 1 day
(-25%), 2 days (-23%), and 4 days (-23%) after muscle dam-
age induced by acute leg press exercise. Despite the lack of
significance, IL-6 demonstrated a similar response to IL-8
and TNF-« for the curcumin condition [22].

In another study with 20 healthy men, Tanabe et al.
found that IL-8 serum concentration 12h after the resis-
tance exercise was lower (p=0.033) for the supplementa-
tion of 180 mg/day of curcumin (experiment 1). However,
TNF-a concentration remained similar between groups
[3]. Thus, the curcumin supplementation significantly
reduced inflammation resulting from acute physical exer-
cise (Table 2).
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3.3.2. Muscle Pain and Damage. All studies evaluated creatine
kinase (CK) (n=5; 100%) as an essential clinical biomarker
for muscle damage. Thus, most studies (n = 3; 60%) observed
that treatment with curcumin could reduce CK activity, show-
ing the benefits of curcumin supplementation in reducing pain
and muscle damage by decreasing CK. Serum CK is an impor-
tant clinical biomarker for muscle damage, such as muscular
dystrophy, severe muscle destruction, and a marker of periph-
eral fatigue during physical exercises [21, 22]. In addition,
most studies (n =4 ; 80%) evaluated muscle pain; two of these
(50%) reported a reduction in muscle pain. Only one study
(20%) evaluated skeletal muscle injury and observed a
decrease in the index of a knee injury.

Although inconclusive, studies have shown that curcu-
min was effective for some aspects of muscle damage and
pain after the performance of acute physical exercises.
Tanabe et al. found in a crossover study with 14 healthy
young men that the consumption of a single dose of
150mg of curcumin 1 hour before and another dose of
150mg 12 hours after 50 maximum eccentric contractions
of the elbow flexors reduced the peak of CK activity, com-
pared to the placebo condition (peak: 7684 + 8959 IU/L vs.
3398 + 3562 IU/L; p < 0.05).

Similar findings were reported by McFarlin et al. when
they found that curcumin resulted in a blunted CK response
(p=0.035) at 1 day (-44%), 2 days (-49%), 3 days (-57%),
and 4 days (-69%) following performing the acute exercise.

In addition, Tanabe et al. [3] also found a reduction in
CK concentrations (p =0.020) 5-7 days after exercise and a
reduction in the score for muscle pain for the group supple-
mented with curcumin (experiment 2) 3-6 days after the
exercise when compared to the placebo group. In turn,
Tanabe et al. [20] observed that the group supplemented
with 180 mg/day of curcumin for 4 days presented reduced
muscle pain by palpation on the 3rd day postresistance exer-
cise and reduced muscle pain by the extension of the elbow
joint when compared the placebo group.

Finally, Wang et al. found in a study that the supplemen-
tation of 230.9 mg/day of the nanobubble water curcumin
extract (NCE) before performing a series of drop jumps signif-
icantly reduced the knee injury index (15.38%; p =0.0467)
(peak vertical ground reaction force (PVGRF)); these results
showed that NCE improved skeletal muscle injury [21].

3.3.3. Muscle Performance and Fatigue. Supplementation
with curcumin has shown improvement in some markers
of muscle performance during acute eccentric exercise. Most
studies (n = 3; 60%) evaluated a range of motion (ROM) and
maximal voluntary contraction (MVC) torque as markers of
muscle performance and recovery. Two studies (40%)
reported improvement in a range of motion (ROM); also,
curcumin supplementation improved MVC torque in two
studies (40%), which suggests that supplementation contrib-
uted to muscle recovery and performance. To reflect better
performance during exercise, fatigue needs to be reduced.
Lactate is an oxidizable substrate in skeletal muscle and a
precursor to gluconeogenesis in muscles after exercise [24].
In addition, peripheral and central fatigue levels are related
to increased ammonia levels during exercise [21]. Only one

study (20%) evaluated muscle strength and muscle fatigue
markers (lactate and ammonia (NH,), reporting increased
muscle strength through increased contact time in drop
jumps and reduction of lactate and NH; by supplementation
with curcumin.

The supplementation of 180mg/day of curcumin
improved ROM (3-4 days following the exercise) compared
to the placebo group, indicating an improvement in sports
performance [20]. In addition, the magnitude of decrease
in MVC torque for the curcumin condition was significantly
smaller immediately after exercise and at 48-96 h after exer-
cise by 13-16% compared to the placebo group [2].

In support of these findings, Tanabe et al. observed that
supplementation of 180 mg/day of curcumin (for 7 days—-
after acute exercise) showed improvement in MVC torque
and ROM compared to the placebo group [3]. Another study
[21] has found that the contact time in drop jump high was
significantly increased by supplementation with NCE
(230.9mg/day for 4 weeks) (p=0.0487). This increased
contact time was due to the increased muscle strength due
to the NCE supplementation, corroborating the statement
of curcumin’s role in improving sports and muscle perfor-
mance. They also have reported a reduction in lactate
(18.67%; p=0.0057) and NH, levels (9.02%; p =0.0048)
for the group supplemented with curcumin compared to
the placebo group, indicating a contribution to reducing
fatigue and improving performance.

3.3.4. Biochemical and Oxidative Markers. Only one study
(20%) evaluated the effects of curcumin supplementation
regarding biochemical markers. Biochemical analyses can
provide clinical information about the subject’s physiologi-
cal adaptation. NCE supplementation showed functional
activities related to physiological protection and promotion
of recovery [21]. Wang et al. found that curcumin consump-
tion significantly decreased hepatic alanine aminotransferase
(ALT) (35.66%) and aspartate aminotransferase (ALP)
(28.65%) levels compared to the placebo condition. As for
lipid-related parameters, triglycerides (TG) were signifi-
cantly reduced (31.96%) in the treated group compared to
the placebo group after four weeks of supplementation. In
addition, high-density lipoprotein (HDL) is increased by
1.17 times compared to the placebo group [21].

Regarding oxidative markers, a single study (20%)
assessed the levels of serum concentration of derivatives of
reactive oxygen metabolites (d-ROMs) and the biological
antioxidant potential (BAP). However, there were no signif-
icant differences between curcumin and placebo condi-
tions [3].

3.3.5. Risk of Bias. Regarding the selection bias of the partic-
ipants, the five articles (n =5; 100%) included in this review
were randomized; however, they reported insuflicient data
on the process of sequence generation and allocation
secrecy, making evaluation difficult. As for the blinding of
participants and personnel, most of the studies (n=4;
80%) were double-blind, thus displaying a low risk for this
bias. All studies (n = 5; 100%) had a low risk of bias concern-
ing data recording on incomplete outcomes since the
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FIGURE 2: Risk of bias summary: review authors’ judgments about
the risk of bias item for each included study. The items in the
Systematic Review Centre for Laboratory animal Experimentation
(SYRCLE) risk of bias assessment were scored with “yes”
indicating low risk of bias, “no” indicating high risk of bias, or
“unclear” indicating that the item was not reported, resulting in
an unknown risk of bias. Green: low risk of bias; yellow: unclear

risk of bias; red: high risk of bias.

missing data were balanced among the groups. In terms of
the selected outcome reporting, all studies (n=5; 100%)
were classified as low risk of bias since the study protocol
is not available, but the published articles include all
expected results (Figure 2). All studies followed the method-
ology and presented the proposed results and approval on
the ethics committee and information regarding the statis-
tics used.

4. Discussion

Our study performed a systematic review to investigate the
available scientific evidence of the effects of curcumin sup-
plementation on inflammatory markers, muscle damage,
and sports performance during acute physical exercise in
sedentary individuals. In addition, we analyzed the meth-
odological quality of studies that address this issue. We
hope that these guidelines can improve research quality,
reproducibility, and viability and yield studies with a low
risk of bias, especially about the food supplementation in
inflammatory diseases. In this sense, our review showed that
curcumin supplementation reduced inflammation and mus-
cle pain resulting from acute physical activity. In addition, it
has improved muscle recovery and sports performance and
reduced fatigue (Figure 3).
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Regular physical exercise promotes health benefits [25].
However, long-term acute and intense physical exercise,
associated with the insufficient recovery period, results in
muscle damage, increased reactive oxygen species (ROS),
and inflammation [26, 27]. The production of ROS can alter
cellular functions and cause inflammation, leading to
increased fatigue, decreased muscle function, and perfor-
mance [28-30]. When practiced with adequate intensity
and volume, postexercise inflammatory responses are physi-
ological and indispensable for regenerating damaged mus-
cles. However, they can impair muscle regeneration when
uncontrolled, leading to oxidative damage, protein catabo-
lism, and late-onset muscle pain, resulting in decreased
sports performance [31, 32]. In this sense, controlling or
minimizing marked inflammatory responses and muscle
damage can promote faster recovery, maximize training
and performance, and prevent injuries [2].

Thus, supplementation with dietary compounds has
been increasingly frequent for potential use in improving
sports performance and accelerating postexercise recovery.
Scientific evidence has shown curcumin’s potential in reduc-
ing postexercise inflammation [17, 20, 22]. The mechanisms
involved are related to its ability to modulate proinflamma-
tory cytokines and signaling pathways, in addition to its
effectiveness in blocking the increased activation of NF-«B,
which in turn regulates the expression of TNF-« and inflam-
matory proteins [17, 33-37].

The proinflammatory cytokines TNF-«, IL-6, and IL-8
were evaluated as markers of inflammation by the studies
included in this systematic review [2, 3, 22]. Tanabe et al.
[2] observed no effect of curcumin supplementation for
TNF-a. However, McFarlin et al. [22] reported sustained
suppression of TNF-« in the curcumin-supplemented group
compared to the placebo group. Curcumin’s effectiveness in
reducing TNF-ao may be subject to a minimum dosage of
400 mg administered before and for 72 hours after exercise,
which may explain the differences observed concerning the
studies by Tanabe et al. [2].

McFarlin et al. [22] reported that supplementation with
400 mg of curcumin effectively reduced IL-8 levels resulting
from exercise practice. In the study by Tanabe et al. [3], 7
days of 180mg of curcumin supplementation before exer-
cise also reduced the serum concentration of IL-8 12 hours
after exercise. McFarlin et al. [22] observed that the inhibi-
tion of the transcription factor NF-«B could be related to
the reduction of IL-8 levels and the tendency to decrease
to IL-6. Studies have shown that the promoters of the cyto-
kines IL-6 and IL-8 have binding sites for NF-«xB, C/EBPf,
and c-Jun [38, 39]. Thus, curcumin’s therapeutic potential
in inflammation may be related to its direct action of inhi-
biting NF-«B, which influences the regulation of the expres-
sion of IL-6 and IL-8 [40].

Recent studies with protocols that used curcumin supple-
mentation ranging from 0.18g to 0.4 g/day also have shown
benefits in reducing pain and muscle damage, which reflects
in the decrease in serum CK [2, 3, 22]. Intense exercise leads
to an increase in muscle injury markers, such as CK and lac-
tate dehydrogenase (LDH), which are used as an indication
of increased muscle damage induced by exercise (EIMD)
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[41, 42]. EIMD can affect muscle pain performance and
enzyme activity, reducing the sports performance of athletes
and physical activity practitioners [42-44].

In this sense, all studies included in this review evaluated
the ability of curcumin to mitigate muscle pain and damage,
in addition to preventing injuries [2, 3, 20-22]. In two stud-
ies, Tanabe et al. [3, 20] described that the administration of
180 mg of curcumin (Theracurmin-Theravalues®) caused a
significant reduction in muscle pain when administered four
[3] and seven [20] days later the eccentric contraction
exercise.

However, Tanabe et al. [2] have found no significant
effect on muscle pain using 150 mg of curcumin or placebo
orally before and 12 hours after eccentric exercise. In addi-
tion, Mcfarlin et al. [22] have also reported no difference
in subjective quadriceps muscle pain or daily life activities
when investigating the effect of supplementation with curcu-
min (400 mg 24 hours before and 72 hours after) compared
to placebo. Thus, curcumin supplementation may have
affected pain and muscle damage when administered on
recovery days [3] and for a more extended period [20]. Even
so, differences in muscle pain results may be due to the sub-
jective and individual perception of pain intensity among
participants of the studies.

The effect of curcumin supplementation on serum CK
activity levels after exercise was investigated by four studies
included in this review [2, 3, 20, 22]. Three of them have
shown significantly lower serum CK levels in the group sup-
plemented with curcumin when compared to the placebo
group [2, 3, 22]. Although Tanabe et al. [20] did not report
significant differences, they observed that CK levels showed
less tendency to increase in the group supplemented with
curcumin.

Thus, it is possible that the direct action of curcumin in
the inhibition of NF-xB can inhibit enzymes that generate
ROS, such as COX-2 [39]. It has also been reported that
another possible mechanism for reducing CK activity
through curcumin is the inhibition of the production of his-

tamine and prostaglandin due to the suppression of the pos-
itive regulation of COX-2, showing a protective effect of the
membrane, influencing vascular permeability. This inhibi-
tion reduces the permeability of the membranes, reducing
the intracellular flow of CK. Thus, vascular permeability
may be the key factor in reducing muscle inflammation
and pain caused by EIMD [45, 46]. Although the mecha-
nisms linked to the positive effects of curcumin during phys-
ical activities, as well as the doses and exposure time, are
poorly understood, the evidence on the anti-inflammatory
potential of these molecules is more objective and suggests
a reduction in proinflammatory markers promoting a rapid
tissue recovery after stress.

The EIMD triggers an inflammatory response associated
with decreased muscle strength, ROM, localized swelling,
DOMS, and increased CK, lactate dehydrogenase (LDH),
and myoglobin (Mb) [5]. Mechanical stress during acute
exercise and subsequent inflammatory responses lead to
reduced muscle performance. Thus, MVC and ROM
changes reflect the EIMD dimension, and therefore, these
parameters can be used as performance markers [47]. In this
sense, Tanabe et al. [2] and Tanabe et al. [20] demonstrated
curcumin’s action on muscle performance. They have found
that curcumin supplementation 180 mg/day for 4 and 7 days
after performing eccentric exercises, respectively, improved
the range of motion (ROM). The same group of researchers
has found the improvement in MVC torque or the lesser
magnitude of its decline among those who consumed curcu-
min after exercise [2, 3].

The MVC and ROM markers are decreased by the acti-
vation of NF-«B under high mechanical stress caused by
the excessive use of some joints in sport, which generates
fragments of the extracellular matrix of bone or cartilage
[47]. Innate immunity recognizes these fragments by toll-
like receptors. The cellular activation of NF-«B mediated
by this process stimulates the secretion of products responsi-
ble for the production of tissue damage, such as inflamma-
tory cytokines (IL-1, IL-1b, IL-2, IL-15, IL-21, and TNF-a),
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chemokines (CCL-19, CCR-7), and metalloproteases
(MMP-13, ADAMSTS-4) (Wainstein GE 2014). The curcu-
min action probably minimizes the tissue’s disabling effects,
blocking the NF-«B signaling pathway and thus providing
less muscle damage and a consequently smaller decrease in
MVC and ROM [48, 49].

In addition, the increased serum concentrations of NH,
and lactate during exercise are related to muscle fatigue
and intensify according to the exercise’s intensity and length.
High concentrations of lactate and ammonia indicate an
increased concentration of hydrogen ions and consequent
muscle acidosis, which reduces muscles’ strength and work-
ing capacity [50]. Wang et al. [21] reported a reduction in
lactate and ammonia (NH3) levels among participants who
ingested curcumin compared to the placebo group, conse-
quently showing a reduction in muscle fatigue.

The results by Wang et al. [21] also show that consump-
tion of 230.9mg/day of curcumin before acute exercise
decreased exercise-induced liver injury indicators (aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT)) and improved lipid metabolism through decreased
triglycerides (TG) and increased levels of high-density lipo-
protein (HDL) compared to the placebo group. In turn,
ROS is related to the disruption of the cell membrane integ-
rity caused by lipid peroxidation, with the consequent release
of specific cytosol enzymes or proteins, such as AST and ALT
in the blood [51].

Curcumin supplementation reduces damage and improves
liver inflammation [52] by inhibiting NF-xB activation,
decreasing ICAM-1, COX-2, and MCP-1, and reducing intra-
hepatic gene expression of monocyte chemoattracting protein-
1, CD11b, procollagen type I, and tissue metalloproteinase
inhibitor [53, 54]. In addition, this compound can affect adi-
posity and lipid metabolism through several mechanisms,
including the modulation of energy metabolism and inflam-
mation [55]. In clinical practice, there is evidence about the
effectiveness of curcumin supplementation in reducing the
levels of plasma triglycerides and cholesterol [36, 56, 57],
which suggests its hypocholesterolemic effect [17].

Curcumin has been approved by the Food and Drug
Administration (FDA) as a safe compound [13]. In addition,
clinical trials have assessed its safety and concluded that
dosages up to 12g/day are safe and nontoxic for human
consumption for three months [13, 58]. Only one [22] out
of the five studies included in this review evaluated the side
effects of curcumin supplementation, and no adverse gastro-
intestinal effects were reported. Despite the positive reports
described in this review, we believe it is necessary to evaluate
the results with caution due to heterogeneity of the individ-
ual studies, mainly concerning methodological consistency
to interpret the evidence available and so to avoid reporting
bias and consequently to decrease the reproduction of the
error through the research process.

5. Strength and Limitations

Considering a more comprehensive analysis of the scientific
evidence in clinical trials, the risk of bias was assessed as a
quality criterion complementary to the information reported

Oxidative Medicine and Cellular Longevity

in the studies reviewed. The main methodological limita-
tions were identified in all studies analyzed. Surprisingly,
no study fulfilled all methodological criteria; this finding
indicates that specific reporting bias has been systematically
reproduced through the research process, despite advances
in regulatory strategies to stimulate the development of
robust clinical research. Bias analysis showed that key char-
acteristics such as random sequence generation or random
outcome assessment and blinding of participants (caregivers
and outcome evaluator) were not reported with sufficient
information in the studies. Due to the marked variability
identified in the reviewed studies (i.e., characteristics related
to population, treatment protocols, and outcome evalua-
tion), the findings of this systematic review were qualita-
tively presented. Thus, it was not possible to evaluate the
results based on a meta-analysis [59, 60]. In addition, the
funnel plot method was not used to explore heterogeneity
since the number of included studies was less than the min-
imum recommended (10) for this type of analysis [61]. We
believe that the results presented in this study are important
and valuable as they bring new knowledge about the poten-
tial use of curcumin and its benefits in the practice of stren-
uous exercise by sedentary individuals. However, they
should also be treated with caution, as the low number of
clinical trials found on the subject can be pointed out as a
limitation of this review because when there are fewer stud-
ies, the power of the tests is too low to distinguish chance
from real asymmetry [61-63]. In this context, further studies
are needed to ensure the benefits of curcumin supplementa-
tion during acute and high-intensity physical exercise and to
elucidate other possible mechanisms.

6. Conclusion

Curcumin supplementation has been shown to improve
sports performance, providing less EIMD and reducing
fatigue by decreasing CK activity. In addition, curcumin
exerts an anti-inflammatory effect by modulating proinflam-
matory cytokines. Curcumin supplementation is safe and
probably represents beneficial sport potential, demonstrat-
ing effectiveness before and/or after acute physical exercise
in sedentary individuals.
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Concomitant exotropia have obvious symptoms of eye discomfort in adults, and the presence of ocular surface inflammation in
patients may be important mediators between concomitant exotropia and dry eye. Oculus Keratograph eye comprehensive
analyzer was performed to detect noninvasive tear break time, noninvasive tear height, and eye red index, while the ocular
surface disease index and schirmer I testing were made. The levels of IL-6, IL-10, IL-17A, IL-12P70, INF-y, and TNF-«a were
detected in tears in patients with concomitant exotropia and healthy controls matched by age and gender through the Simoa
technology. IL-6 was significantly higher in patients with concomitant exotropia (4.683 + 1.329) pg/mL than that in normal group
(1.455 £ 0.391) pg/mL, p =0.0304. TNF-«a was also significantly higher in patients (0.2095 + 0.0703) pg/mL than normal group
(0.0513 + 0.0149) pg/mL, p = 0.0397. The levels of inflammatory factors in strabismic patients vs. normal controls were as follows:
IL-17A (0.1551 pg/mL : 0.0793 pg/mL), IL-10 (0.3358 pg/mL : 0.0513 pg/mL), IL-12p70 (0.0253 pg/mL : 0.0099 pg/mL), and INF-
y (0.0284 pg/mL : 0.009 pg/mL) were detected, and the median of them in concomitant strabismus was 1.96-6.55-fold as much as
the control group. High levels of inflammatory cytokines in tears of patients with concomitant exotropia, which may be a

potentially factor promoted the occurrence of dry eye in the patients with concomitant exotropia.

1. Introduction

Strabismus is a disease of eye deviation caused by the imbal-
ance of external eye muscles in both eyes. When one eye fix-
ates on a target, the direction of the other eye axis deviates
from the direction of fixation. The normal cornea is in a cen-
tral position due to prolonged oblique or alternate binocu-
lars in one eye, which can lead to corneal overexposure
and tear film instability. Previous study had found that the
height of the river of tears is reduced and the tear film is
unstable, and the eye red index is increased in concomitant
exotropia [1].

Giannaccare et al. hypothesized that long-term deviation
of the eyeball from its primary location could lead to chronic
changes in the ocular surface, which could result in dry eyes
through two possible mechanisms [2]. Firstly, increased
exposure area of conjunctiva may lead to thinner tear film
lipid layer and increased tear film instability [2]. Secondly,
abnormal anatomical and functional relationships between
the eyelids and the eyeball increase mechanical friction to
the conjunctival epithelium, leading to microtrauma
associated with blinking [2]. Mechanical damage to the con-
junctival epithelium caused by tear film instability further
activates a series of inflammatory events, and long-term
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inflammatory cell infiltration and increased expression of
inflammatory factors lead to further damage to the ocular
surface system. We have therefore investigated if there are
differences about inflammatory cytokines in our cohort of
patients with concomitant exotropia and control group.

2. Methods and Materials

2.1. Participants and Clinical Information Collection. We
included sixty-six patients with concomitant exotropia and
sixty-six controls; inclusion criteria: (1) concomitant exotro-
pia diagnosed in outpatient department as meeting surgical
criteria; (2) the first oblique viewing angle is equal to the sec-
ond oblique viewing angle, and there is no ability to control
the anteroposterion in the far or near viewing, and the hor-
izontal oblique viewing degree is >15PD (prism degree); (3)
no combination of dissociated vertical deviation (DVD),
superior oblique muscle palsy (SOP), and other diseases,
vertical strabismus < 5PD; (4) no complaints of eye discom-
fort except strabismus; (5) no history of ophthalmic disease
or operation; (6) patients with paralytic strabismus, second-
ary strabismus, perceptual strabismus, residual strabismus,
combined keratitis, eyelid gland dysfunction, and Sjogren’s
syndrome were excluded. There was no significant difference
in the number of cases, strabismus, and dominant eye
among all subgroups, which showed comparability. There
were no significant difference in the age or gender ratios of
participants between the concomitant exotropia group and
control group (Table 1). At the same time, we collected the
ocular surface disease index (OSDI), the height of the river
of tears, the tear film rupture time, the tear secretion level,
and the eye red index including the adults and children.

2.2. Ocular Surface Analysis. Oculus Keratograph eye com-
prehensive analyzer was performed to detect noninvasive
tear break time (NIBUT), noninvasive tear height (NITMH),
and eye red index. Both eyes of exotropia patients were mea-
sured separately. First, the right eye was measured, then the
left eye was measured for 3 consecutive times, and the aver-
age value was taken. All patients were examined by the same
experienced staff [3]. The normal reference value of tear film
rupture time is 10-15mm, while <10 mm is hyposecretion,
and <5mm is dry eye. The height of river of tears was
0.2mm as the critical value, and <0.2 mm was diagnosed as
dry eye [4]. The eye red index was less than 2 points for mild
hyperemia, 2.1 to 3.0 points for moderate hyperemia, and
3.1 to 4.0 points for severe hyperemia.

2.3. Schirmer I Testing and OSDI. To obtain the height of the
river of tears at the lowest part of the crescent curve page for
measurement, the unit is expressed in mm, and the critical
value of the height of the river of tears is 0.2 mm[5]. The
normal reference value of Schirmer I testing is 10-
15 mm/5 min, while <10 mm/5 min is hyposecretion, and <
5mm/5min is dry eye. OSDI test includes 12 questions
and three parts: part 1 refers to ocular pain or visual difficul-
ties; part 2 is about visual functionality; and part 3 is analyses
of environmental factors.
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TaBLE 1: The ocular surface analysis of included subjects.

Number Year p F/M p
A. srabismus 36 28.11+1.75 19:17
A. control 36 31.56 £2.03 0.2029 19:17 >0.05
C. srabismus 30 9.80+0.74 15:15
C. control 30 8.77+0.67 03041 15:15 >0.05

2.4. Tears Collect. Inclusion criteria for the experimental
group: (1) clinical diagnosis was concomitant exotropia,
and refractive errors (spherical <+1.00D, anastigmate or
cylindrical < 0.50) were corrected by wearing glasses, while
there were no neurological diseases or craniofacial abnor-
malities. (2) Except for strabismus and refractive errors,
the patients had no history of other visual defects and eye
diseases and no family genetic history (including history of
strabismus). Inclusion criteria for the control group: (1)
refractive  errors  (spherical <+1.00D, anastigmate or
cylindrical < 0.50) were corrected by wearing glasses while
no neurological disease, no craniofacial abnormalities, no
history of visual impairment or eye disease, and no family
history of hereditary diseases (including strabismus). (2)
No related symptoms such as dry eyes. We collected relevant
clinical information, including gender, age, and course of the
disease, corneal light reflection test, eye movement (inter-
mittence/constancy), strabismus degree, and the dominant
eye. There were no significant differences in the age or gen-
der ratios of participants between the concomitant exotropia
group and control group (Table 2). The study was approved
by the ethics committee of 1st Affiliated Hospital of Fujian
Medical University. Informed consent was obtained from
legal guardians or participants.

We use tears adsorption filter paper (Tianjin Jingming
New Technology Development Co., LTD., Tianjin; China
Strip, hereinafter referred to as China Strip) to collect tears
from the subjects. Schirmer tear test strips were customised
with filter paper labeled with fluorescent-sodium and are of
structure of 40 mm x 5 mm filter strips with millimeter scale
ranging from 0 to 30 mm. The tears samples were eluted
with 200 uL PBS and shaken for 5 hours at room temper-
ature, and the samples were stored in a refrigerator at
-80°C [6].

2.5. Measurement of Inflammatory Cytokines in the Tears.
For SIMOA experiments, tear samples were prepared
according to the kit specific manufacturer’s instruction.
Inflammatory cytokine levels were measured using SIMOA
HD-X Cytokine 6-Plex panel standards, and samples were
run utilizing manufacturer’s assay instructions.

2.6. Statistical Analyses. All of the data was analyzed with the
SPSS 20.0 program (IBM Corp. SPSS Statistics for Windows,
version 20.0, Armonk, NY, USA). All the experimental
results were statistically analyzed to compare the differences
between groups by t-test, and p < 0.05 was considered statis-
tically significant.
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TaBLE 2: The basic clinical information of the included subjects for tear analysis.
Exotropia group (n=11) Control group (n=11) p
Gender (male : female) 6:5 6:5 >0.05
Age (year) 6+0.4264 6+0.4045 >0.05
Time (year) 1.25+0.217 —
Corneal light reflection test —-20.42 + 1.9604 —
Movement (unrestricted : restricted) 6:14 —
Strabismus degree —42.5A +3.5906 —
The dominant eye (OD: OS) 6:5 —
Symptoms (foreign-body sensation, pain, irritation, ocular fatigue, ) .

and eye redness)

3. Results

3.1. Dry Eye-Related Indicator Is Abnormal in Adults While
It Is Normal in Children. In order to further clarify the ocu-
lar surface of patients with concomitant exotropia. The
ocular surface disease index (OSDI), the height of the river
of tears, the tear film rupture time, the Schirmer I testing,
and the eye red index were measured in 66 patients with
concomitant exotropia including adults and children. In
our study, we found that the height of the river of tears
was decreased (0.2061 £ 0.0068 mm vs. 0.2353 +0.0083
mm, p < 0.01). And the eye red index of adult patients with
exotropia was increased compared to the control group
(1.497 £0.1348 vs. 1.161 +£0.1008, p <0.05). Schirmer I
testing showed that the tear secretion level of adult patients
with exotropia was lower than that of control group
(9.333 £0.5633 mm/5min  vs. 10.84 +0.4815 mm/5 min,
p <0.05). The OSDI score (18.99 +2.426 vs. 14.58 +2.101,
p=0.1735) and tear film rupture time (6.881 +0.7390s vs.
8.846 + 0.7674 s, p = 0.069) were no found the statistical dif-
ference between concomitant exotropia and control.
However, in the children group, the measurement of
OSDI (4.080 +0.9179 vs. 3.837 £ 0.9062, p > 0.05), tear film
rupture time (9.658 £ 0.7309 s vs. 9.728 + 0.8429s, p > 0.05),
eye red index (0.6833+0.06380 vs. 0.6000+0.05296,
p>0.05), river of tears height (0.2410+0.0060 mm vs.
0.2417 £0.0069 mm, p>0.05), and tear secretion level
(10.42 £ 0.4133 mm/5min vs. 11.31 +0.4016 mm/5 min,
p>0.05) did not find statistical differences (Figure 1).

3.2. Inflammation Cytokines in Tears Promoted the
Occurrence of Dry Eye in Children with Concomitant
Exotropia. We found that adults had obvious dry eye-
related symptoms in concomitant exotropia, while children
had no significant difference compared to the control group.
A variety of tear proteins are significantly associated with
aging in strabismus patients, many of which were associated
with inflammation, immune response, and cell death [7].
The persistence of inflammatory cytokines in tears may be
associated with the occurrence of dry eyes in concomitant
exotropia. To investigate the different levels in the children
with exotropia and control, we used SIMOA technology to
measure the levels of inflammatory cytokines in tears in stra-

bismus and normal patients. Levels of INF-y, IL-10, IL-
12p70, IL-17A, IL-6, and TNF-« were measured. We found
the expression of INF-y, IL-10, IL-12p70, and IL-17A in
tears of strabismus patients, which were no significantly
higher than those of normal subjects, while IL-6 and TNF-
o were statistically significant (Table 3, Figure 2).

3.3. Mechanistic Hypothesis of Ocular Surface Inflammation
Cytokines and Dry Eye in Patients with Concomitant
Exotropia. The role of multiple inflammatory factors in dry
eye symptoms of patients with concomitant exotropia is
unknown. Firstly, increased exposure and local lesions in
concomitant exotropia lead to increased expression of
inflammatory factors, especially IL-6 and TNF-a, in the
tears. Secondly, the increased expression of inflammatory
cytokines may lead to goblet cell apoptosis and the occur-
rence of dry eye. Thirdly, related literature supports that
IL-6 and TNF-a may activate downstream NF-«xB [8],
P38MAPK [9], and JNK[10] pathways through TNF recep-
tor 1 and activate downstream caspase-8[11] through TNF
receptor 2 to induce apoptosis of functional cells (Figure 3).

4. Discussion

We have shown here that dry eye-related indicator is abnor-
mal in adults while it is normal in children, which included
the ocular surface disease index (OSDI), the height of the
river of tears, the tear film rupture time, the tear secretion
level, and the eye red index. The concentration of tear medi-
ators increased obviously in concomitant exotropia, and the
IL-6 and TNF-« could be important mediators of inflam-
mation. Inflammatory cytokines may be involved in goblet
cell apoptosis through a variety of signaling pathways. Early
intervention in these patients can avoid long-term high con-
centration of inflammatory factors and the occurrence of
dry eye.

Patients with concomitant exotropia have dry eyes and
tear film instability before surgery. The height of lacrimal
river in patients with exotropia and esotropia was 0.21 +
0.06 mm and 0.17 + 0.05 mm, and the mean BUT was <7S.
The mean conjunctival red eye index in patients with exotro-
pia was 0.83+0.37 [1]. With the increase of age, the
conjunctival red eye index in patients with strabismus
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FiGURk 1: The ocular surface analysis in patients with concomitant exotropia. (a) The ocular surface disease index (OSDI); (b) the height of
the river of tears; (c) the noninvasive tear film rupture time (NIBUT); (d) the eye red index; (e): the schirmer I testing. A. exotropia:
concomitant exotropia in adult; C. exotropia: concomitant exotropia in children; A. control: control group in adult; C. control: control

group children.

TaBLE 3: The level of inflammatory cytokines in the tears.

INF-y (pg/mL) IL-10 (pg/mL) IL-12p70 (pg/mL) IL-17A (pg/mL) IL-6 (pg/mL) TNF-« (pg/mL)
Exotropia 0.0284 £0.0125 0.3358 £0.1872 0.0253 £0.0078 0.1551 £0.0437 4.683 £1.329 0.2095 £ 0.0703
Control 0.0090 = 0.0024 0.0513 £0.0149 0.0099 = 0.0023 0.0793 £0.0313 1.455+0.391 0.0513 £0.0149
p 0.1434 0.1506 0.0729 0.1739 0.0304 0.0397
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F1GURE 2: The level of inflammatory cytokines in tears of patients with concomitant exotropia. (a) INF-y; (b) IL-10; (c) IL-12p70; (d) TNF-«;

(e) IL-17A; (f) IL-6.

increased [1]. There were statistically significant differences
in NIBUT and eye red index among multiple age groups in
the concomitant exotropia [12]. A variety of tear proteins
are significantly associated with aging in strabismus patients;
many of which were associated with inflammation, immune
response, and cell death. The persistence of inflammatory
cytokines in ocular surface resulted in a series of pathophys-
iological changes, associated with abnormal of dry eye-
related examines.

In this study, we selected several inflammatory cytokines
associated with dry eye, including IL-17A, IL-10, IL-12p70,
INF-y, IL-6, and TNF-a. Dry eyes are a common ocular dis-

ease characterized by reduced tear production on both sides
and unstable tear film. Goblet cell loss was directly related to
surface cell apoptosis after chronic inflammatory injury,
resulting in further tear film instability/imbalance [13]. IL-
17A, a Thl7-related cytokine, played an important role in
the pathogenesis of dry eye disease, and its expression in
tears may be a diagnostic biomarker for dry eye disease
[14]. Significant differences in the concentration of cytokines
(IL-6, IL-10, and TNF-«) were detected in tear samples col-
lected from patients with dry eyes [15, 16]. Luminex tech-
nique indicated that the level of IL-12p70 in peripheral
blood of patients with dry eye was significantly higher than
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that of normal control group [17]. Interferon-y and IL-17A
induced dry eye surface injury and the density of goblet cells
in mice [18].

TNF-« and IL-6 are important factors of goblet cell apo-
ptosis and dry eye symptoms in patients with concomitant
exotropia. The production of TNF-a and IL-1 leads to the
damage of dry eye surface in mice [18]. NF-«B activation
was an important regulator of TNF-a mediated apoptosis
of corneal fibroblasts [19]. The activation of NF-«B resulted
in inflammation and apoptosis by on the ocular surface of
dry eye, thereby reducing tear secretion [8]. TNF-« induces
cell apoptosis by activating the p38 MAPK signaling path-
way and acts as an effective TNF-«a antagonist to prevent
p38 MAPK-dependent apoptosis induced by TNF-a in
cells [9].

The study has several limitations. Firstly, the number of
samples included in this study was small, because we need to
conduct rigorous screening of the subjects included in the
study, and, it should be tested as soon as possible to prevent
long-term storage of samples. Secondly, the experimental
results of this study were not repeated for many times, and
the test operation process was standardized by professional
technicians without any information about sample type.
Thirdly, some cytokine concentration in the research was
lower than LLOQ, and we treated this part of data in accor-
dance with the LLOQ of the corresponding panel, and this
alternative result was reasonable.

5. Conclusion

In summary, we found that high expression levels of inflam-
matory factors (IL-6, and TNF-«) in tears of patients with
concomitant exotropia were significant higher than the con-
trol, which could be a potential factor who promoted the
occurrence of dry eye in the patients with concomitant
exotropia. Further studies are needed to determine the ocu-
lar surface inflammation in patients with strabismus and
whether the early intervention of ocular surface inflamma-

tion is beneficial to the prognosis of patients with concomi-
tant strabismus.
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Compared with full-term peers, premature infants are more likely to suffer from neonatal diseases and death. Variations in DNA
methylation may affect these pathological processes. Calcitonin gene-related peptide (CGRP) plays a complex and diversified role
in reproduction and chronic inflammation, and participates in the functional maintenance of vascular adaptation and trophoblast
cells during pregnancy. Here, premature live births with single-chorionic triple embryos after single-embryo transfer were used as
research objects, while full-term infants with double embryos and double-chorionic twins were used as controls. DNA was
extracted from umbilical cord tissues for pyrosequencing to detect the methylation level of CpG island in CGRP promoter
region. The average values of CGRP methylation in the umbilical cord tissues of very premature fetuses were higher than that
of normal controls obtained from the databases. Immunofluorescence results showed that the expression of «CGRP was
decreased in the blood vessel wall of the umbilical cord of monozygotic triplets, especially in death cases, while the SCGRP
had a compensatory expression. In conclusion, our findings suggest that hypermethylation of CGRP might be considered as an
important cause of serious neonatal morbidities.

1. Introduction and CALCB (BCGRP), and these coordinate with molecular
signaling network of decidualization, placenta formation,
and fetal growth to promote successful pregnancy outcomes
[3, 4]. But the role of it in finely synchronized molecular and
cellular events during preterm labor still remains to be
unknown.

Our previous studies have revealed that abnormal secre-

tion of BCGRP is caused by CALCB mutation, which lose its

Impaired blood circulation in the umbilical cord or placenta
might lead to intrauterine growth restriction and premature
delivery and is considered as an important complication
during pregnancy [1]. Calcitonin gene-related peptide
(CGRP) is regarded as the most effective vasodilator, and it
plays a complex and diversified role in chronic low-grade

inflammation [2]. It is closely related to functional mainte-
nance of vascular adaptation and trophoblast cells during
pregnancy [3]. It comprises two subtypes CALCA («CGRP)

inhibitory effect on inflammatory cells, resulting in oblitera-
tive vasculitis and perineuritis [5]. At the same time, inter-
leukin- (IL-) 6, IL-10, and tumor necrosis factor-a (TNE-
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o) were highly expressed in CGRP-KO rats, which might be
involved in the occurrence of fetal inflammation [6]. CGRP
can inhibit the synthesis and/or release of inflammatory fac-
tors such as TNF-q, IL-1, and IL-12 by regulating cytokine
expression of macrophages through cAMP/PKA signaling
pathway and inhibiting the differentiation of Thl lympho-
cytes. CGRP can also regulate the balance between Th1/Th2
cells, promoting the release of IL-10 and IL-4 from macro-
phages and Th2 lymphocytes and inhibiting the antigen pre-
sentation of Th1 cells, thereby inhibiting Th1 cell-mediated
cellular immunity [7, 8]. Therefore, we speculated that
CGRP might participate in immune regulation and inhibi-
tion of inflammation during pregnancy, thereby affecting
fetal development and progression of labor.

In addition to the influence of neurological factors,
CGRP expression also plays an important regulatory role
in its own gene structure and methylation modification.
There is a large CpG island in the 5" flanking promoter
region of the CALCA and contains a microbial infection-
specific response elements that regulate the transcription of
procalcitonin (PCT) during bacterial infection [9]. The
structure of CALCB is similar to that of CALCA, and it con-
sists of two different CpG-rich regions, wherein one is
located around exon 1, and the other is located about
1.5kb upstream [10]. Single-egg multiple births might occur
due to different methylation patterns during embryonic
development, and this might be a reason for the differences
in fetal development [11]. The monochorionic triplet
(MCTA) genetic background is a common, reliable, and
excellent sample for studying the role of CGRP in pregnancy
maintenance. Hence, in this study, the methylation levels
and expression location of CALCA and CALCB in the
umbilical cord tissues of monochorionic three amniotic sacs
were detected, and the relationship between them and the
very preterm birth were evaluated.

2. Materials and Methods

2.1. Research Subject. A case of monochorionic triplets and
the very premature live births of three boys after single blas-
tocyst transplantation were collected as research subjects
from the Reproductive Medicine Center of the First Affili-
ated Hospital of Fujian Medical University in April 2020.
In addition, those undergoing double blastocyst transplanta-
tion in the same period were selected. Chorionic twins and
two full-term live births were used as controls. General
information including age, basic hormone levels, fetal devel-
opment process, and family history were collected. After
obtaining their consent, the remaining umbilical cord and
placental tissue samples from in vitro pathological diagnosis
were collected for methylation and immunohistochemical
testing.

2.2. Database Retrieval and Prediction. To study the relation-
ship between gene methylation in umbilical cord or cord
blood and preterm birth, two matching databases were
found. Genome wide DNA methylation profiling of 152
umbilical cord blood samples from CCCEH birth cohort.
The Illumina Infinijum 450k Human DNA methylation
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Beadchip was used to obtain DNA methylation profiles
across approximately 450,000 CpGs in cord blood samples.
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE69176.

An Epigenetic-Senescence-Signature, based on six CpGs,
was either analyzed by pyrosequencing or by barcoded bisul-
fite amplicon sequencing. https://www.ncbinlm.nih.gov/
geo/query/acc.cgi?acc=GSE82234.

2.3. Pyrosequencing. DNA was extracted from umbilical cord
tissues (about 5cm from placenta attachment) of three
infants with single chorionic triplets and preterm live birth
after single blastocyst transplantation and double blastocyst
transplantation double chorionic twins and two full-term
live births using the Tiangen DNA Extraction Kit (TTAN-
GEN, Beijing, China) according to manufacturer’s instruc-
tions. DNA was sent directly to Gene Tech (Shanghai) Co,
Ltd. (Gene Tech, Shanghai, China) for pyrosequencing to
detect the methylation level of CpG island in CGRP pro-
moter region. The sequencing primers, conditions, and
sequencing sequences used are shown in Figure 1.

2.4. Immunofluorescence. The immunofluorescence mea-
surements were performed as previously described [12].
The procedure is briefly described as follows: umbilical cord
tissue and placental tissue were fixed in 4% formalin over-
night, embedded in paraffin, sectioned at 4 mm. Immunoflu-
orescence confocal microscopy was also undertaken to
determine the correlation of CALCA («CGRP) and CALCB
(BCGRP). CALCA was detected with rabbit antihuman
polyclonal antibody (1:50 dilution; A11804, Abclonal,
CN), and CALCB was detected with rabbit antihuman poly-
clonal antibody (1:200 dilution; A5523, Abclonal, CN). The
secondary antibody was rhodamine- (TRI-TC-) conjugated
goat anti-rabbit IgG or FITC-labeled goat anti-rabbit IgG.
Nuclei were stained with DAPI solution.

3. Results

3.1. Clinical Data of Identical Triple Pregnancies. A 29-year-
old female patient was treated with in vitro fertilization
(IVF) and transplanted a fresh cycle of one blastocyst
(4AB) on day 5, which is a monochorionic triple amniotic
pregnancy shown in pregnancy ultrasound. This blastocyst
was premature rupture of membranes at 25W + 1 week,
and three boys were born prematurely. The newborns had
an Apgar score of 4 and a weight of 800g. One of the new-
borns was short in height and malnourished and died after
rescue (Table 1). General clinical data show that the patient
has lived with the current husband for 6 years, married for 5
years, and has an average sex life of 3-4/month. The husband
has ejaculated and has not been pregnant yet. The patient
was diagnosed with “polycystic ovary syndrome” in 2015.
In 2016, the patient underwent a series of operations, such
as laparoscopic ovarian perforation, hysteroscopy, and bilat-
eral salpingectomy. Patient’s infusion during surgery is nor-
mal. The pathological results after surgery showed
endometrial polyps. Basic endocrine examination: FSH
1.111U/L, LH 6.41IU/L, E2 35.2miu/L, T 57.6nmol/L, and
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CALCA

5 [F1 TTATAGTTTYGGGATGTAGTTGTTG
Primer Set 1 Score: 62

Rl [TTTCAACCTCTCCACCATCT
General Warnings

m S1 [TGTTGAGTTTATYGTATAGGTA

PCR Product Forward PCR Primer, F1 |Reverse PCR Primer, R1 Sequencing Primer, S1

Length, bp 109 25 20 22
Position, 5 3' 538 - 562 646 - 627 558 - 579
Tm, °C 65.4 66.1 45.9
%GC 35.8 32.0 45.0 27.3
Sequence to Analyze |[GYGTTYGGAT YGGTTGTAGT AGATYGYGYG TTGYGYGTTT TATYGGGAGA TGGTGGAGA
CALCB

_% [F1  |GGTCAGTTTTGGTTATTTTGGAT
Primer Set 0 Score: 79

2[Rl [CCTCACCTAACCACTAAAATTTCA
General Warnings

m S1 [TTTTTAGTTATTTTTGTAATAAG

PCR Product Forward PCR Primer, F1 [Reverse PCR Primer, R1 |Sequencing Primer, S1
Length, bp 175 23 24 23
Position, 5 3' 184 - 206 358 - 335 236 - 258
Tm, °C 67.1 67.4 47.6
%GC 36.0 34.8 37.5 13.0
Sequence to Analvze AGYGGGGTTT TYGYGGGGAA GGYGTTTATA GTAGGTGTGG TGTTTATTTY GGGTYGATYG
4 Y28 |GTYGTTYGYG TTGTTTTGAA ATTTTAGT

FIGURE 1: Primers, conditions, and sequencing sequences of CALCA and CALCB methylation.

AMH 5.95 ng/mL. Birth history: 0-0-0-0. Not pregnant for 6
years without contraception. The semen of the man is nor-
mal, the chromosomes of both men and women are normal,
and the close relatives of both men and women do not have
multiple births. All human studies were approved by the
Ethics Committee of the First Affiliated Hospital of Fujian
Medical University (MTCA, ECFAH of FMU [2019] 001)
and (MTCA, ECFAH of FMU [2015] 084-1).

2019.8.23 Ultrasound showed 5 antral follicles on the left
ovary, 27 * 22 mm follicles on the right ovary, and 3-4 antral
follicles, Em: 13.0cm, C Type. GnRH-a ultralong regimen
was used, and leuprolide was adjusted down 3.75 mg/d after
communication with the patient. 2019.9.10 Leuprolide was
used to downregulate for 27 days, blood hormone: E2:
33.19 pmol/l, FSH: 2.421U/L, LH: 0.51 IU/L, P: 0.64 nmol/L.
Vaginal B-ultrasound shows that 8-9 antral follicles can be
seen on the left ovary, 4 antral follicles can be seen on the
right ovary, Em: 2.0 mm, C Type. After communicating with
the patient, she was given LH 150 IU/day and HMG225 IU/d
growth hormone 41U/d started. 2019-9-30 Gnl1day, vaginal
B-ultrasound: there are 22 follicles in both ovaries, of which
6 are >1.8 cm follicles. Blood hormone: E2: 7678 pmol/L, P
1.1l nmol/L, LH: 1.25IU/L. Stop Gn, Azer 200ug trigger,
OPU operation for 38 hours. 12 eggs were examined, 10 of
which were mature. IVF short-term fertilization, seven
appeared 2PN, and D3 high-quality 3 embryos. A fresh cycle
embryo is transferred and administered: dydrogesterone

20mg bid po#10d; progesterone suppository 2 tabletsbid
pv+10d.

Frozen embryos: D5 (4AB, 4BB), D6 (4CC+).

Fresh cycle embryo transfer: single blastocyst transplan-
tation (2PN-4CII-8CII-4BA) (Figure 2(a)), the transplant
process went smoothly. Day 11, blood HCG 194.7 mIu/mL,
day 14, blood HCG 595.1 mIu/mL, 6 W + 4 ultrasound shows
gestational sac size: 3.5 % 1.4 % 2.3 (cm). Gross pathology
showed single placenta, three amniotic sacs, and three
umbilical cords (Figures 2(b) and 2(c)). Histopathology
showed acute chorioamnionitis and chorionic plate vasculitis
(Figure 2(d)). No triplet transfusion syndrome was found.

3.2. Ultrasound Monitoring Results. Early ultrasound (12 W)
of three independent fetuses (a, b, and ¢), a single placenta,
and three independent amniotic sacs were shown in
Figure 3(a). Color Doppler ultrasound NT examination
revealed three fetuses and one placental echo in the uterine
cavity, and the three fetuses were arranged in the upper right
(a), upper left (b), and lower right (c) quadrants. Echoes of
the diaphragm were seen among the three fetuses, and the
three diaphragms and the placenta showed a T sign. The pla-
centa was located in the posterior wall, covering the cervix
by its lower edge. Maturity level was 0 (Figure 3(b)). Ultra-
sound examination in second trimester (20 weeks) revealed
placental maturity level of I and thickness of about 3.23 cm
(Figure 3(c)).
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TaABLE 1: General condition of newborns with three births with monochorionic three amniotic sac.

Fetus Survival Apgar score Weight (g) Height (cm) Health status Birth defects Other

A Yes 4 806 General None Healthy discharge
B Yes 4 833 General None Healthy discharge
C Yes 4 800 Unbhealthy None Died after rescue

[ . Cleavage

Days 5

Monochorionic/monoamniotic

(d)

F1gure 2: Clinical data of identical triple pregnancies. (a) Embryo development (2PN-4CII-8CII-4BA), scale 0.0002 mm; (b) identical triplet
pattern diagram; (c) identical triple placenta umbilical cord and blood vessels on the umbilical cord (Left: general sample image of placenta
and umbilical cord; upper right: pathological image of umbilical cord blood vessel of fetus A; middle right: pathological image of umbilical
cord blood vessel of fetus B; lower right: pathological image of umbilical cord blood vessel of fetus); (d) chorioamnionitis and chorionic plate
vasculitis, scale bar 0.003 mm; green box marketed and highlight show inflammatory cell infiltration area.

3.3. Database Search Results. The umbilical vein (6 samples)
and cord blood (152 samples) were collected from the sam-
ples. The average methylation rate of CALCA was 10.08%
and 9.50%, and that of CALCB were 5.31% and 7.71%,
respectively.

3.4. Methylation Sequencing Results. The average values of
CpG island methylation in CALCA promoter region in fetal
A, B, and C umbilical cord tissues were 12.125%, 15.5%, and
18.625%, respectively, and these were higher than those in
normal controls. The average methylation rate of CALCA

promoter region in D and E umbilical cord tissues of full-
term control fetuses was only 6.125% and 4.375%. Based
on this, it was clear that the percentage of CALCA methyla-
tion in the umbilical cord tissues of premature fetuses was
higher than that of full-term births, and the percentage of
CALCA methylation in the C umbilical cord tissues of
fetuses that died after rescue remained the highest.
Similarly, the average values of CALCB methylation in
umbilical cord tissues of premature fetuses A, B, and C were
15.889%, 11.222%, and 16.667%, respectively, and were
higher than those of normal controls. However, the average
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FIGURE 3: B-ultrasound monitoring results of identical triple pregnancies. (a) Left: three independent fetuses a, b, and ¢ can be seen, and the
arrow is a single placenta; right: three independent amniotic sacs are seen, and the arrow is the amniotic echo; (b) early color Doppler
ultrasound NT examination; (c) ultrasonography in the second trimester (20 weeks).
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F1GURE 4: CALCA and CALCB methylation results of umbilical cord tissues from identical triple pregnancy and control. Among them, the
identical triplets were triplet (a), triplet (b), and triplet (c) and triplet (d) and triplet (e) fraternal twins.
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Umbilical vein

()

Monochorionic triplets

Bichorionic twins

(b)

(d)
(e)

Ficure 5: CALCA expression in the umbilical cord. Tissue section of umbilical cord were exposed to «CGRP IgG at 4°C for 20 minutes. The
localization of ’*CGRP was monitored by immunofluorescence microscopy. In umbilical cord tissue, CGRP was weakly expressed, mainly in
vascular endothelial cell layer. (a), (b), and (c) are identical triplets ((c) is the invalid death case); (d) and (e) are fraternal twins.

percentage of methylation of CpG island in CALCB pro-
moter region in D and E umbilical cord tissues of full-term
fetuses was only 2.778% and 7.0%. In addition, the methyla-
tion percentage of CALCB in umbilical cord tissues of pre-
mature fetuses was higher than that of term births, and the
CALCB promoter region methylation percentage in the C
umbilical cord tissues of fetuses that died after rescue
remained the highest (Figure 4).

Among these, the identical triplets were triplet A, trip-
let B, and triplet C and triplet D and triplet E fraternal
twins. The results of pyrophosphorylation sequencing
showed that the methylation levels of CALCA and CALCB
in the umbilical cord tissue of three premature births with

single chorionic sac were higher than those of full-term
twins with double chorionic sac, and the methylation
levels of death cases after rescue were higher when com-
pared to others.

3.5. Tissue Immunohistochemical Test Results. Immunofluo-
rescence results revealed that the expression of «CGRP in
the umbilical cord of the twin brothers (triplet A, triplet B,
and triplet C) was lower than that of normal controls (triplet
D and triplet E), especially in death cases (triplet C)
(Figure 5). Immunofluorescence results showed that the
level of BCGRP revealed no significant differences in the vas-
cular endothelium and vascular wall of umbilical cord of
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Umbilical artery

Monochorionic triplets

Bichorionic twins
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Umbilical artery

Umbilical vein

(d)

F1Gure 6: CALCB expression in the umbilical cord. Tissue section of umbilical cord were exposed to SCGRP IgG at 4°C for 20 minutes. The
localization of SCGRP was monitored by immunofluorescence microscopy. In umbilical cord tissue, CGRP was weakly expressed, mainly in
vascular endothelial cell layer. (a), (b), and (c) are identical triplets; (d) and (e) are fraternal twins.

twin brothers and normal control, including the death cases
without rescue (Figure 6).

4. Discussion

Premature infants are susceptible to many complications
due to impaired immunity, inflammation, and vascular reg-
ulation [13, 14]. The discovery with regard to the relation-
ship between calcitonin/calcitonin gene-related peptide
(CT/CGRP) and pregnancy highlighted new signal transmis-
sion mediators in various physiological processes including
reproduction [15, 16]. In addition to vascular regulation,
CGRP comprises of a variety of functions in regulating

immune and inflammatory responses [17-19]. It integrates
inflammatory and immune responses in the local micro-
environment [5, 6, 15]. CGRP can change lymphocyte
proliferation, antigen presentation, cytokine production,
B lymphocyte differentiation, and adhesion molecule
expression [5, 6]. Studying the effects of neuropeptides
on inflammation and vascular regulation can help us to
uncover the possible mechanisms in preterm infants.
Our previous study has shown that mutations or abnor-
mal splicing of CGRP gene could lead to abnormal localiza-
tion and synthesis of CGRP in cells, causing perineuritis and
vasculitis [5]. Similar to vascular endothelial cells and
smooth muscle cells, trophoblast cells also expressed



receptor proteins such as CRLR and RAMP1, suggesting that
CGRP might be involved in the regulation of trophoblast
function [20]. Long-term administration of CGRP receptor
antagonist CGRPy 5, into pregnant rats significantly reduced
the weight of young rats, increased systolic blood pressure
and fetal mortality in a dose-dependent manner [21, 22].
This phenomenon suggests the relationship between the
expression of CGRP and premature birth.

Preterm birth is associated with DNA methylation in
several different tissues, including placenta, neonatal blood,
and neonate-birth saliva [23, 24]. In these previous studies,
many CpG loci associated with preterm birth were located
in genes associated with neuronal development and/or neu-
rodegenerative diseases [25, 26]. This might be one of the
reasons for the differences in the development of identical
fetuses [27, 28]. In this study, pyrosequencing proved that
CALCA and CALCB methylation levels of preterm umbilical
cord tissues of single-chorionic triple-amniotic sac were
higher than those of double-chorionic twins and normal
controls as derived from the database. Moreover, the meth-
ylation levels of death cases after rescue were higher when
compared to the other two twin brothers. Immunofluores-
cence results showed that the expression of aCGRP was
decreased in the blood vessel wall of the umbilical cord of
monozygotic triplets, especially in death cases, but no signif-
icant difference was observed in SCGRP, whether it is com-
pensatory or not requires further in-depth study.

CGRP hypermethylation might affect vascular adapta-
tion of umbilical cord and function of trophoblast cells dur-
ing pregnancy [29]. Therefore, we hypothesized whether
high methylation of CpG island in the promoter region of
CGRP gene in the umbilical cord tissues led to low expres-
sion of CGRP, promoting the development of preterm birth.
The two subtypes of «CGRP and SCGRP have extremely
high similarities and differ only in three amino acids, where
one of them is lacking, and the other changes positively or
negatively [30, 31]. Compared with the wild-type control,
the BCGRP mRNA levels in the dorsal root ganglia and spi-
nal cord of xCGRP knockout mice showed no change, but
the levels in the intestine were reduced by two times [32].
In the intestines of mice lacking SCGRP, the expression of
aCGRP messenger RNA was increased, indicating an adap-
tive mechanism to compensate the lack of SCGRP.

In conclusion, this study focused on premature live
births of triple-chorionic tricotyledon after single-embryo
transfer. The pyrosequencing method was used to detect
the methylation of CALCA and CALCB in the umbilical
cord and analyzed the normal control results of database
search. This revealed that CALCA and CALCB hypermethy-
lation might affect pregnancy vascular adaptation and tro-
phoblast cell function by regulating the expression of
CGRP. It is considered as an extremely important cause of
premature birth and vasculitis.

Data Availability
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Oxidative Medicine and Cellular Longevity

Ethical Approval

All experimental procedures in animal work were approved
by the Ethical Committee of Fujian Medical University. This
study was carried out in accordance with the recommenda-
tions of Medical ethics committee of the First Affiliated
Hospital of Fujian Medical University. The protocol was
approved by the Medical Ethics Committee of the First Affil-
iated Hospital of Fujian Medical University [036] and
2018[049].

Disclosure

The funding sources played key supportive role for sample
collection, molecular analysis of patient samples, and bioin-
formatics analysis.

Conflicts of Interest

The authors have no competing interests to declare.

Authors’ Contributions

Q.-CL, F.G, and Y.-].G. planned the project. Q.-C. L. and F.G.
conceived and designed the study. X.-T.C., KZ, Q.-Y.G,
F.G,, and Q.-CL. performed the sample collection. S.-R. H,,
Q.-QC, H.-LZ, Y.-LZ, and Q.-C.L. performed immunohis-
tochemistry. Q.-C.L., F.G., and H.-L.Z. performed the expres-
sion analysis. Q.-C.L, X.-M.X,, and Q.-Y.G. analyzed the
data and drafted the manuscript. All authors reviewed the
manuscript and approved the final version. Feng Gao, Yujia
Guo, Xingting Chen, and Qiuyang Gu contributed equally to
this work.

Acknowledgments

We would like to thank PhD. Li Youzhu, Center of Repro-
ductive Medicine, the First Affiliated Hospital of Xiamen
University, for his support in embryological interpretation;
PhD. Xinqgin He, Department of Obstetrics and Gynecology,
Ist Affiliated Hospital, Fujian Medical University, for his
support in tissue sample location; and the students (Yuxin
Liu, Yue Luo, Xiaoxia Luo, and Junjie Lai) from the Depart-
ment of Medical Laboratory of Fujian Medical University for
their support in language processing. The authors sincerely
thank the participants for their help and willingness to take
part in this study. This work was supported by the National
Natural Science Foundation of China (Nos. 82172953 and
81871293), Medical Innovation in Fujian Province (2019-
CX-27 and 2020CXA030), Fujian Medical University Sailing
Fund Project (2018QH1078), Key Projects of Natural Sci-
ence Foundation of Fujian (2021J02036), and Youth Fund
of Fujian Provincial Department of Health (2019-1-41 and
2019-1-46).

References

[1] H. Rabe, G. M. L. Gyte, J. L. Diaz-Rossello, and L. Duley,
“Effect of timing of umbilical cord clamping and other strate-
gies to influence placental transfusion at preterm birth on



Oxidative Medicine and Cellular Longevity

(2]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

maternal and infant outcomes,” Cochrane Database of System-
atic Reviews, vol. 9, article CD003248, 2019.

I. Sohn, M. Sheykhzade, L. Edvinsson, and A. Sams, “The
effects of CGRP in vascular tissue - classical vasodilation, sha-
dowed effects and systemic dilemmas,” European Journal of
Pharmacology, vol. 881, p. 173205, 2020.

C. Yallampalli, M. Chauhan, C. S. Thota, S. Kondapaka, and
S. J. Wimalawansa, “Calcitonin gene-related peptide in preg-
nancy and its emerging receptor heterogeneity,” Trends in
Endocrinology and Metabolism, vol. 13, no. 6, pp. 263-269,
2002.

Y. Dong, A. Betancourt, M. Chauhan et al., “Pregnancy
increases relaxation in human omental arteries to the CGRP
family of peptides,” Biology of Reproduction, vol. 93, no. 6,
p- 134, 2015.

Q.-c. Liu, F. Chen, C.-y. Wu et al., “CALCB splice region path-
ogenic variants leading to plasma cell neurotropic enrichment
in type 1 autoimmune pancreatitis,” Cell Death ¢ Disease,
vol. 8, no. 2, article 2591, 2017.

Q. Liu, Y. Lin, S. Zhang et al, “CGRP-mediated prolactin
upregulation: a possible pathomechanism in IgG4-related dis-
ease,” Inflammation, vol. 44, no. 2, pp. 536-548, 2021.

C. C. Chen, L. C. Chang, C. H. Yao et al., “Increased calcitonin
gene-related peptide and macrophages are involved in Astrag-
alus membranaceus-mediated peripheral nerve regeneration
in rats,” The American Journal of Chinese Medicine, vol. 46,
no. 1, pp. 69-86, 2018.

L. H. Peng, X. Q. Qin, R. R. Tan, C. Liu, H. J. Liu, and X. Qu,
“Calcitonin gene-related peptide regulates the potential anti-
gen uptake ability of human bronchial epithelial cells,” Journal
of Interferon & Cytokine Research, vol. 38, no. 10, pp. 463-468,
2018.

A. Lapillonne, E. Basson, G. Monneret, J. Bienvenu, and B. L.
Salle, “Lack of specificity of procalcitonin for sepsis diagnosis
in premature infants,” Lancet, vol. 351, no. 9110, pp. 1211-
1212, 1998.

P. M. Broad, A. J. Symes, R. V. Thakker, and R. K. Craig,
“Structure and methylation of the human calcitonin/alpha-
CGRP gene,” Nucleic Acids Research, vol. 17, no. 17,
pp. 6999-7011, 1989.

N. Y. Souren, L. A. Gerdes, P. Lutsik et al., “DNA methylation
signatures of monozygotic twins clinically discordant for mul-
tiple sclerosis,” Nature Communications, vol. 10, no. 1, p. 2094,
2019.

K. Im, S. Mareninov, M. F. P. Diaz, and W. H. Yong, “An
introduction to performing immunofluorescence staining,”
Methods in Molecular Biology., vol. 1897, 2019.

Y. Wang, L. Zhang, Y. Wu et al., “Peptidome analysis of umbil-
ical cord mesenchymal stem cell (hUC-MSC) conditioned
medium from preterm and term infants,” Stem Cell Research
& Therapy., vol. 11, no. 1, p. 414, 2020.

A. Katheria, F. Reister, . Essers et al., “Association of umbilical
cord milking vs delayed umbilical cord clamping with death or
severe intraventricular hemorrhage among preterm infants,”
Journal of the American Medical Association, vol. 322, no. 19,
pp. 1877-1886, 2019.

S. K. Parida, D. B. Schneider, T. D. Stoss, T. H. Pauly, and J. P.
McGillis, “Elevated circulating calcitonin gene-related peptide
in umbilical cord and infant blood associated with maternal
and neonatal sepsis and shock,” Pediatric Research, vol. 43,
no. 2, pp. 276-282, 1998.

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

M. Chauhan, A. Betancourt, M. Balakrishnan et al., “Impaired
vasodilatory responses of omental arteries to CGRP family
peptides in pregnancies complicated by fetal growth restric-
tion,” The Journal of Clinical Endocrinology and Metabolism,
vol. 101, no. 8, pp. 2984-2993, 2016.

C. Schleithoff, S. Voelter-Mahlknecht, I. N. Dahmke, and
U. Mahlknecht, “On the epigenetics of vascular regulation
and disease,” Clinical Epigenetics, vol. 4, no. 1, p. 7, 2012.

B. Holzmann, “Antiinflammatory activities of CGRP modulat-
ing innate immune responses in health and disease,” Current
Protein & Peptide Science, vol. 14, no. 4, pp. 268-274, 2013.

M. D. Harzenetter, A. R. Novotny, P. Gais, C. A. Molina,
F. Altmayr, and B. Holzmann, “Negative regulation of TLR
responses by the neuropeptide CGRP is mediated by the tran-
scriptional repressor ICER,” Journal of Immunology, vol. 179,
no. 1, pp. 607-615, 2007.

Y. L. Dong, S. Vegiraju, M. Chauhan, and C. Yallampalli,
“Expression of calcitonin gene-related peptide receptor com-
ponents, calcitonin receptor-like receptor and receptor activity
modifying protein 1, in the rat placenta during pregnancy and
their cellular localization,” Molecular Human Reproduction,
vol. 9, no. 8, pp. 481-490, 2003.

Y. L. Dong, S. Vegiraju, M. Chauhan et al.,, “Involvement of
calcitonin gene-related peptide in control of human fetopla-
cental vascular tone,” American Journal of Physiology. Heart
and Circulatory Physiology, vol. 286, no. 1, pp. H230-H239,
2004.

P. R R. Gangula, Y. L. Dong, S. J. Wimalawansa, and
C. Yallampalli, “Infusion of pregnant rats with calcitonin
gene-related peptide (CGRP)8-37, a CGRP receptor antago-
nist, increases blood pressure and fetal mortality and decreases
fetal growth,” Biology of Reproduction, vol. 67, no. 2, pp. 624-
629, 2002.

X. M. Wang, F. Y. Tian, L. J. Fan, C. B. Xie, Z. Z. Niu, and
W. Q. Chen, “Comparison of DNA methylation profiles
associated with spontaneous preterm birth in placenta and
cord blood,” BMC Medical Genomics, vol. 12, no. 1, p. 1,
2019.

T. P. York, S. J. Latendresse, C. Jackson-Cook et al., “Repli-
cated umbilical cord blood DNA methylation loci associated
with gestational age at birth,” Epigenetics, vol. 15, no. 11,
pp. 1243-1258, 2020.

X. G. Wang and R. K. Bhandari, “DNA methylation dynamics
during epigenetic reprogramming of medaka embryo,” Epige-
netics, vol. 14, no. 6, pp. 611-622, 2019.

T. M. Everson, T. M. O’Shea, A. Burt et al,, “Serious neonatal
morbidities are associated with differences in DNA methyla-
tion among very preterm infants,” Clinical Epigenetics,
vol. 12, no. 1, p. 151, 2020.

S. Mani and M. Mainigi, “Embryo culture conditions and the
epigenome,” Seminars in Reproductive Medicine, vol. 36,
no. 3/4, pp. 211-220, 2018.

B. Novakovic, S. Lewis, J. Halliday et al., “Assisted reproductive
technologies are associated with limited epigenetic variation at
birth that largely resolves by adulthood,” Nature Communica-
tions, vol. 10, no. 1, p. 3922, 2019.

Y. L. Dong, S. Vegiraju, and C. Yallampalli, “Ca2+ signaling in
human fetoplacental vasculature: effect of CGRP on umbilical
vein smooth muscle cytosolic Ca2+ concentration,” American
Journal of Physiology. Heart and Circulatory Physiology,
vol. 289, no. 2, pp. H960-H967, 2005.



10

(30]

(31]

(32]

P. L. Tsiolaki, G. I. Nasi, F. A. Baltoumas et al., “aCGRP,
another amyloidogenic member of the CGRP family,” Journal
of Structural Biology, vol. 203, no. 1, pp. 27-36, 2018.

F. Gao, G. Liu, ]J. Wang et al., “Methylation of CALCA and
CALCB in pancreatic ductal adenocarcinoma,” Oxidative
Medicine and Cellular Longevity., vol. 2021, article 2088345,
pp- 1-13, 2021.

B. Schiitz, D. Mauer, A.-M. Salmon, J.-P. Changeux, and
A. Zimmer, “Analysis of the cellular expression pattern of -
CGRP in a-CGRP-deficient mice,” The Journal of Compara-
tive Neurology, vol. 476, no. 1, pp. 32-43, 2004.

Oxidative Medicine and Cellular Longevity



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 9690047, 13 pages
https://doi.org/10.1155/2021/9690047

Research Article

Hindawi

Study of the Possible Alleviated Role of Atorvastatin on
Irinotecan-Induced Lingual Mucosal Damage: Histological and

Molecular Study

Eetmad A. Arafat®,'! S. M. Abo El-khair,> A. Z. Elsama11oudy,2’3 and Dalia A. Shabaan'

"Histology and Cell Biology Department, Faculty of Medicine, Mansoura University, Egypt
2Medical Biochemistry and Molecular Biology Department, Faculty of Medicine, Mansoura University, Egypt
’Department of Clinical Biochemistry, Faculty of Medicine, King Abdulaziz University, Jeddah, Saudi Arabia

Correspondence should be addressed to Eetmad A. Arafat; arafateetmad@gmail.com

Received 6 May 2021; Revised 5 August 2021; Accepted 3 September 2021; Published 30 September 2021

Academic Editor: Maria do Carmo Gouveia Peluzio

Copyright © 2021 Eetmad A. Arafat et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Background. Oral mucositis is the most debilitating and troublesome adverse effect of irinotecan (CPT-11) treatment. It adversely
affects the patient quality of life. The aim of this work was to study the histological, immunohistochemical, and molecular changes
in the oral mucosa by CPT-11 and the possible alleviated role of atorvastatin. Methods. Rats were randomly divided into control,
CPT-11-treated group, and CPT-11+ atorvastatin-treated group. At the end of the experiment, the anterior two-thirds of the
tongue was dissected out and divided into two parts: one part for light microscopic examination and the second for molecular
study. Results. CPT-11-treated group revealed loss of normal mucosal organization, areas of ulceration and inflammation, and
loss of architecture of lingual papillae. A significant decrease in immunohistochemical and molecular gene expression of Ki-67
and antiapoptotic Bcl-2 levels was observed. A significant increase in NF-xB immunohistochemical and mRNA gene
expression level and a nonsignificant increase in Nrf2 gene expression were detected. Coadministration of atorvastatin showed
remarkable improvement in the histopathological picture with a significant increase in Ki-67 and Bcl-2, a significant decrease
in NF-xB protein and gene expression, and a significant increase in Nrf2 gene expression. Conclusion. Atorvastatin
substantially attenuates CPT-11-induced oral mucositis through the initiation of the antiapoptotic gene, modulation of the
inflammatory, and antioxidant gene expression.

1. Introduction

Chemotherapy drugs are a widely used cancer treatment
approach that interferes with the division of cancer cells
and can be administered either alone or in combination with
other modalities [1].

Chemotherapy’s biggest drawback is its lack of selectiv-
ity, as it works on both tumor cells and healthy cells that
proliferate quickly [2]. For example, the oral mucosa is lined
with a rapidly proliferating epithelium that is highly sensi-
tive to chemotherapy damage [3]. Oral mucosal injury is
clinically important because it adversely affects a patient’s
quality of life [4].

Irinotecan (CPT-11) is a camptothecin derivative and a
recently developed chemotherapy drug effective against
multiple malignant tumours, including colorectal, stomach,
ovary, and lung cancers, as well as central nervous system
tumours, including recurrent glioblastomas, rhabdomyo-
sarcomas, and other sarcomas [5]. It inhibits topoisomer-
ase-1, an enzyme involved in DNA replication, and causes
several single-strand DNA breakdowns and cell division
inhibition [6].

Mucosal damage and inflammation are the most debili-
tating and troublesome adverse effects of CPT-11 treatment.
For example, gastrointestinal mucositis is most noticeable in
the oral cavity and the small intestine, and its extent depends
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on treatment regimen, treatment duration, patient age, and
patient-related genetic factors [7]. Patients with severe
mucositis that are undergoing multicycle chemotherapy or
combined regimens may require delayed treatment cycles
or reduced dosages [8]. Until recently, the management of
oral mucositis was mainly palliative and included oral
hygiene, analgesics or local anaesthetics, and protective
coating agents [9].

The statin family of drugs is one of the chief drugs used
in the treatment of hypercholesterolemia and coronary
artery diseases. Statins also speed up epithelization and
accelerate wound healing by preventing the adhesion of leu-
kocytes onto inflammation sites to consequently decrease
inflammatory cytokines. Statins have also been proven to
improve macrophage accumulation at the site of injury,
thus, enhancing keratinocytes and endothelial cell prolifera-
tion [10]. To date, no evidence-based approaches for the
avoidance and treatment of oral mucositis exist [11]. Statin
drugs may be useful against oral mucositis, but its principal
mechanism of action is incompletely understood. This study
investigated structural changes in oral mucosa under CPT-
11 treatment and the possible role of atorvastatin in mucosi-
tis alleviation via histological, immunohistochemical, and
molecular investigations.

2. Materials and Methods

2.1. Chemicals. CPT-11 was obtained from Sigma Aldrich
Chemical Co (Cat # 1347609 USP Sigma Aldrich). Atorva-
statin (20mg) was purchased from Pfizer Company for
Pharmaceutical and Chemical industries (New York, USA).

2.2. Experimental Animals. The experiment was carried out
on 50 adult Sprague-Dawley male albino rats that weighed
180-200g and were 6 weeks old. The rats were obtained
from the animal house at the Faculty of Pharmacy,
Mansoura University. The animals were sheltered in plastic
cages (2 rats/cage) with stainless steel wire-bar lids. They
were held in a controlled temperature (22°C +2°C) and
humidity under a constant 12h light-dark cycle. The rats
were allowed free access to water and a standard rat diet
during this period. The rats were acclimatized for one week
before the experiment began. The experimental protocols
and procedures were reviewed and permitted by the institu-
tional review board, Faculty of Medicine, University of
Mansoura (Ref R.21.04.1293).

2.3. Experimental Protocol. The rats were randomly allocated
into three groups:

Group I (control group): 30 rats were equally divided
into three subgroups of 10 rats each: subgroup Ia: negative
control distilled water (-ve control DW) rats were given
DW (1mL) by gastric tube once daily for 5 days; subgroup
Ib: negative control buffer (-ve control buffer) rats were
given single IP injections of (sorbitol/lactic acid buffer;
45mg/mL of sorbitol, 0.9 mg/mL of lactic acid, pH3.4);
and subgroup lc: positive control atorvastatin (+ve control
Atorvastatin) rats were given atorvastatin dissolved in DW
(5mg/kg) by gastric tube once daily for 5 days.
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Group II: (CPT-11-treated group): 10 rats received
200 mg/kg of irinotecan in a sorbitol/lactic acid buffer as a
single IP injection [12].

Group III: (CPT-11 + atorvastatin-treated group): 10
rats received a single IP injection of irinotecan as in group
II +atorvastatin dissolved in DW and administered via a
gastric tube in a dose of 5mg/kg. The treatment occurred
daily for 5 days [13].

At the end of the experiment, (24 hours from the last
dose of atorvastatin) the rats (N =50) were sacrificed by IP
administration of pentobarbital (40 mg/kg), then the tongue
of each rat was dissected out, and its anterior two-thirds was
divided into two parts. The first part was fixed in 10%
buffered formalin and prepared for light microscope exami-
nation. The second part was snap-frozen in liquid nitrogen
and stored at —80°C for molecular study.

2.3.1. Histological Study. The specimens were fixed in 10%
buffered formalin, dehydrated, and processed for paraffin
block preparations. The 5um thick paraffin sections were
obtained and used for light microscopic study using hema-
toxylin and eosin (H&E) [14].

2.3.2. Immunohistochemical Staining. Multiple immunohis-
tochemical markers were used, including Ki67, Bcl2, and
nuclear factor kappa-beta (NF-xB). Ki67 is a nuclear protein
closely related to the cell cycle and is a marker of cell prolif-
eration [15]. Bcl2 is an antiapoptotic marker [16]. NF-xB
acts as a major mediator of inflammation in a variety of
inflammatory diseases [17]. Primary antibodies used in this
study are Ki-67 using rabbit monoclonal [SP6] antirat Ki67
(1:500; Abcam); Bcl-2 Mouse monoclonal Cat. # sc-7382,
dilution 1]50 Santa Cruz Biotechnology; and NF-«B rabbit
polyclonal antibody; Cat. #RB-9034-R7; dilution 1/100;
Thermo Scientific, CA, USA.

The 5um thick paraffin sections on positively charged
glass slides were deparaffinized and hydrated by boiling the
sections for 15m in 10mM citrate buffer for antigen
retrieval. Nonspecific reactions were inhibited by putting
the slides in 3% bovine serum albumin for 30 m. Next, the
sections were incubated overnight with the primary anti-
body at 4°C. Endogenous peroxidase activity was blocked
with 10% H202 in PBS. Detection was achieved via incuba-
tion in biotinylated secondary antibodies for 1h, then
labeled horseradish peroxidase for 1h, followed by 3, 3'-
diaminobenzidine (DAB) as a chromogen. Mayer’s hema-
toxylin was used for counterstaining. Negative control
sections were obtained by replacing the 1ry antibodies with
phosphate-buffered saline. Positive immunohistochemical
staining for Ki-67 was detected by brown nuclei, while
Bcl2 and NF-xB were identified as brown cytoplasmic
staining [18].

2.3.3. Morphometric Study. An optical microscope (Olym-
pus, Tokyo, Japan) joined to a Leica digital camera
(ICC50) was used for image capturing. The images were
analyzed on an Intel Core I3-based computer using Video
Test morphology software (Saint Petersburg, Russia). All
measurements were taken at a magnification (400x). Five
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randomly selected, nonoverlapping fields were examined
from each rat (5 rats/group) to measure:

(1) The two main diameters of lingual papillae (mean
length and width of the filiform and fungiform)
using H&E-stained sections

(2) The number of Ki-67 positive cells
(3) The number of BcL2 positive cells

(4) The area % of positive anti-NFxB immune reactions

2.3.4. Molecular Study. The liquid nitrogen frozen tongue
tissue samples (30-50mg) were utilized for total RNA
extraction and the real-time qRT-PCR assessment of Ki-67,
Bcl-2, NF-«B, and transcription factor NF-E2-related factor
(Nrf2) expression.

Total RNA was extracted from the rats’ tongue via the
Tri-Fast TM reagent (PeqLab. Biotechnologie GmbH, Carl-
Thiersch St. 2B 91052 Erlongen, Germany, Cat. No. 30-
2010), and the purity was estimated via a NanoDrop™
2000 Spectrophotometer (Thermo Scientific, USA). The
cDNA synthesis by reverse transcription reactions was per-
formed with the Maxima First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA, USA, cat No. #K1641).
Ki-67, Bcl-2, NF-«B, and Nrf2 expressions were quantified
via real-time PCR (Applied Biosystem 7500, real-time PCR
detection system-Life Technology, Carlsbad, CA, USA-
Applied Biosystem SYBR® Green PCR Master Mix (2X)-Life
Technology, USA, Cat. no. 4344463). The thermal cycling
reaction was performed as follows: the mixtures were incu-
bated for 10min at 95°C, then 40 cycles of 15s at 95°C,
I min at 60°C and, and finally, 15s at 95°C, 1 min at 60°C,
and 15s at 95°C. The primer sequences used [19-21] were
described in supplement material 1.

2.3.5. Statistical Analysis. The collected data were coded,
processed, and analyzed using the SPSS (Statistical Package
for Social Sciences) version 26 for Windows® (IBM SPSS
Inc., Chicago, IL, USA).

Quantitative data were expressed as mean + SD (stan-
dard deviation). One-way analysis of the variance was used
to test the significance between three and more independent
groups. Post hoc Tukey was used to assess the significance
between every two adjacent groups.

In all applied tests, the P values associated with test
statistics indicated the significance level at which the null
hypothesis (the hypothesis of no difference) was rejected,
and it was set at 0.05 so that P values > 0.05 are statistically
nonsignificant, P values < 0.05 are significant, and P values <
0.01 are highly significant.

3. Results

3.1. H&E Stain. The H&E-stained tongue sections the
control group (Figure 1(a) revealed that the dorsal surface
was studded with conical-shaped filiform papillae). The
papillae had a connective tissue (CT) core covered with
stratified squamous keratinized epithelium with pointed tips.
The papillae were regularly arranged and had a uniform

shape and height (al-2). The fungiform papillae had a dis-
tinctive mushroom shape with a broad top and a narrow
base and were located between the filiform papillae, and
taste buds were observed on their top surfaces. They were
lined with stratified squamous keratinized epithelium (a3).
The lamina propria contained CT with small-sized blood
vessels. The main bulk of the tongue contained skeletal mus-
cle fibers running in various directions. The muscle fibers
were surrounded by the perimysium and endomysium that
continued with the lamina propria CT (a4). The ventral
surface of the tongue was covered with well-developed
stratified squamous keratinized epithelium without lingual
papillae (a5).

The CPT-11-treated group (Figure 1(b)) lost the normal
organization of the dorsal surface papillae. Some of the fili-
form papillae were completely lost with multiple ulcerative
areas (bl). Other papillae were short with blunted ends
(b1). Areas of hyperkeratosis and keratin separation from
the underlying epithelium were obvious (b2-3). Some of
the epithelial cells showed vacuolar degeneration, while
other cells revealed nuclear changes, including pyknosis,
chromatin condensation, and chromatin margination with
a crescent appearance (b2). The fungiform papillae were
atrophied with ill-distinguished taste bud cells (b3). The
skeletal muscle fibers were disorganized and widely sepa-
rated (b4). The ventral surface showed a noticeable decrease
in the thickness of the stratified squamous keratinized
epithelium. The lamina propria revealed inflammatory cell
infiltration and dilated, congested blood vessels (b5).

The CPT — 11 + atorvastatin — treated group (Figure 1(c))
showed restoration of normal lingual papillae organization
(c1). The filiform papillae were covered with keratinized,
stratified squamous epithelium with pointed ends. Most of
the papillae had a uniform shape and height (c2). Most of
the epithelium showed normal cytoplasm and nuclear
appearances, apart from a few with nuclear chromatin mar-
gination and pyknotic nuclei (c3). The fungiform papillae
were similar to that of the control group (c3). The CT had
a normal arrangement of muscle fibers (c4). The ventral
surface had average-sized, noninterrupted keratinized strati-
fied squamous epithelium. The lamina propria displayed a
disappearance of inflammatory cell infiltration and had
normal-sized, noncongested blood vessels (c5).

3.2. Immunohistochemical Results

3.2.1. Anti-Ki67. Ki-67 immunohistochemical staining in the
control groups revealed a positive reaction in the nuclei of
the basal and suprabasal layers of the stratified epithelium
on the dorsal surface of the tongue (Figure 2(a)). The
CPT-11-treated group had few cells with positive reactions
in their nuclei. The cells were mainly in the basal layer of
epithelium (Figure 2(b)). The CPT — 11 + atorvastatin group
revealed positive reactions in the nuclei of most of the basal
and suprabasal epithelial cells (Figure 2(c)).

3.2.2. Anti-Bcl2. The control group had positive immunohis-
tochemical reactions to Bcl2 in the cytoplasm of the
stratified squamous epithelium (Figure 3(a)). The CPT-11-
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Control CPT-11 CPT-11 + atorvastatin

FiGURre 1: H&E-stained sections from the tongue of the control group (a), the dorsal surface showing regularly arranged conical shape
filiform papillae (arrow) covered by stratified squamous keratinized epithelium with pointed tips (curved arrow) and underlying
connective tissue cores continue with the lamina propria (LP). A characteristic fungiform papilla has broad top and narrow base with
vascular connective tissue core (BV) and is covered by stratified squamous keratinized epithelium (arrowhead) contains barrel-shaped
pale stained taste buds (TB). Bundles of lingual muscle fibers (M) run in various directions and surround by endomysium and
perimysium that are continued with the connective tissue corium of both surfaces. The ventral surface is covered by smooth stratified
squamous keratinized epithelium (crossed arrow) without papillae. CPT-11-treated group (b), the dorsal surface reveals the area of
mucosal ulceration (arrow), other areas with short or absent filiform papillae (thick-tailed arrow), and blunt-ended tops (B) with
inflammatory cell infiltration (double arrow) and congested blood vessels (BV) in the lamina propria (LP). The cells of stratified
epithelium reveal vacuolation (zigzag arrow) and nuclear changes; chromatin margination with crescent formation (black arrow),
pyknosis (thick white arrow), and chromatin condensation (double arrowheads). The fungiform papillae (arrowhead) show loss of taste
buds and congested vascular core (LP) with inflammatory cell infiltration (double arrow). The papillae are covered by a thick layer of
keratin (curved arrow) with areas of keratin separation (white asterisks). Disturbed organization of muscle fibers (M) with wide
separation (black asterisks). The ventral surface shows thinning of the stratified epithelium with thin keratin layer (crossed arrow), and
the lamina propria (LP) showed congested blood vessels (BV) with inflammatory cell infiltration (double arrow). CPT — 11 + atorvastatin
treated group (c), the dorsal surface reveals normal orientation of the lingual papillae (arrow). Most of the filiform papillae are long with
pointed tips and covered by stratified squamous keratinized epithelium (curved arrow), few papillae with loss of their tips (double
arrowheads). Most of the cells are normal with few ones with marginated chromatin (black arrow) and few pyknotic nuclei (thick white
arrow). Normal fungiform papillae (arrowhead) with taste bud (TB), normal thickness of keratin layer (curved arrow), and connective
tissue core (LP) are observed. The organization of muscle layer (M) and the ventral surface (crossed arrow) closely resemble those of the
control. (H&Eal, b1, c1 X100, a2 - 5,b2 — 5, c2 — 5 X400).

treated group had relatively negative Bcl2 immune expres-  showed moderate positive immunohistochemical expression
sion in the cytoplasm of the stratified squamous cells  in the cytoplasm of the stratified squamous epithelium cells
(Figure 3(b)). The CPT - 11 +atorvastatin —treated group (Figure 3(c)).
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Control

Figure 2: Ki-67 immunohistochemical staining. (a) (The control group) the dorsal surface shows frequent cells with positive
immunoexpression in their nuclei in the basal (white arrow) and suprabasal layers (black arrow). (b) CPT-11-treated group reveals few
positive cells mainly in the basal epithelial layer (white arrow). (c) CPT —11+atorvastatin treated group shows numerous
immunostaining cells in the basal (white arrow) and suprabasal layers (black arrow) epithelial layer. (Ki-67 a-c X400).

Control CPT-11 + atorvastatin

A ‘.ﬂ‘,z’='
ST

S5

(®) (c)

FIGURE 3: Bcl2 immunohistochemical staining. (a) The control group shows strong positive cytoplasmic immunoexpression to Bcl2 in
most of the dorsal epithelial cells (arrow). (b) CPT-11-treated group reveals negative cytoplasmic reaction in most epithelial cells
(arrow). (c) CPT —11 + atorvastatin — treated group shows positive cytoplasmic immunoexpression with moderate density (arrow) in
most of the epithelial cells. (Bcl2 a-c X400).

CPT-11 + atorvastatin

(®)

FIGURE 4: NF-xB immunohistochemical staining. (a) The control group shows negative immunoexpression to NF-«B in the cytoplasm of
dorsal epithelial cells (arrow). (b) CPT-11-treated group reveals a strong positive cytoplasmic reaction in most epithelial cells (arrow).
(c) CPT —11 +atorvastatin treated group shows weak positive to negative cytoplasmic immunoexpression (arrow) in most of the
epithelial cells. (NF-Kb a-c X400).

3.2.3. NF-kB. NF-xB immunohistochemical staining in the
control groups revealed negative immune reactions in the
cytoplasm of almost all epithelial cells (Figure 4(a)). The
CPT-11-treated group had positive immune reactions in
the cytoplasm of most cells of the different epithelial layers
(Figure 4(b)). The CPT - 11 +atorvastatin — treated group
had a few dispersed positive cells (Figure 4(c)).

3.3. Morphometric and Statistical Results. A nonsignificant
change in the two main diameters of the filiform and the
fungiform papillae was observed in the three-control sub-

groups. A statistically significant decrease was observed in
the length and width of both filiform and fungiform papillae
in the CPT-11-treated group compared to the control group.
A nonsignificant change in the CPT - 11 +atorvastatin
group in comparison to the control group was observed,
but a significant increase was observed compared to the
CPT-11-treated group (Tables 1 and 2).

A statistically significant decrease in the number of Ki-67
and Bcl2 positive cells in the CPT-11-treated group was
observed, and a nonsignificant change in the CPT-11+
atorvastatin group in comparison to the control group was
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TaBLE 3: Number of anti-Ki 67 and anti-Bcl2 immune-stained cells within the control and the experimental groups.
Study groups Test of
Group Ia Group Ib Group Ic Group 11 Group III sionificance
(-ve control DW) (-ve control buffer) (+ve control atorvastatin) (CPT-11-treated) (CPT-11 + atorvastatin) &
Anti-Ki 67 54.12+2.3 50.22+1.8 52.15+2.4 22.3+19 49.33+2.1
P, 0.667 0.882 <0.001 % * 0.395
F=27.410
P, 0.836 <0.001 ## 0.964 P <0.001""
P, <0.001 5% 0.703
P, <0.001* *
Anti-Bcl2 152+£2.5 16.2+1.4 155+2.2 2.6+2.1 13.8+1.9
P, 0.626 0.918 <0.001 % 0.472
F=23.257
P, 0.782 <0.001 %% 0.260 P <0.001**
P, <0.001 5 0.508
P, <0.001* *
TaBLE 4: The area percentage of positive anti-NFxB immune reactions within the control and the experimental groups.
Study groups
Group Ia Group Ib Group Ic Group 11 Group III Test of significance
(-ve control DW) (-ve control buffer) (+ve control atorvastatin) (CPT-11-treated) (CPT-11 + atorvastatin)
25+1.9 22+15 33+1.5 18.4+2.8 42+2.1
P, 0.527 0.460 <0.001 % * 0.184
KW =17.549
P, 0.255 <0.001 % = 0.122 P <0.001**
P, <0.001 % * 0.288
P, <0.001 % *

SD: standard deviation, KW for Kruskal Wallis test. Statistically significant if P < 0.05. * *Highly statistically significant result if P < 0.001. P,: comparison in
relation to (-ve control DW) group. P,: comparison in relation to (-ve control buffer) group. P;: comparison in relation to (+ve control atorvastatin) group.

P,: comparison in relation to (CPT-11) group.

observed (Table 3). A significant increase in the area per-
centage of the NF-«¥B immunohistochemical results in the
CPT-11-treated group was observed, but a nonsignificant
change in the CPT - 11 + atorvastatin group was observed
in comparison to the control group (Table 4).

3.4. Molecular Study Results. The immune-histochemical
results were supported by the molecular gene expression
results, since both Ki-67 and antiapoptotic Bcl-2 mRNA
gene expression were significantly decreased (P < 0.001) in
the tongue tissue of the CPT-11-treated groups. The gene
expression levels increased in the CPT — 11 + atorvastatin to
reach about the normal level of Ki-67 (0.95 + 0.23) and even
above normal levels of Bcl-2 (1.33 + 0.32; Figures 5 and 6).

The gene expression changes in NF-xB were consistent
with the results of the histological examination of the tongue
tissue samples. CPT-11 affects lingual cells by inducing
marked inflammatory responses and increasing NF-xB
(2.36 £0.27, P<0.001). In addition, atorvastatin increases
NF-kB  mRNA levels, but not as much as CPT-11
(1.84+0.28, P<0.001); however, the coadministration of
both drugs neutralized their individual effects on gene
expression, which was still decreased, but above its normal
levels (1.58 +0.23, P < 0.001; Figure 7).

Nrf2 enhances antioxidant formation in response to oxi-
dative stress through the Nrf2/ARE pathway. Atorvastatin
caused highly significant increases in Nrf2 gene expression
(2.14+0.33, P<0.001), while CPT-11 led to insignificant
increases in its mRNA levels (1.35+0.33, P=0.061).
CPT - 11 +atorvastatin resulted in highly significant increases
in its gene expression (2.06 + 0.41, P < 0.001; Figure 8).

4. Discussion

Oral mucositis is one of the most debilitating complications
of chemotherapy and has proven clinical and financial
implications. Despite the availability of multiple treatment
services, there remains a need for the successful alleviation
and prevention of chemotherapy-induced mucositis. In this
study, the tongue was chosen to study the effects of CPT-
11 on oral tissue since the tongue acts as a mirror of general
personal health [22], especially the filiform papillae that can
be damaged faster than other types of papillae [23].

The oral mucositis mechanism occurred as follows.
Initially, chemotherapy causes cell damage and free radical
production that activates a great number of transcription
factors, such as NF-«xB. These transcription factors subse-
quently upregulate several genes that affect mucosal cell
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FiGURE 5: PCR level of KI-67 within the control and the experimental groups. (a) Comparison in relation to (-ve control DW) group.
(b) Comparison in relation to (-ve control buffer) group. (c) comparison in relation to (+ve control atorvastatin) group. (d) Comparison
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FI1GURE 6: PCR level of BCL2 within the control and the experimental groups. (a) Comparison in relation to (-ve control DW) group.
(b) Comparison in relation to (-ve control buffer) group. (c) Comparison in relation to (+ve control atorvastatin) group. (d) Comparison in

relation to (CPT-11) group.

integrity, which results in basal epithelial cell death, apopto-
sis, tissue harm, and increased inflammatory factors, which
increase cell death. Finally, the upregulation of proinflam-
matory cytokines occurs, including tumor necrosis factor-
(TNF-) a, interleukin-1f (IL-1f3), and interleukin-6 (IL-6),
and the inflammatory processes are intensified, which
causes ulcerations in the mucosa and speeds secondary
infections [24, 25].

The CPT-11 treatment greatly disturbed the normal his-
tological structure of the tongue. The dorsal surface revealed
severely disrupted lingual papillae with some filiform papil-
lae having blunted ends and others being atrophied. The
results were confirmed by morphometric measurements of
the two main diameters of the filiform papillae. A statisti-
cally significant reduction in the width and height of the
papillae in comparison to the control group was observed.
These results agree with Ibrahim and Elwan [12]. CPT-11

triggers its antitumor action by inflicting direct DNA dam-
age and activating the innate immune response by initiating
oxidative stress and releasing reactive oxygen species. CPT-
11 also damages healthy cells, thus, causing gastrointestinal
mucositis [26].

Our results showed an obvious thinning of the stratified
squamous epithelium on both the dorsal and ventral sur-
faces of the tongue. These results were in line with Ibrahim
and Elwan [12] and could be due to the reduction in cell
proliferation, which was confirmed by a significant reduc-
tion in Ki-67 expression (a proliferation marker). Ki-67
expression was low in the immunohistochemical and gene
expression results as well. This coincides with the results
reported by de M Régo et al. [27] showing the antiprolifera-
tive role of CPT-11 that could explain the tongue’s mucosal
damage detected in this study. In the same context, a
remarkable thickening of the keratin layer was observed,
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FIGURE 7: PCR level of NF-Kb level within the control and the experimental groups. (a) Comparison in relation to (-ve control DW) group.
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FIGURE 8: Nr-F2 level within the control and the experimental groups. (a) Comparison in relation to (-ve control DW) group.
(b) Comparison in relation to (-ve control buffer) group. (c) Comparison in relation to (+ve control atorvastatin) group. (d) Comparison in

relation to (CPT-11) group.

which was previously explained by the high sensitivity of
taste buds to chemotherapy, taste bud damage, and the loss
of sensory innervation which has been documented to have
arole in disturbed keratinization and a loss of taste sensation
[28]. In contrast, Kattaia et al. [29] attributed the hyperker-
atinization of lingual papillae to the deficiency of the
epidermal growth factor, which is involved in normal kerati-
nization programming.

Vacuolar degeneration was observed in some stratified
epithelium cells. The affected cells revealed vacuolated cyto-
plasm with condensed pyknotic nuclei. Our results were in
harmony with Al Refai [30]. These degenerative changes
could be due to the inhibition of topoisomerase I, which
results in DNA damage and fragmentation. In contrast, the
release of reactive oxygen species causes metabolism impair-
ment in progenitor cells, DNA damage in the epithelial
cells, mitosis inhibition, and increased apoptosis [31].

These results were confirmed by the immunohistochemical
examination of Bcl2 immunostained sections and the
quantitative real-time PCR of the Bcl2 mRNA, an antia-
poptotic marker, which was significantly reduced in the
CPT-11-treated group. Indeed, DNA injury triggered by
the inhibition of topoisomerase I results in the stimulation
of several pathways that are implicated in apoptotic death
and inflammatory responses [32]. The decreased Bcl2
expression detected in the current study shows the action
of CPT-11’s antineoplastic effects by stimulating tumor
cell apoptosis [33]. This could also affect nontumor cells,
leading to the mucosal damage and mucositis observed
in this study. These results were confirmed recently by
Dai et al. [34], who showed that SN-38 (active metabolite
of CPT-11) inhibits cell proliferation by arresting the cell
cycle and stimulating apoptosis by blocking the antiapop-
totic gene transcription of Bcl2.
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In the present study, excess inflammatory cell infiltra-
tions and dilated, congested blood vessels were obvious in
the tongue CT of the CPT-11-treated group. Reactive oxygen
species cause a series of biological events, resulting in the
synthesis of different proinflammatory cytokines. These
cytokines invade the epithelium, endothelium, and CT, caus-
ing tissue injury [35]. The damaging action of inflammatory
mediators directly or indirectly increased vascular perme-
ability and the absorption of cytotoxic drugs into the oral
mucosa [36].

The histological results were confirmed by the significant
increases in the expression of NF-«B in the CPT-11-treated
group at the mRNA level by qRT-PCR and the protein levels
by immunohistochemical examination. NF-xB is a main
facilitator of proinflammatory gene initiation and functions
[37], and it is also considered the main regulator in cellular
proliferation, differentiation, angiogenesis, and apoptosis
[38]. The NF-«B signalling pathway includes a family of
transcription factors that plays a role in immunity and
inflammation [39]. NF-xB is expressed in cells in response
to various stressors, such as chemotherapy, to enhance cell
survival. Many anticancer drugs, including CPT-11, enhance
the gene expression of NF-«B. This drug-induced activation
is clinically undesirable as it may cause cells to develop a
resistance to chemotherapeutic treatment [40]. Moreover,
it is reported that the induction of the NF-«B gene may trig-
ger the induction of other inflammation genes [41], thus,
causing inflammation as observed in the current study.

Surprisingly, the Nrf2 gene expression was increased in
the CPT-11-treated animals. This result could be explained
by the fact that Nrf2 is a transcription factor that enhances
antioxidant production in response to oxidative stress
through the Nrf2/ARE pathway, since CPT-11 induces
oxidative stress [42]. Thus, increased Nrf2 gene expression
could be a defense mechanism against CPT-11-induced oxi-
dative stress. The Nrf2 antioxidant mechanism in response
to oxidative stress could be explained as follows: Nrf2 is a
member of the Cap’n’Collar transcription factor family. Its
main function is to reestablish cellular redox homeostasis.
The Nrf2 redox defense system mediates its effect through
enzymes that are involved in sulthydryl metabolism and iron
homeostasis. NADPH is an essential coenzyme for the redox
cycling mechanisms of the KEAP1/NRF2 pathway since
NADPH coordinates a perfect reorganization of the cellular
metabolism. This is helpful to resist many redox stressors
and, consequently, to maintain normal cellular homeostasis
[43]. The oxidative stress in this study had possible inducing
factors, including the chemotherapeutic effect of CPT-11
[44] and the associated inflammatory reaction [45].

In this work, the CPT 11 + atorvastatin group had almost
normal tongue architecture with preserved papillae and taste
buds. These results are in line with the results of previous
researchers who attributed the ability of statins to interfere
with topoisomerase II function by inhibiting the action of
the Ras-homologous GTPase Racl, which is essential for
the multiple cleavage process in DNA. A similar effect was
shown in liver cells and cardiomyocytes after exposure to
doxorubicin [46, 47]. In addition, Ziegler et al. [25] reported
that the pretreatment of human keratinocytes in vitro with

11

lovastatin reduced the DNA damage by doxorubicin by
75%. Statins decreased ATR/Chk1-regulated replicative stress,
thus, preventing DNA damage, and mm preserving keratino-
cytes. Our histological results were in line with the expression
of Bcl2 at the molecular and the immunohistochemical levels.
Our results revealed the upregulation of the Bcl2 gene and
protein levels in the atorvastatin-treated group, which could
be due to the cytoprotective effect of statins caused by the inhi-
bition of apoptotic cell death. This study confirms the upregu-
lating effect of the statin drug family on Bcl2 gene expression
as reported by Franke et al. [48].

Our results revealed a significant decrease in the expres-
sion of NF-kxB mRNA and proteins in the atorvastatin-
treated group. The anti-inflammatory property of statins
was shown to be due to their inhibitory effects on inducible
nitric oxide synthetases (iNOS), which are commonly uti-
lized by cells as proinflammatory cytokines [49]. In addition,
atorvastatin was reported to decrease TNF/IFN-stimulated
iNOS expression in the endothelium cells of the aorta [50]
and at the molecular level, as reported recently by Wang
et al. [51].

Our results also revealed increased Nrf2 gene expression
in the CPT — 11 + atorvastatin group. This result confirmed
the stimulant effect of atorvastatin on the gene expression
of Nrf2 as a marker of antioxidant defense and provided evi-
dence of its potential protective effects against oxidative
stress damage by oxidative stress induction caused by vari-
ous inducers, including chemotherapy. The induction of
Nrf2 gene expression by statins was also reported previously
by Thoriya et al. [52] and recently by Bao et al. [53], who
reported that statins had an antioxidant effect by suppress-
ing the formation of oxygen free radicals by inhibiting the
activation of the NADPH oxidase complex, which is respon-
sible for superoxide generation [54]. In addition to its
cholesterol-lowering action, it has several cholesterol-
independent effects that are valuable for human health.
These pleiotropic effects include antioxidant properties [55],
anti-inflammatory effects, immunomodulatory effects [56],
and endothelial cell-defending actions through the upregula-
tion of endothelial nitric oxide synthase (eNOS) [57].

5. Conclusions

In conclusion, the current study revealed prominent rat
mucosal damage in the form of lingual mucositis that is
induced by CPT-11 chemotherapy, an important alternative
for patients with mucositis. The mechanism of CPT-11-
induced mucosal damage could be related to chronic inflam-
mation, oxidative stress, and an imbalance of the apoptotic
and antiapoptotic pathways. These results were confirmed
at the histological and molecular levels. Atorvastatin could
play a protective role against CPT-11 mucosal damage by
inducing an antiapoptotic gene and modulating inflamma-
tory and antioxidant gene expressions.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Crohn’s disease (CD) is an inflammatory disorder of the intestines characterized by epithelial barrier dysfunction and mucosal
damage. The activity of poly(ADP-ribose) polymerase-1 (PARP-1) is deeply involved in the pathomechanism of inflammation
since it leads to energy depletion and mitochondrial failure in cells. Focusing on the epithelial barrier integrity and bioenergetics
of epithelial cells, we investigated whether the clinically applied PARP inhibitor olaparib might improve experimental CD. We
used the oral PARP inhibitor olaparib in the 2,4,6-trinitrobenzene sulfonic acid- (TNBS-) induced mouse colitis model.
Inflammatory scoring, cytokine levels, colon histology, hematological analysis, and intestinal permeability were studied. Caco-2
monolayer culture was utilized as an epithelial barrier model, on which we used qPCR and light microscopy imaging, and
measured impedance-based barrier integrity, FITC-dextran permeability, apoptosis, mitochondrial oxygen consumption rate,
and extracellular acidification rate. Olaparib reduced the inflammation score, the concentration of IL-1 and IL-6, enhanced the
level of IL-10, and decreased the intestinal permeability in TNBS-colitis. Blood cell ratios, such as lymphocyte to monocyte ratio,
platelet to lymphocyte ratio, and neutrophil to lymphocyte ratio were improved. In H,O,-treated Caco-2 monolayer, olaparib
decreased morphological changes, barrier permeability, and preserved barrier integrity. In oxidative stress, olaparib enhanced
glycolysis (extracellular acidification rate), and it improved mitochondrial function (mitochondrial coupling efficiency, maximal
respiration, and spare respiratory capacity) in epithelial cells. Olaparib, a PARP inhibitor used in human cancer therapy,
improved experimental CD and protected intestinal barrier integrity by preventing its energetic collapse; therefore, it could be
repurposed for the therapy of Crohn’s disease.

1. Introduction IBD exhibits two main forms, namely, ulcerative colitis

(UC) and Crohn’s disease (CD), and it appears in flare-up
Inflammatory bowel disease (IBD) is a chronic and remitting ~ and remission phases [2]. Although UC and CD are two dis-
inflammatory disease of the gut. More than 1 million inhab-  tinct forms of IBD, they share the phenomenon of epithelial
itants in the USA and approximately 2.5 million in Europe  barrier dysfunction. Barrier failure often results in increased
suffer from IBD, and its incidence is permanently rising [1].  intestinal permeability, a condition called “leaky gut” [3]. In
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this disorder, the gut microbiota can directly enter the
colonic tissue and induce the activation of immune cells
causing chronic inflammation [4, 5]. The initiators of
increased gut permeability are not clearly elucidated, but it
is often suggested that increased permeability is a conse-
quence of altered energy metabolism and mitochondrial dys-
function of intestinal epithelial cells (IEC) [6]. For example,
investigations with conplastic mouse strains, which share
the same nuclear genome but have different mitochondrial
genomes, demonstrated that those mice with high mucosal
respiratory chain activity and elevated concentration of
ATP develop less intense colitis than those that produce a
smaller amount of mucosal ATP [7]. In CD patients,
increased mucosal permeability in the ileum was accompa-
nied by mitochondrial swelling and decreased ATP concen-
tration [8]. In addition, the activity of complex II (CII), a
part of the mitochondrial electron transport chain (ETC),
was found to be abolished in the colon of UC patients [9].
Another group found lower levels of CI and CIV in IBD
patients compared to control subjects and also measured
lower ATP concentrations [10]. Furthermore, enhanced lac-
tate levels were found in CD patients in comparison with
healthy individuals, which correlated with the disease activity
[11]. All these results suggest mitochondrial dysfunction, dis-
turbed oxidative phosphorylation, and enhanced glycolytic
activity in the mucosa of IBD patients.

Under physiological conditions, IECs use butyrate as a
primary energy source [12]. Butyrate is produced by several
species of the microbiota, and it is catabolized in IECs via f3-
oxidation and citric acid cycle (CAC) [13-15]. In addition,
dehydrogenases of these catabolic pathways reduce NAD"
and FAD to NADH+H" and FADH, which promote the
reduction of the mitochondrial respiratory chain CI and
CII [16]. Thereafter, CI, CIIL and CIV pump protons across
the inner membrane from the matrix to the intermembrane
space raising a proton gradient [16]. At the end of ETC, CIV
consumes O, and reduces it to H,O. Finally, the proton gra-
dient drives FoF,-ATPase, which produces ATP from ADP
and P, [16].

However, in inflammation, mitochondrial dysfunction
and mitochondria-derived ROS increase. Under these cir-
cumstances, IECs switch their metabolism from oxidative
phosphorylation (OXPHOS) to aerobic glycolysis [13, 17].
In aerobic glycolysis, glucose transforms to lactate without
oxygen consumption, although sufficient amount of oxygen
is present in the cells [18]. In this situation, glycolysis pro-
duces ATP and, as a by-product, lactate is synthesized from
pyruvate by lactate dehydrogenase [17]. Since the mitochon-
dria are a major source of ROS [19], the catabolic pathway
via glycolysis and lactate dehydrogenase bypasses the mito-
chondria and do not feed mitochondrial ROS generation
[20]. Thus, the cell shuts down the mitochondria to protect
itself from mitochondrial ROS [21]. This concept is
strengthened by the findings that proinflammatory cyto-
kines (TNF-a, IL-1f3, and IFN-y) increased the rate of gly-
colysis in rat enterocytes and also triggered ATP turnover
[22]. Also C. rodentium infection in mice induced aerobic
glycolysis and enhanced the level of sodium-glucose trans-
porter 4 and lactate dehydrogenase A. At the same time,
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enzymes of CAC and OXPHOS were downregulated [23].
Most importantly, a strong expression of glycolytic enzymes
was found in the colon of IBD patients [24]. In active CD,
lactate levels were significantly higher compared to the con-
trol subjects [11]. Therefore, in colitis, aerobic glycolysis
becomes the main source of ATP. Nevertheless, in severe
inflammation, activation of the enzyme poly(ADP-ribose)-
polymerase-1 (PARP-1) blocks glycolysis [25], i.e., it termi-
nates the “last safe way” of energy production and forces
the cells along the death pathway causing strong mucosal
damage with severe ulceration and compromised barrier
function.

PARP-1 has been long involved in cancer development
and inflammation. Accordingly, PARP-17" mice were pro-
tected in 2,4,6-trinitrobenzene sulphonic acid- (TNBS-)
induced colitis [26] and pharmacological inhibitors of
PARP-1 improved dextran sodium sulfate-induced [27]
and TNBS-induced colitis [28] in rodents. PARP-1 is acti-
vated by DNA damage and catalyzes polyADP-ribosylation
(PARylation) of numerous nuclear proteins using NAD™ as
a substrate [29]. This process is a part of the DNA damage
response leading to activation of the DNA repair enzymes
[30]. However, excessive PARP activation can totally deplete
NAD" pools, which makes cellular energy metabolism
impossible [31]. Several lines of evidence demonstrate that
PARP activation not only depletes NAD™ pools but also
inhibits the enzyme hexokinase, which catalyzes the first step
of glycolysis [25]. As a result, repressed glycolysis cannot
feed CAC with Acetyl-CoA (produced by pyruvate dehydro-
genase from the glycolytic end-product pyruvate), and CAC
is not able to reduce NAD" and FAD to feed mitochondrial
ETC and OXPHOS [32], so PARP-induced mitochondrial
dysfunction originates, at least partially, from the decreased
substrate flow from glycolysis to CAC and ETC [25]. Since,
in severe colitis, glycolysis is the main source of ATP
(because of mitochondrial shutdown) [21] and also glycoly-
sis is inhibited by PARP [25], IECs have to face with ener-
getic collapse and they lose the ability to form a strong and
continuous barrier [7].

In the present study, we investigated whether olaparib, a
PARP inhibitor used in human cancer therapy, has a benefi-
cial effect in a CD mouse model and, accordingly, whether it
could be repurposed for CD treatment. To answer this ques-
tion, we applied olaparib during a TNBS-induced experi-
mental colitis model. Additionally, since IECs are the first
line of defence in the colon and barrier interruption is a hall-
mark of IBD, we used Caco-2 colonic epithelial cells and
investigated barrier function and energy production in vitro.

2. Materials and Methods

2.1. Animals and Experimental Colitis. Male CD1 mice
(Jackson Laboratory, Bar Harbor, ME, USA) were bred and
maintained at the SPF animal facility of the Department of
Immunology and Biotechnology, Medical School, University
of Pécs. At the age of 6-8 weeks, they were transported to our
animal house facility and acclimatized for 2 weeks under
standardized circumstances. Standard laboratory chow and
water were available ad libitum. Experimental procedures
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were approved by the Animal Research Review Committee
of the University of Pécs, Medical School (Permit number:
BA02/2000-4/2017). For the colitis experiments, we used
the vehicle (VEH), TNBS, and TNBS+olaparib (TNBS+olap)
treatment groups. In total, 72 animals were used; 1 mouse
died during the experiments before evaluation. In our exper-
imental setting, every group contained 3-9 animals. We per-
formed 3 independent experiments including in total 9
VEH, 26 TNBS, 9 TNBS+20mg olaparib, and 27 TNBS
+50mg olaparib). The age-matched (8-10 weeks), sex-
matched (male), and bodyweight-matched (30-40 g) animals
were randomly divided into groups by a technician. During
the experiments, mice were individually housed to avoid
aggressive behavior. Individual housing was approved by
the Animal Research Review Committee of the University
of Pécs. The experimental period lasted in total for 4 days
(Figure 1(a)). On day 1, olaparib treatment started (pretreat-
ment), and thereafter, we administered it daily once for 3
times (thus, in total, we performed 4 olaparib treatments).
On day 0, animals were treated with TNBS (1 bolus), and
on day 3, mice were anesthetized and euthanized. Olaparib
(AZD2281, MedChemExpress, New Jersey, USA) was
administered intraperitoneally (single injection) on the day
before TNBS challenge, followed by daily administration
for 3 days at the dose of 20 or 50 mg/kg bodyweight. The
applied dose of olaparib was selected based on literature data
[33]. The vehicle group received sterile distilled water con-
taining 4% DMSO and 30% PEG300. After 12hrs fasting,
mice were anesthetized with 5% isoflurane (Baxter Hungary
Ltd., Budapest, Hungary) in 100% oxygen in an anaesthetic
chamber. Colitis was induced by a single intracolonic injec-
tion of TNBS (4 mg in 100 ul of 30% ethanol; Sigma-Aldrich,
Missouri, USA) through a catheter inserted 3 cm into the
colon. The VEH group received an equal volume of 30% eth-
anol. Animals were weighed daily during the experiment
and sacrificed 72 hrs after TNBS administration. Mice were
anesthetized with 5% isoflurane and decapitated gently by
a dedicated surgical scissor to collect the highest possible
amounts of trunk blood. This technique was approved by
the Animal Research Review Committee of the University
of Pécs. Trunk blood was collected; the colons were
removed, measured, weighted, and opened longitudinally
to detect the macroscopic colon damage. Tissue samples
were processed for further analyses. Treatments and macro-
scopical scoring were carried out blind.

2.2. Intestinal Permeability Measurement. Intestinal perme-
ability was determined by measuring the concentration of
fluorescein isothiocyanate (FITC)-dextran (40kDa; Sigma-
Aldrich Missouri, USA) in serum. 3 days after TNBS treat-
ment, FITC-dextran solution (100 ul of a 60 mg/ml solution)
was administered intrarectally. Serum was collected 1 hour
after the administration, and fluorescence intensities were
detected by a Promega GloMax plate reader (excitation,
490 nm; emission, 510-570 nm). A standard curve was gen-
erated from a serial dilution of FITC-dextran in PBS.

2.3. Hematological Analysis. At the endpoint of the TNBS
model, mice were anesthetized with 5% isoflurane and

decapitated gently by a dedicated surgical scissor, and trunk
blood was collected directly into microtainer tubes (Becton
Dickinson, Hungary) containing EDTA as an anticoagulant.
Hematological parameters were determined by a Sysmex
XN-1000-V Multispecies Hematology Analyzer (Sysmex
America Inc., USA) within 2 hours of sampling. Lymphocyte
to monocyte ratio (LMR), platelet to lymphocyte ratio
(PLR), neutrophil to lymphocyte ratio (NLR), and neutro-
phil to monocyte ratio (NMR) were calculated from the
absolute cell counts for each animal separately.

2.4. Macroscopic Scoring. Colonic tissue damage score was
assessed by a macroscopic scoring system described previ-
ously [34]. Briefly, individual points were added for ulcers
(0.5 points for each 0.5cm), adhesions (0 points = absent,
1 point = 1 adhesion, and 2 points = 2 or more adhesions
or adhesions to organs), colon shortening, based on a mean
length of a healthy colon (1 point = >15%, 2 points = >25%),
wall thickness (measured in mm), consistency of the stool,
and the presence of blood in the stool (hemorrhage, fecal
blood, or diarrhea increase the total points by 1).

2.5. Histology of Colon Tissue. Segments of the distal colon
were stapled flat onto a cardboard with the mucosal side
up and fixed for at least 24 hrs in 10% neutral-buffered for-
malin. Tissue was then dehydrated and embedded in paraf-
fin, and standard hematoxylin staining was performed on
5 um thick sections. To this end, slides were deparaffinized,
cleared in xylol, rehydrated in a descending ethanol series,
stained with hematoxylin solution according to Gill II, and
cleared in tap water. Images were taken with an Olympus
DP50 camera and processed with cellSens imaging software
(Olympus, Vienna, Austria).

2.6. Cytokine Levels of Colon Tissue. Levels of inflammatory
cytokines IL-1p, IL-6, TNF-qa, and IL-10 were measured in
colon tissues. Tissue was homogenized mechanically in an
extraction buffer supplemented with protease inhibitor
cocktail (Sigma-Aldrich, Missouri, USA). Bradford assay
(Bio-Rad Laboratories, California, USA) was used to mea-
sure the concentration of total protein. Subsequently, nor-
malization of protein concentrations was performed and
cytokine levels were determined by Ready-Set-Go ELISA kits
(eBioscience, California, USA) according to the manufac-
turer’s instructions.

2.7. Epithelial Cell Culture. The Caco-2 human colon carci-
noma epithelial cell line was purchased from the American
Type Culture Collection (ATCC, Virginia, USA) and cul-
tured in Eagle’s minimum essential medium (Biosera,
France) supplemented with 20% fetal bovine serum (Corn-
ing, New York, USA) and 1% nonessential amino acid solu-
tion (Sigma-Aldrich, Missouri, USA). Cells were maintained
in a humidified incubator containing 5% CO, at 37° C.

2.8. RNA Isolation and qPCR. Total RNA was extracted from
the Caco-2 monolayer using NucleoSpin RNA Plus kit
(Macherey-Nagel, Germany) according to the manufac-
turer’s protocol. It was quantified using a Nanodrop spectro-
photometer and Qubit 2.0 fluorometer (Thermo Fisher



Oxidative Medicine and Cellular Longevity

110 -
3
@ 100 4
Olaparib administration _g
(50 or 20 mg/kg; ip) S ] ns
5 904 ns
2
=
80 T T T 1
TNBS administration Evaluation 0 1 2 3 4
(4 mg/animal; ir) Time (day)

—e— VEH —4— TNBS+olap (50)
—m=— TNBS —v— TNBS+olap (20)

(b)

14

12 1 *
Hk
10 4 ns

0

6 T
4
2
0
VEH TNBS TNBS+ TNBS+
olap (20) olap (50)

Macroscopic score

: 5
TNBS+VEH TNBS+olap (50)
(o) (d)
3. 20+ *
5 sokok g 15 4
S 2 =
g S
2 & 10
- L
3 i
1 °
0 0
VEH TNBS TNBS+ VEH TNBS TNBS+
olap (50) olap (50)
(e) (f)

FiGure 1: Continued.



Oxidative Medicine and Cellular Longevity

0.4 -

0.3 4

0.2 H

0.1

FITC-dextran (ug/mL)

0.0 L ———

s

VEH

TNBS

(g)

TNBS+
olap (50)

FIGURE 1: Olaparib treatment attenuated TNBS-induced colitis in mice. (a) Experimental protocol of TNBS-induced colitis and olaparib
treatment. (b) Bodyweight changes (percentage of the initial bodyweight of each animal) in every experimental group. Data from one of
three independent experiments are expressed as mean + SEM (n =4-7). (c) Representative images of hematoxylin staining of colon cross-
sections from the TNBS- and TNBS+olap (50)-treated mice. Arrows indicate the most affected part of the colon tissue, the submucosa.
(d) Macroscopic score in every experimental group. Data combined from 2 separate experiments (n=9-21). (e) Ulcer number and (f)
ulcer length in the VEH, TNBS, and TNBS+olap (50) groups. Data combined from 3 separate experiments (n =9-27). (g) Intestinal
permeability based on the measurement of FITC-dextran in blood samples 3 days after TNBS treatment. Data from one of three
independent experiments are expressed as mean + SEM (n=5-8); ns: not significant; *P <0.05, **P <0.01, and ***P <0.001. VEH:
vehicle; TNBS: 2,4,6-trinitrobenzene sulphonic acid; olap (50): 50 mg/kg olaparib; olap (20): 20 mg/kg olaparib.

Scientific, USA). 1 ug of total RNA was reverse-transcribed
with M-MuLV RT (Maxima First-Strand cDNA Synthesis
Kit, Thermo Fisher Scientific, USA). 100 ng cDNA was used
in 20 yl reactions for real-time PCR using the Xceed qPCR
SG 2x Mix (Institute of Applied Biotechnologies, Praha-
Stragnice, Czech Republic) and a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, USA). After 40 cycles of
PCR reaction, products were run on a 1.5% agarose gel using
20bp DNA Ladder (Lonza, Basel, Switzerland). Data were
analyzed by ACt method. As a reference for gene expression,
we used f-actin expression. Primers for the investigated
gene expression were as follows: (i) $-actin (121 bp): forward
5'-GCATGGGTCAGAAGGATTCC-3', reverse 5'-CAGA
TTTTCTCCATGTCGTCCC-3'; (ii) PARP-1 (109 bp): for-
ward 5'-CGAGTCGAGTACGCCAAGAG-3', reverse 5'-
CATCAAACATGGGCGACTGC-3'; (iii) PARP-2 (97bp):
forward 5'-GCCAGCAAAAGGGTCTCTGA-3', reverse 5'
-CATGAGCCTTCCCCACCTTG-3"; and (iv) PARP-3
(115bp): forward 5'-CCTGAGGCTCATGGAGAGTTG-3',
reverse 5 -TGGAGCCATGGCCAAGAAAA-3'. The effi-
ciency of the reactions was in all cases near 100%.

2.9. Impedance-Based Barrier Integrity Measurements. First,
the epithelial barrier integrity was determined by measuring
electrical impedance using xCELLigence RTCA DP Real-
Time Cell Analyzer (ACEA Biosciences, California, USA).
Caco-2 cells were seeded on RTCA E-plates (E-plate 16) at
a density of 10° cells/well. We applied the control (CTRL)
and H,O, or H,O,+olaparib treatment groups. After attain-
ing confluency, the monolayers were treated with different
concentrations of H,0, (100, 200, 500, and 1000 M) or
with olaparib (10uM) as a pretreatment, 30 min before
H,0,. The CTRL and H,0, treatment groups received the
same amount of DMSO as the olaparib-treated cells. The cell
index (CI) was continuously monitored by the equipment
for 24 hours.

2.10. FITC-Dextran Epithelial Permeability Assay. Perme-
ability was assessed by measuring the flux of FITC-dextran
from the upper compartment to the lower compartment in
Transwell plates (pore size 0.4 um; polyester membrane,
Corning, New York, USA). Caco-2 cells were grown until
tull confluency in 12 well Transwell plates. Here, we applied
the same treatment groups as described in the impedance-
based technique. Cells were treated with 1000 uM H,O, or
pretreated with 10 yuM olaparib for 30 minutes. After 24
hours, FITC-dextran solution (1 mg/ml) was added to the
upper chamber. 1 hour later, a medium from the lower
chamber was collected and the fluorescence intensities were
detected by a Promega GloMax plate reader (Promega, USA)
at  490-nm excitation and 510-570nm emission
wavelengths.

2.11. Determination of Apoptosis. Mouse Annexin V & Dead
Cell Kit (Merck Millipore, Massachusetts, USA) was used for
the quantitative analysis of live, early, and late apoptotic and
necrotic cells. Caco-2 cells were seeded onto 6-well plates at
a density of 10° cells/well. Treatments and treatment groups
were exactly the same as described above at the FITC-
dextran assay. 24 hrs after treatment, cells were trypsinized
and collected; sample preparation was performed as sug-
gested by the manufacturer. Briefly, 100 uL of cell suspen-
sion was incubated with 100yl of Muse Annexin V &
Dead Cell reagent for 20 minutes, in the dark at room tem-
perature. After staining, the assay was performed with a
Muse Cell Analyzer (flow cytometer).

2.12. Seahorse XFp Cell Mito Stress Test. Measurement of the
oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) in Caco-2 monolayers was performed by a
Seahorse XFp Extracellular Flux Analyzer (Agilent Technol-
ogies, California, USA). The day before the assay, the Sea-
horse XFp Sensor Cartridge was hydrated with XF
Calibrant Solution and was kept at 37°C in a CO,-free incu-
bator overnight. Caco-2 cells were seeded on XFp Miniplates



at a density of 1.5 x 10* cells/well. After reaching 100% con-
fluence, cells were treated exactly as described at the FITC-
dextran assay. After the treatment, a complete growth
medium was replaced with an unbuffered, serum-free Agi-
lent XF Base assay medium, pH7.4. XFp Mito Stress Test
Kit was used to test mitochondrial function. Injection of oli-
gomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhy-
drazone (FCCP), and the mix of rotenone and antimycin
A allows determining the key bioenergetic parameters: basal
respiration, ATP production-linked respiration (ATP pro-
duction), maximal respiration, spare respiratory capacity,
nonmitochondrial respiration, proton leak, and coupling
efficiency. Oligomycin inhibits the F, subunit of the FF,-
ATP synthase, thereby indicating ATP-linked OCR, i..,
level of ATP synthesis. ATP-linked respiration is calculated
by the difference between baseline OCR and OCR after oli-
gomycin injection. Distracting nonmitochondrial respira-
tion from the OCR after FCCP injection represents
maximal respiration. FCCP is a mitochondrial uncoupler,
which separates the activity of phosphorylation and oxida-
tion. Under these circumstances, ETC might work with its
maximum rate and consumes higher amounts of O, without
developing membrane potential between the two sides of the
mitochondrial inner membrane. Spare respiratory capacity
is defined by the difference between maximal and basal res-
piration. The mixture of rotenone and antimycin A inhibits
CI and CIII, respectively; thus, mitochondrial ETC and O,
consumption are blocked. The final concentrations of the
modulators were 1 yM. OCR after rotenone/antimycin A
injection represents nonmitochondrial respiration. ATP-
linked respiration divided by basal respiration reveals cou-
pling efficiency.

2.13. Light Microscopy Imaging. Caco-2 cells were seeded at a
density of 10° cells/well on 6-well plates. After reaching con-
fluency, the monolayers were treated exactly as described at
the FITC-dextran assay. 24 hours later, monolayers were
visualized by EVOS XL Core Cell Imaging System (Thermo
Fisher Scientific, USA) using a 20x objective.

2.14. Statistical Analysis. Experimental data were analyzed
by using GraphPad Prism Software (GraphPad Software
Inc., California, USA). Statistical difference between groups
was established by Student’s t-test, with Bonferroni correc-
tion; P values less than 0.05 were considered statistically
significant.

3. Results

3.1. Olaparib Improved TNBS-Colitis in Mice. To evaluate
the effect of olaparib in experimental colitis, we used the
TNBS-colitis model (Figure 1(a)), a mouse model of CD
[35]. Olaparib was used as a pretreatment in 20 and
50 mg/kg bodyweight dose. On the one hand, olaparib failed
to significantly ameliorate weight loss in TNBS-challenged
animals (Figure 1(b)). But on the other hand, it decreased
inflammation scores by more than ~50% in 50 mg/kg
(n=21), but not in 20mg/kg dosage (n=9) (Figure 1(d)).
Hence, we used 50 mg/kg dose in the further experiments.
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Olaparib impeded histological injury in the colon
(Figure 1(c)), reduced the number of ulcers (n=27)
(Figure 1(e)) and their lengths (n=27) (Figure 1(f)), and
most importantly, diminished FITC-dextran permeability
(n=8) (Figure 1(g)) compared to the CTRL group (n =5).
Levels of inflammatory cytokines were also modulated. Ola-
parib diminished IL-1f (Figure 2(a)) and IL-6 (Figure 2(b))
proinflammatory cytokine levels, but enhanced anti-
inflammatory IL-10 production (Figure 2(c)) in the colon
(n=13). Interestingly, we could not find statistically signifi-
cant alteration in the TNF-« level (Figure 2(a)). We also
evaluated numerous hematological parameters in colitic
mice (Figure 3(a)). We found only 2 parameters, namely,
the amounts of lymphocytes and monocytes, which were sig-
nificantly modulated by the treatments. In agreement with
others’ findings on colitis models, TNBS substantially
reduced lymphocyte number in mice (n =9), while olaparib
counteracted this effect (n=20). In contrast, monocyte
number was higher in the TNBS group (n=9), whereas it
was significantly less elevated in the TNBS+olaparib group
(Figure 3(a)) (n=20). We calculated specific blood cell
ratios, which were previously shown to be changed in CD
[36] based upon the individual blood cell counts. Similarly
to CD, neutrophil to lymphocyte ratio (NLR) (Figure 3(e))
and platelet to lymphocyte ratio (PLR) (Figure 3(c)) were
both increased in TNBS-colitis and they were markedly
reduced by olaparib treatment. Again, as in CD, lymphocyte
to monocyte ratio (LMR) (Figure 3(b)) was reduced in
experimental colitis, and it was amended by the PARP inhib-
itor. Unfortunately, TNBS-induced changes in the neutro-
phil to monocyte ratio (NMR) (Figure 3(d)) did not reach
statistical significance compared to the vehicle. However,
olaparib improved NMR related to the TNBS-treated group.

3.2. Caco-2 Colonic Epithelial Cells Expressed PARP-1,
PARP-2 and PARP-3. Olaparib has been shown to inhibit
three members of the PARP enzyme family, namely,
PARP-1 (ICy, =5nM), PARP-2 (IC;; = 1nM), and PARP-
3 (ICs5, =4nM) [37]. Thus, we investigated the basal expres-
sion profile of the three target isoforms in untreated Caco-2
cells forming a confluent monolayer. We detected continu-
ous PARP-1, PARP-2, and PARP-3 mRNA expressions
(Figures 4(a)-4(c) ), but with different expression rates
(PARP-1>PARP-2 > PARP-3) (Figure 4(c)). In Caco-2 cells,
PARP-1 was the most highly expressed isoform. PARP-2
and PARP-3 mRNA expressions were at about ~9-fold
and~335-fold weaker compared to PARP-1 (Figure 4(c)).

3.3. Olaparib Improved Barrier Function of Epithelial
Monolayer in Oxidative Stress. Caco-2 monolayers are
widely used as a model for intestinal epithelial barrier [38].
Since the activity of PARP-1, PARP-2, and PARP-3 isoforms
can be induced by DNA-damage [39], and as oxidative stress
induces mucosal injury in IBD [40, 41], we tested different
H,0, concentrations (100-1000 4M) on Caco-2 monolayers.
We assessed barrier integrity by an impedance-based tech-
nique (Figure 4(d)). Lower concentrations of H,O, (100-
500 uM) did not considerably modify cell index (CI; calcu-
lated from TEER impedance values) meaning they did not
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F1GURE 2: Olaparib decreased colonic proinflammatory cytokine (IL-1f3 and IL-6) and increased anti-inflammatory IL-10 cytokine levels.
Cytokine levels of (a) IL-183, (b) IL-6, (c) IL-10, and (d) TNF-a. Data combined from 2 separate experiments (n = 9-13) and expressed as
mean + SEM; ns: not significant; *P < 0.05, **P < 0.01, and ***P < 0.001. VEH: vehicle; TNBS: 2,4,6-trinitrobenzene sulphonic acid; olap

(50): 50 mg/kg olaparib.

impair barrier integrity. However, 1 mM H,O, rapidly and
permanently decreased CI. After 24hrs, 1mM H,0,
strongly eroded the epithelial monolayer (Figure 4(d)). Con-
sequently, in the further experiments, we applied 1 mM con-
centration of H,0, to challenge the barrier. Olaparib
pretreatment, 30 min before H,O, exposure, improved CI
compared to H,O,-treated cells and protected monolayer
integrity (Figure 5(b)). To confirm these findings, we also
performed FITC-dextran trans-epithelial permeability assay
in the same model at the endpoint of the impedance-based
measurement, after 24hrs incubation (Figure 5(a)). We
detected about ~20-fold increase in FITC-dextran fluores-
cent intensity after H,O, treatment (i.e., FITC-dextran could
pass the monolayer) in relation to CTRL. In contrast, ola-
parib reduced H,O,-induced FITC-dextran permeability
near to the level of control (Figure 5(a)). To even further
refine our results, we performed microscopic imaging and
observed morphological changes in the structure of epithe-
lial monolayer after H,0, treatment. We realized compro-
mised, in some places broken monolayer, with presumably
dying cells, which lost their connection to neighbors in the
monolayer. Olaparib prevented these morphological changes
and kept the cells as an integral part of the barrier in their
normal, epithelial phenotype (Figure 5(c)).

3.4. Olaparib Protected against Oxidative Stress-Induced Cell
Death in Epithelial Barrier. To assess whether oxidative
stress-induced barrier dysfunction involves epithelial cell
death we performed flow cytometry analysis using Annexin
V/7-AAD labeling (Figure 5(d)). H,0, (1mM) induced a

marked increase in the amount of 7-AAD positive dead,
basically necrotic cells (5.87% of total cells; 4.89-fold
increase) compared to CTRL. In addition, it enhanced the
annexin V/7-AAD double-positive, late apoptotic cell num-
ber (31.9% of total cells; 6.86-fold increase). In our hands,
H,0, had no significant effect on early apoptosis. Olaparib
protected against H,O,-induced cell death, i.e., it reduced
necrotic cell death (1.25% of total cells; 4.70-fold decrease)
and late apoptosis (5.73%; 5.17-fold decrease) almost to the
level of CTRL (Figure 5(d)).

3.5. PARP Inhibition Recovered Glycolytic Activity
Compromised by H,O, Treatment. In inflammation, colono-
cytes switch their oxidative metabolism (butyrate consump-
tion) to aerobic glycolysis and produce lactate [13, 17]
(Figure 6(a)). Thus, we investigated the glycolytic activity
by measuring extracellular acidification rate (ECAR), ie.,
lactate production (Figure 6(b)), two hours after H,O, treat-
ment in the early phase of oxidative stress. H,O, caused a
dramatic collapse in basal ECAR (w/o oligomycin) com-
pared to CTRL, which was markedly enhanced by olaparib
(Figure 6(b) (1-3 points of the measurement) and
Figure 6(c)). Oligomycin treatment increased ECAR both
in the CTRL and H,O,+olaparib-treated cells compared to
the untreated (w/o oligomycin) group but failed to stimulate
acidification in the H,0,-damaged monolayer (Figure 6(b)
(4-6 points of measurement) and Figure 6(d)). FCCP, rote-
none, and antimycin A did not influence ECAR significantly
in either treatment groups (Figure 6(b) (7-12 points of
measurement)).
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TNBS
Hematological . CTRL TNBS .
Unit + olaparib
parameters
mean SEM mean SEM mean SEM
WBC (10°/L) 4,50 + 0,684 4,28 +0,518 4,71 +0,280
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F1GURE 3: Olaparib modified hematological parameters and improved blood cell ratios in TNBS-treated mice. (a) Hematological parameters
in the VEH, TNBS, and TNBS+olap (50) groups. Mean values + SEM are shown in the table. A, B = different letters in each row indicate
significant differences between groups (P < 0.05). Data combined from 3 separate experiments (n =9-20). (b) Lymphocyte to monocyte
ratio (LMR), (c) platelet to lymphocyte ratio (PLR), (d) neutrophil to monocyte ratio (NMR) (e), and neutrophil to lymphocyte ratio
(NLR) values were calculated for each mouse individually before the averages were determined. Mean + SEM is shown; ns: not
significant; *P < 0.05, **P <0.01, and ***P <0.001. Data are combined from 3 separate experiments (n =9-20). Abbreviations: WBC:
white blood cell number; RBC: red blood cell number; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH:
mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; PLT: platelet count; RDW-SD: red cell distribution
width-standard deviation; RDW-CV: red cell distribution width-coefficient of variation; PDW: platelet distribution width; MPV: mean
platelet volume; P-LCR: platelet large cell ratio; PCT: procalcitonin; NRBC: nucleated red blood cells; NEUT: neutrophil count; LYMPH:
lymphocyte count; MONO: monocyte count; EO: eosinophil count; BASO: basophil count.
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(n=4-6).

3.6. PARP Inhibitor Olaparib Preserved Mitochondrial
Respiration in H,0,-Induced Stress. Under physiologic con-
ditions, butyrate is the main source of ATP in colonocytes
[12], and butyrate metabolism involves dynamic mitochon-
drial ETC activity and continuous OXPHOS [42]. Therefore,
we investigated the activity of ETC and OXPHOS by mea-
suring the oxygen consumption rate in our epithelial barrier
model (Figure 7(a)). First, the basal respiration (OCR w/o
oligomycin, green field on Figure 7(a)) was determined.
H,0, reduced basal respiration in epithelial cells compared
to CTRL, and olaparib did not modulate this effect
(Figure 7(b) (1-3 points of measurement and Figure 7(c))
indicating that olaparib had no effect on basal respiration.
After oligomycin treatment, the ATP production-linked
OCR (OCR with oligomycin, yellow field on Figure 7(a))
can be measured that reflects the activity of OXPHOS and
ATP generation. Oligomycin reduced OCR and OXPHOS

xoverall in all three experimental groups (Figure 7(b) (4-6
points of measurement]) and Figure 7(d)), but H,O,-treated
cells consumed O, even to a lesser extent than CTRL, which
suggested a reduced ATP production. Olaparib had no sig-
nificant effect on the ATP-linked OCR in H,O,-treated cells
(Figure 7(d)). Furthermore, olaparib ameliorated the H,O,-
induced decline in coupling efficiency (Figure 7(e)). In con-
trast, FCCP, an uncoupling agent that induces maximal res-
piration in the mitochondria (OCR with FCCP, beige field
on Figure 7(a)), enhanced OCR in all three groups in differ-
ent extents (Figure 7(b) (7-10 points of measurement)). We
detected the highest OCR in CTRL, the lowest in the H,O,-
induced cells while olaparib counteracted the effect of H,O,
(Figure 7(b) (7-10 points of measurement) and Figure 7(f)).
FCCP application also determined spare respiratory capacity
(blue field on Figure 7(a)). Spare respiratory capacity was
intensely reduced by H,0, compared to CTRL, but olaparib
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FiGurg 5: Olaparib improved epithelial barrier integrity in H,O,-treated Caco-2 monolayers. Caco-2 monolayers were pretreated with
10 uM olaparib for 30 minutes before 1 mM H,O, treatment for 24 hours in all experimental settings. The CTRL and H,O, groups
received the same amount of DMSO as the olaparib-treated cells. (a) FITC-dextran epithelial permeability assay. 40 kDa FITC-dextran
(1 mg/ml) was added to the upper chamber of the Transwell plate. After 1 hour of incubation, the medium from the lower chamber was
collected and the fluorescence intensities were measured. Data combined from 2 separate experiments (1 =4). (b) Electrical impedance
monitoring of Caco-2 monolayers using E-Plates and xCELLigence RTCA instrument. Data from one of three experiments are expressed
as mean +SD (n=4-6). (c) Representative light microscopy images of confluent Caco-2 monolayers after 24 hours treatment. (d)
Determination of apoptosis and necrosis in Caco-2 monolayers analyzed by Muse Annexin V & Dead Cell Kit. Representative apoptosis
profiles and the percentage of live, early apoptotic, late apoptotic, total apoptotic, and necrotic cells are presented. Data are combined
from 2 separate experiments (n =4) and expressed as mean + SD; ns: not significant; *P < 0.05, **P < 0.01, and ***P < 0.001.
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F1GURE 6: Olaparib improved aerobic glycolysis in Caco-2 monolayers exposed to H,O,-induced oxidative stress. Seahorse XFp Mito Stress
test was performed after Caco-2 monolayers were pretreated with 10 4M olaparib for 30 minutes and then treated with 1000 uM H,O, for 2
hours. The CTRL and H,O, groups received the same amount of DMSO as the olaparib-treated cells. Oligomycin (1 uM), FCCP (1 uM), and
the mixture of rotenone and antimycin A (1 uM) were added sequentially during the measurement. (a) Schematic illustration of glucose
metabolism. (b) Extracellular acidification rate (ECAR), (c) basal ECAR, and (d) ECAR changes are shown. ECAR changes were
calculated by the difference between ECAR before and after oligomycin injection. Data combined from 2 separate experiments (n = 4);
ns: not significant; *P <0.05, **P<0.01, and ***P <0.001. Abbreviations: PDC: pyruvate dehydrogenase complex; LDH: lactate
dehydrogenase; CAC: citric acid cycle; ETC: mitochondrial electron transport chain; ECAR: extracellular acidification rate; OCR: oxygen

consumption rate; OXPHOS: oxidative phosphorylation.

attenuated this reduction (Figure 7(g)). H,0, reduced pro-
ton leak (orange field on Figure 7(a)) compared to CTRL,
and it was further reduced by olaparib in Caco-2 cells
(Figure 7(h)).

4. Discussion

The anti-inflammatory role of PARP inhibition is thor-
oughly established; however, introduction of PARP inhibi-
tors into clinical therapy of anti-inflammatory diseases has
not been initiated yet because of the potential risk in long-
term use of the drugs [33]. In this study, we intended to pro-
vide experimental support for repositioning the PARP inhib-
itors (which are successfully applied in human cancer
therapy) for the clinical management of the acute flare-up
periods of CD. For that purpose, we used a TNBS-induced
experimental colitis model in mice, which is widely accepted
for studying CD, since they share many pathological (clini-
cal, histological, and biochemical) characteristics [35]. Fur-
thermore, enhanced PARP-1 expression was found in the
colon of rodents [43, 44] in experimental colitis models, as

well as in IBD patients [45], which makes the model more
valuable for studying PARP inhibitors. In this report, we
explicitly focused on the epithelial barrier function, cell sur-
vival, and bioenergetics; hence, we used a Caco-2 monolayer
as an in vitro model of intestinal epithelial barrier [46]. We
demonstrate that olaparib improves inflammation in
TNBS-colitic mice and that it protects Caco-2 epithelial bar-
rier in oxidative stress by rescuing glycolytic activity and by
protecting some aspects of mitochondrial function.

In a recent review about repurposing PARP inhibitors
for the therapy of nononcological diseases [33], Berger
et al. did not consider IBD among those chronic diseases,
in which the assumed benefits vs. the risks justify first prior-
ity of repurposing. However, the available preclinical data on
IBD models successfully utilized outdated PARP inhibitors
such as 3-aminobenzamide [47]. Our findings of in vivo
anti-inflammatory effects of olaparib, a PARP inhibitor
approved for human cancer therapy, may justify initiation
of clinical trials for repurposing this drug for IBD therapy.
We hypothesize that PARP inhibition might be beneficial
in the acute flare-ups of severe CD, where detrimental
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F1GURE 7: Olaparib protected mitochondrial function in Caco-2 monolayers subjected to H,O,-induced oxidative stress. Caco-2 monolayers
were pretreated with 10 M olaparib for 30 minutes and then treated with 1000 uM H,O, for 2 hours. The CTRL and H,0, groups received
the same amount of DMSO as the olaparib-treated cells. Seahorse XFp Mito Stress test was performed, when oligomycin (1 M), FCCP
(1 uM), and the mixture of rotenone and antimycin A (1 uM) were injected sequentially. (a) Key parameters of mitochondrial respiration
measured by Seahorse XFp Extracellular Flux Analyzer. (b) Measurement of oxygen consumption rate (OCR). Data combined from 2
separate experiments are expressed as mean+SD (n=4). Bioenergetic parameters: (c) basal respiration, (d) ATP production, (e)
coupling efficiency, (f) maximal respiration, (g) spare respiratory capacity, and (h) proton leak were calculated. Results are expressed in
percentage of control (mean + SD of two independent experiments, n = 4); ns: not significant; **P < 0.01, ***P < 0.001.
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ulceration and tissue damage are caused by the energetic col-
lapse of mucosal cells. It could be especially true in the severe
cases of drug nonresponders, e.g., those one-third of IBD
patients who primarily do not respond to infliximab (anti-
TNF-a mAb; commonly prescribed drug in IBD) [48] or
to other pharmacological therapies.

We demonstrated that olaparib improved TNBS-
induced colitis in mice, reduced histological damage of the
colon, diminished the number and length of the ulcers,
inhibited proinflammatory cytokine production (IL-1f, IL-
6), but it enhanced the level of anti-inflammatory cytokine
IL-10. Inflammatory cytokines participating in the genera-
tion of colon damage are predominantly produced by acti-
vated leukocytes [49]. The fact that PARP inhibition
reduces leukocyte infiltration into the colon in experimental
colitis is well characterized [50-52]. Accordingly, we investi-
gated hematological parameters from peripheral blood in
our TNBS-colitis model. Several types of blood cell ratios
were recently highlighted as possible diagnostic parameters
in IBD [36, 53]. Specifically in CD, NLR and PLR were sug-
gested to be valuable diagnostic factors [36]. Moreover, NLR
might predict disease severity [54]; however, this notion is
debated [55]. In detail, elevated NLR, PLR, and reduced
LMR were found in CD patients compared to control sub-
jects, while NMR was not modified [36]. In our experiments,
alterations in NLR, PLR, LMR ,and NMR in TNBS-treated
mice followed the observed changes in CD patients. In addi-
tion, olaparib effectively reversed CD-specific alterations in
PLR and LMR, and most importantly, it reduced NLR.
NLR was found to be a significant predictor of infliximab
drug response in CD patients [56]. That is, the anti-
inflammatory efficacy of infliximab correlated with
decreased NLR in CD. Olaparib’s identical anti-
inflammatory effect in our TNBS-colitis model underlines
the drug’s potential in CD therapy.

Elevated NLR can also refer to oxidative stress in CD
patients [57], which is an important inducer of PARP activa-
tion [58]. In active CD, excessive amounts of ROS are pro-
duced by the immune cells. The main source of ROS in
immune cells is the H,0, production [59], and H,O, causes
DNA damage in colonocytes [60] that triggers PARP activa-
tion. High concentrations of ROS result in apoptosis of IECs
leading to disruption of epithelial barrier integrity in the
colon, which is a definite hallmark of IBD. Accordingly, we
treated Caco-2 monolayer with high concentration of
H,0, (1mM) to imitate a strong oxidative stress-injured
barrier, in vitro. We demonstrated that Caco-2 monolayer
cells expressed PARP-1 mRNA in a high extent similarly
to colonic mucosa [45]. In addition, we detected PARP-2
and PARP-3 expressions, however, in a decreasingly lower
extent. That is, Caco-2 cells express the mRNA of olaparib’s
target enzymes (PARP-1, PARP-2, and PARP-3); further-
more, in the monolayer, these cells mimic the intestinal bar-
rier [46]. Therefore, the Caco-2 monolayer seemed to be an
appropriate model to investigate the effect of PARP-
inhibition on barrier integrity, in vitro. Our results showed
that olaparib preserved the Caco-2 monolayer integrity in
oxidative stress and protected the epithelial cells from apo-
ptosis. These findings indicated that colonic epithelial cells
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might be direct targets of olaparib in TNBS-colitis, and bar-
rier protection might be one of the key components of its
anti-inflammatory action.

Reduced barrier integrity and increased gut permeability
are typical signs of IBD. They have been recently associated
with epithelial cell death, mitochondrial dysfunction, and
depleted energy metabolism in IECs. IECs produce ATP pre-
dominantly by aerobic glycolysis in colitis. However, overac-
tivation of PARP might fully block glycolysis [25]. To study
the metabolic effect of olaparib in epithelial cell death, we
induced powerful oxidative stress (1mM H,O,, 2hrs) in
Caco-2 monolayer and determined various parameters of
the energy metabolism (Figure 8). The H,O, stress dramat-
ically decreased basal ECAR (basal glycolysis) and induced
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energetic collapse in Caco-2 cells. Lower proton leak rate in
H,0,-treated cells compared to control also reflected this
metabolic failure, because ATP demand reduces proton
motive force and diminish proton leakage [61, 62]. In con-
trast, olaparib significantly enhanced ECAR in H,O,-treated
cells. Our results are strongly supported by the finding that
poly(ADP-ribose) (PAR) binds to the PAR-binding motif
in hexokinase and inhibits it thereby reducing glycolysis
[25]. These data indicate that olaparib exerted its effect by
inhibiting PAR production, thereby preventing PAR-
mediated inhibition of hexokinase and the blockade of aero-
bic glycolysis (Figure 8).

Oligomycin is a FyF,-ATPase inhibitor, which blocks
OXPHOS. As expected, oligomycin had no effect on ECAR
in the H,0, treatment group; however, it intensely increased
ECAR in H,O,+olaparib-treated cells. An explanation for
this finding might be that oligomycin blocked ATP synthesis
and cells could not compensate for the lack of ATP by boost-
ing glycolysis in H,O, treatment group because of the strong
PARP-mediated repression of hexokinase. Olaparib, how-
ever, prevented PARP activation and glycolytic collapse in
H,O,+olaparib-treated cells (Figure 8) even in the presence
of oligomycin. One may say that oxidative stress per se
might affect glycolytic enzymes and not only PARP activa-
tion regulates glycolytic activity. By using FCCP (mitochon-
drial uncoupler), rotenone, and antimycin A (inhibitors of
ETC) mitochondrial energy production is totally abrogated.
Under these circumstances, glycolysis remains the ultimate
source of ATP (Figure 8). The fact that ECAR could reach
the level of CTRL cells in the H,0,+olaparib group after
FCCP, rotenone and antimycin A treatment clearly indi-
cated that glycolytic enzymes were not significantly affected
by the oxidative stress in our system, and glycolytic energy
production was controlled by PARP activation. Thus, ola-
parib protected from PARP-induced energetic collapse by
improving aerobic glycolysis in oxidative stress (Figure 8).

Previous studies indicated that the mitochondria are the
primary source of ROS in IECs during inflammation [63]
and PARP-1 activation in oxidative stress causes mitochon-
drial dysfunction [25]. Accordingly, we wanted to know
whether olaparib can prevent mitochondrial failure in our
model. We found that basal respiration, mitochondrial ATP
production, and nonmitochondrial oxygen consumption were
strongly impeded in oxidative stress, and olaparib could not
reverse these changes. However, it increased maximal respira-
tion, spare respiratory capacity, and coupling efficiency and
reduced proton leak. For understanding these results, we
should consider the direct and indirect effects of H,O, on
CAC enzymes, ETC complexes, and F,F,-ATPase and the
effects of PARP activation on glycolysis and ETC complexes.

Previous studies using the DNA-alkylating agent N-
methyl-N-nitroso-N-nitroguanidine (MNNG) for PARP
activation reported mitochondrial dysfunction [25]. MNNG
treatment resulted in decreased basal OCR, maximal OCR,
ATP synthesis, and ECAR, while PARP inhibition signifi-
cantly reversed these changes. Most importantly, they found
that administration of pyruvate completely prevented
MNNG-induced mitochondrial failure [25]. That is, the
mitochondrial dysfunction was a direct consequence of
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downregulated glycolysis, i.e., it compromised fuel supply
for the CAC and ETC. Our results led to the same conclu-
sion, namely, PARP activation reduced glycolysis and caused
mitochondrial dysfunction (Figure 8).

In contrast to MNNG-induced PARP activation, we
found that inhibition of the enzyme did not prevent the
H,0,-induced reduction of basal respiration and mitochon-
drial ATP production. On the other hand, olaparib
enhanced ECAR, i.e., it effectively prevented glycolytic col-
lapse (Figure 8). Additionally, it increased maximal respira-
tion, spare respiratory capacity, coupling efficiency, and
reduced proton leak, i.e., it increased efficacy of OXPHOS.
The discrepancy between our results and the previous ones
[25] can be resolved by considering that MNNG alkylates
the DNA leading to DNA breaks and PARP activation.
H,0,, however, induces oxidative DNA damage-mediated
PARP activation but can cause direct structural impairment
to CAC, ETC, and FoF,-ATPase components as collateral
damage. It is well established that H,0, deteriorates CAC
activity and reduces proton motive force, which is a prereq-
uisite for mitochondrial pyruvate transport [64]. Also, FF-
ATPase was reported to be susceptible to oxidative stress
[65, 66]. In addition, ROS and especially H,O, can directly
block many components of the respiratory chain, such as
NADH dehydrogenase or cytochrome ¢ oxidase [65]. Our
findings that maximal OCR of the H,0,+olaparib treatment
group could not reach the maximum OCR level of control
cells are in line with the notion that ETC is sensitive toward
oxidative stress (Figure 8). The observed difference between
maximal OCRs of the two groups could be the result of oxi-
dative damage to CAC, ETC, and F,F,-ATPase components
in the H,0,+olaparib group. Because the glycolytic fuel sup-
ply pathway was unimpeded in both groups, thanks to ola-
parib’s inhibitory effect on PARP in the H,O,+olaparib
group. Furthermore, the observed increase of maximal
OCR in the H,O,+olaparib group vs. the H,0, group could
result from direct control of the ETC by PARylation. Studies
found excessively PARylated mitochondrial proteins, includ-
ing components of ETC. In addition, PARP-inhibitors such
as 3-aminobenzamide and nicotinamide prevented the
H,0,-induced electron transport blockade on CIV in iso-
lated mitochondria [67]. These results suggest that PARP
could regulate ETC activity on CIV, and it also proposed a
mitochondrial target for PARP inhibitors. Another study
suggested a pivotal role for PARP-1 in mitochondrial energy
homeostasis and demonstrated CI as a mitochondrial target
of PARP-1 activation [68]. However, it should be noted that
the existence of PARP-1 or other PARP isoforms in the
mitochondria is debated. But whether present or not in the
mitochondria, PARP has a clear effect on mitochondrial
function [69].

5. Conclusion

In conclusion, olaparib, a PARP inhibitor used in human
oncotherapy, restored bioenergetics by glycolytic reactiva-
tion of colonic epithelial cells, and it decreased cell death.
Epithelial cell protection might be a cause of improved bar-
rier function that eventually resulted in reduced incidence
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and severity of CD-like symptoms in an experimental rodent
IBD model. However these findings provide experimental
evidence for repurposing olaparib for IBD treatment and
highlight its potential in the therapy of CD; clinical applica-
tion of the drug in IBD needs further investigations.
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Background. Inflammatory bowel disease (IBD) is a result of a complex interplay, making development of a specific treatment a
challenging task. Corticosterone was considered a risk factor of stress relative enteritis. Our previous studies found that
melatonin exerts an improvement effect in sleep deprivation (SD)- induced corticosterone overproduction and colitis. A present
study further explored the mechanism whereby melatonin prevented corticosterone-mediated SD-induced colitis. Methods. A
72-hour SD mouse model with or without melatonin supplementation and fecal microbiota transplantation (FMT) to investigate
the core role of corticosterone in melatonin-mediated gut microbiota improving SD-induced colitis. Further, corticosterone-treated
mice were assessed to the effect of melatonin on corticosterone-mediated gut microbiota dysbiosis-induced colitis. Meanwhile, an
in vitro test studied modulatory mechanism of metabolite melatonin. Results. SD caused an excessive corticosterone, gut
microbiota disorder and colitis phenotype. Similarly, corticosterone-supplemented mice also exhibited gut microbiota dysbiosis and
colitis, and the FMT from SD-mice to normal mice could restore the SD-like colitis, but no change in the corticosterone level,
which suggested that corticosterone-mediated intestinal microbiota imbalance plays a central role in SD-induced colitis. Further,
we demonstrated melatonin-mediated MT2 weakened GR feedback, suppressed oxidative stress, restored the intestinal microbiota
and its metabolites homeostasis, and inactivated the STAT3/AP-1/NF-«B pathway-induced inflammatory response in vivo and
in vitro. Conclusions. We revealed that excessive corticosterone is a core risk factor for SD-induced colitis and provided a better
understanding of the effects of melatonin, expected to be a personalized targeted therapy drug, on corticosterone-mediated gut

microbiota inducing colitis.

1. Introduction

Modern lifestyle, which includes long working hours and
commuting times, psychological stress, personal choices,
and social and family demands, has led to an increase in short
sleep durations [1]. Acute periods of sleep deprivation (SD)
can result in intestinal barrier dysfunction, including intesti-
nal mucosal damage, and intestinal microbiota disturbance
in rodents [2], which can be a risk factor for frequent inflam-
matory bowel disease (IBD) [3, 4]. IBD pathogenesis has
been linked to the presence of symbiotic microorganisms liv-
ing in the intestinal tract [5, 6]. Research has also suggested
that IBD-associated genetic defects can lead to pathobiont
accumulation and penetration into the intestinal tissue,
which further promotes dysbiosis and inflammation [6].
Sleep plays an integral role in intestinal health and also has

been shown to significantly impact intestinal microbiome
and metabolism [2, 7]. However, whether SD-mediated
intestinal microbiota disorders induced intestinal mucosal
damage and eventually lead to the occurrence of IBD has
yet to be investigated.

Previous researches demonstrated that SD, which may be
a stressor, could activate the hypothalamic-pituitary-adrenal
(HPA) axis in rats [8], which triggered the synthesis and pro-
duction of corticosterone (CORT) in a dynamic manner [9].
Recent studies have shown that CORT may cause an imbal-
ance in the gut microbes [10, 11], including the downregula-
tion of intestinal microbiota richness and relative abundance
of Bacteroidetes and an increase in Firmicutes and Proteo-
bacterium. Considering that the gut microbiota constitutes
the intestinal barrier, promotes the continuous existence of
the gut microbiota, stimulates intestinal epithelial cell
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regeneration, produces mucus, and nourishes mucosa [12],
we assessed the impact of SD-induced IBD related to the
increase of CORT production-mediated intestinal microbi-
ota dysbiosis.

Melatonin (MT) is a circulating hormone primarily pro-
duced from tryptophan by the pineal gland. This hormone
has received widespread interest because it acts as a homeo-
static regulator of the HPA axis [13], which is associated with
diminished overall CORT secretion and increased sensitivity
to CORT feedback. Moreover, as a molecule with many func-
tions that serves as the primary signal mediating microbial
metabolism, circadian rhythms, and intestinal mucosal
immune cells, MT has potential for use in treating intestinal
diseases [14]. However, whether MT shapes intestinal biolog-
ical functions through the CORT-mediated intestinal micro-
biota has yet to be investigated.

Therefore, in the current study, we (1) use mouse faeces
microbiota transplant (FMT) experiment to investigate SD-
mediated intestinal microbiota disorder-induced colitis and
to investigate whether MT administration could improve
SD-induced colitis via restoring gut microbiota homeostasis;
(2) further verify the core role of excessive CORT-mediated
intestinal microbiota imbalance in SD-induced colitis and
verify whether MT administration could suppress this pro-
cess; and (3) explore the signaling pathway in MT improving
CORT-mediated intestinal microbiota disorder and intesti-
nal mucosal injury using in vivo and in vitro.

2. Materials and Methods

All experiments were conducted according to the Guide for
the Care and Use of Laboratory Animals published by the
Animal Welfare Committee of the Agricultural Research
Organization, China Agricultural University (Approval No.
CAU20170911-2).

2.1. Animals and Treatments. A total of SPF 132 male ICR
mice (8 weeks old; Vital River Laboratory Animal Technology
Co. Ltd., Beijing, China) were housed in 22 cages (6 mice/cage)
under conventional conditions. After acclimatisation for one
week, the mice were randomly divided into eleven groups:
sleep deprivation (SD), SD+MT supplementation (SD+MT),
only MT supplementation (MT), non-sleep-deprived control
(CON) groups, fecal microbiota transplantation (FMT) from
mice of the CON group (F-CON), FMT from mice of the
SD group (F-SD), FMT from mice of SD+MT group (F-SM),
FMT from mice of vehicle (F-R), only corticosterone
supplementation (CORT), CORT+MT supplementation
(CORT+MT), and non-CORT-treated vehicle group (CON).
Specific operation is provided in the Supplementary Material.

2.2. Faecal Material Preparation and FMT Regime. Faecal
material was collected from mice of the CON, SD and SD
+MT groups in SD experiment and placed into Eppendorf
tubes containing freezing solution (sterile saline solution
with 12.5% glycerol) and homogenized [15]. For more
details, see the Supplementary Material.

2.3. Cell Culture and Treatment. Mouse primary colonic
intestinal epithelial cells (IECs, BALB-5047, USA) were cul-
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tured in 96-well plates (5 x 10° cells/mL) and 12-well plates
(5% 10° cells/mL). Some CORT-treated IECs (10 uM, Solar-
bio Ltd., Beijing, China; CORT-cells) were treated with 100
UM NAC (a free radical scavenger; MCE, New Jersey, USA;
CORT+NAC-cells), 2uM MT (Sigma-Aldrich, St. Louis,
USA; CORT+MT-cells) or 20 uM RU-486 (a selective GR
antagonist; MCE, New Jersey, USA; CORT+RU-486-cells).
After MT supplementation for 30 min, some CORT+MT-cells
were sequentially treated with 10 mM 4P-PDOT (a nonselective
MT2 antagonist; MCE, New Jersey, USA; CORT+MT+4P-
PDOT-cells). Each plate of treated cells was incubated for 24 h.

The cells from the 96-well plates were assessed for
proliferation activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St.
Louis, MO, USA) (optical density was determined using a
microplate reader (Model 680, Bio-Rad, St. Louis, MO,
USA) equipped with a 570 nm wavelength filter) and reactive
oxygen species (ROS) (Nanjingjianchen, Beijing, China)
assays. A ROS assay kit was purchased from Sigma-Aldrich
and used according to the manufacturer’s instructions
(n=9). The intracellular ROS generation was measured
using a flow cytometer with an oxidation-sensitive DCFH-
DA fluorescent probe. The suspension was loaded using
DCFH-DA solution at a final concentration of 50 M and
was incubated for 30 min at 37°C. Then, the samples were
centrifuged at 1,000 rpm for 5min (4°C), and the cells were
resuspended in phosphate-buffered saline (PBS, pH7.2-7.4).
For each treatment, 19105 cells were counted, and the exper-
iment was performed in triplicate. Fluorescence was detected
using a fluorescence microplate reader (excitation 488 nm
and emission 525 nm) [16]. The cells from the 12-well plates
were collected for western blotting. Each assay used a repeat
of 8 wells.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). Plasma
samples were collected for the detection of CORT; colon
samples were collected for the detection of inflammatory fac-
tor (TNF-a, IL-10 and IL-17) concentrations using a compet-
itive ELISA assay (USCN Life Science, Inc., Wuhan, China).
All tests were performed according to the manufacturer’s
instructions. Eight samples were used in each group. Each
sample was tested in triplicate. The data are expressed as
ng/mL for plasma CORT levels and pg/mg protein for
TNF-a, IL-10, and IL-17 levels in the colon tissue.

2.5. Intestinal Permeability to Fluorescein Isothiocyanate
(FITC)- Dextran. Before the experiment ended at 6:00 am,
all mice were deprived of food for 2 h and orally gavaged with
0.6 mg/g body weight of 4kDa FITC-dextran at a concentra-
tion of 80 mg/mL 1h before euthanasia. The FITC fluores-
cence in the serum was measured using a fluorescence
spectrophotometer with wavelengths of 485 nm (excitation)
and 535nm (emission) [17]. A standard curve was created
by diluting FITC-dextran in PBS. The concentration of
FITC-dextran in the serum was calculated using the
standard curve.

2.6. Immunohistochemical Staining. We used immunohisto-
chemistry to stain for MUC2, ZO-1, and Claudin-1 in
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paraffin intestinal sections. Sections were incubated over-
night at 4°C with the monoclonal rabbit anti-mouse primary
antibody (MUC2, 1:500; ZO-1, 1:200; Claudin-1, 1:200;
Abcam, Cambridge, MA, USA). Specific operation is pro-
vided in the Supplementary Material.

2.7. Western Blotting. Portions of the colonic segments and
IEC samples (n=9) were rapidly homogenized in liquid
nitrogen and stored at -80°C for western blotting analysis.
For more details, see the Supplementary Material.

2.8. Colonic RNA and Fecal DNA Isolation and Quantitative
RT-PCR Analysis. Colonic RNA was isolated using the
RNeasy Mini Kit (Qiagen, Germantown, MD, USA) follow-
ing the manufacturer’s instructions. The quantity and integ-
rity of the RNA were assessed spectrophotometrically with a
Nanodrop apparatus (Thermo Fisher Scientific). Fecal DNA
was isolated using the microflora DNA extraction kit
(MoBio, 12988-10, USA) following the manufacturer’s
instructions. Specific DNA sequences were amplified with a
Bio-Rad CFX Connect real-time PCR device (Hercules, CA,
USA). The primers used are shown in Table 1.

2.9. Microbial Sequencing. The 16S rRNA gene was amplified
using PCR and composite specific bacterial primers as
described previously [2]. For more details, see the Supple-
mentary Material.

2.10. Metabolomics Profiling. We performed LC-MS analyses
on a quadrupole-time-of-flight (Q-TOF) 6510 mass spec-
trometer (Agilent Technologies, Santa Clara, CA, USA) with
an electrospray ionization source [18]. For more details, see
the Supplementary Material.

2.11. Statistical Analysis of Data. Data are expressed as the
mean + standard error and were analyzed using SPSS 10.0
statistical software (SPSS, Inc., Chicago, IL, USA). Differ-
ences between groups were statistically analyzed using
ANOVA followed by two-way ANOVA, which was used to
determine the significance of differences among groups
(p<0.05 and p <0.01).

3. Results

3.1. Effect of MT Supplementation on SD Enhances CORT
Secretion and Intestinal Microbiota Disorder in the Colon.
To clarify whether MT improved SD-induced CORT over-
production and intestinal dysbiosis, we established an acute
continuous 72h SD mouse model. The results showed a sig-
nificant increase in the ROS content (47.6%, p=0.004;
Figure S1A), expression level of GR protein (52.6%, p=
0.001; Figure S1B), and HSP90 mRNA (50.9%, p <0.001;
Figure S1C), as well as a decrease in the HSP70 (38.1%,
p=0.004; Figure SID) and P23 mRNA (25.6%, p=0.014;
Figure S1E) in the SD group compared with that in the CON
group. However, MT pretreatment effectively reversed these
SD-induced changes. Next, analysis of intestinal microbiota
composition was performed (Figure S1F-I), and results
showed an upregulation of relative abundance in Firmicutes
(51.9%, p < 0.001, Figure S1G) and Proteobacterium (67.3%,

p =0.009, Figure S1H) and a downregulation of Bacteroidetes
(15.7%, p=0.042, Figure SI1F) and Prevotellaceae (30.1%,
p=0.016, Figure S1I) in the SD group compared with
that in the control group. By contrast, MT pretreatment
attenuated these effects of SD on the intestinal microbiota
disorder. Consequently, MT pretreatment attenuated the
excessive CORT and intestinal microbiota imbalance in
SD mice.

3.2. FMT Promotes Reestablishment of the Colitis Phenotype
and Microbiota Disorder in Mice. We explore whether FMT
from the SD mice induced a colitis phenotype in receiving
mice. The present results demonstrated that there was a
remarkable reduction in the expression level of MUC2, TJ
(ZO-1 and Claudin-1) and Card9 proteins by 43.2%
(p=0.001, Figures S2A and D), 639% (p<0.001,
Figures S2B and E), 35.6% (p =0.021, Figures S2C and F),
and 29.8% (p=0.034, Figure S2I), as well as a significant
increase in the DAI score, intestinal permeability, and
colonic IL-17 level by 36.1% (p = 0.003, Figure S2G), 42.6%
(p <0.001, Figure S2H), and 78.3% (p < 0.001, Figure S2J) in
the F-SD group compared with that in the F-CON group.
However, the stimulatory effects of F-SD on changes in
colitis were reversed in the colon by F-SM supplementation.

Further, we examined whether F-SD caused an intestinal
microbiota disorder. The relative abundance of Firmicutes
and Proteobacterium was significantly elevated by 36.3%
(p=0.010, Figure S2L) and 57.7% (p <0.001, Figure S2N)
in the F-SD group, respectively, versus the F-CON group.
By contrast, Bacteroidetes and Prevotellaceae contents were
significantly reduced by 32.5% (p =0.032, Figure S2K) and
46.3% (p=0.010, Figure S2M) in the colon of the F-SD
group versus that of the control group. However, in the
F-SM and F-R groups, all index was restored to the level
of the F-CON group, resulting in no statistically significant
differences among the F-SM, F-R and F-CON groups
(p>0.783).

In conclusion, SD-mediated intestinal microbiota imbal-
ance induced colitis, while MT supplementation improved
colitis via restoring intestinal microbiota dysbiosis.

3.3. Effect of MT Supplementation on CORT Treatment
Impairs the Intestinal Mucosa Barrier, Mitochondrial
Function, and Antioxidant Capacity of the Colon. Further,
we observed the plasma CORT level significantly increased
by 74.3% (p=0.002, Figure 1(a)) in the CORT group
compared with the CON group. Consistent with the increase
in CORT, there was an increase in clinical score (202.9%,
p =0.003, Figures 1(a) and 1(e)), DAI score (69.9%, p < 0.001,
Figure 1(f)), intestinal permeability (67.8%, p=0.003,
Figure 1(g)), and a reduction in the colonic length
(21.2%, p=0.023, Figures 1(b) and 1(c)) and the levels
of the MUC2 (27.8%, p =0.010, Figure 1(h)), ZO-1 (39.4%,
p=0.007, Figure 1(i)), and Claudin-1 (47.7%, p =0.030,
Figure 1(j)) proteins in CORT-treated mice. Additionally,
CORT caused increases in the expression levels of the Cyto-
chrome C (160.3%, p =0.029, Figure 1(k)) and Caspase-9
(51.9%, p<0.001, Figure 1(1)) proteins and reductions in
the Mfn2, VDACI, and Calpain-1 proteins by 30.1%
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TaBLE 1: Primers of target genes and reference gene.
Gene Sense Antisense
HSP90 ACGAGGAAGAGAAGAAGAAAATGG GCAGGGTGAAGACACAAGCC
HSP70 CGGTGCCCGCCTACTTC TCCTTCTTGTGCTTCCTCTTGA
P23 ATGCGTTTGGAGAAGGACAGA CAGGGATGAAGTGATGGTGAGA
GAPDH CCGAGAATGGGAAGCTTGTC TTCTCGTGGTTCACACCCATC
Firmicutes GGAGCATGTGGTTTAATTCGAAGCA AGCTGACGACAACCATGCAC
Bacteroidetes GAGAGGAAGGTCCCCCAC CGCTACTTGGCTGGTTCAG
Proteobacteria GGTTCTGAGAGGAGGTCCC GCTGGCTCCCGTAGGAGT
Prevotellaceae CACCAAGGCGACGATCA GGATAACGCCCGGACCT

Escherichia coli

GGAGCAAACAGGATTAGATACCC

AACCCAACATTTCACAACACG

(p =0.006, Figure 1(m)), 15.7% (p = 0.002, Figure 1(n)) and
(213%, p =0.029, Figure 1(0)), respectively, compared with
the CON group. Meanwhile, there was a decrease in the
CAT (46.7%, p<0.001, Figure 1(p)), GSH-Px (15.7%, p=
0.003, Figure 1(q)), SOD (33.9%, p < 0.001, Figure 1(r)) and
T-AOC levels (44.5%, p = 0.001, Figure 1(s)) and an increase
in the MDA level (29.7%, p =0.010, Figure 1(t)) in CORT
mice relative to the CON group. In contrast, MT supplemen-
tation attenuated the effects of CORT on the colonic dysfunc-
tion. The plasma CORT level, clinical score, DAI score,
intestinal permeability, and expression levels of Cytochrome
C, Caspase-9, and Calpain-1 proteins and MDA were
decreased by 23.1-63.6% (p = 0.004-0.042), while the length
of colon, expression levels of the TJ (ZO-1 and Claudin-1),
Mfn2, VDACI1, MUC2 proteins and antioxidant enzymes
were increased by 37.2-195.8% (p=0.001-0.012) in the
CORT+MT group compared to the CORT group. Collectively,
our data indicated that MT supplementation rescued the dam-
age to the intestinal mucosa barrier, mitochondrial function,
and the antioxidant capacity caused by CORT treatment.

3.4. Effect of MT Supplementation on CORT Treatment
Enhances GR Synthesis and Transport and Triggers an
Inflammation Response in the Colon. We then examined
whether CORT enhanced GR synthesis and transport and
induced an inflammatory response in the colon (Figure 2).
The western blotting results showed that expression of the
GR protein and HSP90 mRNA was dramatically increased
by 32.2% (p=0.020, Figure 2(a)) and 87.8% (p<0.001,
Figure 2(b)), while the HSP70 and P23 mRNA levels were
decreased by 34.1% (p=0.003, Figure 2(c)) and 38.4%
(p<0.001, Figure 2(d)) in the CORT group relative to the
CON group. However, MT supplementation obviously
restored there changes, resulting in no statistically significant
differences between the CON group and the MT-pretreated
CORT group (p > 0.089).

Next, we assessed whether CORT treatment resulted in
an inflammatory response. The results indicated that CORT
caused an increase in the levels of colonic inflammatory mol-
ecules, such as iNOS, COX-2, and TNF-a, of 45.0%
(p =0.008, Figure 2(e)), 52.3% (p =0.009, Figure 2(f)), and
123.2% (p <0.001, Figure 2(g)) and a reduction in IL-10 of
60.4% (p=0.008, Figure 2(h)) compared with the CON
group. However, the stimulatory effects of CORT on the

inflammatory response were reversed in the colon by MT
supplementation (p > 0.056).

Similar to its effect on the inflammatory response, CORT
activated the STAT3/AP-1/NF-«B pathway in the colon. The
expression levels of the p-STAT3, AP-1, p-P65, and p-IxB
proteins in CORT-treated mice were increased by 39.2%
(p=0.014, Figure 2(i)), 52.7% (p=0.001, Figure 2(j)),
66.8% (p=0.003, Figure 2(k)), and 101.3% (p<0.001,
Figure 2(1)), respectively, relative to the CON group. After
MT supplementation, however, there was no statistically
significant difference between the CON group and the
MT-pretreated CORT group (p > 0.207).

Collectively, these results indicated that MT supplemen-
tation reversed CORT-induced colonic GR synthesis and
transport and suppressed the STAT3/SP-1/NF-«xB pathway
activation-mediated inflammatory response.

3.5. Effect of MT Supplementation on CORT Treatment Alters
the Gut Microbiota Composition of the Colon. We further
investigated whether CORT and MT supplementation could
affect the composition of the gut microbiota. Quantitative
perspective analysis suggested that the ACE, Chao, and Shan-
non indexes were significantly increased by 51.5% (p = 0.001,
Figure 3(a)), 69.9% (p=0.008, Figure 3(b)), and 17.5%
(p=0.043, Figure 3(c)), respectively, while the Simpson
index was markedly decreased by 37.5% (p=0.032,
Figure 3(d)). The B-diversity analysis indicated that the intes-
tinal microbiota dispersion of CORT mice increased signifi-
cantly relative to that of the CON group (Figures 3(e) and
3(f)). Moreover, there was an increase in the OTU numbers
(26.9%, p =0.012, Figure 3(g)) and the ratio of Firmicutes:
Bacteroidetes (F:B, 31.2%, p=0.003, Figure 3(h)) in the
CORT group compared with the CON group. There was also
a statistically significant increase in the relative abundance of
Firmicutes (35.2%) and Proteobacteria (41.2%) and a
decrease in the abundance of Bacteroidetes (43.9%) in CORT
mice relative to control mice (Figures 3(i) and 3(j)). However,
after supplementation of CORT mice with MT, the trends of
all the indexes were restored to the levels of the CON group
(Figures 3(k)), and there was no statistically significant differ-
ence between the CON group and the MT-supplemented
group (p >0.613). These results demonstrated that CORT
upregulated the diversity, richness, and OTU numbers of
colonic microbiota as well as the F:B ratio and that this
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F1GURE 1: Effect of melatonin supplementation on improving CORT-induced intestinal barrier, mitochondrial function and antioxidant
capacity impaired in mice. Serum CORT (a) concentrations; colonic length (b, ¢); H&E staining photographs (scale: 50 ym) (d);
histological score (e); DAI score (f); relative luciferase activity (g); colonic MUC2 (h), ZO-1 (i), Claudin-1 (j), Cytochrome C (k), Caspase-
9 (1), Mfn2 (m), VDACI (n), and Calpain-1 (o) proteins; CAT (p), GSH-Px (q), SOD (r), T-AOC (s), and MDA (t) in the CON, CORT
and CORT+MT groups. Values are presented as the mean + SE. Differences were assessed using ANOVA and are denoted as follows:
different lowercase letters: p < 0.05; different uppercase letters: p < 0.01; the same letter: p > 0.05.

microbial composition was significantly altered by MT
supplementation.

A cladogram representative of the colonic microbiota
structure in mice further displayed the predominant bacteria
and the greatest differences in taxa among the 3 treatment
groups (Figure 4(a)). The results indicated that the predom-
inant bacteria in the colons of CORT mice were Bacillus,
Prevotella, Alloprevotella, Pseudomonadaceae, Escherichia-
Shigella, and Muribaculaceae, while the predominant bacte-
ria in the colons of CORT+MT mice were Akkermansia,
Bacteroidales, and Lactobacillus, which are beneficial bacte-
ria. Moreover, a genus level analysis demonstrated that
CORT significantly decreased the relative abundances of Lac-
tobacillus, Bacteroides and Akkermansiaceae and increased
the relative abundances of Prevotellaceae-UCG-001, Alistipes,
Escherichia-Shigella, Rikenellaceae and Proteobacteriaceae,
while supplementation with MT restored the abundances of
these bacteria to those of the CON group (Figure 4(b)).
Figure 4(c) shows that the relative abundances of
Pseudomonadaceae, Moraxellaceae, Bacillaceae, Aeromona-
daceae, Aerococcaceae, Peptococcaceae, and Muribaculaceae
in the colons of the CORT group were significantly increased
by 23.7% (p <0.001), 42.8% (p <0.001), 29.4% (p = 0.012),
63.1% (p=0.010), 54.3% (p =0.001), 54.1% (p =0.001), and
48.1% (p =0.002), respectively, relative to the CON group,
while the levels of Bacteroides and Lactobacillus were signifi-
cantly decreased by 53.1% (p <0.001) and 45.8% (p = 0.003),
respectively, relative to the CON group. However, these
changes were reversed by MT supplementation, and there
was no significant difference among the CON, CORT, and
CORT+MT groups (p > 0.052). These results demonstrated
that MT supplementation suppressed the CORT-induced
changes in the composition of the intestinal microbiota.

Furthermore, Pearson’s correlation analysis showed a
negative correlation between the relative abundances of

Akkermansia, Lactobacillus, and Bacteroides and the plasma
CORT level (r*=0.8780 and p<0.0001, Figure 4(d);
r*=0.8622 and p<0.0001, Figure 4(e); and r*=0.9642
and p < 0.0001, Figure 4 %), as well as a positive correlation
between the relative abundances of Prevotella, Allobaculum,
Muribaculaceae, Proteobacteriaceae and Rikenellaceae and the
plasma CORT level (r* =0.9542 and p < 0.0001, Figure 3(g);
r*=0.8963 and p<0.0001, Figure 4(h); r*=0.9111 and
p < 0.0001, Figure 4(i); 2 = 0.8493 and p < 0.0001, Figure 4());
and r* =0.8089 and p < 0.0001, Figure 4(k)). In general, MT
supplementation significantly increased probiotics, which
were negatively correlated with the CORT level, and sup-
pressed pathogenic bacteria, which were positively correlated
with the CORT level.

3.6. Effect of MT Supplementation on CORT Treatment Alters
the Composition of Gut Microbiota Metabolites in the Colon.
We further analyzed how the composition of gut microbiota
metabolites responded to CORT treatment and MT supple-
mentation. Our results suggested that CORT treatment led
to a significant increase in colonic microbiota metabolite dis-
persion, which suggested a decrease in microbiota metabolite
homogeneity (Figures 5(a) and 5(b)). The Venn diagram
indicated that compared with the CON group, the levels of
412 metabolites were changed in the CORT group, while
MT supplementation restored the levels of 298 of these
metabolites (Figure 5(c)). Furthermore, we screened the 60
most changed metabolites in the three treatment groups
(Figure 5(d)). Of these, the levels of 22 metabolites were sig-
nificantly reduced and those of 38 metabolites were increased
in the CORT group relative to the CON group. Specifically,
there was a significant decrease in the contents of butyrate
(68.9%, p<0.001, Figure 5(e)), L-tryptophan (58.4%,
p=0.001, Figure 5(f)) and D-fructose (48.3%, p <0.001,
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Figure 2: Effect of melatonin supplementation on improving CORT-induced GR synthesis and enhanced transport and inflammation
response in mice. Colonic GR (a), HSP90 (b), HSP70 (c), P23 (d), iNOS (e), COX-2 (f), TNF-a (g), IL-10 (h), p-STAT3 (i), AP-1
(), p-P65 (k), and p-IxB (1) levels in the CON, CORT, and CORT+MT groups were measured by qRT-PCR, ELISA, and western
blotting. Values are presented as the mean + SE. Differences were assessed using ANOVA and are denoted as follows: different lowercase

letters: p < 0.05; different uppercase letters: p < 0.01; and the same letter: p > 0.05.
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F1cure 3: Effect of melatonin supplementation on improving CORT-induced colonic gut microbiota composition dysbiosis. The a-diversity
includes diversity and richness. ACE index (a), Chaol index (b), Shannon index (c), and Simpson index (d). The -diversity shows the
dispersion of each sample. Principal component analysis (PCA) (e) and PCoA score plot (f) score plot based on the Bray-Curtis score plot
based on the OTU in the colon; OTU number (g); F: B ratio (h) and relative contribution of the top 4 phyla (I-K) in the CON (i), CORT
(j), and CORT+MT (k) groups. Values are presented as the mean + SE. Differences were assessed using ANOVA and are denoted as
follows: different lowercase letters: p < 0.05; different uppercase letters: p < 0.01; and the same letter: p > 0.05.

Figure 5(g)) as well as a significant increase in the contents of
1-naphthol (94.5%, p =0.002, Figure 5(h)), hypoxanthine
(89.3%, p=0.002, Figure 5(1)) and adenine (100.2%, p=
0.008, Figure 5(j)) in the CORT group compared to the
CON group. However, MT supplementation restored these
levels to those in the CON group (p > 0.438). Collectively,
these results indicated that MT supplementation reversed the
CORT-induced alterations of colonic microbiota metabolites.

3.7. Effect of MT Supplementation on CORT Treatment Alters
the Correlation between the Gut Microbiota and Microbiota
Metabolites in the Colon. We further analyzed the correlation
between the gut microbiota and its metabolites in the CON,
CORT, and CORT+MT groups. As shown in Figure 6(a),
the most prominent alteration associated with the intestinal
microbiota and its metabolites involved 12 metabolites and
83 intestinal microbiota. The levels of butyrate, L-trypto-
phan, and D-fructose were found to be directly proportional
to the levels of Butyricicoccus, Akkermansia, and Lactobacil-
lus but inversely proportional to the levels of Alistipes, Pep-
tostreptococcus, and Rikenellaceae. The levels of adenine,
hypoxanthine, and 1-naphthol were directly proportional to
the levels of Alistipes, Peptostreptococcus, and Rikenellaceae
and inversely proportional to the levels of Butyricicoccus,

Akkermansia, and Lactobacillus. Further, KEGG analysis indi-
cated CORT treatment mainly enhanced the steroid hormone
biosynthesis, sphingolipid metabolism, and two-component
system signaling pathways and inhibited the gap junction, bac-
terial invasion of epithelial cells, protein digestion and absorp-
tion, carbohydrate digestion, and absorption and gastric acid
secretion pathways (Figure 6(b)). However, these changes were
reversed by MT supplementation. It can be speculated that
CORT treatment leads to changes in metabolite composition,
especially decreases in the levels of butyrate and L-tryptophan,
which in turn affect these pathways and functions, ultimately
resulting in impaired intestinal barrier function.

3.8. FMT Promotes Reestablishment of the Intestinal
Inflammation Response in Mice. As illustrated in Figures S3A
and 3B, there was no significant difference of the plasma
CORT and colonic ROS level among the F-CON, F-SD,
F-SM, and F-R groups. Moreover, the expression level of
p-STAT3, p-AP-1, p-IxB, and p-P65 proteins increased by
64.3% (p = 0.006, Figure S3C), 63.9% (p < 0.001, Figure S3D),
61.9% (p<0.001, Figure S3E), and 72.0% (p<0.001,
Figure S3F) in the F-SD group, compared with the F-CON
group. However, the stimulatory effects of F-SD on changes
in colitis were reversed in the colon by F-SM supplementation.
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FIGURE 4: Effect of melatonin supplementation on improving CORT-induced colonic gut microbiota composition altered. Taxonomic
cladogram obtained from LEfSe sequence analysis (a) in the colon. Biomarker taxa are highlighted by coloured circles and shaded areas.
The diameter of each circle reflects the abundance of that taxa in the community; relative abundance of the top 15 genera (b) and the
statistics of most change intestinal microbiota (c); correlation between the CORT level and the relative abundance of Akkermansia (d),
Lactobacillus (e), Bacteroides (f), Prevotella (g), Allobaculum (h), Muribaculaceae (i), Proteobacteriaceae (j), and Rikenellaceae (k) in the
CON, CORT, and CORT+MT groups in the colon. Values are presented as the mean + SE. Differences were assessed using ANOVA and
are denoted as follows: different lowercase letters: p < 0.05; different uppercase letters: p < 0.01; and the same letter: p > 0.05.

Collectively, these results indicated that FMT from SD
mice promoted reestablishment of the intestinal microecology
to activate inflammation response, while MT supplementation
suppressed this process.

3.9. Effect of MT Supplementation on CORT Treatment
Triggers Oxidative Stress by Enhancing GR Synthesis and
Transport in IECs. We established a CORT-treated IECs
model with or without MT administration (Figures 7 and 8)
to investigate the mechanisms whereby MT supplementation
reversed the CORT-induced intestinal homeostasis imbalance.
CORT treatment induced an increase in the levels of ROS
(52.7%, p=0.010; Figure 7(b)), GR protein (168.1%, p=
0.002; Figure 7(c)) and HSP90 mRNA (178.8%, p =0.005;
Figure 7(e)) and a decrease in proliferative capacity
(50.3%, p<0.001; Figure 7(a)) and the levels of HSP70
(53.4%, p=0.029; Figure 7(d)) and P23 mRNA (43.2%,
p =0.003; Figure 7(f)) compared with the control IECs. How-
ever, these changes were dramatically suppressed by MT sup-
plementation. The improvement effects of MT were replicated
by pretreatment with RU-486, a GR antagonist. Pretreatment
with NAC, a free radical scavenger, similarly imitated the
effects of MT, increasing proliferative capacity (100.6%,
p=0.003) and decreasing the levels of ROS (34.5%, p=
0.010) in CORT+NAC-treated IECs relative to the CORT
group; however, no changes were observed in the expres-
sion levels of GR proteins and HSP70, HSP90 and P23
mRNA (p>0.050) after NAC treatment. Conversely, 4P-
PDOT administration significantly suppressed the beneficial
effects of MT and resulted in an increase in ROS (54.0%, p =
0.001), GR protein (67.8%, p <0.001), and HSP90 mRNA
(61.2%, p = 0.004) levels and a decrease in proliferative capac-
ity (74.5%, p = 0.003) and HSP70 (38.4%, p = 0.036) and P23
(79.0%, p < 0.001) mRNA levels compared with vehicle IECs.
Our results revealed that MT-mediated MT?2 receptor amelio-
rated CORT-induced oxidative stress by suppressing GR
synthesis and transport in the gut.

3.10. Effect of MT Supplementation on CORT Treatment
Induces the Activation of STAT3/AP-1/NF-xB Pathway via
Inhibiting Oxidative Stress. Moreover, we observed an
increase in the expression levels of p-STAT3 (97.7%,
p=0.031; Figure 8(a)), AP-1 (93.0%, p=0.016;
Figure 8(b)), p-P65 (96.1%, p=0.010; Figure 8(c)), p-IxB
(109.1%, p =0.022; Figure 8(d)), iNOS (113.9%, p=0.018;
Figure 8(g)) and COX-2 (69.2%, p = 0.016; Figure 8(h)) and
a decrease in the expression level of MT2 (61.4%, p = 0.008;
Figure 8(f)) in CORT-treated IECs compared with the vehicle
group, while CORT treatment had no effect on the expression
of MT1 protein (Figure 8(e)). However, MT pretreatment
could suppress this process. After treatment with RU-486
(GR antagonist), which had similar effects to MT, we observed
a decrease in expression of p-STAT3 (62.7%, p = 0.014), AP-1
(43.7%, p=0.010), p-P65 (38.4%, p=0.018), p-IxB (51.1%,
p=0.017), iNOS (55.0%, p=0.014), and COX-2 (42.8%,
p=0.001) in CORT+RU-486-treated IECs compared with
the CORT-treated group, while RU-486 had no effect on
MT1 and MT2 expression. Moreover, treatment with NAC,
which inhibits oxidative stress, also restored the changes
induced by CORT. Pretreatment with 4P-PDOT reversed
the therapeutic effects of MT and failed to improve the
changes induced by CORT. The expression of p-STAT3
(47.0%, p=0.047), AP-1 (50.9%, p =0.006), p-P65 (43.3%,
p=0.016), p-IkB (56.3%, p=0.015), iNOS (55.3%, p=
0.014) and COX-2 (41.7%, p=0.015) was increased in
CORT+MT+4P-PDOT-treated IECs relative to CORT+
MT-treated IECs, indicating that MT-mediated MT2 ame-
liorated the CORT-induced inflammatory response, result-
ing from STAT3/AP-1/NF-«B pathway activation.

4. Discussion

Our previous studies have demonstrated that SD, as a physi-
ological stressor, induced an excessive CORT, gut microbiota
disturbances, and colitis phenotype [2]. Moreover, the
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present study indicated the mice, receiving faeces microbiota
from SD mice also suffered colitis phenotype and intestinal
microbiota disorder, but no changes in plasma CORT were
observed. However, melatonin supplementation reversed all
inductions in SD-mice and transplanting faeces microbiota
from SD+MT mice significantly restored SD-induced colitis
and intestinal microbiota imbalance. These results empha-
sized the core role of overproduction CORT in SD-induced
gut microbiota dysbiosis and revealed that MT-mediated
gut microbiota homeostasis exerted a improvement effect in
SD-induced colitis mice.

To verify the key role of excessive CORT in SD caused gut
microbiota disorder, we established a CORT-treated mice.
Results showed that CORT treatment induced a colitis phe-
notype. Meanwhile, microbial composition analysis in the
present study revealed there was an increase in the diversity
and richness, dispersion, OTU numbers, and the F:B ratio
in CORT-treated mice. Recent studies have also shown that
GCs may cause a disorder in gut microbes [11] and an
increase in the F: B ratio, which is regarded as a key indicator
of major changes in the gut microbiota. It has generally been
assumed that GCs increase the risk of proliferation of patho-
genic bacteria [19]. Our study also revealed a higher abun-
dance of harmful bacteria (Prevotella and Allobaculum) and
a lower abundance of beneficial bacteria (Akkermansia, Bac-
teroides, Peptostreptococcus and Lactobacillus) in the colons
of mice exposed to CORT. Bacteroides and Lactobacillus are
responsible for catabolizing butyrate and L-tryptophan,
respectively [20]. Consistent with the microbial results, our
metabolomics analysis further indicated that the relative
abundance of butyrate and tryptophan in CORT mice was
significantly reduced. The intestinal microbiota and its
metabolites are integral mediators of intestinal barrier func-
tion and intestinal permeability and are capable of both
perturbing and enhancing intestinal barrier integrity by
modulating immune responses, oxidative stress, inflamma-
tion, vagal signaling, and nutrient availability [21]. Further,
there was an increase in the expression levels of p-STAT3,

AP-1, p-P65 and p-IxB proteins and proinflammatory fac-
tors (COX-2, iNOS and TNF-a) in CORT mice. Research
has revealed that butyrate promotes proinflammatory cyto-
kine production (e.g., IL-6, IL-8, IL-18 and TNF-a) by
enhancing NF-xB activation in epithelial cells [22]. More-
over, in mice and piglets, the tryptophan supplementation
reduced the symptoms of DSS-induced colitis, improved his-
tology and intestinal permeability, and decreased the levels of
local inflammatory mediators, such as IFN-y and TNF-a
[23]. Thus, our results revealed that SD-mediated CORT
overproduction induced intestinal microbiota disorder and
further triggered inflammation response, ultimately resulting
in the occurrence of colitis.

We further investigated the cellular and molecular mech-
anisms underlying the cross-talk between the CORT over-
production and the gut microbiota. There was a reduction
in the expression levels of HSP70 and P23 mRNA and an
increase in GR protein and HSP90 mRNA in CORT-treated
mice. The HSP90-GR-CORT complex, stabilized by cocha-
perones P23 and HSP70, ameliorated in CORT mice [24]; it
moves to the nucleus and interacts with the glucocorticoid
response element to regulate downstream signaling pathways
[25]. This implies that GR synthesis and transport are
enhanced and that the negative feedback regulation of the
HPA axis is weakened in CORT mice. Consistent with
HPA axis dysregulation, CORT treatment also destroyed
intestinal mitochondrial function and antioxidant capacity
in the colon. A high dose of GCs can indirectly induce oxida-
tive stress through the depletion of antioxidant molecules or
inhibition of antioxidant enzymes [26]. One possibility deter-
mined by our study is that dysregulation of mitochondrial
functions induced the overproduction of ROS, creating a
hypoxic niche due to oxygen consumption, and can affect
the gut microbiota through perturbation of the normal intes-
tinal environment, allowing bacterial antigens to penetrate
the epithelium and stimulate an immune response [27].
Therefore, we concluded that the depletion of antioxidants,
production of ROS, and lipid peroxidation after CORT
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exposure play an important role in intestinal microbiota
imbalance-mediated inflammation response induced colitis.

Interestingly, our results showed that MT supplementa-
tion normalized the plasma CORT level in CORT-treated
mice. Consistent with the reduction in CORT levels, MT
enhanced the colonic mitochondrial function and antioxi-
dant capacity and reversed intestinal microbiota metabolite
dysbiosis and intestinal mucosa barrier damage. We further

explored the specific mechanisms by which MT alleviated
intestinal mucosa damage via in vitro experiments. Signifi-
cant increases in the ROS content and expression level of
the GR protein and HSP90 mRNA and a decrease in
HSP70 and P23 mRNA expression were observed in colonic
CORT-treated IECs. However, MT supplementation
reversed the changes induced by CORT. Similarly, RU-486,
a corticoid receptor antagonist replicated the effects of MT,
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FiGure 8: Improvement effect of melatonin on the relative levels of p-STAT3 (a), AP-1 (b), p-P65 (c), p-IxB (d), MT1 (e), MT2 (f), iNOS (g),
and COX-2 (h) in CORT-treated IECs. 4P-PDOT: an antagonist of MT; RU-486: an antagonist of GR; NAC: a free radical scavenger. Values
are presented as the mean + SE. Differences were assessed using ANOVA and are denoted as follows: different lowercase letters: p < 0.05;

different uppercase letters: p < 0.01; and the same letter: p > 0.05.

inducing a downregulation of ROS and HSP90 mRNA
expression and an upregulation of HSP70 and P23 mRNA
expression, indicating that GCs have direct effects on GR
transcription regulation-mediated oxidative stress. A previ-
ous study also demonstrated that an increase in GR levels
related to HPA axis disorder has close interactions with oxi-
dative stress [28]. To further explore the mechanisms
involved in the inflammatory response induced by oxidative
stress in CORT-treated IECs, we focused on the NF-«B path-
way, which is a critical mediator of oxidative stress. We also
found NAC had a negative effect on the expression levels of
p-STAT3, AP-1 p-P65, and p-IxB proteins, but no changes
in the GR synthesis and transport were observed, which sug-
gested that oxidative stress alters the activities of intracellular
effectors of STAT3/AP-1/NF-«kB [29]. Importantly, we
observed that 4P-PDOT, an antagonist of MT2, counteracted
the ameliorative effects of MT and promoted the expression
level of GR protein and ROS and activated the STAT3/AP-
1/NF-«B pathway. Previous studies have also demonstrated
that overexpression of MT2, but not MT1, had a significant
amelioration effect on oxidative stress, endoplasmic reticu-
lum stress, and mitochondrial dysfunction [30]. These results
indicated that MT, mediated by the MT2 receptor, could
inhibit CORT-induced GR synthesis and transport and acti-
vation of the STAT3/AP-1/NF-«xB pathway, further sup-
pressing oxidative stress, which mediates the imbalance in
the intestinal microbiota and its metabolites and, ultimately,
leads to intestinal mucosa barrier dysfunction caused by SD.

This study suggested that the CORT, as a hazardous sub-
stance, plays a key role in SD-mediated gut microbiota
dysbiosis-induced colitis. However, intraperitoneal injection
of MT is an effective way to mitigate CORT-induced meta-

bolic side effects via the MT2 receptor in SD mice. Impor-
tantly, our data provide novel evidence for the beneficial
effects of MT as a physiological regulator of excessive
CORT-mediated intestinal diseases and also support the
recent broadening of the definition of probiotics to include
MT-based strategies.

5. Conclusion

In conclusion, melatonin-mediated MT2 weakened GR feed-
back, suppressed oxidative stress, restored the intestinal
microbiota and its metabolites homeostasis, and inactivated
the STAT3/AP-1/NF-«xB pathway-induced inflammatory
response, further improving SD-induced colitis.
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Supplementary Materials

Supplementary 1. Figure S1: Effects of melatonin on HPA axis
activity and intestinal microbiota composition in sleep-
deprived mice. ROS (A) level, GR (B) protein, HSP90 (C)
mRNA, HSP70 (D) mRNA, and P23 (E) mRNA expression.
Relative abundance of Bacteroidetes (F), Firmicutes (G),
Proteobacterium (H) and Prevotellaceae (I) in the colon of
the F-CON, F-SD, F-SM, and F-R groups. Values are pre-
sented as the mean + SE. Differences were assessed using
ANOVA and are denoted as follows: different lowercase let-
ters: p < 0.05; different uppercase letters: p <0.01; and the
same letter: p > 0.05.

Supplementary 2. Figure S2: FMT reestablished the intestinal
microecology similar to CON, SD and SD+MT mice. Immu-
nohistochemical staining of MUC2 (A), ZO-1 (B), and
Claudin-1 (C) in colon sections (scale: 50 yum). IOD of
MUC2 (D), ZO-1 (E), and Claudin-1 (F) proteins. DAI score
(G); relative luciferase activity for colonic permeability (H);
relative protein level of Card9 (I); IL-17 concentrations (J);
relative abundance of Bacteroidetes (K), Firmicutes (L),
Prevotellaceae (M), and Proteobacterium (N) in the colon
of the F-CON, F-SD, F-SM, and F-R groups (n = 12). Values
are presented as the mean + SE. Differences were assessed
using ANOVA and are denoted as follows: different lower-
case letters: p <0.05; different uppercase letters: p <0.01;
and the same letter: p > 0.05.

Supplementary 3. Figure S3: FMT reestablished the oxidative
stress and inflammation response similar to CON, SD, and
SD+MT mice. Serum CORT (A) concentrations were mea-
sured by ELISA (n = 8). ROS (B) level and expression level of
p-STAT3 (C), p-AP-1 (D), p-IxB (E), and p-P65 (F) proteins
in the F-CON, F-SD, F-SM, and F-R groups were examined
by western blotting, and relative protein levels were normalized
to GAPDH. Values are presented as the mean + SE. Differences
were assessed using ANOVA and are denoted as follows:
different lowercase letters: p < 0.05; different uppercase letters:
p <0.01; and the same letter: p > 0.05.
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