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Chronic, low-grade, smoldering inflammation (also called
parainflammation) can lead to cardiovascular and neurode-
generative diseases, as well as many types of cancer [1]. It
can be caused by obesity, metabolic syndrome, and even
periodontal disease. One of the articles in this special issue
tells how adding antioxidants to dental materials can help to
prevent oxidative stress in gingival fluid (“Influence of Dental
Restorations on Oxidative Stress in Gingival Crevicular
Fluid” (E. Taso et al.)).

Still, inflammation has been one of the most misunder-
stood aspects of health when viewed with reductionist think-
ing [1, 2]. Part of the misunderstanding was based on the
assumption that the effects of inflammation on model organ-
isms such as baker’s yeast (Saccharomyces cerevisiae), the
fruit flyDrosophila melanogaster, mice, rats, and dogs can tell
us what also happens in humans. That is, caloric restriction
without starvation has extended the lifespans of these organ-
isms. It was thought that restricting the consumption of
calories by reducing the consumption of proteins, fats, and
carbohydrates reduced the total metabolic rate and the pro-
duction of reactive oxygen and nitrogen species (RONS)
and free radicals. This led to the free radical theory of aging,
in which it was proposed that the accumulation of damage
caused by free radicals causes aging and eventually death.
Note that most authors use the term ROS (reactive oxygen
species), instead of RONS. Still, some ROS or RONS (like
nitric oxide or NO) have a reactive nitrogen, rather than a
reactive oxygen. This free radical theory encouraged people
to eat foods that have a high antioxidant capacity. So,

in vitro tests for total antioxidant capacity emerged. They
were based on measuring the destruction of oxidized test
compounds by reacting directly with the antioxidants in
foods [1, 2].

However, as scientists and physicians learned more about
human nutrition, they realized that the caloric restriction
that worked for other organisms did not work for humans
[1, 2]. This required changing the paradigm from reduction-
ist thinking to systems thinking. It is important to use sys-
tems thinking and realize that inflammation can be not just
a cause or a symptom of many diseases, but it is also essential
for good health. Inflammation, like so much else in the body,
must be carefully controlled [1, 2].

Even though vitamins A and C as well as CoQ10 can react
directly with RONS and destroy them, other antioxidants sel-
dom do this [1, 2]. Most antioxidants (especially phenolic
compounds) do not work by reacting directly with RONS
and free radicals. They exert their health effects by first acti-
vating the transcription factor nuclear erythroid 2 like
factor-2 (Nrf2), which then induces the transcription of
endogenous antioxidant response elements (AREs). Nrf2
controls the expression of AREs by binding to their promoter
regions. The combined system is called the Nrf2/ARE antiox-
idant signaling system [1, 2].

The Nrf2/ARE signaling system can prevent cardiovascu-
lar disease (CVD) by preventing smoldering inflammation
[1–3]. It also helps prevent neurodegenerative diseases and
limit the damage caused by ischemia during a stroke. One
of the articles in this issue (“C60 Fullerene Prevents Restraint
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Stress-Induced Oxidative Disorders in Rat Tissues: Possible
Involvement of the Nrf2/ARE-Antioxidant Pathway” (O. O.
Gonchar et al.)) describes how a type of fullerene (also
known as Buckminsterfullerenes and Buckyballs) containing
60 carbons (C60 fullerene) can prevent stress-induced oxida-
tive disorders by activating the Nrf2/ARE antioxidant sys-
tem. It is interesting to note that C60 fullerene has two
opposite properties regarding RONS or ROS [4]. When
exposed to visible light, it can produce ROS, making it suit-
able for photodynamic therapy. It can also downregulate
the production of ROS in cells, making a neuroprotective
agent. It can also be used as a drug delivery system. In one
system, C60 fullerene was conjugated with the popular and
effective anticancer drug, doxorubicin. C60 fullerene is used
for targeted drug delivery to reduce the cardiomyopathy that
occurs frequently when doxorubicin is used without C60 ful-
lerene. It also breaks links that are sensitive to ROS, enabling
the release of doxorubicin into cancer cells [4].

A completely different substance, uric acid, was shown to
protect against the deadly effects of oxidative stress caused by
ischemia-reperfusion, as described in another article in this
issue (“Uric Acid Protects against Focal Cerebral Ische-
mia/Reperfusion-Induced Oxidative Stress via Activating
Nrf2 and Regulating Neurotrophic Factor Expression” (B.
Ya et al.)). It provides this protection by activating the
Nrf2/ARE system, which was already known to play a critical
role in ischemic stroke [5].

Another article in this issue (“Modulation of Hippocam-
pal Antioxidant Defense System in Chronically Stressed
Rats by Lithium” (N. Popović et al.)) tells how a widely used
drug to treat bipolar disorders (lithium) exerts its therapeu-
tic effects, in part by increasing the activity of some of the
enzymes that are activated by Nrf2. This reduces the oxida-
tive stress in the hippocampus [5]. This adds another mech-
anism to the previously described ability of lithium to
inhibit inositol monophosphatase and glycogen synthase
kinase-3 [6, 7].

Oxidative stress is also prevalent in children suffering
from autism spectrum disorder (ASD). It alters the shape of
erythrocytes and reduces oxidative stress (“Oxidative Stress
in Autistic Children Alters Erythrocyte Shape in the Absence
of Quantitative Protein Alterations and of Loss of Membrane
Phospholipid Asymmetry” (A. Bolotta et al.)). Oxidative
stress is reduced due to the activity of the antioxidant enzyme
peroxiredoxin-2 (Prx2), which is upregulated by Nrf2 [1–3].

Not only the brain but also the eyes can be affected by
oxidative stress, as described in another article in this series
(“Sodium Ferulate Attenuates Lidocaine-Induced Corneal
Endothelial Impairment” (G. Jiang and T. Fan)). When
lidocaine is used as an anesthetic in cataract surgery, it
can cause corneal thickening, opacification, and loss of cor-
neal endothelial cells. When sodium ferulate is included,
the toxicity of lidocaine is reduced. Ferulate activates the
Nrf2/ARE system [1–3].

Oxidative stress can also affect stem cells. Another article
in this series (“Pharmacological Regulation of Oxidative
Stress in Stem Cells” (J. Lee et al.)) describes how the redox
state of a stem cell affects the balance between self-renewal
and differentiation. Hematopoietic stem cells (HSCs) are

adult stem cells that form blood cells that are needed to
replace the ones that die. They stay in hypoxic niches in the
bone marrow, which protects them from oxidative stress.
As a result, they can maintain their ability to self-renew.
HSCs need to be protected from excess ROS but need contin-
uous ROS production at low levels to maintain their biologi-
cal function. Since stem cells are also important in replacing
damaged tissues in regenerative medicine, attempts are being
made to regulate oxidative stress in them through pharma-
cology. There are radioprotective substances and drugs that
can protect stem cells in the liver from injury due to the use
of radiation therapy. Melatonin, alpha-lipoic acid, and conju-
gated 5-methoxytryptamine-α-lipoic acid decrease the
concentration of ROS in hematopoietic cells by inhibiting
NADPH oxidase 4 (NOX4), which is upregulated by the
Nrf2/ARE system. There is also an FDA-approved prescrip-
tion drug, amifostine, that is a ROS scavenger and radiopro-
tective drug. In addition, cyclosporine A inhibits ROS
production that is linked to cyclophilin D. This increased
the yield of hematopoietic stem cells obtained from the bone
marrow and cord blood.

Alpha-lipoic acid is a popular dietary supplement [8–10].
It is used to treat diabetic polyneuropathy, obesity, and
related metabolic disorders, as well as to help prevent vas-
cular disease, hypertension, and inflammation. When given
in combination with L-carnosine, zinc, and B vitamins,
alpha-lipoic acid improved fasting glucose and insulin resis-
tance and decreased the level of glycosylated hemoglobin
(HbA1C) [11]. However, in an article in this issue (“The
Effect of 600mg Alpha-lipoic Acid Supplementation on
Oxidative Stress, Inflammation, and RAGE in Older Adults
with Type 2 Diabetes Mellitus” (V. M. Mendoza-Núñez
et al.)), alpha-lipoic acid by itself (at a dose of 600mg/day
for six months) did not have a significant antioxidant or
anti-inflammatory effect.

Oxidative damage can also occur in the lungs, leading to
respiratory diseases. One article in this series describes the
role of the Nrf2/ARE system and compounds that activate
it (“Role of Nrf2 and Its Activators in Respiratory Diseases”
(Q. Liu et al.)). Activators of Nrf2 can help prevent broncho-
pulmonary dysplasia, respiratory infections, acute respiratory
stress syndrome, chronic obstructive pulmonary disease
(COPD), asthma, idiopathic pulmonary fibrosis, and lung
cancer. Activated Nrf2 can also protect against infection by
the respiratory syncytial virus (RSV), which decreases Nrf2
activity when the RSV is active. In addition, sulforaphane
in broccoli, curcumin in turmeric, and epigallocatechin gal-
late (EGCG) in green tea can help to protect against damage
that is done by infection by the influenza A virus.

The use of a tourniquet can cause damage due to
ischemia-reperfusion. One of the articles in this issue (“The
Possible Pathophysiological Outcomes and Mechanisms of
Tourniquet-Induced Ischemia-Reperfusion Injury during
Total Knee Arthroplasty” (P. Leurcharusmee et al.)) tells
how a mixture of ischemic preconditioning, vitamin C, and
propofol (a popular general anesthetic) protected against oxi-
dative and inflammatory damage.

Infection by the hepatitis C virus leads to oxidative stress
in the acute and persistent phases of infection, as described in
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another article in this series (“Counteraction of HCV-
Induced Oxidative Stress Concurs to Establish Chronic
Infection in Liver Cell Cultures” (S. Anticoli et al.)). On the
other hand, a reduced environment emerges during the
chronic phase of infection, as the concentration of ROS
decreases and the activity of the antioxidant enzyme, gluta-
thione reductase, increases.

In another article in this series, flavonoids from silymarin
(a seed extract of Silybum marianum (L.) Gaertn.) were
shown to increase systemic and hepatic bilirubin concentra-
tions and lower lipoperoxidation in mice (“Isolated Silymarin
Flavonoids Increase Systemic and Hepatic Bilirubin Concen-
trations and Lower Lipoperoxidation in Mice” (J. Ŝuk et al.)).
Even though bilirubin (the end product of heme catabolism)
has been thought of as primarily a toxic catabolite and a sign
of liver dysfunction, it is a potent antioxidant that has anti-
inflammatory, antiproliferative, antigenotoxic, and antiaging
properties. Bilirubin is also an agonist of the peroxisome
proliferator-activated receptor-α (PPARα), a master regula-
tor of lipid metabolism that inhibits the development of ath-
erosclerosis, plaque rupture, and thrombus formation [12].

In another article in this series, a new potential antitu-
mor agent and coumarin derivative was synthesized and
characterized (“Synthesis and Characterization of 3-(1-
((3,4-Dihydroxyphenethyl)amino)ethylidene)-chroman-2,4-
dione as a Potential Antitumor Agent” (D. S. Dimić et al.)).
It was active against carcinoma cell lines, especially the
MCF7 breast carcinoma.

In conclusion, this issue contains a variety of articles
about the pharmaceutical and pharmacological aspects of
the modulation of oxidative stress.
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Alpha-lipoic acid (ALA) has been used as a dietary supplement at different doses in patients with diabetes mellitus type 2 (T2DM)
due to its antioxidant, anti-inflammatory, and hypoglycemic effects. However, the reports on the effects of ALA are controversial.
For this reason, the purpose of the present study was to determine the effect of 600 mg/day of ALA on the markers of oxidative
stress (OxS) and inflammation and RAGE in older adults with T2DM. A quasiexperimental study was carried out with a sample
of 135 sedentary subjects (98 women and 37 men) with a mean age of 64 ± 1 years, who all had T2DM. The sample was divided
into three groups: (i) experimental group (EG) with 50 subjects, (ii) placebo group (PG) with 50 subjects, and control group
(CG) with 35 subjects. We obtained the following measurements in all subjects (pre- and posttreatment): glycosylated
hemoglobin (HbA1c), receptor for advanced glycation end products (RAGE), 8-isoprostane, superoxide dismutase (SOD),
glutathione peroxidase (GPx), total antioxidant status (TAS), and inflammatory (CRP, TNF-α, IL-6, IL-8, and IL-10) markers.
Regarding the effect of ALA on HbA1c, a decrease was observed in the EG (baseline 8 9 ± 0 2 vs. posttreatment 8 6 ± 0 3) and
the PG (baseline 8 8 ± 0 2 vs. posttreatment 8 4 ± 0 3) compared to the CG (baseline 8 8 ± 0 3 vs. six months 9 1 ± 0 3) although
the difference was not statistically significant (p < 0 05). There was a statistically significant decrease (p < 0 05) in the
blood concentration of 8-isoprostane in the EG and PG with respect to the CG (EG: baseline 100 ± 3 vs. posttreatment 57 ± 3,
PG: baseline 106 ± 7 vs. posttreatment 77 ± 5, and CG: baseline 94 ± 10 vs. six months 107 ± 11 pg/mL). Likewise, a statistically
significant decrease (p < 0 05) in the concentration of the RAGE was found in the EG (baseline 1636 ± 88 vs. posttreatment
1144 ± 68) and the PG (baseline 1506 ± 97 vs. posttreatment 1016 ± 82) compared to CG (baseline 1407 ± 112 vs. six months
1506 ± 128). A statistically significant decrease was also observed in all markers of inflammation and in the activity of SOD
and GPx in the CG with respect to the EG and PG. Our findings suggest that the administration of ALA at a dose of 600 mg/day
for six months has a similar effect to that of placebo on oxidative stress, inflammation, and RAGE in older adults with T2DM.
Therefore, higher doses of ALA should be tried to have this effect. This trial is registered with trial registration number
ISRCTN13159380.
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1. Introduction

Oxidative stress (OxS) is a biochemical imbalance that is
propitiated by excessive production of reactive oxygen
and nitrogen species, which provoke oxidative damage to
biomolecules and cannot be counteracted by antioxidative
systems. This is an important factor that contributes to aging
and the development of several diseases, including type 2 dia-
betes mellitus (T2DM) [1, 2]. For several decades, it has
been shown that OxS and the chronic inflammatory pro-
cess are involved in the physiopathological mechanisms
of T2DM [3]. In this sense, the chronic hyperglycemia that
is present in T2DM activates several unusual metabolic
pathways in organisms, such as the sorbitol pathway (or
that of aldose reductase), nonenzymatic protein glycosyla-
tion, glucose autooxidation, modification of protein kinase
C activity, pseudohypoxia, lipoprotein-altered metabolism,
and cytokine-associated alteration. All these pathways gener-
ate reactive oxygen species (ROS) and, consequently, OxS
[4]. Likewise, several studies have shown that aging and/or
T2DM increases the synthesis and secretion of cytokines,
such as interleukin 6 (IL-6), tumor necrosis factor-alpha
(TNF-α), and free radicals. These are all recognized as factors
that increase the risk of disease-related complications [4, 5].
In this regard, our research group showed that aging in the
context of diabetes increases the production of OxS and
causes inflammation [6].

For this reason, some therapeutic supplements have
been proposed with antioxidant and anti-inflammatory
properties, such as vitamins A, C, E; omega 3 and 6
fatty acids; coenzyme Q10; melatonin; and alpha-lipoic
acid [7–9].

Alpha-lipoic acid (ALA) is an amphipathic substance,
which is synthesized in the mitochondria of plants and
animals from octanoic acid and cysteine as a sulfur donor
through the reactions catalyzed by the enzyme lipoic acid
synthase. The participation of ALA in oxidative metabolism
is essential. [7] ALA chemically exists in two enantiomeric
forms R and S although only the R isoform acts as a cofactor
in the oxidant metabolism, since it binds through an
amide bond to the amino group of the lysine residues.
This allows it to form a lipoamide, which is a cofactor
of the enzymes, pyruvate dehydrogenase and α-ketoglutarate
dehydrogenase [10, 11].

Several studies have demonstrated the antioxidant, anti-
inflammatory, and hypoglycemic properties of ALA [12–15].
Furthermore, ALA has been shown to have a positive effect
on the OxS linked with aging [16]. For this reason, the aim
of the present study was to determine the effect of 600
mg/day of ALA on some markers of OxS and inflammation
and RAGE in older adults with T2DM.

2. Materials and Methods

2.1. Design and Subjects. A quasiexperimental study was
carried out with a sample of 135 sedentary subjects (98
women and 37 men) with a mean age of 64 ± 1 years, who
all had T2DM. The age range of the subjects was 60–74 years.
All participants gave their written informed consent for the

inclusion in the study. The investigation protocol was
approved by the Ethics Committee of the Universidad
Nacional Autónoma de México (UNAM) Zaragoza Cam-
pus (25/11/SO/3.4.3). It was also registered in Interna-
tional Standard Randomised Controlled Trial Number
(ISRCTN13159380) [17]. We have used some protocols
and standardized techniques by our research group [18].

2.2. Inclusion Criteria.All subjects were independent and had
a medical diagnosis of type 2 diabetes mellitus for one to
three years without complications or comorbidity and were
under medical treatment in a public hospital: (i) bodymass
index < 35; (ii) medicines: all patients taking two tablets of
glibenclamide/metformin (5/500 mg) per day as a hypoglyce-
mic treatment and not taking antioxidant supplements
(vitamins or minerals) nor anti-inflammatory drugs for at
least 6 months prior to initiation of or during the study;
(iii) habits: no smoking, no frequent alcoholic drinks (less
than two drinks or beers per week), or no drug addictions
(marijuana, cocaine and others) in the last three years; and
(iv) sedentary: all participants who reported that they do
not exercise regularly during the last year.

2.3. Study Sample. We invited 200 older adults who were
under medical supervision for type 2 diabetes mellitus in
a public hospital in Mexico City. In this regard, 47 did
not meet the inclusion criteria and 18 did not agree to
participate in the study, for the reason that they did not
have time for the follow-up meetings every four weeks
for the delivery of the medication, self-report of health status,
registration of secondary reactions, and reinforcement for
therapeutic adherence.

In Figure 1, we outlined the study. All participants were
assigned to the following study groups: (i) the experimental
group (EG) with 50 individuals, (ii) the placebo group (PG)
also with 50 individuals, and the control group (CG) with
only 35 individuals. The assignment of the EG and PG was
randomized. EG received 600mg of racemic alpha-lipoic acid
(two capsules of 300 mg per day), PG received two capsules
containing microcrystalline cellulose (295 mg) plus magne-
sium stearate (5 mg) of pharmaceutical presentation similar
to that of the treatment, and CG did not receive any treat-
ment. Alpha-lipoic acid and placebo capsules were manufac-
tured by ProductosMedix®. Also, the control group (CG)
with 35 subjects was added for the aim of assessing the
placebo effect.

The medication contained in the treatment capsules
provided by ProductosMedix® was analyzed by polarimetry,
obtaining a specific rotation of 0° (the mixture contained
50 : 50 of R and S enantiomers).

The treatment was self-administered orally in a daily
base. The EG and PG were instructed to record adverse
reactions. We had the same personal contact with the three
groups. All groups had a monthly meeting with the research
team. In this meeting, the subjects were informed about a
lifestyle conducive to successful aging (ageism, active aging,
healthy aging, mental and social functioning, healthy feeding,
physical exercise and aging, mild cognitive impairment, and
depression). Likewise, the placebo and treatment groups
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were informed about the antioxidant effects of alpha-lipoic
acid (ALA).

The following measurements were performed in the
three study groups: blood pressure, anthropometric mea-
surements, glycosylated hemoglobin (HaA1c), biochemical
parameters (lipid profile, glucose, albumin, and uric acid),
blood concentration of 8-isoprostane, superoxide dismutase
and glutathione peroxidase of red blood cells, inflammatory
cytokines, receptor of advanced glycation end products
(RAGE), and plasma concentration of ALA. All measure-
ments were performed at baseline and after six months.

2.4. Dietary Intake. All participants were given a guide on
the amount and type of food they could consume: recom-
mended consumption of 2500 kcal per day. In this sense,
all kilocalories of 50% carbohydrate consumption, 30% fat,
and 20% protein were considered, in addition to an intake
of 1500 mL of water. Regarding carbohydrates, the foods
to be eaten per day were 3 tortillas/boiled rice or pasta
and, regarding proteins, fish and chicken (daily) and red
meats twice a week. Daily consumption of boiled and raw
vegetables (chayote, broccoli, squash, green beans, and
carrots) was recommended. The fruits allowed were papaya,
melon, apple, oranges, guavas, strawberries, and grapes. The
prohibited foods were all kinds of bread, soft drinks, sugar
(natural and artificial sweeteners), and fruit juices or canned
juices. Each month, they were insisted on the importance of
following the guide of food consumption that was provided
to them.

The caloric intake was measured by 24 h dietary total
recall [19].

2.5. Anthropometric Measurements. The anthropometric
measurements of weight, height, and waist circumference
were obtained following a standardized protocol after record-
ing the clinical history and conducting the physical examina-
tion. Weight was measured while the subject was wearing
underwear and a hospital smock and was in a fasting state
(after evacuation). A Torino® scale (Tecno Lógica Mexicana,
Mexico City, Mexico), calibrated before each measurement,
was used. Height was obtained with an aluminum cursor
stadiometer graduated in millimeters. The subject was bare-
foot with the back and head in contact with the stadiometer
in the Frankfurt horizontal plane. The body mass index
(BMI) was calculated by dividing weight (kg) by height
squared (m2). Waist circumference (cm) was measured to
the nearest 0.5 cm with a tape measure at the umbilical scar
level [18].

2.6. Blood Pressure. Blood pressure (BP) was measured
following the standardized protocol according to the Official
Mexican Norm (Norma Official Mexicana) [20]. Using a
mercurial manometer at both arms, BP was registered before
the treatment (BP Baseline) and six months after (BP six
months); measurements were taken in the morning in a
fasted condition or 2 hours after breakfast in the sitting and
standing positions. Subjects with pseudohypertension were
identified by applying the Osler technique (feeling the radial
pulse when the manometer registered values above the true
systolic pressure). Blood pressure was taken by medical
technicians who attended training sessions to standardize
the procedures. The technicians were supervised to avoid
possible biases in measurement.

Subjects who did not meet the inclusion
criteria: 47

Subjects refused to participate: 18

Participants recruited:
n = 200

Data analyzed: n = 28Data analyzed: n = 38Data analyzed: n = 42

Lost subjects: 12 Lost subjects: 7 Lost subjects: 8

Control group n = 35Placebo group n = 50Experimental group n = 50

Study group: n = 135 

Figure 1: Outline of the study.
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2.7. Blood Sampling and Biochemical Analyses. Blood
samples were collected before and after the treatment at
six months in the three groups (EG, PG, and CG) by veni-
puncture after a 10 h fasting period and placed in vacutainer/
siliconized test tubes without anticoagulant for biochemical
determinations (glucose, urate, albumin, lipid profile, and
inflammatory cytokines) and with heparin for glycosylated
hemoglobin determination and oxidative stress tests.

Glucose, urate, albumin, cholesterol, triglycerides, and
HDL-C concentration levels were determined using a
Merck Vitalab Eclipse autoanalyzer (Merck, Dieren, The
Netherlands). In particular, glucose levels were measured by
the glucose oxidase method, and urate levels by the uricase
colorimetric method. Albumin levels were measured with
the bromocresol green technique.

The low-density lipoproteins (LDL cholesterol) were cal-
culated by the Friedewald equation: LDL = total cholesterol −
triglycerides/5 + HDL [21]. The C-reactive protein was
measured in serum by immunoturbidimetric assay.

Glycosylated hemoglobin (HbA1c) was measured in a
whole blood sample with an immunoturbidimetric assay with
an automated Selectra Junior clinical chemistry analyzer.

High and normal control sera were included as quality
controls (Randox Laboratories Ltd.). The intra- and interassay
variation coefficients were less than 5% for all determinations.

2.8. Isoprostane Blood Concentration. 8-Isoprostane level
was measured in plasma samples using ELISA (Cayman,
USA) following the manufacturer’s instructions (Catalog
No. 516351). This assay is based on the competition between
8-isoprostane and an 8-isoprostane-acetylcholinesterase
(AChE) conjugate (8-Isoprostane Tracer) for a limited num-
ber of 8-isoprostane-specific rabbit antiserum binding sites.
Because the concentration of the 8-Isoprostane Tracer is held
constant while the concentration of 8-isoprostane varies, the
amount of the 8-Isoprostane Tracer that is able to bind to the
rabbit antiserum will be inversely proportional to the
concentration of 8-isoprostane in the well. This rabbit
antiserum-8-isoprostane (either free or tracer) complex
binds to the rabbit IgG mouse monoclonal antibody that
has been previously attached to the well. The plate is washed
to remove any unbound reagents, and then, Ellman’s Reagent
(which contains the substrate to AChE) is added to the well.
The product of this enzymatic reaction has a distinct yellow
color and absorbs strongly at 412 nm. The intensity of this
color, determined spectrophotometrically, is proportional
to the amount of 8-isoprostane.

2.9. PlasmaTotal Antioxidant Status.Plasma total antioxidant
status levels were quantified using 2,2′-azino-bis(3-ethyl-
benzthiazoline-6-sulfonic acid) (ABTS) (RandoxLaboratories
Ltd.), which is incubated with a peroxidase to produce the
radical cation ABTS+. The bluish green staining of the
ABTS+ cation is relatively stable and measured at 600 nm;
antioxidants present in the plasma cause the suppression
of this color production to a degree that is proportional
to the concentration. The kinetics reaction was measured
with a Shimadzu UV-1601 spectrophotometer (Shimadzu,
Kyoto, Japan).

2.10. Red Blood Cell Superoxide Dismutase. In this method,
superoxide radicals are generated by employing xanthine
and xanthine oxidase. The formed radical reacts with 2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride
to form a red formazan color, which is measured at 505
nm. The superoxide dismutase (SOD) in the sample causes
the inhibition of this reaction; the SOD activity is propor-
tional to the degree of inhibition of the reaction (Randox
Laboratories Ltd.). Kinetics were measured with a Shimadzu
UV-1601 spectrophotometer (Shimadzu Kyoto, Japan).

2.11. Red Blood Cell Glutathione Peroxidase. The glutathione
peroxidase (GPx) catalyzes glutathione (GSH) oxidation by
cumene hydroperoxide. In the presence of glutathione reduc-
tase (GR) and nicotinamide adenine dinucleotide phosphate
(NADPH), oxidized GSH is immediately converted into the
reduced form with a concomitant oxidation of NADPH
to NADP+ (Randox Laboratories Ltd.). The decrease in
absorbance is measured at 340 nm; we used a Shimadzu
UV-1601 spectrophotometer (Shimadzu).

We calculated the SOD/GPx ratio and the antioxidant
gap (AOGAP) using the following equation: AOGAP =
TAS‐ albumin mmol × 0 69 + uric acid mmol [22]

2.12. Receptor for Advanced Glycation End Products (RAGE).
RAGE concentrations were measured by RAGE (DRG00,
Quantikine; R&D System Inc., Minneapolis, MN, USA)
according to the manufacturer’s protocol. For this assay, a
monoclonal antibody for human RAGE is used, which has
been bound to the bottom of each well. After the correct
addition of reagents, standards, and samples, the RAGE-
anti RAGE reaction occurs, and after the corresponding
incubations and washings, the optical density of the complex
formed is read in a microplate reader set at 450 nm. The
RAGE concentration is directly proportional to the intensity
of the color developed by the RAGE-substrate complex.

2.13. Inflammatory Cytokines and C-reactive Protein (CRP).
Aliquots of serum sample were assayed by flow cytometry
(CBA Kit, Human Inflammatory Cytokine, BD) to determine
the levels of interleukin (IL)-1β, IL-6, IL-8, IL-10, and tumor
necrosis factor-alpha (TNF-α) [23]. For the measurement of
CRP, particles coated with anti-human CRP antibodies were
used, which were agglutinated by CRP molecules present in
the serum samples analyzed. Since the agglutination causes
changes in the absorbance proportionally to the concentra-
tion of CRP and after comparison with a calibrator, it was
possible to determine the exact concentration of the protein.
The test was carried out on the Selectra Junior-automated
equipment, under a turbidimetric principle, using a commer-
cial kit from Spinreact (CRP TURBI 1107101L).

2.14. Measurement of ALA Plasma Concentration. ALA was
quantified by high-performance liquid chromatography
(HPLC) coupled to electrochemical detection. 1 mL of aceto-
nitrile was added to each sample and centrifuged at 3000 rpm
for 5 minutes to precipitate the proteins. The supernatant
was separated and placed into a solid phase extraction
cartridge (Hypersep, Thermo Scientific™). Then, the super-
natant was washed with 3 mL of methanol followed by
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2 mL of acetate buffer solution (0.01 M, pH = 4). The eluate
was collected into a clean tube and dried under nitrogen
stream at room temperature. The residue was reconstituted
with 1 mL of mobile phase (methanol/0.01 M acetate buffer
(pH = 4) (60 : 40 v/v) and injected into the chromatograph
(KnauerSmartline) coupled to an electrochemical detector
(Recipe EC3000) in a direct current (DC) mode at the
detector potential of 1000 mV under the following condi-
tions: mobile phase pumped at a flow rate of 1 mL·min-1,
temperature of 25°C, and pressure of 1500 PSI. The chro-
matographic separation was carried out on a Hypersil Gold
C18 column of 150mm × 4 5mm and 5 μm particle size
(Thermo Scientific ™). A chromatogram to each sample
was obtained, and the area under curve was calculated.
Afterwards, all areas under the curve obtained from sam-
ples were interpolated in a standard curve to calculate
ALA concentration [24].

2.15. Statistical Analysis. The statistical analysis of the data
was done as follows: First, a descriptive analysis was per-
formed to calculate the means and standard error (SE) of
the outcomes over time. Second, a repeated measure multi-
variate analysis of variance was conducted to investigate the
effects of the ALA on the changes of biochemical parameters,
oxidative stress, and proinflammatory markers over time.
The between-subject factor was each group (i.e., the experi-
mental group versus the placebo and control groups), and
the within-subject factor was time (baseline versus six
months) [25], after Dunnett’s post hoc test was done. Like-
wise, a correlation analysis between ALA concentration with
oxidative stress and inflammation markers and RAGE was
carried out. In the present study, the significance level (α)

was set at <0.05 for all statistical analyses. We used the
statistical analysis program IBM SPSS Statistics 20.0.

3. Results

3.1. ALA Plasma Concentration. Figure 2 shows the blood
ALA concentration of the participants in the experimen-
tal group (EG) (baseline 0 222 ± 0 03 vs. posttreatment
3 503 ± 0 2μg/mL), placebo group (PG) (baseline 0 2 ± 0 02
vs. posttreatment 0 179 ± 0 03μg/mL), and control group
(CG) (baseline 0 202 ± 0 04 vs. after six months 0 197 ±
0 03μg/mL). Statistically significant differences were observed
in the EG with respect to PG and CG after the treatment
(p < 0 01).

3.2. Caloric Intake, Anthropometric Measurements, and
Blood Pressure. All subjects had a caloric intake between
3,000 and 3,500 kcal per day pre- and posttreatment,
considering 50 to 60% of carbohydrates, 30 to 40% of
fats, and 20 to 30% of proteins.

The data on the body mass index and blood pressure did
not show statistically significant differences between the
groups after six months of treatment (p > 0 05) (Table 1).

3.3. Biochemical Parameters. Regarding the biochemical
parameters, a statistically significant increase was observed
in the blood HDL concentration in the EG (baseline 48 ± 1
vs. posttreatment 54 ± 2 mg/dL) and PG (baseline 46 ± 2 vs.
posttreatment 51 ± 2 mg/dL) compared to the CG (baseline
64 ± 2 vs. six months 58 ± 3mg/dL; p < 0 05). We also found
a statistically significant increase in the concentration of
total cholesterol in the CG (baseline 198 ± 10 vs. six months
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Figure 2: Plasma concentration of alpha-lipoic acid (ALA) before and after treatment in the study groups. A significant increase in the
concentration of ALA was observed in the experimental group (before 0 222 ± 0 03 vs. after 3 503 ± 0 2μg/mL) compared to the placebo
(before 0 2 ± 0 02 vs. after 0 179 ± 0 03μg/mL) and control groups (before 0 202 ± 0 04 vs. after 0 197 ± 0 03μg/mL). The values represent
mean + standard error. Repeated measure analysis of variance. p < 0 01.
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215 ± 8 mg/dL) compared to the EG (baseline 180 ± 8 vs.
posttreatment 180 ± 9 mg/dL) and PG (baseline 176 ± 7 vs.
posttreatment 158 ± 8 mg/dL) (p < 0 05). Regarding the
effect of ALA on HbA1c, a decrease was observed in the
EG (baseline 8 9 ± 0 2 vs. posttreatment 8 6 ± 0 3) and the
PG (baseline 8 8 ± 0 2 vs. posttreatment 8 4 ± 0 3) compared
to the CG (baseline 8 8 ± 0 3 vs. six months 9 1 ± 0 3)
although the difference was not statistically significant
(p = 0 20). There were no significant changes in the rest of
the biochemical parameters (Table 2).

3.4. OxS Markers and RAGE. There was a statistically sig-
nificant decrease (p < 0 05) in the blood concentration of
8-isoprostane in the EG and PG with respect to the CG
(EG: baseline 100 ± 3 vs. posttreatment 57 ± 3, PG: baseline
106 ± 7 vs. posttreatment 77 ± 5, CG: baseline 94 ± 10 vs.
six months 107 ± 11 pg/mL). We also observed a statistically
significant decrease in the activity of SOD in the CG (baseline
182 ± 2 vs. six months 172 ± 1 IU/L, p < 0 05) compared to
the EG (baseline 178 ± 1 vs. posttreatment 177 ± 1 IU/L)
and PG (baseline 176 ± 1 vs. posttreatment 172 ± 1 IU/L).
Likewise, there was a statistically significant decrease in
the activity of the GPx in the CG (baseline 9531 ± 815
vs. six months 6223 ± 613 IU/L, p < 0 05) compared to the
EG (baseline 8409 ± 507 vs. posttreatment 9694 ± 458 UI/L)

and PG (baseline 8273 ± 575 vs. posttreatment 8691 ±
355 UI/L). Consequently, these changes were reflected in
a statistically significant increase (p < 0 05) in the SOD/
GPx ratio in the CG. Likewise, a statistically significant
decrease (p < 0 05) in the concentration of the RAGE
was found in the EG (baseline 1636 ± 88 vs. posttreatment
1144 ± 68) and the PG (baseline 1506 ± 97 vs. posttreatment
1016 ± 82) compared to CG (baseline 1407 ± 112 vs. six
months 1506 ± 128). There were no statistically significant
differences in TAS and AOGAP (Table 3).

3.5. Inflammatory Cytokines and CRP. The blood concentra-
tion of all the inflammatory cytokines measured (IL-1β, IL-6,
IL-8, IL-10, and TNF-α) and CRP showed a statistically
significant increase in CG after six months (p < 0 05) with
respect to the EG and PG (Table 4).

3.6. Correlation between ALA and OxS Markers. A positive
correlation was observed between the blood concentration
of ALA with the activity of the SOD (r = 0 279, p < 0 01)
and the GPx (r = 0 249, p < 0 05). Furthermore, the blood
concentration of ALA had a negative correlation with
the concentration of 8-isoprostane (r = –0 247, p < 0 05)
(Table 5).

Table 1: Body mass index and blood pressure by the study group.

Variable
Experimental

(n = 42)
Placebo
(n = 38)

Control
(n = 28)

Baseline Posttreatment Baseline Posttreatment Baseline Six months

Age (years) 63 ± 1 64 ± 1 66 ± 1

BMI (kg/m2) 28 69 ± 0 64 28 32 ± 0 63 28 96 ± 1 03 28 83 ± 0 70 29 70 ± 0 98 29 44 ± 1 43

SBP (mmHg) 124 ± 3 126 ± 3 126 ± 3 127 ± 2 136 ± 3 136 ± 3

DBP (mmHg) 78 ± 2 77 ± 2 77 ± 2 77 ± 2 79 ± 2 81 ± 2

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure. Repeated measure analysis of variance. p > 0 05.

Table 2: Biochemical parameters at baseline and posttreatment by the study group.

Variable
Experimental

(n = 42)
Placebo
(n = 38)

Control
(n = 28)

Baseline Posttreatment Baseline Posttreatment Baseline Six months

Hemoglobin (g/dL) 14 1 ± 0 3 13 8 ± 0 3 13 8 ± 0 3 13 6 ± 0 3 14 4 ± 0 3 14 7 ± 0 3

Hematocrit (%) 42 ± 1 41 ± 1 41 ± 1 40 ± 1 42 ± 1 42 ± 1

Glucose (mg/dL) 156 ± 9 147 ± 8 153 ± 7 145 ± 8 149 ± 12 159 ± 13

Urea (mg/dL) 35 ± 2 35 ± 2 34 ± 2 35 ± 2 35 ± 2 35 ± 2

Creatinine (mg/dL) 0 65 ± 0 02 0 78 ± 0 03 0 64 ± 0 02 0 82 ± 0 03 0 70 ± 0 06 0 59 ± 0 07

Uric acid (mg/dL) 4 4 ± 0 2 4 0 ± 0 2 4 8 ± 0 2 4 2 ± 0 2 4 1 ± 0 4 4 0 ± 0 2

Cholesterol (mg/dL) 180 ± 8 180 ± 9 176 ± 7 158 ± 8 198 ± 10 215 ± 8∗

Triglycerides (mg/dL) 152 ± 12 145 ± 12 142 ± 11 155 ± 13 150 ± 15 161 ± 14

HDL-C (mg/dL) 48 ± 1 54 ± 2 46 ± 2 51 ± 2 64 ± 2 58 ± 3∗

Albumin (g/dL) 4 6 ± 0 1 4 6 ± 0 1 4 5 ± 0 1 4 6 ± 0 1 4 5 ± 0 1 4 5 ± 0 1

HbA1c (%) 8 9 ± 0 2 8 6 ± 0 3 8 8 ± 0 2 8 4 ± 0 3 8 8 ± 0 3 9 1 ± 0 3

HDL-C: high-density lipoprotein cholesterol; HbA1c: glycosylated hemoglobin. The values represent mean + standard error. Repeated measure analysis of
variance. Dunnett’s post hoc test. ∗p < 0 05.
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3.7. Correlation between ALA and Inflammatory Markers.
The blood concentration of ALA had a negative correlation
with TNF-α (r = –0 250, p < 0 05), IL-6 (r = –0 249, p < 0 05),
and IL-1β (r = –0 329, p < 0 01) (Table 6).

4. Discussion

Alpha-lipoic acid (ALA) is synthesized de novo in the body
from fatty acid and cysteine in low quantities. Therefore, it
is important to consume exogenous sources of ALA to have
a therapeutic effect. In this regard, it has been shown that
ALA is found abundantly in animal tissues, being located
mainly in THE viscera, such as THE heart, liver, and kidneys.
However, it is also found in high concentrations in vegeta-
bles, such as broccoli, spinach, tomatoes, peas, potatoes,
and rice bran [26, 27]. However, to fully utilize its antioxi-
dant, anti-inflammatory, and hypoglycemic properties, a
racemic mixture available in capsules was prepared from a
commercial product provided by ProductosMedix®. In this
sense, it has been demonstrated that the gastrointestinal
absorption of ALA depends on the timing of ingestion as
there is a greater absorption of the compound if it is
administered 30 minutes before or 2 hours after food
intake. It has also been shown that the absorption of
ALA is enantioselective since the R isoform is absorbed
more efficiently than S [28–30].

Several studies have shown a therapeutic effect of ALA
with doses of 300–1800 mg per day administered for three
months up to four years. In this regard, we decided to admin-
ister 600 mg per day of ALA for six months in the present
study, which took the evidence of effectiveness and safety
for the elderly population into consideration [31–39].

Among the beneficial health effects of taking ALA sup-
plements, it has been observed that the administration of
ALA is capable of promoting the synthesis of nitric oxide.
In this regard, it has been proposed that ALA stimulates the
PI3K/Akt signaling pathway, with Akt being responsible for
the phosphorylation and subsequent activation of eNOS
(NO synthase), an enzyme that catalyzes the conversion of
L-arginine and O2 in citrulline with NO release [9]. This is
a molecule that is responsible for regulating the elasticity of
the walls of blood vessels and improving endothelial
function, which results in a decrease in blood pressure.
In addition, ALA reduces the levels of reactive oxygen
species, which also favors endothelial function and subse-
quently lowers blood pressure [31]. However, no statisti-
cally significant differences were observed after treatment
with ALA in our study. In this sense, our findings are
similar to that reported in the systematic review published
by Mohammadi et al., who found that the administration of
ALA at doses of 300–1800 mg/day has no effect on arterial
hypertension [40].

Table 4: Inflammatory markers at baseline and posttreatment by the study group.

Markers
Experimental

(n = 42)
Placebo
(n = 38)

Control
(n = 28)

Baseline Posttreatment Baseline Posttreatment Baseline Six months

CRP (mg/dL) 0 26 ± 0 04 0 26 ± 0 04 0 25 ± 0 04 0 29 ± 0 05 0 25 ± 0 05 0 37 ± 0 06∗

TNF-α (pg/mL) 6 56 ± 0 20 6 48 ± 0 20 6 62 ± 0 17 6 66 ± 0 16 7 99 ± 0 24 8 87 ± 0 25∗

IL-10 (pg/mL) 3 31 ± 0 17 3 41 ± 0 19 3 07 ± 0 09 3 16 ± 0 05 2 96 ± 0 11 3 58 ± 0 10∗

IL-6 (pg/mL) 5 07 ± 0 23 5 06 ± 0 21 5 27 ± 0 19 5 24 ± 0 31 5 17 ± 0 19 6 13 ± 0 17∗

IL-1β (pg/mL) 9 46 ± 0 27 9 30 ± 0 18 9 51 ± 0 20 9 45 ± 0 12 9 78 ± 0 23 10 96 ± 0 20∗

IL-8 (pg/mL) 16 20 ± 0 9 15 61 ± 1 0 17 20 ± 1 4 16 74 ± 1 2 15 5 ± 0 75 18 10 ± 1 57∗

CRP: C-reactive protein; TNF-α: tumor necrosis factor-alpha; IL-10: interleukin 10; IL-6: interleukin 6; IL-1β: interleukin 1β; IL-8: interleukin 8; SE: standard
error. Values are the means ± SE. Repeated measure analysis of variance. Dunnett’s post hoc test. ∗p < 0 05.

Table 3: Oxidative stress markers at baseline and posttreatment by the study group.

Markers
Experimental

(n = 42)
Placebo
(n = 38)

Control
(n = 28)

Baseline Posttreatment Baseline Posttreatment Baseline Six months

8-Isoprostane (pg/mL) 100 ± 3 57 ± 3 106 ± 7 77 ± 5 94 ± 10 107 ± 11∗

SOD (UI/L) 178 ± 1 177 ± 1 176 ± 1 172 ± 1 182 ± 2 172 ± 1∗

GPx (UI/L) 8409 ± 507 9694 ± 458 8273 ± 575 8691 ± 355 9531 ± 815 6223 ± 613∗

TAS (μmol/L) 1045 ± 27 986 ± 24 1144 ± 34 951 ± 34 1107 ± 51 1060 ± 52

AOGAP (μmol/L) 796 ± 20 729 ± 21 843 ± 29 702 ± 27 978 ± 49 883 ± 58

SOD/GPx 0 024 ± 0 001 0 020 ± 0 001 0 026 ± 0 002 0 021 ± 0 001 0 026 ± 0 004 0 031 ± 0 002∗

RAGE 1636 ± 88 1144 ± 68 1506 ± 97 1016 ± 82 1407 ± 112 1506 ± 128∗

SOD: superoxide dismutase; GPx: glutathione peroxidase; TAS: total antioxidant status; AOGAP: antioxidant gap; SOD/GPx: SOD/GPx ratio; RAGE: receptor
for advanced glycation end products; SE: standard error. Values are themeans ± SE. Repeated measure analysis of variance. Dunnett’s post hoc test. ∗p < 0 05.
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On the other hand, it has been observed that the
administration of ALA decreases the body weight and,
consequently, the BMI in both animals and humans. In this

regard, although the precise mechanisms are unknown, it
has been suggested that ALA participates in the modulation
of some pathways that are involved in energy homeostasis,
the synthesis and oxidation of lipids, and the elimination of
cholesterol through the liver. One of these pathways involves
the protein kinase being activated by adenosine monopho-
sphate (AMPK). It is known that AMPK integrates both
hormonal and nutrient signals in the hypothalamus, which
gives it a functional role in behavior that is related to food
consumption and energy expenditure. Likewise, it has been
suggested that ALA has an anorectic effect, which is more
evident during the first two weeks of supplementation and
gradually dissipates over time [41, 42]. In this regard, no
statistically significant differences were observed in the BMI
after treatment with ALA in our study, which is in contrast
to previously reported results as researchers found that the
administration of ALA induces a moderate loss of body
weight and a statistically significant decrease in the BMI.
However, this effect was observed with higher doses of ALA
(1200 mg/day and 1800 mg/day) [42–44] compared to the
600 mg/day administered in our investigation. Likewise, it
is important to point out that time is another determining
factor since the anorectic effect only occurs during the first
weeks as mentioned above.

Regarding the effect of ALA on lipid metabolism, it
has been pointed out that it reduces lipogenesis at the
peripheral level by increasing the β-oxidation of fatty acids
and improving the energy expenditure of the whole body
[45, 46]. In this sense, a statistically significant increase
in blood HDL concentration was observed in the EG after

Table 5: Correlation between ALA, HbA1c, RAGE, and oxidative stress markers after six months.

ALA HbA1c RAGE SOD GPx TAS AOGAP SOD/GPx 8-ISOP

r

ALA 1 0.084 -0.100 0.279 0.249 0.038 0.006 -0.180 -0.247

HbA1c 1.000 -0.020 -0.131 -0.041 0.017 0.061 -0.004 0.157

RAGE 1.000 -0.084 -0.302 -0.245 -0.069 0.290 -0.026

SOD 1.000 0.134 0.119 0.165 -0.076 -0.109

GPx 1.000 -0.060 -0.020 -0.828 -0.145

TAS 1.000 0.649 0.137 0.187

AOGAP 1.000 0.047 0.079

SOD/GPx 1.000 0.139

8-ISOP 1.000

p

ALA 0.402 0.329 0.005 0.012 0.702 0.952 0.077 0.017

HbA1c 0.845 0.194 0.690 0.862 0.546 0.969 0.134

RAGE 0.415 0.003 0.014 0.504 0.005 0.810

SOD 0.186 0.233 0.103 0.457 0.303

GPx 0.546 0.841 0.000 0.170

TAS 0.000 0.177 0.068

AOGAP 0.653 0.453

SOD/GPx 0.200

8-ISOP

ALA: alpha-lipoic acid; HbA1c: glycosylated hemoglobin; RAGE: receptor for advanced glycation end products; SOD: superoxide dismutase; GPx: glutathione
peroxidase; TAS: total antioxidant status; AOGAP: antioxidant gap; SOD/GPx: SOD/GPx ratio; 8-ISOP: 8-isoprostane.

Table 6: Correlation between ALA and inflammatory markers after
six months.

ALA TNF-α IL-10 IL-6 IL-1β IL-8 CRP

r

ALA 1 -0.250 0.041 -0.249 -0.329 0.067 -0.100

TNF-α 1.000 0.289 0.188 0.574 0.126 0.030

IL-10 1.000 0.370 0.361 0.222 -0.010

IL-6 1.000 0.230 0.154 0.290

IL-1β 1.000 0.136 0.003

IL-8 1.000 0.085

CRP 1.000

p

ALA 0.014 0.694 0.019 0.001 0.545 -0.100

TNF-α 0.005 0.076 0.000 0.249 0.775

IL-10 0.000 0.000 0.041 0.922

IL-6 0.028 0.169 0.006

IL-1β 0.213 0.977

IL-8 0.440

CRP

ALA: alpha-lipoic acid; TNF-α: tumor necrosis factor-alpha; IL-10:
interleukin 10; IL-6: interleukin 6; IL-1β: interleukin 1β; IL-8: interleukin
8; CRP: C-reactive protein.
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treatment (p < 0 05) in our study although this increase was
also observed in the PG, which suggests that the administra-
tion of ALA at a dose of 600 mg/day has an effect on HDL
that is similar to placebo. In this regard, similar findings were
reported by Khabbazi et al. in a study conducted in patients
with renal failure, who were given 600 mg/day of ALA for
eight weeks [47]. In addition, Koh et al. did not observe sta-
tistically significant changes in the HDL blood concentration
in obese adults, who consumed 1200 and 1800 mg/day of
ALA for 20 weeks in comparison with the placebo group
[48]. These results are in contrast to the statistically signifi-
cant increase in HDL concentration found by Zhang et al.
in obese patients given a dose of 600 mg/day of ALA for
two weeks compared with a placebo group [46]. For this rea-
son, the effect of ALA on the lipid profile remains controver-
sial so its indication for these purposes would not be justified.

On the other hand, ALA has been shown to have a
hypoglycemic effect since it improves the uptake and utiliza-
tion of glucose by fat cells and skeletal muscle by inducing the
translocation of glucose transporters (GLUT 1 and GLUT 4)
from the Golgi complex to the cell membrane. Likewise, ALA
stimulates the activity of the insulin receptor and its sub-
strates (IR and IRS1) as well as phosphoinositol-3-kinase
(PI3K), promoting tyrosine phosphorylation in the IR and
improving the glucose uptake that is dependent on PI3K.
Using the above-mentioned mechanisms, the ALA is capable
of attenuating the formation of advanced glycation end
products by reducing the concentration of circulating glucose
and preventing it from reacting with proteins with a pro-
longed half-life, which subsequently decreases the expression
of the AGE receptor (receptor for advanced glycation end
products (RAGE)) in the cell membrane [9].

In the present study, no statistically significant differ-
ences were found in HbA1c (%) after treatment in the group
that consumed ALA compared to the PG and CG (p > 0 05),
with these results being consistent with what was observed in
other studies [49, 50]. However, a hypoglycemic effect has
also been reported with higher doses (1200–1800 mg/day)
of ALA so it has been noted that the effect on HbA1c (%)
depends on the dose [37, 38]. This may explain the negative
results of our study.

With respect to the antioxidant capacity of ALA, it has
been pointed out that it is a powerful redox pair that is
capable of neutralizing different ROS. In addition, it has the
ability to restore the reduced/oxidized glutathione ratio
(GSH/GSSG) by either transferring electrons directly to the
GSSG for reduction or increasing the synthesis of glutathione
through improving the plasma uptake of cystine to subse-
quently reduce it to cysteine, which is the precursor of gluta-
thione. ALA is also able to regenerate the reduced forms of
other antioxidants, such as vitamins C and E. Furthermore,
ALA has the ability to chelate ionic metals and counteract
their oxidizing effects, which gives it enormous antioxidant
capacity [9].

Regarding the effect of ALA on the OxS markers, it has
been reported that the administration of ALA at doses of
300–1200 mg/day for three to six months has a positive effect
on different oxidative stress markers, such as MDA, SOD,
GPx, PGF2α-isoprostane, and 8-hydroxy-2′-deoxyguanosine

[37, 51]. Negative results have also been observed, as shown
in the following studies: Sola et al. did not find statisti-
cally significant differences in the concentration of 8-
isoprostane in adult patients with metabolic syndrome after
treatment with 300 mg of ALA for 4 weeks compared with
the placebo group [32]. Likewise, Khabbazi et al., in a study
conducted in patients with renal failure, who were given 600
mg/day of ALA for eight weeks, did not observe statistically
significant changes in MDA and total antioxidant status
levels [47]; Sharman et al., in a trial conducted in healthy
adults, who were given 600 mg/day of ALA for seven days,
also found no changes in the levels of MDA, SOD, GPx,
and catalase [52]; and Ahmadi et al. also found no changes
in MDA with the administration of 600 mg/day of ALA
for two months in hemodialysis patients [53]. In our study,
no statistically significant differences were observed in the
blood concentration of 8-isoprostane between the EG and
the PG (p > 0 05). On the other hand, GPx, SOD, and
SOD/GPx also showed no statistically significant changes in
EG compared to PG after treatment. This may be due to the
dose of ALA and/or the length of the follow-up of administra-
tion of the treatment, considering that ours was a population
of older adults, so the degree of oxidative stress is greater
due to the aging process associated to diabetes mellitus.

Regarding the anti-inflammatory properties of ALA, it
has been indicated that it has the capacity to decrease the
production of TNF-α, IL-1β, and IL-6 both in animal models
and in humans. ALA acts at the level of phosphorylation of
the factor inhibitor protein κB (IKK) and prevents the activa-
tion and release of NF-κB, which also prevents its transloca-
tion to the nucleus and the subsequent transcription of genes
that direct the synthesis of proinflammatory proteins (TNF-
α, IL-1β, and IL-6) [46, 47]. In this regard, a decrease in the
markers of chronic inflammation has been reported in dia-
betic patients treated with ALA at doses of 300–600 mg/day
for 3–6 months [32, 46, 47]. In contrast, we observed a signif-
icant increase (p < 0 05) in all proinflammatory parameters
evaluated (CRP, TNF-α, IL-1β, IL-6, IL-8, and IL-10) in the
GC after six months compared to the GE and GP in our
study. Consistent with our findings regarding the effect of
ALA on the OxS markers, our results suggest that the admin-
istration of 600 mg/day of ALA has an anti-inflammatory
effect that is similar to placebo.

The multiple regression analysis allows us to demonstrate
the relationship of the concentration of ALA with the
markers of OxS and chronic inflammation. In this regard,
although the correlation of ALA with TNF-α, IL-6, IL-1β,
SOD, GPx, and 8-isoprostane was statistically significant,
the effect of ALA was not sufficient to show statistically
significant differences between the EG and PG in the blood
concentration of these markers; therefore, our findings do
not support the anti-inflammatory and antioxidant effect of
ALA in older adults with type 2 diabetes mellitus with a dose
of 600 mg/day of ALA for six months.

5. Limitations

It was not possible to randomize the three groups and initiate
the investigation simultaneously. We did not accurately
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measure some noncontrollable variables, such as the amount
and type of food consumed, because although they were pro-
vided with a guide on the type and quality of food they could
consume, we are not sure of the degree of compliance. In this
sense, the 24-hour dietary recalls does not guarantee the reli-
ability of the data [19]. On the other hand, although all the
participants were classified as sedentary, because they did
not perform periodic physical exercise, the expenditure of
kilocalories for the daily activities of each participant was
different, and this was not measured in the study. Another
important limitation of the study was not being able to try
different doses of ALA at different lengths of the follow-up
of administration of the treatment.

6. Conclusions

Our findings do not support the anti-inflammatory and
antioxidant effect of ALA at a dose of 600 mg/day for
six months in older adults with type 2 diabetes mellitus.
In this regard, the exacerbating effect of diabetes mellitus
and aging on oxidative stress and inflammation should
be considered [6]. For this reason, the administration of
doses of 1200–1800 mg/day of ALA could be useful to
mitigate the oxidative stress and inflammation as well as
to avoid the production of AGEs that occurs in T2DM
in older adults, although the effectiveness of such higher
doses must be verified through controlled clinical trials.
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This study examined the effects of lithium on gene expression and activity of the antioxidant enzymes copper zinc superoxide
dismutase (SOD1), manganese superoxide dismutase (SOD2), catalase (CAT), glutathione peroxidase (GPx), and glutathione
reductase (GR) in the hippocampus of chronically stressed rats. In addition, we examined the effects of lithium on anxiety
behaviors, hippocampal concentrations of dopamine (DA) and malondialdehyde (MDA), protein levels of brain-derived
neurotrophic factor (BDNF), tyrosine hydroxylase (TH), dopamine transporter (DAT), and catechol-O-methyltransferase
(COMT), as well as activity of monoamine oxidase (MAO) in chronically stressed rats. The investigated parameters were
quantified by real-time RT-PCR, Western blot analyses, and assays of enzyme activities. We found that lithium did not change
gene expression of SOD1, CAT, GPx, and GR but decreased gene expression of SOD2 in chronically stressed rats. A very
important result in this study was that lithium treatment decreased the enzyme activities of SOD1 and SOD2 but increased the
enzyme activities of GPx and GR in stress condition, which indicates the control of redox balance. The reduced concentration of
MDA confirms this. In addition, we found that lithium treatment decreased high protein levels of BDNF and DAT in
chronically stressed rats to the level found in unstressed animals. Also, lithium treatment increased the expression of TH but
decreased the enzyme activity of MAO B, which contributed to the increase of hippocampal concentration of DA in chronically
stressed rats to the level of unstressed animals. Finally, lithium treatment in animals exposed to chronic stress increased the time
spent in open arms. Lithium-induced modulation of hippocampal antioxidant status and attenuation of oxidative stress
stabilized behavior in animals with high anxiety index. In addition, reduced oxidative stress was followed by the changes of both
turnover of DA and levels of BDNF protein in chronically stressed rats treated with lithium. These findings may be important in
preclinical research of the effects of lithium on oxidative stress level in pathological conditions.

1. Introduction

Molecular interactions in the neuroendocrine system under
stress condition can lead to homeostatic disorders [1, 2].
Chronic stress induces overactivation and dysfunction of
stress-activated systems, resulting in further brain damage
and mood disorders [3, 4]. One of the key mechanisms for
the modulation of brain functions in stress conditions is
monoaminergic signaling. In addition, it is known that
brain-derived neurotrophic factor (BDNF) modulates the
activity of monoaminergic systems in the rat brain [5]. Nor-
mal monoaminergic turnover results from balance among
synthesis, degradation, release, and reuptake of monoamines.

In our previous studies, we found that chronic restraint stress
(CRS) induced significant decrease of both hippocampal
dopamine (DA) concentration [6] and protein levels of tyro-
sine hydroxylase (TH), a “rate-limiting” enzyme of dopamine
biosynthesis [7], which confirmed that the hippocampus was
particularly sensitive to chronic stress [8, 9]. Data about the
dynamics of DA transmission and degradation are very
important for understanding dopaminergic turnover. The
dynamics of DA transmission is regulated by reuptake
through dopamine transporter (DAT). Monoamine oxidase
(MAO) and catechol-O-methyltransferase (COMT) are
enzymes which catalyze the oxidative deamination of mono-
amine neurotransmitters including DA. The byproducts of
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these reactions include a number of potentially neurotoxic
species, such as hydrogen peroxide and ammonia. Hydrogen
peroxide can trigger the production of reactive oxygen species
(ROS) and induce mitochondrial damage and neuronal apo-
ptosis. It is known that the brain is particularly vulnerable to
oxidative damage since it contains large amounts of polyun-
saturated fatty acids and possesses low antioxidant capacity
[10, 11]. Malondialdehyde (MDA) is the frequently used bio-
marker of oxidative stress in many health problems including
mood disorders. The literature data have shown that there is a
direct involvement of oxidative stress in anxiety-like behavior
in rodents [12]. Our earlier research confirmed that chronic
restraint stress (CRS) influenced anxiety-like behavior in rats
[6]. In the pathophysiology of mood disorders, lithium is
known as an effective drug in the long-term stabilization of
moods. Also, lithium has a neurotrophic and neuroprotective
function and improves total antioxidant activity [13–16]. In
our earlier studies, we found that CRS induced increased
activity of superoxide dismutase 1 (SOD1), superoxide dis-
mutase 2 (SOD2), and catalase (CAT) in the hippocampus
[17]. The increased activity of antioxidant enzymes may be
an important adaptive phenomenon of the antioxidant
defense system in chronically stressed rats [17]. It is known
that treatment with antidepressants significantly decreased
the activities of SOD and CAT in depressive patients [18], as
well as increasedDA levels in the prefrontal cortex [19]. How-
ever, very little is known about the antioxidant defense system
and turnover ofDA in animals with high anxiety index treated
with lithium.

Because of the direct involvement of oxidative stress in
anxiety-like behavior in stress conditions, detecting the
changes of gene expression and activity of the antioxidant
enzymes as well as monitoring the changes of dopaminergic
turnover in the hippocampus in chronically stressed rats
treated with lithium may be very important in the research
on the role of lithium in maintaining antioxidant status in
pathological conditions. Therefore, in this study we exam-
ined gene expression and activity of the antioxidant enzymes
SOD, CAT, glutathione peroxidase (GPx), and glutathione
reductase (GR), as well as protein levels of BDNF, TH,
DAT, and COMT and activity of MAO and concentrations
of DA and MDA in the hippocampus of chronically stressed
rats treated with lithium. An additional aim of the study was
to test anxiety in chronically stressed rats treated with lithium.

2. Materials and Methods

2.1. Animals and Stress Models. Eleven-week-oldWistar male
rats (300-340 g) were maintained under standard laboratory
conditions with water and food ad libitum and kept three
to four per cage [20]. The care was taken to minimize the
pain and discomfort of the animals according to the recom-
mendations of the Ethical Committee of the Vinča Institute
of Nuclear Sciences, Belgrade, Serbia, which follows the
guidelines of the registered “Serbian Society for the Use of
Animals in Research and Education.” In accordance with
our previous protocol [21], animals were divided into three
groups: CRS group (n = 20) consisted of animals exposed to
chronic restraint stress treatment and CRS+Li group (n = 20)

consisted of animals exposed to chronic restraint stress treat-
ment with Li given each day immediately prior to daily
restraint. Restraint stress was performed by placing each ani-
mal in a 25 × 7 cm plastic bottle as described previously [22].
The animals in these groups were exposed to 2 h of restraint
stress every day at random times during the light period of
the light/dark cycle to avoid habituation during the experi-
mental procedure of 14 days [23]. Lithium was administered
intraperitoneally to the animals, once a day for 14 days as
described previously [24]. The initial lithium dose was
1.5mEq/kg for 2 days and was then increased to 2.3mEq/kg
for 7 days, followed by 3mEq/kg for 5 days. This lithium
administration protocol maintained the plasma lithium con-
centration above the minimal therapeutic concentration
(i.e., 0.4mM) for the treatment of bipolar disorder throughout
the treatment period. Anxiety-like behaviors were assessed by
elevated plus maze (EPM) test. Ten animals from each group
were tested on the EPM. Animals which were used to test the
behavior were not used for further analysis. In order to exam-
ine whether lithium decreased high protein levels of BDNF
and DAT in chronically stressed rats to the level of unstressed
animals, we introduced Control group. The Control group
(n = 10) was not exposed to any treatment. To reduce variance
in the physiological parameters due to daily rhythms, the
remaining animals (n = 10 from each group) were sacrificed
at the same time point in the circadian cycle, between 9:00
and 11:00 am, i.e., one day after the last treatments. Animals
were sacrificed under no-stress conditions by rapid decapita-
tion. The hippocampuses were rapidly dissected, frozen in
liquid nitrogen, and stored at −70°C until analyzed.

2.2. Dopamine Measurement. Hippocampus tissues were
homogenized in 0.01N HCl in the presence of EDTA and
sodium metabisulfite. Dopamine concentration in hippo-
campus fractions was determined using 3-CAT Research
ELISA kits (Labor Diagnostika Nord, Nordhorn, Germany)
according to the manufacturer’s protocol. Absorbance was
determined at 450nm using a microplate reader (Stat Fax
2100). Concentrations were normalized to 1 g of tissues in
homogenate. Values were expressed as ng of DA per g of tis-
sues which is in accordance with our previous protocol [25].

2.3. Monoamine Oxidase Enzyme Activities. The determina-
tion of MAO B activity was performed using the Amplex
Red Monoamine Oxidase Assay (A12214, Molecular
Probes, USA), described by Zhou and Panchuk-Voloshina
[26]. This assay is based on the detection of H2O2 in a
horseradish peroxidase-coupled reaction using N-acetyl-3,
7-dihydroxyphenoxazine (Amplex Red), a highly sensitive
and stable probe for H2O2. Fluorescence was measured with
a fluorometer using excitation at 560 ± 10 nm and fluores-
cence detection at 590 ± 10 nm. Monoamine oxidase activity
was expressed as U/mg of protein as previously described by
Gavrilović et al. [25].

2.4. RNA Isolation, cDNA Synthesis, and Real-Time RT-PCR.
Methods of RNA isolation and cDNA synthesis were
described previously by Gavrilović et al. [27]. Total RNAs
were isolated from the hippocampal tissue by using TRIZOL
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reagent (Invitrogen, USA). Reverse transcription was per-
formed using Ready-To-Go You-Prime First-Strand Bead
(Amersham Biosciences, UK) and pd (N)6 RandomHexamer
(Amersham Biosciences, UK) primer according to the manu-
facturer’s protocol, which is in accordance with the protocol
of Gavrilović et al. [28]. CuZn SOD (SOD1), Mn SOD
(SOD2), CAT, GPx, and GR mRNA levels were quantified
by quantitative real-time RT-PCR, as described previously
by Gavrilović et al. [27]. TaqMan PCR assays were carried
out using Assay-on-Demand Gene Expression Products
(Applied Biosystems, USA) for SOD1 (Rn00566938_m1),
SOD2 (Rn00690587_g1), CAT (Rn00560930_m1), GPx
(Rn00577994_g1), and GR (Rn01482159_m1). The reference
gene (endogenous control) was included in each analysis to
correct for the differences in the interassay amplification effi-
ciency and all transcripts were normalized to cyclophilin A
(Rn00690933_m1) expression [28]. Quantification was done
using the 2−ΔΔCt method according to Livak and Schmittgen
[29]. The relative expression of the target gene was normal-
ized to cyclophilin A and expressed in relation to the calibra-
tor, i.e., the control sample as previously described by
Gavrilović et al. [28].

2.5. Hippocampal Tissue Homogenization, Measurement of
the Protein Concentration, and Western Blot Analysis. The
hippocampus was homogenized in 0.05M sodium phosphate
buffer (pH 6.65). Subsequently, the protein concentration
was determined using BCA method (Thermo Scientific
Pierce, USA), described by Stich [30]. CuZn SOD (SOD1),
Mn SOD (SOD2), CAT, GPx, GR, BDNF, TH, DAT, and
COMT proteins were assayed by Western blot analysis as
described previously by Gavrilović et al. [27]. Antibodies
used for the quantification of specific proteins were as fol-
lows: SOD1 (SOD-101, Stressgen, USA), SOD2 (SOD-110,
Stressgen, USA), CAT (Calbiochem, Germany), GPx
(sc-30147 Santa Cruz Biotechnology, USA), GR (sc-32886,
Santa Cruz Biotechnology, USA), BDNF (ab6201, Abcam,
USA), TH (ab51191, Abcam, USA), DAT (ab18548, Abcam,
USA), and β-actin (ab8227, Abcam, USA). After washing,
the membranes were incubated in the secondary anti-rabbit
(dilution 1 : 5000, Amersham ECL™Western Blotting Analy-
sis System, UK) antibodies conjugated to horseradish perox-
idase. A secondary antibody was then visualized by the
Western blotting-enhanced chemiluminescent detection sys-
tem (ECL, Amersham Biosciences, UK). The membranes
were exposed to ECL film (Amersham Biosciences, UK).
The result was expressed in arbitrary units normalized in
relation to β-actin, which is in accordance with our previous
protocol [27].

2.6. Antioxidant Enzyme Activities. SOD, GPx, and GR
activities were determined using assays for enzyme activities,
as we previously described [31].

2.6.1. Assay of SOD Activity. Total SOD activity was
measured using the Oxis Bioxytech® SOD-525™ Assay (Oxis
International Inc., Portland, OR, USA). The method is based
on the SOD-mediated increase in the rate of autoxidation of
reagent 1 (5,6,6a,11b-tetrahydro-3,9,10-trihydroxybenzo[c]

fluorene, R1) in aqueous alkaline solution, yielding a chro-
mophore with maximum absorbance at 525nm. The kinetic
measurement of the change in absorbance at 525nm was
performed. One SOD-525 activity unit was defined as the
activity that doubles the autoxidation rate of the control
blank. CuZnSOD activity was measured as described above,
after pretreating samples with ethanol-chloroform reagent
(5/3 vol/vol), which inactivates MnSOD. MnSOD activity
was then calculated by subtracting CuZnSOD activity from
total SOD activity [17].

2.6.2. Assay of CAT Activity. CAT activity was determined by
the method of Beutler [32]. The reaction is based on the rate
of H2O2 degradation by catalase contained in the examined
samples. The reaction was performed in an incubation mix-
ture containing 1M Tris-HCl, 5mM EDTA, pH 8.0 and
monitored spectrophotometrically at 230nm. One unit of
CAT activity was defined as 1μmol of H2O2 decomposed
per minute under the assay conditions [21].

2.6.3. Assay of GPx Activity. GPx activity was assessed using
the Oxis Bioxytech GPx-340 Assay (Oxis International Inc.,
Portland, OR, USA), based on the principle that oxidized glu-
tathione (GSSG) produced upon reduction of an organic per-
oxide by GPx is immediately recycled to its reduced form
(GSH) with concomitant oxidation of NADPH to NADP+.
The oxidation of NADPH was monitored spectrophotomet-
rically as a decrease in absorbance at 340nm. One GPx-340
unit was defined as 1μmol of NADH oxidized per minute
under the assay conditions [21].

2.6.4. Assay of GR Activity. Activity of GR was measured
using the Oxis Bioxytech GR-340 Assay (Oxis International
Inc., Portland, OR, USA). The assay is based on the oxidation
of NADPH to NADP+ during the reduction of oxidized glu-
tathione (GSSG), catalyzed by a limiting concentration of
glutathione reductase. The oxidation of NADPH was moni-
tored spectrophotometrically as a decrease in absorbance at
340 nm. One GR-340 unit was defined as 1μmol of NADH
oxidized per minute under the assay conditions [21].

2.7. Malondialdehyde Measurement. Malondialdehyde con-
centration in the hippocampus fractions was determined
using Spectrophotometric Assay for Malondialdehyde Bioxy-
tech® MDA-586 (OXIS Health Products Inc., USA) accord-
ing to the manufacturer’s protocol. The MDA-586 method
is based on the reaction of a chromogenic reagent,
N-methyl-2-phenylindole, with MDA at 45°C. Malondialde-
hyde concentration was expressed as μM/mg of protein,
which is in accordance with our previous protocol [25].

2.8. Elevated Plus Maze (EPM). The EPM consisted of four
elevated (50 cm) contralateral arms (50 cm long and 10 cm
wide) with two opposing arms containing 40 cm high opaque
walls, which is in accordance with our previous protocol [6].
On the day of EPM testing, rats were transported into the
testing room one cage at a time and testing alternated
between CRS animals and CRS+Li animals. Each rat was
placed in a closed arm, facing the center platform and
cage-mates started in the same closed arm, which was
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counterbalanced across trials. Each rat was given 5min to
explore the EPM and then returned to its home cage. The
EPM was cleaned thoroughly using Naturally Living Pet
Odor Eliminator between each rat. EPM performance was
recorded using an overhead video camera for later quantifi-
cation. Open and closed arm entries were defined as the front
two paws entering the arm, and open arm time began the
moment the front two paws entered the open arm and ended
upon exit. Rats that displayed thigmotaxis and an aversion to
the open arms were considered highly anxious [33]. An
added measure of anxiety was calculated for the EPM using
the following equation, which unifies all EPM parameters
into one unified ratio; anxiety index values range from 0 to
1, with a higher value indicating increased anxiety [34–37].

Anxiety index

= 1 − open arm time/5 min + open arm entry/total entry
2

1

2.9. Data Analysis. The data are presented asmeans ± S E M
Differences of gene expression (mRNA and protein levels) of
SOD1, SOD2, CAT, GPx, GR, BDNF, TH, and DAT; activity
of enzymes (MAO B, SOD1, SOD2, CAT, GPx, and GR); and
concentration of DA and MDA as well as animal behavior
between CRS and CRS+Li animals were analyzed by t-test.
Statistical significance was accepted at p < 0 05.

3. Results

3.1. Changes of Levels of TH Protein, DA Concentrations,
BDNF Protein, DAT Protein, COMT Protein, and MAO B
Activity in the Hippocampus. We found that lithium treat-
ment in animals exposed to CRS significantly increased levels
of TH protein by 26% (p < 0 001, t-test, Figure 1(a)) and
increased the concentration of DA by 125% (p < 0 001,
t-test, Figure 1(b)) compared with CRS animals. In addition,
lithium treatment decreased levels of BDNF protein by 10%
(p < 0 05, t-test, Figure 2(a)) and decreased levels of DAT

protein by 20% (p < 0 01, t-test, Figure 2(b)) to the level of
unstressed animals. Also, the animals exposed to CRS treated
with lithium showed decreased levels of MAO B activity by
43% (p < 0 001, t-test, Figure 3(a)), while levels of COMT
protein remained unchanged (Figure 3(b)) compared with
CRS animals.

3.2. Changes of MDA Concentrations in the Hippocampus.
Lithium treatment decreased MDA concentrations by 35%
(p < 0 01, t-test, Figure 4) compared with CRS animals.

3.3. Changes of SOD1 mRNA Levels, Protein Levels, and
Enzyme Activity in the Hippocampus. Lithium treatment in
animals exposed to CRS significantly decreased the enzyme
activity of SOD1 by 25% (p < 0 01, t-test, Figure 5(a)), while
levels of mRNA and protein (Figure 6(a)) remained
unchanged compared with CRS animals.

3.4. Changes of SOD2 mRNA Levels, Protein Levels, and
Enzyme Activity in the Hippocampus. The animals exposed
to CRS treated with lithium showed decreased levels of
SOD2 mRNA by 16% (p < 0 05, t-test, Figure 6(b)) and pro-
tein by 14% (p < 0 05, t-test, Figure 6(b)) and the enzyme
activity by 37% (p < 0 001, t-test, Figure 5(b)) compared with
CRS animals.

3.5. Changes of CAT mRNA Levels, Protein Levels, and
Enzyme Activity in the Hippocampus. Lithium treatment
did not change significantly gene expression and enzyme
activity of CAT in animals exposed to CRS (Figures 5(c)
and 6(c)).

The animals exposed to CRS treated with lithium showed
a decreased ratio of SOD1/CAT and SOD2/CAT compared
with CRS animals.

3.6. Changes of GPxmRNA Levels, Protein Levels, and Enzyme
Activity in the Hippocampus. We found that lithium treat-
ment in animals exposed to CRS significantly increased the
enzyme activity of GPx by 23% (p < 0 05, t-test, Figure 5(d)),
while levels of GPx mRNA and protein (Figure 6(d))
remained unchanged compared with CRS animals.
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Figure 1: Effects of lithium on tyrosine hydroxylase (TH) protein levels (a) and concentration of dopamine (DA) (b) in the hippocampus of
animals exposed to CRS. The values are means ± S E M of 10 rats. Statistical significance: ∗∗∗p < 0 001 animals exposed to CRS+Li vs. CRS
animals (t-test). The level of TH protein was expressed in arbitrary units normalized in relation to β-actin, and the concentration of DA was
expressed as ng per gram of tissue (ng/g).
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3.7. Changes of GR mRNA Levels, Protein Levels, and Enzyme
Activity in the Hippocampus. Lithium treatment did not
change the gene expression of GR enzymes (Figure 6(e)), but
it significantly increased the enzyme activity of GR by 27%
(p < 0 001, t-test, Figure 5(e)) in animals exposed to CRS.

3.8. Changes in Animal Behavior. The animals exposed to
CRS treated with lithium showed significant increase of time
spent in open arms compared to CRS rats. Based on these
results, we calculated anxiety index (AI). Lithium treatment
in animals exposed to CRS significantly decreased AI by
45% (p < 0 001, t-test, Figure 7), compared with CRS animals.

4. Discussion

The results of this study show that mood stabilizer lithium
modulates hippocampal levels of BDNF, turnover of DA,
and antioxidant defense system and stabilizes behavior in
chronically stressed rats. We observed that CRS increased
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Figure 2: Effects of lithium on brain-derived neurotrophic factor (BDNF) (a) and dopamine transporter (DAT) (b) protein levels in the
hippocampus of animals exposed to CRS. The values are means ± S E M of 10 rats. Statistical significance: ∗p < 0 05, ∗∗p < 0 01 animals
exposed to CRS+Li vs. CRS animals (t-test); +p < 0 05 CRS animals vs. Control animals (t-test). The result was expressed in arbitrary units
normalized in relation to β-actin.
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Figure 3: Effects of lithium onmonoamine oxidase B (MAO B) enzyme activity (a) and catechol-O-methyltransferase (COMT) protein levels
(b) in the hippocampus of animals exposed to CRS. The values are means ± S E M of 10 rats. Statistical significance: ∗∗∗p < 0 001 animals
exposed to CRS+Li vs. CRS animals (t-test). The level of MAO B activity was expressed as units per milligram of protein (U/mg) and
protein levels of COMT were expressed in arbitrary units normalized in relation to β-actin.
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Figure 4: Effects of lithium on the concentration of
malondialdehyde (MDA) in the hippocampus of animals exposed
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hippocampal BDNF protein, the key neurotrophic factor
involved in the regulation of the release of neurotransmitters.
This adaptive response is probably necessary to maintain the
hippocampal BDNF capacity in conditions provoked by CRS
because the hippocampus is the region that plays a crucial
role in learning andmemory and it is an area also particularly
susceptible to chronic stress [8, 9]. However, lithium treat-
ment decreased high protein levels of BDNF in chronically
stressed rats to the level of unstressed animals. Our results
show that it is possible that lithium has an effect on normal-
izing neuroplasticity in chronically stressed rats. In addition,
in our earlier studies, we found that CRS induced a significant
decrease of hippocampal DA concentration [6]. Literature
data have confirmed that the decreased concentration of
DA was observed in many psychiatric and neurodegenerative
disorders, for example, depressive illness and Parkinson’s
disease [19, 38]. It is known that an increase of mono-
amine neurotransmitter levels is an important therapeutic
strategy for several neuropsychiatric disorders [39]. In
the present study, we found that lithium treatment
increased both protein levels of hippocampal TH and con-
centration of DA in chronically stressed rats to the levels
found in unstressed animals [6, 7], which indicates that
lithium enabled de novo synthesis of hippocampal DA in

chronically stressed rats. Lithium may have induced the
gene expression of hippocampal TH in stress condition
through the activator protein-1 (AP-1) transcription factor
pathway [40]. The dynamics of DA transmission is regu-
lated by reuptake through DAT. Dopamine transporter
(DAT) is localized in the plasma membrane of axon termi-
nals, and it reuptakes DA from the synapse [41] and controls
the levels of DA in the extracellular space [42–44]. In this
study, we found that CRS significantly increased protein
levels of DAT. The higher protein levels of DAT suggest
that DAT can be upregulated in response to a heightened
demand for uptake of DA in conditions provoked by CRS.
Stress-induced changes in the degradation of nonvesicular
DA may play a role in the decrease of DA transmission.
This is in line with the monoamine hypothesis of depres-
sion which states that depressive disorder is caused by
insufficient signaling by monoamines [45]. An important
result of this study is that lithium treatment in animals
exposed to CRS decreased high protein levels of hippo-
campal DAT to the level of unstressed animals. It is pos-
sible that lithium has an effect on normalizing DA
transmission in chronically stressed rats. In addition, mon-
itoring of DA degradation is important for understanding
dopaminergic turnover. The metabolism of monoamines
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are means ± S E M of 10 rats. Statistical significance: ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 animals exposed to CRS+Li vs. CRS animals
(t-test). The final result for enzyme activity was expressed as units per milligram of protein (U/mg).

6 Oxidative Medicine and Cellular Longevity



by MAO is the major source of hydrogen peroxide in the
brain [46]. In our previous studies, we found that CRS
induced significant increase of enzyme activity of MAO
B, as well as levels of COMT protein in the hippocampus
[7]. These findings suggest the possibility of increased deg-
radation of monoamine in the hippocampus in chronically
stressed rats [7]. Mallajosyula et al. [47] have shown that
increased MAO B activity in the astrocytes causes Parkinso-
nian. It is known that the inhibition of MAO activity can pro-
long the time during which neurotransmitters are available in
the synaptic cleft [48]. Therefore, the inhibition of MAO
and/or increase of monoamine neurotransmitter levels are
important therapeutic strategies for several neuropsychiatric
disorders [39]. The literature data confirm that lithium is a
very weak inhibitor of MAO. In the present study, we found
that lithium treatment in animals exposed to CRS decreased
hippocampal MAO B activity to the level of unstressed
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Figure 6: Effects of lithium onmRNA and protein levels fromCuZn superoxide dismutase (SOD1) (a), Mn superoxide dismutase (SOD2) (b),
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Figure 7: Effects of lithium on the anxiety index (AI) in animals
exposed to CRS. The values are means± S.E.M. of 10 rats.
Statistical significance: ∗∗∗p < 0 001 animals exposed to CRS + Li
vs. CRS animals (t-test).
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animals, while levels of COMT protein remained unchanged.
Decreased enzyme activity of MAO B suggests the possibility
of decreased degradation of DA, which is confirmed by sig-
nificantly increased concentration of DA in the hippocampus
of chronically stressed rats. Our results are in accordance
with the reports of Cesura and Pletscher [39] and Knoll
[49] who found that the increase in DA levels was caused
by MAO B inhibitors. Reduced enzymatic activity of MAO
could contribute to slowing, halting, and possible reversing
of neurodegeneration in dopaminergic neurons which was
initiated by oxidative stress [50]. In pathological conditions,
lithium treatment significantly reduces the levels of plasma
lipid peroxides and improves antioxidant status [51, 52].
Decreased hippocampal MDA concentration in chronically
stressed rats treated with lithium, found in this study, con-
firms that lithium is involved in the reduction of oxidative
stress in chronic stress conditions. Based on our results, it
could be speculated that decreased DA degradation via
MAO may be the way by which lithium reduces oxidative
stress in stress conditions. These findings suggest that further
investigation of metabolites incurred from oxidative deami-
nation of DA is needed to highlight the exact reason for
reduced oxidative stress.

Modulated activities of antioxidative enzymes SOD,
CAT, and GPx could be markers of oxidative stress. For
example, a level of SOD is decreased when stress conditions
are reduced [53]. The literature data confirm that treatment
with lithium increased mRNA expression of nuclear factor
(erythroid-derived 2)-like 2 (Nrf2), a signaling molecule
which plays an intermediary role in defending against oxida-
tive stress, by orchestrating the gene transcriptions of antiox-
idant enzymes [54–57]. In addition, nuclear factor κB
(NF-κB) is regulated by redox sensitive factors. The absence
of Nrf2 is associated with increased oxidative stress, leading
to the amplification of cytokine production, as NF-κB is more
readily activated in oxidative environments [58]. The imbal-
ance between Nrf2 and NF-κB pathways is associated with a
significant number of diseases including neurodegeneration
[59]. In the present study, we observed that lithium treat-
ment did not change the gene expression of SOD1, CAT,
GPx, and GR but it decreased the gene expression of
SOD2 in the hippocampus of chronically stressed rats. It
is possible that the treatment with lithium is involved in
maintaining a constant level of the gene expression of
SOD1, CAT, GPx, and GR in chronically stressed rats for
regulating the redox balance and responses to chronic
stress. Furthermore, we recorded that the animals exposed
to CRS treated with lithium showed a decrease of the
enzyme activities of SOD1 and SOD2, while CAT activity
remained unchanged. Our results are consistent with the
reports of Khairova et al. [53] who also found a decrease
in SOD levels, as well as unchanged CAT levels after lith-
ium treatment. It is known that elevated SOD/CAT ratio
suggests an increase in oxidative stress levels, mostly associ-
ated with the elevation in cell hydrogen peroxide concentra-
tion [60]. We recorded a reduction in SOD1/CAT ratio and
SOD2/CAT ratio in animals exposed to CRS after lithium
treatment, compared with CRS animals. This finding con-
firms that the reduction in SOD/CAT ratio may indicate

lower oxidative stress, which is reflected mainly in a decrease
in the concentration of cell hydrogen peroxide [60].

It is known that treatment with lithium inhibits reactive
oxygen metabolite H2O2-induced cell death in primary cul-
tured rat cerebral cortical cells, suggesting that lithium pro-
duces a protective effect against oxidative stress-induced
cell death [61]. Glutathione (GSH) plays an important role
in the cellular defense against ROS-induced oxidative dam-
age in the brain [61]. Cui et al. [61] found that chronic treat-
ment with lithium increased levels of GSH. The increased
activity of GPx found in our study indicates the increased
reduction of lipid hydroperoxides to their corresponding
alcohols and free hydrogen peroxide to water in chronically
stressed rats treated with lithium. It is possible that the
increased activity of GPx compensated the decreased antiox-
idant capacity of CAT [62] in chronically stressed animals
treated with lithium. Oxidized GSH can be reduced back by
GR. In the present study, we found that treatment with lith-
ium in animals exposed to CRS significantly increased the
enzymatic activities of GR. Significantly increased enzymatic
activities of hippocampal GR indicate increased reduction of
GSH. It is known that the ratio of reduced GSH to oxidized
GSH within cells is often used as a measure of cellular
oxidative stress. Increased GPx and GR activities may also
be the way by which lithium is involved in the reduction
of oxidative damage in chronically stressed rats treated
with this drug.

In addition, chronic treatment with mood stabilizing
drug lithium in the animals exposed to CRS significantly
increased time spent in open arms. This finding confirms
that lithium stabilizes behavior in animals with anxiety-like
behavior.

In summary, the modulation of hippocampal antioxidant
status and reduced oxidative stress by lithium stabilized
behavior in animals with high anxiety index. In addition,
reduced oxidative stress was followed by the changes of
both dopaminergic turnover and levels of BDNF protein
in chronically stressed rats treated with lithium. These
findings may be very important in the research on the
effects of lithium on the modulation of antioxidant defense
system in stress-induced diseases.
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The newly synthesized coumarin derivative with dopamine, 3-(1-((3,4-dihydroxyphenethyl)amino)ethylidene)-chroman-2,4-
dione, was completely structurally characterized by X-ray crystallography. It was shown that several types of hydrogen bonds
are present, which additionally stabilize the structure. The compound was tested in vitro against different cell lines, healthy
human keratinocyte HaCaT, cervical squamous cell carcinoma SiHa, breast carcinoma MCF7, and hepatocellular carcinoma
HepG2. Compared to control, the new derivate showed a stronger effect on both healthy and carcinoma cell lines, with the most
prominent effect on the breast carcinoma MCF7 cell line. The molecular docking study, obtained for ten different
conformations of the new compound, showed its inhibitory nature against CDKS protein. Lower inhibition constant, relative to
one of 4-OH-coumarine, proved stronger and more numerous interactions with CDKS protein. These interactions were carefully
examined for both parent molecule and derivative and explained from a structural point of view.

1. Introduction

Cell structures can be significantly influenced and damaged
by sustained oxidative stress which is considered to be a
major cause in the pathogenesis of many, if not all, diseases.
Cancer is one of the most prominent causes of death in the
modern world. Cancer initiation and progression phases
have been closely related to oxidative stress which increases

somatic mutations, neoplastic transformation, and generally
genome instability [1, 2]. In the past several years, there have
been an increased number of articles that connect oxidative
stress with the development of various cancers, although
the actual links are a matter of dispute [1, 2].

Nowadays, there is an increased interest in new drug
discovery, to adequately promote the survival rate against can-
cer. Presently existing anticancer drugs are insufficient due to
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many side effects, nonselectivity, resistance, etc. Many of the
naturally occurring molecules possessing antioxidant activity
exhibit a synergistic effect when combined with other natu-
rally occurring, or synthetic, molecules. This can lead to the
creation of new types of a biological rationale for the treatment
of different cancer types or their use as adjuvants with conven-
tional therapeutic regimens. The present paper presents the
design of a new coumarin/catecholamine derivative [1, 2].

Coumarins and their derivatives are widely present fam-
ily of molecules in nature. They can be accumulated in fruits
[3], vegetables [4, 5], trees [6], seeds [7], and vines. Couma-
rins have important biological activities, some of which
include regulation of growth, control of respiration [8],
defense against herbivores and microorganisms [9], and
hormonal and signaling role [10]. The common structural
elements are fused pyrone and benzene rings with a carboxyl
group on the first ring. The structural diversity of coumarins
allows different pharmacological properties: antibacterial,
antifungal, antioxidant, and cytotoxic [11–13]. The synthetic
coumarins also have great potential as drugs for the treat-
ment of neurodegenerative [14, 15] and microbial [16, 17]
diseases, HIV [18, 19], and cancer [20, 21]. They also have
been used as regulators of reactive radical species [22, 23].
Several reactive derivatives of coumarin with various mole-
cules were already synthesized, and their biological reactivity
explained experimentally and theoretically [24–26].

Dopamine, on the other side, belongs to the important
group of catecholamines, which function as hormones and
neurotransmitters in the peripheral endocrine and central
nervous system [27–30]. The other functions include control
of movement, reward processing, attention, working mem-
ory, emotions, sleeping, and dreaming. Dopamine and other
catecholamines, as well as their metabolites, are gaining sig-
nificant attention, due to the hypothesis that the origin of
some, if not all, neurodegenerative diseases lies in oxidative
stress and changes at the molecular level [31–34]. More than
20% of oxygen in the body is used in the brain; therefore, a
considerable amount of the present fatty acids is exposed
to reactive oxygen and nitrogen species [35–38]. The low
permeability of the blood-brain barrier limits the use of the
external antioxidants, which increases the importance of
molecules with good radical scavenging activities that are
already present in the body [37]. The catechol structure, as
well as various side groups, has been proven, in different
experimental and theoretical studies, to enhance the antirad-
ical potency of molecules [39–43]. Besides being good
antiradical agents, catecholamines and their analogs also
exhibited as potential antitumor agents [44–46]. The
structure-activity studies show that catechol moiety is also
the essential part of these molecules influencing their antitu-
mor activity [45, 47, 48]. In the case of dopamine and its
analogs, it has been concluded that the aminoethyl group
could be replaced by methyl or aminomethyl groups without
a noticeable change in activity towards P-388 leukemia cells
[49]. One of the assumptions is that the formation of reac-
tive quinone is responsible for the cytotoxic and genotoxic
activity of dopamine [50].

This article presents data on the reactivity of novel
coumarin/dopamine derivative towards various tumor

and healthy cells lines, with special emphasis on the syner-
gistic effect of these two molecules. The synthesis is car-
ried out assuming that there is no formation of a
quinone, which is harmful to healthy cells, and that the
catechol unit is preserved and combined with the couma-
rin. The crystallographic structure is obtained for the syn-
thesized derivative and explained in details. The molecular
docking study is performed in order to gain better insight
into the mechanism of the biological activity of new com-
pound and possible differences in coumarin-protein and
new derivative-protein interactions. The protein selected
for molecular docking is cyclin-dependent kinases (CDKs),
for both 4-hydroxycoumarin, as a parent molecule, and
synthesized derivative. CDKs plays an important role in
the control of cell division [51], and its deregulation can
lead to the development of human diseases including can-
cer [52, 53]. Thus, the suppression of its activity could be
a promising molecular route for anticancer therapy [54].

2. Materials and Methods

2.1. Substances. Dopamine hydrochloride, 4-hydroxycoumarin
(4-OH-coumarin), methanol, toluene, and 96% ethanol were
purchased from Sigma-Aldrich. The starting compound, 3-acet-
yl-4-hydroxy-coumarin, was obtained as explained in [55].

2.2. Spectral Analysis. The vibrational spectra were recorded
on the Perkin-Elmer Spectrum One FT-IT spectrometer in
the range between 4000 and 400 cm-1. The KBr pellet
technique was used. The NMR spectra (1H and 13C) were
recorded on a Varian Gemini 200 spectrometer in CDCl3
as a solvent and with TMS as an internal standard. The ele-
mental microanalysis for C, H, and N was performed on the
Vario EL III C, H, and N Elemental Analyzer. The mass
spectra were obtained on a 5973 Mass spectrometer (Agilent,
Santa Clara, CA) with MS quadruple, temperature 150°C,
and a mass scan range of 40–600 amu at 70 eV.

2.3. Cell Culture. In this study, the following cell lines were
used: healthy human keratinocyte HaCaT (AddexBio
T0020001), cervical squamous cell carcinoma SiHa (ATCC®,
HTB-35™), breast carcinoma MCF7 (ATCC® HTB-22™),
and hepatocellular carcinoma HepG2 (ATCC® HB-8065™).
All cell lines were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 4500mg/L glucose, and 1x antimycotic/anti-
biotic (all from Invitrogen™, USA). The cells were main-
tained at 37°C in 5% CO2.

2.4. Cell Viability Assay. In order to assess whether selected
compounds influence the viability of cell, the MTS Cell
Proliferation Assay was applied, a colorimetric method for
sensitive quantification of viable cells. The method is based
on the reduction of MTS tetrazolium compound by viable
cells generating a colored formazan product. This conver-
sion is thought to be carried out by NAD(P)H-dependent
dehydrogenase enzymes in metabolically active cells. The
formazan dye produced by viable cells can be quantified by
measuring the absorbance at 490–500nm.
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Cells (5× 103 for Siha and MCF7 and 1× 104 for HaCaT
and HepG2/per well) were seeded in 96-well plates a day
before treatment and then treated with various concentra-
tions of 4-OH-coumarin or derivative 3 (100, 300, and
500μM) for 48 hours. After 48h, the effect of these treat-
ments was monitored on cell’s viability using MTS Cell Pro-
liferation Assay (Promega CellTiter 96® AQueous One
Solution Cell Proliferation Assay) and colorimetric quantifi-
cation was done using a plate reader (Plate Reader Infinite
200 pro, Tecan).

2.5. Statistical Analyses. Statistical analyses were performed
with SPSS statistical software (version 20). The data represent
the means ± SEM from at least three independent experi-
ments. Statistical analyses were performed by Student’s t
-test, and p value ≤ 0.05 was considered significant.

2.6. Theoretical Methods. Software package AutoDock 4.0
was used for molecular docking simulations [56]. The
three-dimensional crystal structure of CDK protein was
procured from the Protein Data Bank (PDB ID: 1KE9). Prep-
aration of protein for docking simulations was done by
removing the cocrystallized ligand, water molecules, and
cofactors in the Discovery Studio 4.0. The calculations of
Kollman charges and adding of the polar hydrogen were per-
formed using the AutoDockTools (ADT) graphical user
interface. The optimization of coumarin and coumarin deri-
vate structures was performed at B3LYP-D3BJ/6-311+
+G(d,p) level of the theory [57–61] in the gas phase. For this
purpose, Gaussian 09 Program package [62] was used. The
structure of coumarin derivate was taken from crystallo-
graphic data. This level of theory was proven to reproduce
well the crystallographic structure and experimentally
obtained spectra for similar compounds [24, 25, 26]. The
docking simulations were completed independently. During
these simulations, the protein retained a rigid structure in
the ADT, while both docked compounds possessed flexibil-
ity. All bonds of the compounds were treated as rotatable.
For calculations of partial charges, the Geistenger method
was selected. The Lamarckian Genetic Algorithm (LGA)
method was used in all calculations for protein-ligand flexible
docking simulation [63]. The grid boxes with grid center

4.0× 50.3× 11.5 of CDK protein covered all of the protein
binding sites and enabled free motion of ligands. The interac-
tions between CDKs and the corresponding ligands were
estimated and analyzed, for several most stable conforma-
tions, through the positions of the amino acids and the type
of interaction that is achieved.

2.7. General Procedure for the Synthesis of 3-(1-((3,4-
Dihydroxyphenethyl)amino)ethylidene)-chroman-2,4-dione. The
synthesis of new coumarin derivative is presented in
Scheme 1. The new compound (designated as compound 3
in Scheme 1) was obtained by refluxing and mixing of the
reaction mixture (3-acetyl-4-hydroxicumarine (0.0014mol;
0.3g), dopamine hydrochloride (0.0014mol; 0.23g), and equi-
molar amounts of triethyl amine (0.0014mol; 0.15g) in 50ml
methanol for 3h. The progress of reactions was monitored by
TLC (toluene: acetone=7: 3). When the reaction was com-
pleted, the mixture was cooled to room temperature. The
obtained white crystals were filtered, air-dried, and recrystal-
lized from methanol.

Yield, 0.321 g (64.45 %), Anal. Calcd. for C19H17O5N
(Mr = 339.32) %: C, 67.25; H, 5.05; N, 4.12. Found: C,
67.00; H, 5.10; N, 4.16.

1HNMR (DMSO, 200MHz) δ in ppm: 2.55 (s, 3H, C2′–H),
2.80 (t, 2H, C2″–H), 3.76 (q, 2H, C1″–H), 6.5 (m, 1H, C4″–H,
J=2.0 Hz), 6.67 (m, 2H, C7″–H, C8″–H), 7.25 (m, 1H, C6–H),
7.60 (dd, 2H, C5–H, C7–H), 7.91 (m, 1H, C8–H), 8.81 (s, 2H,
OH), 13.66 (s, 1H, NH)

13C NMR (DMSO, 50 MHz) δ in ppm: 18.35 (C2′), 34.11
(C2″), 45.71 (C1″), 96.18 (C3), 115.87 (C7″), 116.41 (C8),
119.74 (C8″), 120.41 (C10), 123.78 (C6), 125.86 (C5),
128.12 (C3″), 134.12 (C7), 144.17 (C6″), 145.46 (C5″),
153.20 (C9), 162.13 (C2), 1776.28 (C1′), 179.60 (C4).

IR (KBr, cm-1): 3305 (NH and OH), 2921, 2857 (CH),
1668 (C=O), 1605, 1569, 1531, (C=C), 1118 (C–O).

2.8. X-ray Data Collection and Structure Refinement. A
summary of X-ray diffraction experiment and structure
refinement for 3·MeOH is given in Table 1. The data collec-
tion was performed on an Oxford Diffraction Xcalibur Gem-
ini ultra-diffractometer equipped with an AtlasS2 CCD
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Scheme 1: Synthesis of 3-(1-((3,4-dihydroxyphenethyl)amino)ethylidene)-chroman-2,4-dione.
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detector using CuKα radiation. CrysAlis PRO 1.171.39.35c
[64] was used for data collection, cell refinement, data reduc-
tion, and absorption correction. The structure was solved by
SHELXT [65] and subsequent Fourier syntheses using
SHELXL [66], implemented in WinGX program suit [67].
Anisotropic displacement parameters were refined for all
nonhydrogen atoms. The hydrogen atoms bonded to nitro-
gen, oxygen atoms were found in the Fourier maps and
refined freely, and aromatic and aliphatic carbon-bonded
hydrogen atoms were placed in the calculated positions
and refined riding on their parent C atoms with correspond-
ing C–H distances and Uiso(H) =1.2 or 1.5 Ueq(C), respec-
tively. The analysis of bond distances and angles was
performed using SHELXL and PLATON [68]. DIAMOND
[69] was used for molecular graphics.

3. Results and Discussion

3.1. Chemistry. The synthesis of coumarin derivative is pre-
sented in Scheme 1. The structure of synthesized compound
3 was determined by means of elemental, spectral (IR, 1H
NMR, and 13C NMR), and X-ray structural analysis (in the
form of 3·MeOH).

The formation of compound 3 was confirmed by IR
spectra, with the presence of bands positioned at
3305 cm-1 assigned to NH and OH group vibrations. Also,

stretching vibrations corresponding to the C=O and C–O
groups from 2,4-dioxochroman moiety were identified at
1668 and 1118 cm-1, respectively.

In 1H NMR spectrum, the singlet positioned at 2.55 ppm
was assigned to protons on C2′ atom. The resulting signals
of aromatic protons of the 2,4-dioxochroman part were in
the range from 7.25 to 7.91 ppm. Aromatic protons belong-
ing to the phenyl group of dopamine part were detected in
the range from 6.5 to 6.67 ppm. The protons of the methy-
lene C2″–H and C1″–H groups were identified as triplets
at 2.80 and 3.6 ppm. Signals of protons of the phenyl OH
and enamine NH group were identified as broadened sin-
glets at 8.81 and 13.66 ppm.

The 13C NMR spectra of compound 3 indicated the pres-
ence of aromatic carbon atoms of the dopamine part in the
range from 115.87 to 145.46 ppm. The signals of carbon
atoms of coumarine moiety were identified in the range
from 96.18 to 179.60 ppm. The carbons of lactone (C–2)
and ketone (C–4) showed resonances at 162.13 and
179.60 ppm. Signals at 18.35, 34.11, and 45.71 ppm were
assigned to C2′, C1″, and C2″ carbons, respectively.

3.2. Crystallographic Structure. X-ray structure analysis
revealed that 3 crystallizes in the triclinic P-1 space group.
Its molecular structure is formed by the molecule of 3,

Table 1: Crystal data and structure refinement of 3·MeOH.

Compound 3·MeOH

Empirical formula C20H21NO6

Formula weight 371.38

Temperature 120(2) K

Wavelength 1.54184Å

Crystal system Triclinic

Space group P-1

Unit cell dimensions

a = 7.9449(3) Å α = 82.538(3)°

b = 8.8742(3) Å β = 82.296(3)°

c = 13.1920(5) Å γ = 70.039(3)°

Volume 862.79(6) Å3

Z; density (calculated) 2; 1.430 g·cm-3

Absorption coefficient 0.883mm-1

F(000) 392

Crystal shape, color Prism, white

Crystal size 0.311× 0.201× 0.072mm3

θ range for data collection 3.395–67.361°

Index ranges -9≤ h ≤ 6, -10≤ k ≤ 10, -15≤ l ≤ 15
Reflections collected/independent 8977/3086 [R(int) = 0.0226]

Absorption correction Analytical

Max. and min. transmission 0.938 and 0.841

Data/restraints/parameters 3086/0/262

Goodness-of-fit on F2 1.034

Final R indices [I> 2σ(I)] R1 = 0.0342, wR2 = 0.0876

R indices (all data) R1 = 0.0398, wR2 = 0.0924

Largest diff. peak and hole 0.226; -0.255 e.Å-3
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consisting of bicyclic coumarine and 3,4-dihydroxyphe-
nethyl fragments joined by aminoethylidine chain, and by
a solvated molecule of methanol tied with the mentioned
molecule by a hydrogen bond (Figure 1). Within the mole-
cule, the dihedral angle between the planes of coumarin frag-
ment and the 3,4-dihydroxyphenyl ring is 61.46(3)°.

A typical structural feature of that type of compounds is
an intramolecular N−H···O hydrogen bond which forms a
six-membered ring with S(6) graph-set motif [70] and thus
the molecule occurs in a ketoamine tautomeric form. Consid-
ering the O3=C4−C3=C1′−N1−H1N1-conjugated bond ring
system created, owing to the intramolecular hydrogen bond
formation, the equalization of the C3−C4 and C3=C1′ (both
1.442(2) Å) bond lengths (Table S1) is observed although the
bonds are formally single and double, respectively. This can
be explained by the π-electron delocalization within the
system, and thus, we may conclude that the above
hydrogen bond can be classified as a resonance-assisted
hydrogen bond [71]. Interestingly, in the related 3-(1-
((m-toluidine)amino)ethylidene)-chroman-2,4-dione and in
3-(1-(2-hydroxyethylamino)ethylidene)-chroman-2,4-dione
[72] compounds, C3−C4 bond (1.434(2) and 1.430(3) Å,
respectively) is even slightly shorter than C3=C1′ bond
(1.436(2) and 1.437(3) Å, respectively). The elongation of
C4=O3 (1.248(2) Å) bond, which is markedly longer than
C2=O2 (1.223(2) Å) bond not involved in a strong hydrogen
bond, and shortening of C1′−N1 (1.309(2) Å) bond in 3 can
also be observed. Very similar bond lengths were observed in
related compounds, like 3-(1-((o-toluidine)amino)ethylidene)-

chroman-2,4-dione [72], 3-(1-(phenylamino)ethylidene)-chroman-
2,4-dione [24], 3-(1-(3-hydroxypropylamino)propylidene)
chroman-2,4-dione [73], 2-(1-(2,4-dioxochroman-3-ylidene)
ethylamino)-3-methylbutanoate [74], 3-[(1-benzylamino)
ethylidene]-2H-chromene-2,4(3H)-dione [75], or 3-[1-((2-
hydroxyphenyl)amino)ethylidene]-2H-chromene-2,4(3H)-
dione compound [76]. All other bond lengths and angles
(Table S1) in the molecule of 3 are within normal ranges [77].

Except for above discussed N1−H1N1···O3 intramolec-
ular hydrogen bond, due to which the exocyclic C3=C1′
double bond has an E geometry, the molecules of 3 are
stabilized in the solid state by intermolecular O−H···O
and C−H···O hydrogen bonds. Further stabilization of the
solid state structure occurs when molecule of methanol
occupies empty space between molecules of 3 and is tied
with the molecules by a pair of O−H···O hydrogen bonds
(Table 2). Due to these bonds, the molecules of 3 and
methanol are tied to form chains parallel with the [011]
direction (Figure S2). These chains are further connected
by π-π interactions between pyran-2,4-dione (py) and
phenyl (ph) rings of coumarin moieties in adjacent
chains into a 2D structure parallel with (011) (Figure 2).
These π-π interactions are characterized by Cgpy···Cgpyiii
and Cgpy···Cgphiii centroid-centroid distances of 3.6479(1)
and 3.7569(1) Å, respectively (iii = 1 – x, 1 – y, 1 – z).

3.3. Antitumor Activity. The effect of both 4-OH coumarin
and its derivate 3 on selected cell lines was monitored and
compared to the effect of DMSO that was used as a control
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Figure 1: Molecular structure with an atom numbering scheme of 3·MeOH. Displacement ellipsoids are drawn at 50% probability; hydrogen
bonds are shown as red dashed lines.

Table 2: Hydrogen bonds for 3·MeOH [Å and °].

D−H···A d(D−H) d(H···A) d(D···A) <(DHA)

N1−H1N1···O3 0.91 (2) 1.76 (2) 2.550 (1) 143.7 (16)

O5−H1O5···O6 0.87 (2) 1.80 (2) 2.661 (1) 169.2 (18)

O4−H1O4···O2i 0.84 (2) 1.88 (2) 2.700 (1) 167.5 (18)

O6−H1O6···O4ii 0.88 (2) 1.92 (2) 2.786 (1) 167.0 (19)

C4″−H4″···O1i 0.95 2.57 3.417 (2) 148.6

Symmetry transformations used to generate equivalent atoms: −x + 2, −y + 1, −z + 1; (ii): −x + 2, −y + 2, −z + 2.

5Oxidative Medicine and Cellular Longevity



(vehicle). As presented in Figure 3, 4-OH-coumarin exhib-
ited a mild effect on cell’s viability in all tested cell types with
the maximal effect on breast carcinoma cell line MCF7,
inducing 20% reduction in viability of these cells 48 h after

treatment at 500μM concentration (p = 0,023). On the other
hand, its derivate 3 had, in comparison with the control
sample, a significantly stronger effect on both healthy and
carcinoma cell lines with the most prominent effect on the

c
0

b

a

Figure 2: Molecular packing of 3·MeOH showing π-π interactions (black dashed lines) between neighboring chains formed by hydrogen
bonds (red dashed lines). Hydrogen atoms not involved in hydrogen bonds are omitted for clarity.
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Figure 3: Cell viability assay (MTS assay) on HaCaT, SiHa, MCF7, and HepG2 cells performed 48 h after treatment with either
4-OH-coumarin or compound 3. Relative cell viability of cells treated with selected compounds was calculated as a percentage of
DMSO-treated cell viability that was set as 100%. Data are presented as the means ± S E M (standard error mean) of at least three
independent experiments performed in triplicate for each concentration. Mean values of relative cell viability were compared with
Student’s t-test, and p values are presented as ∗p ≤ 0 05, ∗∗p ≤ 0 01, and ∗∗∗p ≤ 0 001. Each color corresponds to a bar presented on the
histogram.)
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MCF7 cell line. In particular, 100μM concentration of deriv-
ative 3 led to the reduction of cell’s viability to approxi-
mately 75% in HaCat cells (p = 0,023), 72% in SiHa cells
(p = 0,008), 49% in MCF7 cells (p = 0,008), and 62% in
HepG2 cells (p = 0,005). The reduction effect increased with
the concentration of the derivative 3 and had the greatest
effect on the MCF7 cells, with a reduction percentage of
43% at the concentration of 300μM (p = 0 001). The statisti-
cal significance is also observed when the effect of 3 is com-
pared with the effect of 4-OH–coumarin (Figure 3, p values
are indicated as asterisks). Taken together, the higher cyto-
toxic effect of derivate 3 is observed, both for healthy and
for carcinoma cells, compared to 4-OH-coumarin, where
the effect on the carcinoma cells was somewhat stronger.

It is clearly demonstrated that coumarin derivate 3
exhibits a cytotoxic activity against all analyzed cell types
in vitro. The observed effect is somewhat stronger against
carcinoma cell lines compared to healthy keratinocytes, with
the most prominent effect on breast carcinoma cell line
MCF7. Antitumor activity of natural and synthetic coumarin
derivatives has been previously reported by various authors
including high cytotoxicity against ovarian cancer cells, lung
carcinoma cells, pancreatic carcinoma, hepatocarcinoma,
and breast and colon carcinoma [78–82]. Depending on their
structures, coumarins can act on various tumor cells by dif-
ferent mechanisms such as inhibition of the telomerase and
protein kinase activities, downregulation of oncogene expres-
sion or induction of the caspase-9-mediated apoptosis, and
suppression of cancer cell proliferation [82]. A further work

is needed to elucidate the mechanism of action for this newly
synthesized derivate 3.

3.4. Molecular Docking. The molecular docking studies were
performed for the evaluation of the inhibitory nature of
examined compounds against CDKS protein. These simula-
tions gave the predicted protein-ligand binding energies
and identified the potential ligand binding sites. The struc-
ture of the newly synthesized compound was optimized at
the B3LYP-D3BJ/6-311++G(d,p) level of theory, based on
the crystallographic positions of atoms (Tables S3 and S4).
Ten different conformations were analyzed for both
investigated compounds. Tables S5 and S6 give values of
the estimated free energy of binding and inhibition
constant values (K i), the distance between respective active
sites of ligand and amino acids, and pairwise interaction
energies (Ei), as well as types of interactions for the
investigated models with the lowest docked conformation
energies. The most stable conformations are presented in
Figures 4 and 5.

The parent compound contains several polar groups,
namely, a hydroxy group in position 4, a carbonyl group,
and an oxygen atom in the pyrone ring. Since the rest of
the structure makes the benzene ring, therefore, the most of
interactions, presented in Table S5, include π-alkyl and π-σ
hydrophobic interactions with leucine, valine, alanine,
arginine, and phenylalanine in various positions [83–85].
These interactions are characterized by low pairwise
interaction energy and large atomic distances (≥2.5Å). Due

Model 4 Model 7

Model 2 Model 3

Model 9

VAL18

LEU83

LEU134

ALA31

THR97
LEU101

ALA144

GLU195
ALA201

ARG200 LYS88

MET91

ASP92

HIS268

TYR269

ARG245

VAL226

PHE248

ARG260

GLU257

Figure 4: Docking positions of 4-OH-coumarin.
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to a large number of weak noncovalent interactions, all of the
models obtained for 4-OH-coumarin have very low binding
energy and high value of inhibition constant, which is in
accordance with the obtained experimental result.

It is also evident that two types of hydrogen bonds are
formed in given models. The first type is the conventional
hydrogen bond. Only two bonds of this type, with significant
values of pairwise interaction energy, have atomic distances
lower than 2Å. These bonds are formed upon the interaction
between CDKs and LEU83 and GLU257. It should be
pointed out that in models 3 and 4 there are two more bonds
which deserve attention, THR97 and GLU195, respectively.
It should be pointed out that the hydroxy group of
4-OH-coumarine behaves as the hydrogen atom donor in
the interaction with THR97 (model 2), GLU195 (model 3),
and GLU257 (model 9). There are more interactions in
which the parent molecule behaves as the hydrogen atom
acceptor. Other conventional hydrogen bonds are weak,
due to high atomic distances and low pairwise interaction
energy. These interactions are established with positively
charged amino acids, lysine, histidine, and arginine. The sec-
ond type of hydrogen bonds is the carbon-hydrogen bond.
Predicted values of the interaction energy for this bond type
are very low, and the atomic distances much larger (≥3Å).
These bonds are formed between donating groups of
HIS268 and ARG260 and hydrogen-acceptor groups of
the CDKs.

Table S6 presents molecular docking results for
compound 3. When the structures of two investigated
compounds are compared, it is notable that only compound
3 possesses a catechol moiety and longer aliphatic chain

with a nitrogen atom. This increases the number of possible
interactions with amino acids. If results from Tables S5 and
S6 are compared, it is obvious that the relative abundance of
hydrogen bonds increases with respect to other noncovalent
interactions. There are also still hydrophobic π-σ (ILE10
in model 4 and PRO292 in model 8) and hydrophobic
π→alkyl (in models 2, 3, 8, and 9) interactions. All these
interactions have very low pairwise interaction energies.
When these interactions are formed, atomic distances fall
into the very wide range of values (3.5-4.40Å). In spite the
fact that these interactions are very weak, they additionally
stabilize the structures.

When hydrogen bonds are concerned, there are also
two types of bonds, the conventional and carbon-hydrogen
bonds. Compound 3 behaves as the hydrogen atom donor
with ASP in positions 145 and 86 (model 4), THR97 (model
6), VAL293 (model 8), ALA282, and HIS293 (model 2). It is
important to point out that the number of possible hydrogen
atom accepting amino acids increases, due to the fact that
compound 3 has additional polar groups. The strength of
formed conventional hydrogen bonds and interatomic dis-
tances are in the same range as in 4-OH-coumarine. There-
fore, it can be concluded that the reactivity of coumarin
part is conserved and that the additional groups con-
tribute to the increasing number of interactions.

It should be emphasized that both values, the binding
energy and inhibition constant, of the compound 3 are lower
in comparison with the parent molecule. Moreover, it should
be pointed out that the value of inhibition constant for com-
pound 3 is more than six times lower than the one of
4-OH-coumarine. This indicates that compound 3 interacts

ASP86

LYS129

ASP145

ILE10

LYS33

Model 4 Model 9 Model 3

Model 2Model 8Model 6

HIS119

LYS278

HIS295
VAL293

PRO292

THR97
HIS295

PRO294

VAL293 PRO292

HIS295

LEU281

HIS283
ALA282

Figure 5: Docking positions of coumarin derivate.
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better with CDKS protein. Obviously, the additional hydroxy
groups and an aromatic ring, with an aliphatic chain contain-
ing a nitrogen atom, allow new interactions which inhibit the
reactivity of the protein. This could be one of the reasons for
the increased reactivity of compound 3 towards tumor cells.

4. Conclusion

The coumarin and dopamine derivative, 3-(1-((3,4-dihydrox-
yphenethyl)amino)-ethylidene)-chroman-2,4-dione, was syn-
thesized under mild conditions. The new compound was
analyzed by NMR, IR, microanalysis, and X-ray crystallog-
raphy. The X-ray analysis showed that the similar structural
motifs are present, as with other previously obtained
derivatives with aminophenols. Several types of hydrogen
bonds, both intramolecular and intermolecular, stabilize
the structure within the crystal. The molecule is not planar,
but there is the dihedral angle between the planes of cou-
marin fragment and 3,4-dihydroxyphenyl ring of 61.46(3)°.
There are also π→π and stacking interactions within the
crystal structure.

The antitumor activity was investigated against healthy
and tumor cell lines both for 4-OH-coumarin and its deriv-
ative. Compared to 4-OH coumarin, new derivative showed
a significantly stronger effect on both healthy and carcinoma
cell lines. When treated with 100μM solution of compound
3, the reduction of cell’s viability was approximately 75% in
HaCat cells, 72% in SiHa cells, 49% in MCF7 cells, and 62%
in HepG2. The most prominent effect was observed on the
breast carcinoma MCF7 cell line.

The molecular docking study was performed in order to
better understand the difference in binding between the two
investigated molecules and CDK protein. Different interac-
tions are possible due to the presence of polar groups in
the coumarin structure. The hydrogen bonds are the stron-
gest interactions observed, in which 4-OH-coumarin can
act as the hydrogen atom acceptor and hydrogen atom
donor. The most numerous are π→alkyl interactions
with various amino acids. The strength of interactions,
given as the pairwise interaction energy, is preserved in
coumarin derivative. New interactions are established as
a result of the presence of additional polar groups: cate-
chol moiety and alkyl chain. The obtained result implies
that a number of interactions determine the activity
towards investigated protein.

In the end, it can be concluded that the presented results
are promising. Future experiments, which would include
new cell lines and new coumarin-neurotransmitter deriva-
tives, in addition to all the above levels of testing, will be also
supplemented with classical MD calculations in order to bet-
ter explain the mechanisms of action.
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Hepatitis C virus (HCV) is a blood-borne pathogen causing acute and chronic hepatitis. A significant number of people chronically
infected with HCV develop cirrhosis and/or liver cancer. The pathophysiologic mechanisms of hepatocyte damage associated with
chronic HCV infection are not fully understood yet, mainly due to the lack of an in vitro system able to recapitulate the stages of
infection in vivo. Several studies underline that HCV virus replication depends on redox-sensitive cellular pathways; in addition, it
is known that virus itself induces alterations of the cellular redox state. However, the exact interplay between HCV replication and
oxidative stress has not been elucidated. In particular, the role of reduced glutathione (GSH) in HCV replication and infection is
still not clear. We set up an in vitro system, based on low m.o.i. of Huh7.5 cell line with a HCV infectious clone (J6/JFH1), that
reproduced the acute and persistent phases of HCV infection up to 76 days of culture. We demonstrated that the acute phase of
HCV infection is characterized by the elevated levels of reactive oxygen species (ROS) associated in part with an increase of
NADPH-oxidase transcripts and activity and a depletion of GSH accompanied by high rates of viral replication and apoptotic
cell death. Conversely, the chronic phase is characterized by a reestablishment of reduced environment due to a decreased ROS
production and increased GSH content in infected cells that might concur to the establishment of viral persistence. Treatment
with the prooxidant auranofin of the persistently infected cultures induced the increase of viral RNA titer, suggesting that a
prooxidant state could favor the reactivation of HCV viral replication that in turn caused cell damage and death. Our results
suggest that targeting the redox-sensitive host-cells pathways essential for viral replication and/or persistence may represent a
promising option for contrasting HCV infection.

1. Introduction

Hepatitis C virus (HCV), an RNA virus belonging to the Fla-
viviridae family, represents a major worldwide concern caus-
ing about 400,000 deaths worldwide every year [1]. HCV
replication cycle takes place into the cytoplasmic compart-
ment of hepatocyte, and it causes acute or chronic hepatitis.
The persistent HCV infection is clinically characterized by
lifelong low-level virus production, and it is accompanied
by the development of chronic liver infection (in about 80%

of infected patients) that can evolve to steatosis, fibrosis, cir-
rhosis, and in a small percentage (about 20%) of chronically
infected patients it can develop to the end-stage hepatocellu-
lar carcinoma [2].

Although the exact molecular mechanisms underlying
the HCV-related liver injury are not fully understood, redox
alterations of hepatocytes have been extensively described in
several chronic liver diseases [3, 4]. Oxidative stress, an
imbalance between the reactive oxygen species (ROS) pro-
duction and their clearance by scavenging molecules, has
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been recognized as a leading factor in inducing hepatocyte
death, inflammation, and fibrogenesis, which are responsi-
ble for induction and perpetuation of liver damage [5]. Sev-
eral authors report a rise of ROS levels during HCV
infection [6–13], and various viral proteins are known to
induce and/or augment the ROS production, including
HCV core, E1, E2, nonstructural (NS) 3, NS4B, and NS5A
[11, 14–17]. Moreover, the simultaneous induction of several
ROS-producing pathways and enzymes, such as the endoplas-
mic reticulum (ER) oxidoreductases [15, 18] and NADPH
(nicotinamide adenine dinucleotide phosphate) oxidases
(NOXs) [15, 16, 19], also contributes to HCV-induced oxida-
tive stress. On the contrary, other studies report an increase
in the antioxidant defenses, such as superoxide dismutase
(SOD), peroxiredoxin (PRDX), glutathione S-transferase
(GST) enzyme activity, and GSH levels [14, 20–23]. Glutathi-
one is an important radical scavenger that directly and indi-
rectly neutralizes a variety of reactive molecules, such as
superoxide anions (O2

⋅−), hydroxyl radicals, and hydrogen
peroxide (H2O2) [24]. The ratio between reduced (GSH)
and oxidized (GSSG) form of GSH is considered an impor-
tant indicator of the antioxidant capacity of the cell.
Conflicting results are shown about the effect of HCV on
intracellular GSH metabolism [17, 19, 23, 25–27]. Indeed,
Roe and collaborators [27] report a significant raise of GSSG
in HCV-infected cells, while increased GSH concentration
has been demonstrated by de Mochel et al. [19] using the
same in vitro infection system. Interestingly, Abdalla et al.
[20] describe the different effects of two viral proteins on cell
antioxidant defenses. In fact, hepatocytes overexpressing
HCV core protein have reduced GSH levels and increased
the oxidation of thioredoxin (Trx), while the overexpression
of viral NS5A protein (known for its ability to cause oxida-
tive stress) [16] increases antioxidant enzymes (MnSOD
and catalase), heme oxygenase-1 (HO-1), and GSH content.
Finally, patients with chronic hepatitis C show a depletion of
GSH content, which increases after antioxidant treatment
[28]. However, different genotypes of HCV exhibit different
abilities to induce oxidative stress [29]. In fact, in patients
chronically infected with genotype 1a/b, a sharp decrease
of reduced GSH level has been observed with respect to the
other genotypes, suggesting the more serious disease associ-
ated with this genotype [29].

Interestingly, the de novo synthesis of GSH is controlled
by the transcription factor Nrf2 (NF-E2-related factor 2),
which regulates the expression of cytoprotective genes. Some
studies demonstrate that acute HCV infection is associated
with an early induction of proteins functioning in cellular
stress responses, including the Nrf2-mediated oxidative
stress response [23, 25]. On the other hand, HCV core
impairs the Nrf2/ARE signaling pathway by inducing the
translocation of sMaf proteins in the cytoplasm, where they
bind to NS3 as part of the replication complex. As a result,
Nrf2 is trapped in the cytoplasm and is unable to function
as transcription factor [26, 30].

On the basis of the conflicting results reported in the
literature about the relationship between redox balance and
HCV infection, the goal of this study was to clarify whether
the virus is able to condition the redox environment of

infected cells in order to induce acute infection or to establish
its persistence into the cells. For this reason, we set up an
in vitro system that mimics as closely as possible the acute
and chronic HCV infection.

Here, we demonstrate that during the acute phase of
infection HCV replicates with a high rate, thus inducing
intense apoptosis in infected cells; in this phase, a marked
oxidative stress was registered mainly due to NOX4 activity
and to a decrease of GSH and consequently of GSH/GSSG
ratio. Conversely, during the chronic phase of infection,
low level of bothHCVreplication and apoptosiswasobserved,
ROSproduction returned tobasal level,GSHcontentwas rees-
tablished, and the GSH/GSSG ratio shifted versus the reduced
form of GSH. Moreover, the treatment of HCV-chronically
infected cells with a prooxidant drug, auranofin, was able to
reactivate viral replication.

2. Materials and Methods

2.1. Cell Lines. Huh-7.5 human hepatoma cells were gener-
ously provided by Dr. Charles M. Rice [31]. Cells were
grown in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma) supplemented with 100U/ml of penicil-
lin, 100μg/ml of streptomycin, nonessential amino acids,
and 10% fetal bovine serum (FBS) (Invitrogen) at 37°C in
5% CO2.

2.2. Virus. The virus stock used in this study was prepared
as described below. The FL-J6/JFH1-5’C19RLuc 2Ubi plas-
mid, encoding the entire viral genome of a chimeric strain
of HCV genotype 2a, J6/JFH1 [32], was kindly provided
by C. M. Rice. The plasmid was linearized by XbaI digestion
and treated with mung bean nuclease to remove 5′ end
overhangs. The linearized DNA templates were first purified
by phenol:chloroform extraction and ethanol precipitation
and then transcribed with T7 RNA polymerase using a
MEGAscript™ T7 kit (Ambion, Austin, TX) according to
the manufacturer’s protocol. For electroporation, Huh-7.5
cells were grown to 60–80% confluence, trypsinized, washed
twice in cold PBS, and resuspended in cold PBS at a concen-
tration of 2 × 107 cells/ml. 0.4ml aliquots were mixed with
10μg of in vitro transcribed RNA and dispensed into
0.4 cm Gene Pulser cuvettes (Bio-Rad). Samples were pulsed
using a Gene Pulser apparatus (Bio-Rad, Hercules, CA) with
a single pulse at 0.27 kV and 960mF. Cells were resus-
pended in 20ml of complete growth medium, plated and
incubated at 37°C, 5% CO2, and 100% relative humidity.
Cells were splitted every 3 days, and virus infectivity was
measured by immunofluorescence assay as described below
and expressed as TCDI50/ml. The culture supernatant from
the 4th passage was used to infect naïve Huh-7.5 cells at a
multiplicity of infection (m.o.i.) of 0.2 in serum-free
high-glucose DMEM. After 2 hours at 37°C, the medium
was removed and replaced with complete medium. After 7
days and 2 passages, the supernatants were collected, centri-
fuged at 1200 rpm for 10min at 4°C, cleared of debris
through filtration on 0.45μm pore size filters, and stored
at -80°C as virus stocks.
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2.3. Cell Infection and Viral Titer Assays. Huh7.5 cells were
plated, grown for 24 h, and then challenged with virus stock
in serum-free medium at 0.01 m.o.i. Culture supernatants
of uninfected cells served as a control (mock preparation).
Cells were incubated in the presence of the virus for 6 h
at 37°C. After the viral challenge, mock-infected and
virus-infected cells were washed with PBS and then cultured
with fresh medium containing 10% FBS.

The titer of infectious HCV was determined by the 50%
tissue culture infective dose (TCID50) assay. Cell superna-
tants were serially diluted 10-fold in complete DMEM and
used to infect 1× 104/well naïve Huh-7.5 cells in 96-well
plates (8 wells per dilution). The level of HCV infection
was determined three days postinfection by immunofluores-
cence staining for HCV core protein. The wells showing
positive staining for HCV core protein were counted, and
the TCID50 titer was interpolated using the Reed-Muench
method [33].

2.4. Cell Treatments. Auranofin was obtained from
Sigma-Aldrich (Heidelberg, Germany). The compound was
dissolved in dimethylsulfoxide (DMSO) and applied to the
cells at a final concentration of 200nM that is the concentra-
tion at which no toxic effects were observed. The highest
DMSO concentration present in the culture medium was
0.05%. Control cells were treated with an equivalent concen-
tration of vehicle.

2.5. Cytotoxicity Assay. Cytotoxicity of auranofin was deter-
mined by cell count, and cell viability was assessed by trypan
blue dye exclusion test.

2.6. Immunofluorescence Assay. Cells were fixed in methano-
l : acetone (50 : 50, V/V) for 20min at -20°C. After blocking
with PBS containing 1% bovine serum albumin (BSA) for
at least 30min, cells were incubated with mouse monoclonal
antihepatitis C virus core 1b antibody (Abcam, AB 58713);
bound antibodies were revealed with mouse anti-human
IgG conjugated with Alexa Fluor 488 (Life Technologies,
Z25102). After washing, the nuclei were stained with 1μg/ml
4,6-diamidino-2-phenylindole (DAPI; Molecular Probes) in
PBS for 15min at room temperature. Fluorescent images
were acquired on an Olympus IX70 microscope equipped
with Nanomover and softWoRx DeltaVision image acquisi-
tion software (Applied Precision, WA, USA) and a
U-PLAN-APO 40× objective. Images were captured under
constant exposure time, gain, and offset.

2.7. Western Blotting. Cells were detached, washed with cold
PBS, and centrifuged at 700 g for 10min. The pellet was lysed
in cold RIPA lysis buffer (20mM TRIS pH8, 150mM NaCl,
1% Triton-X 100, 0.1% SDS, 1% sodium deoxycholate) con-
taining protease and phosphatase inhibitors for 30min on
ice. Lysates were centrifuged at 10 000 g for 30min at 4°C to
remove debris.

Protein concentration of cell extracts was determined by
the Bradford method (Bio-Rad, 5000006). Lysates were
resolved by SDS-PAGE and blotted onto nitrocellulose mem-
branes. The membranes were blocked with 10% nonfat dry
milk in Tris-buffered saline containing 0.01% Tween-100

for 1 h at room temperature (RT) and then incubated with
specific primary antibodies used at final concentration of
1μg/ml. The antibodies used are as follows: rabbit poly-
clonal anti-NOX4 (Santa Cruz Biotechnology, sc-30141),
rabbit polyclonal anti-NOX1 (Abcam, ab55831), rabbit
monoclonal anti-Nrf2 (D1Z9C) (Cell Signaling Technology,
Euroclone, Pero (MI) Italy, 12721S), mouse monoclonal
antitubulin (Sigma-Aldrich, T5168), and mouse monoclonal
anti-Lamin A/C (Sigma-Aldrich, L1293). Immunocomplexes
were detected through peroxidase-coupled secondary anti-
bodies (Jackson), followed by enhanced chemiluminescence
(GE Healthcare Life Sciences). Densitometry was done using
Quantity One 1-D Analysis software (Bio-Rad).

2.8. Glutathione Assay. The measurement of total intracellu-
lar glutathione (tGSH) (including the reduced and oxidized
forms, GSH and GSSG, respectively) and GSSG was per-
formed by means of Cayman’s GSH assay kit (Cayman
Chemical Co., 703002) according to the manufacturer’s
instructions. Briefly, the confluent control and infected
Huh7.5 cells were washed twice with PBS, harvested using a
rubber policeman, and were homogenized by a freeze-thaw
method in 1ml of 50mM MES buffer pH6 containing
1mM EDTA. After centrifugation, a small amount of the
supernatant was used for the protein assay (Bio-Rad protein
assay). The residual supernatant was deproteinated by add-
ing an equal amount of 5%w/v of metaphosphoric acid. After
centrifugation (at 3000 ×g for 5min), the supernatant was
neutralized with 50μL of triethanolamine per ml of sample.
The tGSH level was then determined by the endpoint method
reading absorbance at 405nm after 25min, according to the
procedures recommended by the manufacturer. In another
experiment, GSH was masked by 2-vinylpyridine for 1 h
before the assay to determine the GSSG levels in the samples.
The tGSH and GSSG were determined by comparison with
standards, normalized to protein content, and expressed as
nmol/mg protein. The GSH content was obtained by sub-
tracting the GSSG from the tGSH.

2.9. Cell Death Determination. The quantitative evaluation
of apoptosis was performed by a double-staining flow
cytometry method using fluorescein isothiocyanate- (FITC-)
conjugated annexin V(AV)/propidium iodide (PI) apoptosis
detection kit (Marine Biological Laboratory, MBL, Woods
Hole, MA, USA), according to the manufacturer’s protocol,
which allows discrimination among early apoptotic, late
apoptotic, and necrotic cells.

2.10. ROS Assay. ROS production was determined by means
of the CellROX deep red reagent (Thermo Fisher, C10491),
which is a fluorogenic probe, as described in the manufac-
turer’s instructions. CellROX (5μM) was added to cell cul-
tures and incubated at 37°C for 30 minutes. Then cells
were fixed with paraformaldehyde (4%), and samples were
immediately analyzed with an LRS II cytometer (Becton
Dickinson, San Jose, CA, USA) equipped with a 488 argon
laser and a UVB laser. The data obtained were analyzed by
DIVA software (B&D). The median values of fluorescence
intensity histograms were used to provide a semiquantitative
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assessment of ROS production. Samples were acquired with
a FACScalibur cytometer (BD Biosciences) equipped with a
488 argon laser and with a 635 red diode laser. At least
20,000 events were acquired. Data were recorded and statis-
tically analyzed by a Macintosh computer using CellQuest
software (BD Biosciences). The median values of fluores-
cence intensity histograms were used to provide a semiquan-
titative assessment of ROS production.

2.11. Real-Time RT-PCR Analysis. Total RNA was isolated
from control and HCV-infected cells, harvested at the indi-
cated times p.i., with the RNeasy kit (Qiagen, 74104) accord-
ing to the manufacturer’s instructions. Isolated RNA (1μg)
was reverse transcribed to cDNA using iScript™ cDNA Syn-
thesis Kit (Bio-Rad, 1708890). A comparative real-time PCR
analysis of gene expression was performed with the iQ™
SYBR Green Supermix (Bio-Rad, 170-8880) and analyzed
on LightCycler iQ™ 5 (Bio-Rad). The following forward
and reverse primers were used: NOX4 (5′-CAGGAGAAC
CAGGAGATTGTTG-3′ forward; 5′-GAAGTTGAGGGCA
TTCACCAGATG-3′ reverse), GR (5′-TTCAGTTGGCATG
TCATC-3′ forward; 5′-CCGTGGATAATTTCTATGTGA-
3′ reverse), GS (5′-GTGCTACTGATTGCTCAA-3′ forward;
5′-ACATGGATCTTCCTGTCT-3′ reverse), GCL (5′-AAGT
CCCTCTTCTTTCCA-3′ forward; 5′-CCTTGAATATTGG
CACATTG reverse), and GAPDH (5′-TGCGACTTCAA
CAGCAACTC-3′ forward; 5′-ATGTAGGCCATGAGGT
CCAC-3′ reverse).

The housekeeping glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used for normalization. Relative quan-
titative evaluation was performed by the comparative ΔΔCt
method. The results are presented as fold increase relative
to control cells. Dissociation curves were generated to ensure
a single amplicon had been produced.

The production of intracellular viral RNA was assessed
by quantitative one-step RT-PCR carried out using an ABI
7000 Real-Time PCR System (Applied Biosystems). 5μl of
total RNA was mixed with 2x TaqMan One-Step RT-PCR
Master Mix (ABI) and 1μM forward (TCCCGGGAGAG
CCATAGT), 1μM reverse primers (CCCAGTCTTCCCGG
CAATT), and 200 nM probe (FAM- CACCGGTTCCG
CAGACC -TAMRA). In vitro transcribed genotype 2a
RNA was used as a standard to quantify the copy numbers
of viral RNA.

2.12. Data Analysis and Statistics. A statistical significance
was evaluated using GraphPad Prism™ (San Diego, CA,
USA) software version 6.0. All data reported were verified
in at least 3 independent experiments and are reported as
means ± standard deviation (SD). Test details of each exper-
iment are described in the figure legends. P values < 0.05
were considered significant.

3. Results

3.1. Generation of an In Vitro Model of Acute and Chronic
HCV Infection. In the attempt to set up an HCV infec-
tious cell culture system that mimics acute and chronic

HCV infection, human hepatocellular carcinoma cell line
(Huh7.5) was infected with HCV at low (0.01) m.o.i. to
allow a multiple-cycle replication, as described in Materials
and Methods, and cultured up to 76 days.

After viral adsorption, cell culture viability was moni-
tored at different time points, and viral replication was eval-
uated by both real-time RT-PCR and immunofluorescence
assay for HCV core protein.

The number of viral core positive cells was estimated
by immunofluorescence to evaluate the extension of
HCV-infected cells. During thefirst two passages (8 days post-
infection), about 80% of the cells were stained for HCV core
protein, thus indicating a high rate of HCV replication corre-
sponding to the “acute” phase of infection (Figure 1(a) left
side). On the contrary, in the late stage of infection (76 days
postinfection p.i.), here referred as the “chronic” phase, only
about 15% of the cells expressed the core protein
(Figure 1(a) right side). Similarly, the HCV RNA in
intracellular compartment reached the highest titer
(3 59 × 107 ± 1 3 × 106 copies/μg total RNA ∗∗∗P < 0 001
vs. p0) 8 days p.i., and it decreased after the recovery phase
of the cell culture and during the chronic phase
(2 09 × 106 ± 1 2 × 106/μg total RNA at 44 days p.i and 6 ×
105 ± 9 × 102 copies/μg total RNA at 76 days p.i.)
(Figure 1(b)) that is consistent with a persistently infected
cell culture. Furthermore, in correspondence with the max-
imum titer of HCV RNA, the number of HCV-infected cells
was significantly reduced compared to uninfected ones
(Figure 1(c)). In fact, trypan blue dye exclusion assay
showed a significant decrease of alive cells during the
so-called “crisis” phase that lasted about two weeks during
which the infected cultures were not splitted. Particularly,
on days 8 and 14 most of the cells became rounded,
detached from the plate, and floated in the culture medium
(data not shown). Furthermore, FACS analysis of annexin
V/PI double staining of cells showed that infected cells
underwent apoptotic death only during the crisis phase. In
fact, as shown in Figure 1(d) (right panel), the percentage
of double-stained PI+/AV+ cells increased with respect to
uninfected cells (CTR) at passage 2 (p2). The 5-fold increase
in percentage of apoptotic cells (obtained as mean from 4
independent experiments) was detected in infected cultures
at 14 days p.i., compared to the uninfected ones
(Figure 1(d), right panel). Interestingly, apoptotic death in
infected cell cultures coincided with the highest intracellular
viral RNA titer (Figure 1(b)), thus suggesting a causative link
between the rate of HCV replication and cell death. Subse-
quently to the crisis phase, cells started a recovery phase at
the end of which the number of live cells, inHCV-infected cul-
tures, was comparable to that of control cells (Figure 1(c); see
value at p4). Accordingly, FACS analysis demonstrated that
from 37 days p.i. up to 76 days p.i., the percentage of apoptotic
cells returned to control values upon recovery of the cultures
(Figure 1(d) right panel; see values at p4, p6, p13, and p18).
Moreover, from this time point up to 76 days p.i. (chronic
phase), the percentage of HCV core-positive cells decreased
to 15% (Figure 1(a) right panel) vs. 80% of the acute phase,
thus mirroring viral titer trend (see Figure 1(b)). These results
strongly suggested a steady state level of HCV replication.
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Figure 1: Generation of an in vitro model of acute and chronic HCV infection. (a) Schematic representation of the strategy to obtain
long-term infected culture (LTIC). The fluorescence microscopy pictures were obtained from one representative experiment out of three
performed. Cells were labelled with anti-hepatitis C virus core 1b protein followed by Alexa Fluor 488-conjugated secondary antibody
(green); the nuclei were stained with DAPI (blue), 40× objective; (b) virus titration by qRT-PCR at different times of infection. (c) Trypan
blue dye exclusion analysis of cell viability in uninfected (CTR) and HCV-infected Huh7.5 cells at different days postinfection. Means ±
SD from three independent experiments are shown. ∗P < 0 05; ∗∗P < 0 01. (d) Biparametric flow cytometry analysis of apoptosis at
different time points after HCV infection. In the left panel, a representative dot blot of apoptosis detection is shown relative to the samples
obtained from 14 days p.i. Numbers represent the percentage of apoptotic cells either annexin V/PI double-positive (upper right
quadrant) or annexin V single-positive (low right quadrant). In the right panel, the bar graphs show the mean ± SD of the percentage of
annexin V/PI-positive cells expressed as percentage of variation vs. control uninfected cells. The mean values were obtained from four
independent experiments. ∗∗P < 0 01 vs. CTR uninfected cells.
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Collectively, the results demonstrate that initial infection
of Huh7.5 cells with low m.o.i. leads to obtain an acute
in vitro infection featured by apoptotic death of infected cells,
here named “acute phase”. This latter is followed by the
recovery of the infected cell cultures characterized by lower
virus replication and subsequently by the establishment of a
persistent infection, here named “chronic phase”. All these
characteristics indicated that an in vitro model of persistent
infection with Jc1-HCV was set up.

3.2. HCV Infection Increases ROS Production through NOX4
and NOX1 Activity. Redox changes, in particular increased
ROS levels, had been associated with HCV infection [34,
35]. Nevertheless, the impact of intracellular HCV replica-
tion on cellular redox environment is so far contradictory.
To this aim, confluent monolayers of Huh7.5 cells were
infected with HCV, and at different time points after viral
adsorption, ROS production was measured through FACS
using the ROS-sensitive probe CellROX. As shown in
Figure 2(a), a significant increase in intracellular ROS levels
(more than 3 times higher compared to control) was detected
in infected cells 8 days p.i. (p2), when HCV RNA reached the
maximum value, and was maintained at high levels during all
the apoptotic crisis period. After cell cultures recovery from
37 up to 76 days p.i., the ROS levels in infected cells returned
to control values (Figure 2(a) right panel). These results sug-
gest that intracellular ROS-mediated oxidative stress was
induced by HCV replication, and it was simultaneously
accompanied by the apoptotic phase.

Next, we investigated whether in our model the increase
of ROS levels was associated with NOXs activity, particularly
with two isoforms, NOX1 and NOX4, involved in the severity
of HCV infection [19, 36]. To this aim, Huh7.5 cells were
infected with HCV and assayed for NOX4 mRNA by
RT-PCR during the different phases of HCV infection. The
results demonstrated that the NOX4 mRNA levels doubled
6 days p.i. (p1) in infected cells with respect to uninfected
control cells; then the NOX4 mRNA levels decreased and
returned to physiological level (Figure 2(b)). Consistently,
NOX4 protein expression was upregulated in infected cells
during the acute phase, while it was decreased during the
chronic phase (Figure 2(c)). Similar results were obtained
for NOX1 enzyme, although its decrease began earlier (p3)
than NOX4.

Collectively, these data suggest NOX enzymes as one pos-
sible player in HCV-induced ROS production.

3.3. HCV Alters the GSH Redox Homeostasis. To test whether
Huh7.5 cells activated GSH antioxidant system in response
to HCV-induced oxidative stress, the intracellular content
of both reduced (GSH) and oxidized (GSSG) forms of gluta-
thione was measured at different times after HCV infection
by using a colorimetric assay. As shown in Figure 3(a), in
the early steps of acute phase of infection GSH content
diminished of about 40% (∗P < 0 05, ∗∗P < 0 01 at 2 (p0)
and 6 (p1) days p.i, respectively) compared to uninfected
cells. In contrast, the GSH levels in infected cells were signif-
icantly higher (about 70%) during cell recovery (p3) com-
pared to the control cells and were maintained at higher

levels during the chronic phase (p4, p5, and p10). More
interestingly, by comparing the acute and chronic phases,
a significant rise trend of GSH content in infected cells
was detected in the latter phases (p3, p4, and p5 vs. p0).
Conversely, as shown in Figure 3(b), the GSSG levels
increased during the acute phase, in particular the content
was doubled 8 days p.i. (p2). Interestingly, as shown in
Figure 3(c), the GSH/GSSG ratio that under physiological
conditions is maintained >1 [37] was shifted toward the
oxidized form and was <1 (p1 and p2), just when viral rep-
lication reached the peak (Figure 1(b)), while during the
chronic phase the ratio was >1, indicating a restore of phys-
iological redox environment.

Intracellular GSH is regenerated from the oxidized
form by glutathione reductase (GR) or synthesized ex novo
by the consecutive actions of glutamate cysteine ligase
(GCL) and GSH synthase (GS) [38]. Therefore, we evalu-
ated the transcriptional expression of these 3 enzymes both
during the acute and chronic phase of infection. As shown
in Figure 4(a), the mRNA levels of GR were strongly
upregulated during the early steps of infection (p1 and
p2), when the GSSG levels were high, while GCL and GS
enzyme expression increased starting from the end of acute
phase until the recovery period and when the peak of GSH
content (p3) was detected. Interestingly, these enzymes
were still activated during the chronic phase (p4), suggest-
ing the necessity to maintain a reduced environment in
long-term cultures.

Finally, we decided to evaluate whether these enzymes
were under the control of Nrf2 pathway. Therefore, we ana-
lyzed Nrf2 protein expression during both the acute and
chronic phases. As shown in Figure 4(b), Nrf2 seemed to be
downregulated by the virus in the early phases of infection,
while it was more expressed late in infection, at p4 and p10
when the chronic phase was well-established.

All these results suggest that oxidative stress during the
acute phase is useful for promoting viral replication, while
the reducing conditions observed in the chronic phase prob-
ably favor viral persistence into the cells.

3.4. Auranofin-Induced Oxidative Stress Leads to Increased
Levels of HCV RNA Copies. Since the intracellular redox
conditions seem to play a key role in the establishment of
the chronic phase of HCV infection, we decided to evaluate
whether the oxidative stress could reactivate HCV replica-
tion in chronically infected cells. For this reason, a chemical
treatment with auranofin (Au), a well-known prooxidant
drug [39] that induces ROS production in infected cells
[40, 41], was used. In our experimental model, treatment
with Au (200 nM) for 48 hrs was able to induce an incre-
ment of intracellular ROS levels by twofold, either in unin-
fected (CTR) or in HCV-infected cells (Figure 5(a)). In
parallel, the number of intracellular HCV RNA copies in
Au-treated cultures was about 40% greater than that of
untreated infected cells (Figure 5(b)). Interestingly, in this
condition, only HCV-infected cell cultures underwent apo-
ptosis (Figure 5(c)), suggesting that oxidative stress induc-
tion could favor viral replication that in turn caused cell
damage and death.
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Figure 2: HCV infection increases ROS production through the activity of NOX4. (a) Quantitative cytofluorimetric analysis of intracellular
ROS production at different time points after HCV infection in cells stained with CellROX deep red. In the left panel, data obtained from the
samples relative to 8 and 14 days p.i. are shown as one representative experiment out of three performed. Numbers represent the median
fluorescence intensity. In the right panel, mean ± SD of the results obtained from three different experiments are reported; the results are
expressed as percentage of variation vs. CTR uninfected cells considered as 100, as indicated by the dashed line. ∗P < 0 05 and ∗∗P < 0 01
vs. CTR uninfected cells. The dark line refers to the intracellular HCV genome copy number. (b) Real-time PCR assay of NOX4 isoform
levels in HCV-infected Huh7.5 cells, normalized to levels in uninfected cells (CTR), indicated with the horizontal dashed line. Data shown
are the means ± SD of three performed experiments ∗∗P < 0 01. (c) Western blot of uninfected (C) and HCV-infected (I) Huh7.5 cells at
different times from infection, using anti-NOX4 and anti-NOX1 antibodies. Tubulin was used as a loading control. Blot is one
representative experiment out of three performed. Densitometric analysis of the blots is shown. Data represent the mean ± SD of six
different technical replicates; unpaired t test: ∗P < 0 05 and ∗∗P < 0 01 vs. CTR (considered as 100%).
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4. Discussion

Oxidative stress has emerged as a key contributor to the
development and progression of HCV-induced pathogenesis
of liver [34, 35, 42] and the associated development of hepa-
tocellular carcinoma [43]. The lack of an in vitro system that
recapitulates the different stages of HCV chronic infection
has hampered the disclosure of the exact mechanisms and
the mutual effect of HCV infection and oxidative stress path-
ways on the host cells. In this study, we were able to set up the
HCV infectious system in Huh7.5 cells, which are permissive
to the JFH1 infectious clone [31]. Particularly, infection of
cell monolayers with low m.o.i. of HCV allowed to obtain
first an acute infection and subsequently the establishment
of a persistent infection. We demonstrated that, during the
acute phase, high percentage of infected cells underwent apo-
ptosis and viral titer peaked, whereas during the chronic
phase viral replication was reduced and consequently the
percentage of apoptotic-infected cells. This model called

“long-term infected cultures” (LTIC) could mimic the same
stages of a natural HCV infection. It is interesting that
HCV has long been believed noncytopathic virus, and the
hepatocyte damage during infection was considered to be
mediated by the immune system. However, consistent with
previously reported results [44], we could demonstrate that
HCV induces cell death during in vitro infection of Huh7.5
cells in the absence of RIG-I-mediated innate immune
response. The presence of low number of core expressing
cells, during the here called “chronic phase”, paralleled by
the low level viral RNA titer, indicated the ability of the
JFH1 clone of HCV to persistently infect susceptible cell cul-
tures. With regard to the mechanisms involved in establish-
ing in vitro persistence, there could be a close virus-host
cell interaction, and as reported by Zhong et al. [44], in
Huh7.5 cells long-term infected by HCV, some cells resistant
to reinfection, due to the loss of HCV receptor CD81, can be
selected during the chronic phase. From the virus side, HCV
is known to exist as quasispecies in patients in vivo, and

0
p0 p1 p2 p3

Times from infection (passages)
p4 p5 p10

0.2

0.4

0.6

G
SH

 (n
m

ol
/m

g 
pr

ot
ei

n) 0.8

⁎
⁎⁎

⁎⁎

⁎

⁎ ⁎

CTR
HCV

(a)

0

0.2

0.4

0.6

G
SS

G
 (n

m
ol

/m
g 

pr
ot

ei
n)

0.8

0.1

p0 p1 p2 p3
Times from infection (passages)

p4 p5 p10

CTR
HCV

⁎

(b)

p0
0

50

100

G
SH

/G
SS

G
 I 

vs
. C

TR
 (1

00
%

)

p1 p2 p3
Times from infection (passages)

p4 p5 p10

CTR
HCV

(c)

Figure 3: HCV alters the GSH redox homeostasis. Intracellular levels of GSH (a) and GSSG (b) in uninfected (CTR) and HCV-infected
(HCV) Huh7.5 cells at different passages of infection. Data are expressed as mean ± SD of three experiments each done in duplicate (n = 6).
2way ANOVA followed by Sidak’s multiple comparisons test: ∗P < 0 05 and ∗∗P < 0 01 I vs. CTR; ∗P < 0 05 I (p4 and p5) vs. I (p0, 2 days);
∗∗P < 0 01 I (p3) vs. I (p0, 2 days). (b) ∗P < 0 05 I vs. CTR; (c) ratio of reduced glutathione (GSH) versus oxidized glutathione (GSSG).
The graph represents the ratio GSH/GSSG in infected cells (I) vs. CTR cells (considered as 100%).
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during persistent infection in vitro, some virus variants
can arise that are more adapted in cultures and able to
persist without killing the host cells or having reduced
infectivity [44]. These points will deserve deeper investiga-
tion in the future.

Furthermore, during HCV acute infection, a ROS over-
production, mainly mediated by NADPH-oxidase NOX4,
was registered in infected cells. NOXs are a family of seven
enzymes, generating O2

⋅− or H2O2 from molecular oxygen
[45]. Accumulating evidence indicates that NOX-mediated
ROS production has a critical role in hepatic fibrosis [46,
47], and in particular, NOX4 is involved in the severity of

HCV-associated liver disease [19, 36], as well as in the regu-
lation of viral replication of different viruses [48–50]. Here,
we found that NOX4 and NOX1 rise mirrored the trend of
ROS production and that of viral replication; in fact, their
expression was increased during the acute phase of infection,
while it decreased late in infection, thus suggesting a critical
role for NOXs also in regulating HCV replication cycle.
The reason why both NOX enzymes were downmodulated
in infected cells during the chronic phase is still unclear,
but we hypothesize that it could be a further mechanism
induced by the virus to maintain reducing environment into
host cell for the establishment of its persistence. Indeed, other
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Figure 4: Nrf2 protein and enzymes responsible for recycling and de novo biosynthesis of GSH are differently activated during HCV
infection. (a) RT-PCR quantification of enzymes responsible for recycling (GR) and biosynthesis of GSH (GCL and GS). Gene expression
was measured in uninfected (CTR) and HCV-infected cells at different passages of infection. The graph represents the fold increases
relative to CTR. Unpaired t test: ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 vs. CTR, represented by the horizontal line. (b) Western blot of
uninfected (C) and HCV-infected (I) Huh7.5 cells at different times of infection, using anti-Nrf2 antibody. Lamin A/C was used as a
loading control. Densitometric analysis of the blot is shown. Data shown are the mean ± SD of four different technical replicates; unpaired
t test: ∗P < 0 05 and ∗∗P < 0 01 vs. CTR (considered as 100%).
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viruses are able at the same time to positively and negatively
modulate NOX isoforms to their advantage [48–50]. Further
studies will be needed to clarify this aspect.

It is noteworthy that NOX4 is mainly localized in the
nuclei and ER and that during HCV infection the amount
of NOX4 in the nucleus increases [19], which seems to be
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Figure 5: HCV induction by auranofin treatment. (a) Quantitative cytofluorimetric analysis of intracellular ROS production during the
chronic phase of infection in cells treated or untreated with auranofin (Au) 200 nM and then stained with CellROX deep red. Left panel:
results from one representative experiment out of three performed, are shown. Numbers represent the median fluorescence intensity. Right
panel: mean ± SD of the results obtained from three independent experiments. In ordinate, median fluorescence intensity. ∗∗P < 0 01 vs.
CTR uninfected cells. (b) RT-PCR analysis of HCV viral titer in the absence or presence of Au. ∗∗P < 0 01 vs. untreated infected cells. (c) Left
panel: flow cytometry analysis after double staining of cells with annexin V-FITC/propidium iodide. Results from one representative
experiment out of three performed, are shown. Right panel: percentage of apoptotic cells in uninfected (CTR) and HCV-infected Huh7.5
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one of the mechanisms underlying HCV pathogenesis.
Therefore, it is also possible to speculate that nuclear NOX4
may increase during the acute phase of HCV infection in
our experimental system, thus promoting the DNA damage
and apoptosis of infected cells. Apoptotic death might favor
virus spread throughout the cell culture. Further studies are
in progress to deepen this aspect.

It is important to note, however, that NOXs are not the
only source of ROS production in HCV-infected cells [51].
In fact, some viral proteins, i.e., core, NS3/NS4A, and
NS5A, have been shown to increase ROS levels [7, 9, 52–54]
through direct or indirect interaction with mitochondria.
Therefore, we cannot rule out that ROS increase in
HCV-infected cells might be in part produced by mitochon-
drial compartment, other than NOXs.

Because of high chemical reactivity of ROS, cells possess
antioxidant defense mechanisms for maintaining redox
homeostasis [55], whose principal component is GSH, the
main abundant intracellular antioxidant. It plays a crucial
role in sustaining redox balance, and the ratio of GSH to
GSSG is considered as a good indicator of the redox environ-
ment. To date, there is a great debate on the induction and
modulation of oxidative stress by HCV and its relationship
with acute or chronic phase of infection.

Hepatocytes are the major source of GSH in the body,
and the GSH antioxidant system plays an important role
against oxidative stress in these cells [56]. Interestingly,
reduced GSH levels were found in the serum and liver of
chronically HCV-infected patients [28, 57]. Here, we found
that intracellular GSH levels were significantly decreased in
infected cells during the acute phase, while those of GSSG
were increased, and, consequently, the ratio GSH/GSSG
shifted toward GSSG, thus reflecting an impaired antioxidant
potential. The oxidized environment seems to be necessary
for HCV to replicate as demonstrated by viral titer peak in
the acute phase. These data are in line with different
in vitro studies on viruses responsible for acute infection,
demonstrating the role of virus-induced oxidative stress in
promoting viral replication [48, 50, 58–60]. On the contrary,
during the chronic phase, reducing redox environment was
restored by increased GSH content in infected cells that
might be useful for the establishment of viral persistence.
Indeed, treatment of persistently HCV-infected cells with
the prooxidant drug auranofin caused the reactivation of
HCV replication. The mechanisms through which HCV
manipulates redox environment to its advantage are not fully
clarified yet.

It is known that GSH de novo synthesis is driven by Nrf2
(nuclear factor erythroid 2-related factor), one of the major
cellular defense mechanisms against oxidative stress and a
master regulator of different cytoprotective genes including
those involved in the antioxidant GSH pathway [61]. It has
been recently demonstrated that higher expression of nuclear
Nrf2 contributes to persistent HCV infection and that knock-
down of Nrf2 suppresses its persistent infection [62]. The
authors suggest that the nuclear translocation of p-Nrf2
might play an important role in the expression of the genes
which contribute to regulate apoptosis and HCV persistence
[25, 26, 30, 62]. Accordingly, we found higher mRNA levels

of GCL and GS enzymes during the recovery period; at the
same time, Nrf2 protein content was highly expressed dur-
ing the chronic phase. On the basis of these evidences, we
suggest that the high GSH levels registered in chronically
infected cells compared to those measured during the acute
phase of infection might be partly related to the activation of
Nrf2 pathway.

There is a great debate regarding the supplementation of
antioxidants in combination with antiviral drugs. In fact sev-
eral clinical trials reported that antioxidant therapy decreases
viral load and ameliorates hepatic damage [63]. However,
other studies reported that supplementation with vitamin
C, E, and selenium increased the antioxidant status but had
no effects on viral load or oxidative markers [64]. All these
conflicting results highlight the “dark side” of some antioxi-
dants. Therefore, on the basis of our evidences and on the lit-
erature available, we suggest to carefully consider the use of
antioxidants in chronically HCV-infected patients, since,
although they could limit liver tissue injury, they would con-
tribute to establish virus persistence that, in turn, can con-
tribute to the development of hepatocellular carcinoma.

The lack of HCV vaccine and the emergence of viral
strains resistant to antiviral therapy underline our limits in
the current weapons used to fight the infection. In the recent
years, new drugs acting specifically on HCV viral proteins
(DAA) have been developed among which are the inhibitors
of protease (telaprevir, boceprevir, and simeprevir) and the
last approved RNA polymerase inhibitor, sofosbuvir [65].
Since the emergence of drug-resistant HCV variants has
been recently described [66], there is an urgent need to iden-
tify novel targets for the design of new effective therapeutic
strategies. In this context, targeting of redox-sensitive
host-cells pathways essential for viral replication and/or per-
sistence may represent a promising option for contrasting
HCV infection.

5. Conclusions

In conclusion, we demonstrate that the acute phase of HCV
infection is characterized by a marked oxidative stress that,
similarly to other viruses, is useful for viral replication. On
the contrary, the restoration of reducing redox conditions
that characterize the chronic phase of infection might play
a key role in decreasing viral replication and apoptotic death.
Overall, our data indicate that redox sensitive pathways
control the different phases of HCV infection and suggest a
particular wariness in the supplementation of exogenous
antioxidants in chronically HCV-infected patients for their
potential role in favoring viral persistence.
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Bilirubin is considered to be one of the most potent endogenous antioxidants in humans. Its serum concentrations are
predominantly affected by the activity of hepatic bilirubin UDP-glucuronosyl transferase (UGT1A1). Our objective was to
analyze the potential bilirubin-modulating effects of natural polyphenols from milk thistle (Silybum marianum), a
hepatoprotective herb. Human hepatoblastoma HepG2 cells were exposed to major polyphenolic compounds isolated from milk
thistle. Based on in vitro studies, 2,3-dehydrosilybins A and B were selected as the most efficient compounds and applied either
intraperitoneally or orally for seven days to C57BL/6 mice. After, UGT1A1 mRNA expression, serum, intrahepatic bilirubin
concentrations, and lipoperoxidation in the liver tissue were analyzed. All natural polyphenols used increased intracellular
concentration of bilirubin in HepG2 cells to a similar extent as atazanavir, a known bilirubinemia-enhancing agent.
Intraperitoneal application of 2,3-dehydrosilybins A and B (the most efficient flavonoids from in vitro studies) to mice
(50mg/kg) led to a significant downregulation of UGT1A1 mRNA expression (46 ± 3% of controls, p < 0 005) in the liver and
also to a significant increase of the intracellular bilirubin concentration (0 98 ± 0 03 vs. 1 21 ± 0 02 nmol/mg, p < 0 05).
Simultaneously, a significant decrease of lipoperoxidation (61 ± 2% of controls, p < 0 005) was detected in the liver tissue of
treated animals, and similar results were also observed after oral treatment. Importantly, both application routes also led to a
significant elevation of serum bilirubin concentrations (125 ± 3% and 160 ± 22% of the controls after intraperitoneal and oral
administration, respectively, p < 0 005 in both cases). In conclusion, polyphenolic compounds contained in silymarin, in
particular 2,3-dehydrosilybins A and B, affect hepatic and serum bilirubin concentrations, as well as lipoperoxidation in the
liver. This phenomenon might contribute to the hepatoprotective effects of silymarin.

1. Introduction

Bilirubin, the end product of heme catabolism in the systemic
circulation, is a potent antioxidant substance [1]. Despite the
fact that for decades bilirubin has been considered a toxic cat-
abolic waste product and an ominous sign of liver dysfunc-
tion, its role as a powerful protective molecule has
increasingly been recognized [2]. In vitro and in vivo studies
have shown that bilirubin may suppress the oxidation of
lipids [1] and has anti-inflammatory [3], antiproliferative

[4], antigenotoxic [5], antimutagenic [6], or even anti-aging
properties [7]. Interestingly, bilirubin has been reported as
a potent peroxisome proliferator-activated receptor-α
(PPARα) agonist, thus acting as a real endocrine molecule,
with all potential clinical consequences [8]. The clinical evi-
dence is even more important. Bilirubin, when only mildly
elevated, has been demonstrated to protect from a wide array
of oxidative stress-related diseases, including cardiovascular
diseases, certain cancers, and autoimmune or neurodegener-
ative diseases [2, 9]. In fact, substantial protective effects of
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mild unconjugated hyperbilirubinemia, as seen in subjects
with Gilbert syndrome (benign hyperbilirubinemia), have
been reported for atherosclerotic diseases in particular [10].

Bilirubin production is dependent on heme oxygen-
ase (HMOX) activity, but systemic bilirubin concentra-
tions are predominantly affected by hepatic bilirubin
UDP-glucuronosyl transferase (UGT1A1), its biotransform-
ing enzyme [11]. Partial inhibition of bilirubin glucurono-
sylation was proposed as a wise strategy used to induce
“iatrogenic” Gilbert syndrome [12]. This indeed was dem-
onstrated as a “side effect” of several drugs used in various
indications, typically for atazanavir, whose administration is
often associated with mildly elevated concentrations of
unconjugated bilirubin. Surprisingly, hyperbilirubinemia
induced by atazanavir was reported to decrease markers of
oxidative stress [13] and cardiometabolic risk factors [14],
as well as endothelial functions [15], but safer approaches
are certainly needed.

Since xenobiotics used in clinical medicine are often asso-
ciated with potentially severe side effects, natural compounds
interfering with the UGT1A1 hepatic biotransformation
system seem a better strategy to induce mild hyperbilirubine-
mia. Based on the scarce data reported in the literature
(mainly as the result of investigating potential nutraceutical-
s/herb-drug interactions), it seems that flavonoids from sily-
marin might modulate this enzyme. This assumption is based
on the fact that many herbal extracts including silymarin, a
seed extract of milk thistle (Silybum marianum (L.) Gaertn.),
are rich in phenolic phytochemicals that are substrates for

UGT1A1 or even exhibit UGT1A1-inhibiting activities
[16–18]. Indeed, therapy for prostate cancer patients with
high doses of silybin (silibinin) has been associated with
unconjugated hyperbilirubinemia, which was considered
by the authors as an adverse effect of such treatment [19].
Similar findings were also reported in hepatitis C patients
receiving silybin therapy [20–23]. Although most of the
experimental reports as well as some clinical data suggest
its beneficial role, silymarin is generally considered to have
a negligible importance clinically [24]. There are many pos-
sible reasons: one of them being the poorly defined content
of the active ingredients and also the improperly character-
ized biological properties of individual pure flavonoids in
the silymarin complex [25, 26]. Silymarin is a mixture of 5
major flavonolignans (silybins A and B, isosilybin A, sily-
christin A, and silydianin) plus their precursor taxifolin, as
well as other minor polyphenolic compounds (Figure 1)
[27]. Among them, the 2,3-dehydroflavonolignans such as
2,3-dehydrosilybins A and B possess potent biological
activities [28–32].

Thus, the aim of our study was to investigate the potential
bilirubin-modulating effects of natural polyphenols present
in milk thistle and related compounds.

2. Materials and Methods

2.1. Chemicals. Silymarin (containing 13.0% of silybin A,
17.9% silybin B, 14.7% silychristin A, 9.3% silychristin B
+silydianin, 8.9% isosilybin A, 6.8% isosilybin B, 3.0%
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Figure 1: Structures of flavonolignans of the silymarin complex and related flavonols.
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taxifolin, 1.9% 2,3-dehydrosilybin, 0.5% 2,3-dehydrosily-
christin, 6.5% of other nonidentified 2,3-dehydroflavono-
lignans, plus 17.5% of yet other substances (probably
polymers, for details of the analysis, see the Supplementary
Data and Supplementary Figures 1–3), silybin AB (approxi-
mately an equimolar mixture of silybin A and silybin B),
quercetin, and rutin (quercetin-3-O-β-rutinoside)) was all
purchased from Sigma-Aldrich (St. Louis, MO, USA); ataza-
navir was obtained from Santa Cruz (Santa Cruz
Biotechnology, Dallas, TX, USA). Silybin A and silybin B
were isolated from silymarin (purchased from Liaoning Sen-
rong Pharmaceutical, Panjin, China; batch no. 120501), as
described in [33]. 2,3-Dehydrosilybin, 2,3-dehydrosilybin
A, and 2,3-dehydrosilybin B were prepared by oxidation of
silybin, silybin A, and silybin B, respectively [34]. Taxifolin
hydrate (92%) was purchased from Amagro (Prague, CZ),
and isoquercitrin (quercetin-3-O-glucoside, 97%) was pre-
pared from rutin (Sigma-Aldrich) using thermophilic
α-L-rhamnosidase from Aspergillus terreus heterologously
expressed in Pichia pastoris [35]. The deconjugation enzymes
β-glucuronidase and sulfatase from Helix pomatia were
obtained from Sigma-Aldrich.

2.2. Cell Cultures. The HepG2 human hepatoblastoma cell
line was used for the in vitro studies (ATCC, Manassas,
VA, USA). Cells were cultured in MEM Eagle medium, con-
taining 10% of fetal bovine serum, in 75 cm2 culture flasks, at
37°C, in a 5% CO2 atmosphere. For an estimation of the
intracellular bilirubin concentration, the cells were plated in
10 cm Petri dishes and treated with natural polyphenols dis-
solved in DMSO (vehicle; 0.66%, v/v) for 24 h. For qPCR
measurement, the cells were cultured in 24-well plates and
treated with natural flavonoids dissolved in DMSO (vehicle;
0.66%, v/v) for 4 h.

The cell lines were authenticated at ATCC by STR profil-
ing before distribution and also reauthenticated at the end of
the study by an external laboratory (Generi Biotech, Hradec
Králové, Czech Republic).

2.3. MTT Cytotoxicity Assays. The MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction
assay in a 96-well format was used for the determination
of the cytotoxicity of the compounds tested. HepG2 cells
were seeded into a 96-well plate at a density of 1 × 105
cells/well. Following 24 h incubation, the cells were treated
for 24h with natural flavonoids at concentrations of
0.1-200μM dissolved in DMSO (vehicle; 0.66%, v/v). MTT
assay was measured spectrophotometrically at 540 nm
(TECAN, Schoeller Instruments s.r.o., Prague, Czech
Republic).

2.4. RNA Isolation and Real-Time PCR. Total mRNA was
isolated using a 5 Prime PerfectPure RNA Cultured Cell Kit
and a 5 Prime PerfectPure RNA Tissue Kit (Eppendorf,
Germany); and cDNA was generated using a High Capacity
RNA-to-cDNA Master Mix (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s instructions.
qPCR for the cell culture was performed using the SYBR™
Select Master Mix (Life Technologies). For each reaction,

the final 20μL volume was comprised of 10μL of SYBR
Green PCR Mix, 2μL of each primer (Supplementary
Table 1), and 6μL of a 1/5 dilution of the RT products.
qPCR for the liver tissue was performed using a TaqMan®
Gene Expression Assay Kit (Life Technologies). Threshold
cycle (Ct) values were analyzed using the comparative Ct
(ΔΔCt) method as recommended by the manufacturer
(Applied Biosystems, Foster City, CA, USA). The data were
normalized to the expression of hypoxantin phosphoribosyl
transferase (HPRT) and expressed as the multiplicity
change from the control levels.

2.5. Serum Markers of Liver Damage. Hepatic enzyme
(alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP)) activities were deter-
mined on an automatic analyzer (Modular Analyzer, Roche
Diagnostics GmbH, Germany) using standard assays.

2.6. Determination of Bilirubin. For the determination of bil-
irubin in HepG2 cells and liver tissue, the biological materials
were sonicated on ice and then extracted with methanol/
chloroform/hexane 10/5/1 (v/v/v) against PBS buffer
(pH6.2). The lower organic phase was subsequently
extracted into 50μL of carbonate buffer (pH10) in hexane.
The resulting polar droplet was loaded onto a C-8 reverse
phase column (Luna 3μm, 150 × 4 6mm, Phenomenex, Tor-
rance, CA, USA), and bilirubin was determined using an
HPLC Agilent 1200 with a diode array detector (Agilent,
Santa Clara, CA, USA) as described earlier [36, 37]. The
concentration of bilirubin was calculated in nmol/g of
wet tissue or pmol/mg of protein for tissue samples or cell
cultures, respectively.

For determination of bilirubin in serum, the LC-MS/MS
method was used. Ten μL of serum was mixed with 2.5μL
of internal standard (mesobilirubin, c = 20μmol/L) and
deproteinized by 50μL of 1% BHT in methanol, 50μL of
0.4% ascorbic acid in methanol, and 200μL of methanol
(pH11). Five μL of the resulting supernatant was loaded on
a Poroshell 120 EC-C18 2.1μm 3 0 × 50mm column (Agi-
lent), with a gradient of 1mM NH4F in water (A) and meth-
anol (B) as follows: 60% of B was changed in 5 minutes to
100% of B, with a flow rate of 0.4mL/min and was kept at
100% of B for 3 minutes, with the gradient of flow rate at
0.5mL/min. The flow was then maintained at 0.5mL/min
until the end of the gradient program. Phase B was changed
back to 60% in 0.1minutes and was kept at 60% until the
end of the program at 10 minutes. The mass spectra were
recorded on an Agilent 6470 LC/QQQ (Agilent) LC-MS/MS
device with electrospray ionization and multiple reaction
monitoring in a positive mode. Conditions of the electro-
spray ionization source, gas flows, and potentials of the mass
spectrometer were manually tuned for high sensitivity and a
low signal-to-noise ratio of the analytes: ion spray voltage,
3000V; source temperature, 250°C; heater gas, 8 L/min;
nebulizer, 300 psi; sheath gas temperature, 400°C; sheath
gas flow, 12 L/min; and nozzle voltage, 500V. Within the
total scan time of 10min, m/z 585.3→ 299.1, 16 eV collision
energy (CE) at 5.96min was monitored for bilirubin and
m/z 589.3→ 301.2, 20 eV CE at 6.084min for mesobilirubin.
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2.7. HMOX Activity Assay. Twenty μL of liver sonicate (10%)
was incubated for 15min at 37°C in CO-free septum-sealed
vials containing 20μL of 150μM heme and 20μL of
4.5mM NADPH, as previously described [38]. Blank reac-
tion vials contained potassium phosphate buffer in place of
NADPH. The amount of CO generated by the reaction and
released into the vial headspace was quantified by gas chro-
matography (GC) with a reduction gas analyzer (Peak Labo-
ratories, Mountain View, CA, USA). HMOX activity was
calculated as pmol CO/h/mg fresh weight and expressed as
percentage of the control.

2.8. UGT1A1 Inhibition Assay. The UGT activity in the
microsomal samples was determined by a UGT-Glo™ assay
kit according to the manufacturer’s instructions (Promega,
Madison, WI, USA). Briefly, microsomes with recombinant
UGT1A1 (0.0125mg/mL) were incubated with 16mM
UDPGA and 20μM multienzyme substrate with increasing
concentrations of 2,3-dehydrosilybins A and B at 37°C for
30min. Then, 40μL of reconstituted luciferin detection
reagent containing D-cysteine was added, and the lumines-
cent signal was allowed to stabilize for 20min at room tem-
perature. Luminescence was read on a Synergy II plate
reader (BioTek, VT, USA). The data were analyzed using
the curve fitting method with GraphPad Prism (GraphPad
Software, San Diego, CA).

2.9. Malondialdehyde Determination. Malondialdehyde
(MDA) in the tissue homogenates was measured according
to the method described by Wills [39], with some modifica-
tions. A 200μL aliquot of 10% tissue homogenate was mixed
with 2mL of the thiobarbituric acid-trichloroacetic acid
reagent (0.375 and 15%, respectively). The mixture was
heated on a water bath at 95°C for 20min. The solution was
then cooled to room temperature. The reaction product
(thiobarbituric acid-MDA complex) was extracted by adding
3mL of n-butanol to the above solution. The absorbance of
the pink-colored extract in n-butanol was measured at
532nm using a spectrophotometer (Sunrise, Tecan, USA).
The amount of MDA was calculated using the molar extinc-
tion coefficient of 1 56 × 105 M−1 × cm−1 and expressed as a
percentage of the control.

2.10. 2,3-Dehydrosilybin Determination in Sera. 2,3-Dehy-
drosilybin concentrations in serum samples were deter-
mined after deconjugation of phase II conjugates (sulfates
and glucuronide). The activity of the deconjugation enzymes
(β-glucuronidase and sulfatase) was checked on the selected
glucuronides and sulfates prior to analysis. All the samples
were measured in duplicate.

The conjugates in serum samples were deconjugated in
acetate buffer (50mM, pH5.0) by adding β-glucuronidase
(440U) with sulfatase (35U), incubated for 2 h at 37°C and
600 rpm. The reaction mixture was then freeze-dried, and
an internal standard (2,3-dehydrosilychristin, 4.8μg/mL,
150μL, in acetonitrile/DMSO 1 : 1) was added. Samples
were incubated (1 h, 37°C, 600 rpm) and centrifuged
(15min), and the supernatant was injected into a LC-MS
(injection volume 25μL).

2.10.1. LC-MS Conditions. LC-MS chromatograms and mass
spectra were obtained using the Shimadzu Prominence sys-
tem consisting of a DGU-20A3 mobile phase degasser, two
LC-20AD solvent delivery units, a SIL-20AC cooling auto-
sampler, a CTO-10AS column oven with the SPD-M20A
diode array detector, plus a LCMS-2020 mass detector with
a single quadrupole, equipped with an electrospray ion
source (Shimadzu, Kyoto, Japan).

The LC-MS of the serum samples and standard solutions
of 2,3-dehydrosilybin were measured on a Chromolith
RP-18e (100 × 3mm) column (Merck) and Chromolith
RP-18e (5 × 4 6mm) precolumn (Merck) (mobile phase: A
= 5% acetonitrile, 0.1% HCOOH; B = 80% acetonitrile,
0.1% HCOOH; gradient: 0min 20% B, 5min 90% B, 6min
90% B, and 8-10min 20% B; flow rate: 0.4mL/min, 25°C).
The concentration of 2,3-dehydrosilybin in the serum was
calculated using a calibration curve. The MS parameters were
as follows: ESI interface voltage, 4.5 kV; detector voltage,
1.15 kV; nebulizing gas flow, 1.5mL·min−1; drying gas flow,
15mL·min−1; heat block temperature, 200°C; DL tempera-
ture, 250°C; negative scan mode, 478.8-481.0 m/z; and soft-
ware, LabSolutions ver. 5.75 SP2 (Shimadzu, Kyoto, Japan).

2.11. Animal Studies. Female C57BL/6 mice (n= at least 6 in
each group, 8w old) obtained from Velaz (Prague, Czech
Republic) had access to both water and a standard diet ad
libitum. An equimolar mixture of dehydrosilybins A and B
dissolved in DMSO (vehicle; 5%, v/v) was applied intraperi-
toneally, and individual dehydrosilybins were applied orally
for seven days at a dose of 50mg/kg b.wt. After 24 h of the last
application, the mice were sacrificed and blood from their
superior vena cava was collected for further analyses. The
livers were cleaned and stored as pieces in nitrogen until
used. For RNA analysis, 100mg of each tissue was immedi-
ately placed in 1.5mL microfuge tubes containing RNAlater
and stored following the manufacturer’s protocol until the
RNA isolation was performed.

All animal studies met the criteria for the care and use of
animals in experiments and were approved by the Animal
Research Committee of the 1st Faculty of Medicine, Charles
University, Prague.

2.12. Statistical Analyses. All data are expressed as mean
± SEM. Depending on their normality, the data were ana-
lyzed either by the Student t-test or the Mann–Whitney
rank sum test and Kruskal-Wallis ANOVA with Dunn’s
correction. Differences were considered statistically signifi-
cant when P values were less than 0.05.

3. Results

3.1. The Effect of Silymarin Flavonoids and Related
Compounds on HMOX and UGT1A1 Expressions and
Activities in HepG2 Cells. In our in vitro screening studies,
focused on evaluation of the possible modulating effect of
silymarin flavonoids and related compounds on HMOX1
and UGT1A1 expressions, a wide array of compounds were
used (Figure 1). Based on the MTT assays (Table 1),HMOX1
and UGT1A mRNA expression analyses were performed
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with the nontoxic plus 1/2 of nontoxic concentrations for
HepG2 cells.

Significant HMOX1mRNA overexpression was observed
for quercetin and isoquercitrin; on the other hand, HMOX1
mRNA downregulation was present after exposure to
2,3-dehydrosilybins A and B (Figure 2). More importantly,
the activity of HMOX was upregulated not only by quercetin
and isoquercitrin but also after exposure to the silymarin
complex per se, as well as silybins A and B. Downregulation
of HMOX1 mRNA expression by 2,3-dehydrosilybins A
and B (Figure 2) was also reflected by decreased HMOX
activity (Figure 3(a)).

Significant underexpression of UGT1A1 mRNA was
noted after exposure of HepG2 cells to the equimolar mixture
of silybins A and B, to quercetin, isoquercitrin, taxifolin, and
2,3-dehydrosilybins A and B (Figure 2). These results were
reflected by the inhibition of UGT1A1 activity, as determined
for 2,3-dehydrosilybins A and B (IC50 values of 2 1 ± 0 2 and
4 1 ± 0 2 μmol/L, respectively; Figure 3(b)).

3.2. The Effect of Silymarin Flavonoids and Related
Compounds on Intracellular Concentrations of Bilirubin in
HepG2 Cells. To investigate whether the effects of silymarin
flavonoids and related compounds on HMOX and UGT1A1
are translated into phenotypic changes, we analyzed bilirubin
concentrations within the HepG2 cells after 24 h exposure to
individual compounds.

Most of silymarin flavonoids and related compounds
significantly elevated intracellular bilirubin (Figure 4) in a
dose-dependent manner (data not shown). Interestingly,
the increase of intracellular bilirubin concentrations caused
by exposure of both 2,3-dehydrosilybins A and B was even
higher than that caused by atazanavir, a known inhibitor of
UGT1A1 [40] (Figure 4).

Based on these in vitro results, 2,3-dehydrosilybins A and
B were selected for the in vivo studies.

3.3. The Effect of 2,3-Dehydrosilybins A and B on Bilirubin
Metabolism in Mice

3.3.1. Concentrations of 2,3-Dehydrosilybins in Sera. Since
2,3-dehydrosilybins have a low solubility in water and the
poor oral bioavailability might contribute to the low clinical
efficiency of silymarin in humans, we first measured concen-
trations of 2,3-dehydrosilybins in sera to verify whether they
pass into the systemic circulation. Use of both application
routes (i.e., intraperitoneal as well as oral administration of
2,3-dehydrosilybins (50mg/kg b.wt.)), after 24 h, resulted in
a substantial appearance in the systemic blood, reaching
serum concentrations up to 300ng/mL (0.62μmol/L)
(Figure 5).

3.3.2. Hepatic HMOX1 and UGT1A1 mRNA Expressions.
Then we analyzed the effect of 2,3-dehydrosilybin adminis-
tration on HMOX1 and UGT1A1 mRNA expressions in the
livers of treated mice. Treatment with an equimolar mixture
of 2,3-dehydrosilybins A and B (50mg/kg b.wt.) adminis-
tered intraperitoneally for 7 days led to a significant down-
regulation of UGT1A1 mRNA expression in the liver
(57 ± 19% of the controls) with no change inHMOX1 expres-
sion (Figure 6(a)). Similar results were observed for oral
treatment with 2,3-dehydrosilybin A (downregulation of
UGT1A1 mRNA expression to 55 ± 26% of the control,
Figure 6(b)); while no effect was demonstrated for 2,3-dehy-
drosilybin B. None of the individual dehydrosilybins had any
effect on HMOX1 expression (Figure 6(b)).

3.3.3. Intracellular and Systemic Bilirubin Concentrations.
Intraperitoneal application of 2,3-dehydrosilybins A and B
mixture significantly increased intracellular concentrations
of bilirubin in the liver tissue (to 149 ± 24%, p < 0 05,
Figure 6(c)). An even higher increase was observed after oral
treatment of 2,3-dehydrosilybin A (to 236 ± 28%, p < 0 05;
Figure 6(d)), whereas treatment with 2,3-dehydrosilybin B
only led to a moderate but not significant elevation
(Figure 6(d)).

Neither intraperitoneal nor oral administration of
2,3-dehydrosilybins caused any increase in markers of liver
damage (ALT, AST, and ALP activities; data not shown).

Consistent with the results of intrahepatic bilirubin con-
centrations, intraperitoneal administration of the 2,3-dehy-
drosilybins A and B mixture also significantly elevated
serum bilirubin concentrations (by 27%; 0 96 ± 0 09 vs.
1 22 ± 0 35 μM; Figure 6(e)). Even a more pronounced ele-
vation of serum bilirubin concentrations was observed
after oral treatment with 2,3-dehydrosilybin A (by 44%;
0 96 ± 0 18 vs. 1 38 ± 0 29 μM; Figure 6(f)). Treatment with
2,3-dehydrosilybin B did not cause any changes in serum
bilirubin concentrations (Figure 6(f)).

3.3.4. Hepatic Lipoperoxidation. Treatment of mice with
2,3-dehydrosilybins had consistent inhibitory effects on lipid
peroxidation in the liver tissue. MDA concentrations in the
liver tissue were significantly reduced after intraperitoneal

Table 1: Inhibitory concentrations of individual silymarin
flavonoids and related compounds.

Compound IC50 (μM)

Silybin A >200
Silybin B >200
Silybin AB >200
Isosilybin A 148 ± 3
Isosilybin B 185 ± 4
2,3-Dehydrosilybin A >200
2,3-Dehydrosilybin B >200
Silychristin >200
2,3-Dehydrosilychristin >200
Silydianin >200
2,3-Dehydrosilydianin >200
Isoquercitrin 115 ± 4
Quercetin 105 ± 3
Taxifolin >200
HepG2 cells were treated for 24 h with natural flavonoids in concentrations
of 0.1-200 μM. IC: inhibitory concentration, measured by the MTT test.
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Figure 2: The effect of silymarin flavonoids and related compounds onHMOX1 andUGT1A1 expressions in HepG2 cells. mRNA expressions
were analyzed after 4 h exposure of HepG2 cells to individual flavonolignans (in corresponding nontoxic concentrations). Data are expressed
as percentage of control values. ∗P < 0 05.
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Figure 3: The effect of silymarin flavonoids and related compounds on (a) HMOX and (b) UGT1A1 activities in HepG2 cells. HMOX and
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CO/h/mg fresh weight and expressed as a percentage of the control values. UGT1A1 enzyme activity was based on relative light unit
values and expressed as a percentage of the remaining activity. ∗P < 0 05.
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Figure 4: The effect of silymarin flavonoids and related compounds on intracellular concentrations of bilirubin in HepG2 cells. Control
values are expressed as 100% and correspond to 2 pmol of bilirubin per mg of protein. ∗P < 0 05; ∗∗P < 0 005.
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application of the mixture of 2,3-dehydrosilybins (to 70 ± 7%
of the control; Figure 7(a)), and the same effect was also
observed after oral administration of both 2,3-dehydrosily-
bins A and B (61 ± 15% and 64 ± 13% of the control, respec-
tively; Figure 7(b)).

4. Discussion

Bilirubin, a bile pigment, for decades considered only an
ominous sign of liver diseases, has been revisited as a potent
antioxidant, immunosuppressive, and cytoprotective agent
[2, 9, 10, 41]. Even single micromolar elevations of systemic
concentrations of bilirubin, still within the physiological
range, are associated with a substantial decreases of the
risks of cardiovascular, cancer, and inflammatory diseases
[42–44], and this association is clearly evident in subjects
with Gilbert syndrome, characterized with mild systemic
elevations of unconjugated bilirubin [9, 45]. This led to
the suggestion to induce Gilbert syndrome iatrogenically
in order to suppress the development of oxidative
stress-related diseases [12].

As reported in our recent study, due to a dynamic equi-
librium, a correlation between systemic and intracellular
concentrations of bilirubin exists in the liver (and also prob-
ably in other organs and tissues) [37]. Thus, it is important to
monitor intrahepatic concentrations of bilirubin when asses-
sing potential hepatoprotective effects, in particular when
considering the fact that hepatic UGT1A1 is the major
enzyme affecting systemic concentrations of bilirubin [11].
Hepatic UGT1A1 is a biotransforming enzyme important
not only for bilirubin but also for a variety of other endoge-
nous substances as well as xenobiotics, including natural
agents often used as nutraceuticals, including the flavono-
lignans and flavonols of the silymarin complex. In fact, inhib-
itory effects towards UGT1A1 were reported for silybin, a
major flavonoid constituent of milk thistle extract [46];

indeed, the therapy with this substance has also been associ-
ated with marked unconjugated hyperbilirubinemia [19]. A
significant increase in serum bilirubin levels was also
reported in other human studies on patients with chronic
hepatitis C receiving silybin therapy [20–23]. These clinical
data are consistent with our findings, i.e., increased intra-
cellular as well as systemic concentrations of bilirubin
upon exposure to silymarin flavonoids. It is important to
emphasize that these effects differed substantially among
individual flavonoids—dehydrosilybins A and B being the
most efficient.

Despite generally low bioavailability of silymarin flavo-
noids, effective serum concentrations of both 2,3-dehydrosi-
lybins A and B were detected in our study (up to 300 ng/mL
(Figure 5), corresponding to concentrations of 0.62μmol/L).
This value entirely fits to the mean peak plasma concentra-
tion of silybin, reached after oral administration of a
700mg dose of silymarin (containing approximately 250mg
of silybin), which was 0.6μmol/L [46]. Very similar plasma
silybin concentrations were reported in another human study
(0.4, 1.4, and 4μmol/L after 360, 720, or 1440mg of silybin
administered daily for 7 days), with corresponding con-
centrations in the liver tissue [47], as well as in the studies
by Barzaghi et al. (silybin plasma levels of 0.38μmol/L
after administration of 240mg of silybin given daily for
7 consecutive days) [48] and Wen et al. (plasma concen-
trations of 0.8μmol/L after oral administration of 600mg
of silymarin) [49].

In addition, silybin was demonstrated to potently inhibit
UGT1A1, with the IC50 value correlating with the clinically
relevant plasma concentrations [46]. Similar inhibitory con-
centrations were also reported by others for other silymarin
flavonoids, although 2,3-dehydrosilybins were not tested in
these studies [50]. These data are consistent with our
findings, with the UGT1A1 IC50 value for 2,3-dehydrosily-
bin A = 2 1 μmol/L and the mean serum concentration of
0.62μmol/L. Importantly, we found the UGT1A1 IC50
value for 2,3-dehydrosilybin A even lower than that
reported for atazanavir (2.3μmol/L), the well-known
hyperbilirubinemia-inducing drug [40] indicating the high
bilirubinemia-enhancing potential of this flavonolignan.

Although the UGT1A1 IC50 values of 2,3-dehydrosily-
bin A are slightly higher than those reported for silybin,
2,3-dehydrosilybin A most efficiently increased both the
hepatic intracellular and systemic concentrations of biliru-
bin. The reason for this might be that 2,3-dehydrosilybin
A also affects other mechanisms implicated in hepatic biliru-
bin metabolism. Such an example may include the modula-
tion of the basolateral bilirubin organic anion-transporting
proteins OATP1B1/3, which are also inhibited by silymarin
flavonoids [51].

2,3-Dehydrosilybins, together with other 2,3-dehydro-
flavonolignans, belong to the minor flavonoids of the sily-
marin complex, usually accounting for 1-2% of all
flavonolignans (1.8% in the preparation used in the present
work; Supplementary Figure 3). Their biological effects,
however, might be of real clinical importance [28]. This is
supported by a recent observation that 2,3-dehydrosilybins
A/B significantly suppressed oxidative stress in C. elegans
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Figure 5: Serum concentrations of 2,3-dehydrosilybins after
intraperitoneal and oral administration. 2,3-Dehydrosilybins (DH)
were administered at a dose of 50mg/kg b.wt. i.p.: intraperitoneal;
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resulting in lifespan extension [32]. Although the effect on
bilirubin metabolism was not investigated in this study, it
is important to note that the antiaging effects of bilirubin
have been demonstrated in another of our studies [7]. In
this respect, it is also important to emphasize the
antioxidant effects of 2,3-dehydrosilybins observed in our
study. Indeed, decreased MDA concentrations in the livers
of mice treated with 2,3-dehydrosilybins might have been
mediated, at least partially, via increased intracellular
bilirubin concentrations. It is thus likely that these
antioxidant effects are not directly related to antioxidant

activities of the flavonolignans per se, but rather
parahormetic action is more important [52].

5. Conclusions

Natural silymarin flavonolignans contained in milk thistle
and related flavonols, in particular 2,3-dehydrosilybins A
and B, affect hepatic and serum bilirubin concentrations, as
well as lipoperoxidation in the liver. This phenomenonmight
contribute to the hepatoprotective effects of silymarin
observed in many, although not all clinical studies.
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Figure 6: The effect of 2,3-dehydrosilybins on hepatic HMOX1 and UGT1A1 mRNA expressions and intrahepatic and systemic bilirubin
concentrations. (a) HMOX1 and UGT1A1 mRNA expressions in mouse livers after intraperitoneal administration of a mixture of
2,3-dehydrosilybins A and B (50mg/kg b.wt. for 7 days). (b) HMOX1 and UGT1A1 mRNA expressions in mouse livers after oral
administration of either 2,3-dehydrosilybin A or B (50mg/kg b.wt. for 7 days). (c) Intrahepatic bilirubin concentrations after
intraperitoneal administration of a mixture of 2,3-dehydrosilybins A and B (50mg/kg b.wt. for 7 days). (d) Intrahepatic bilirubin
concentrations after oral administration of either 2,3-dehydrosilybin A or B (50mg/kg b.wt. for 7 days). (e) Systemic bilirubin
concentrations after intraperitoneal administration of a mixture of 2,3-dehydrosilybins A and B (50mg/kg b.wt. for 7 days). (f)
Systemic bilirubin concentrations after oral administration of either 2,3-dehydrosilybin A or B (50mg/kg b.wt. for 7 days). ∗P < 0 05.
b.wt.: body weight.

9Oxidative Medicine and Cellular Longevity



Modulation of bilirubin metabolism by well-defined natural
polyphenols can represent a safe chemopreventive approach
against oxidative stress-mediated diseases including athero-
sclerosis, cancer, diabetes, or inflammatory diseases.
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Transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) is a major regulator of antioxidant response element- (ARE-)
driven cytoprotective protein expression. The activation of Nrf2 signaling plays an essential role in preventing cells and tissues from
injury induced by oxidative stress. Under the unstressed conditions, natural inhibitor of Nrf2, Kelch-like ECH-associated protein 1
(Keap1), traps Nrf2 in the cytoplasm and promotes the degradation of Nrf2 by the 26S proteasome. Nevertheless, stresses including
highly oxidative microenvironments, impair the ability of Keap1 to target Nrf2 for ubiquitination and degradation, and induce
newly synthesized Nrf2 to translocate to the nucleus to bind with ARE. Due to constant exposure to external environments,
including diverse pollutants and other oxidants, the redox balance maintained by Nrf2 is fairly important to the airways. To
date, researchers have discovered that Nrf2 deletion results in high susceptibility and severity of insults in various models of
respiratory diseases, including bronchopulmonary dysplasia (BPD), respiratory infections, acute respiratory distress syndrome
(ARDS), chronic obstructive pulmonary disease (COPD), asthma, idiopathic pulmonary fibrosis (IPF), and lung cancer.
Conversely, Nrf2 activation confers protective effects on these lung disorders. In the present review, we summarize Nrf2
involvement in the pathogenesis of the above respiratory diseases that have been identified by experimental models and human
studies and describe the protective effects of Nrf2 inducers on these diseases.

1. Oxidative Stress and Antioxidant
Responses in Respiratory Diseases

In the past few decades, environmental issues due to man-
made and natural factors have sharply increased the inci-
dence of malignant and nonmalignant respiratory diseases.
Therefore, the reason underlying why the respiratory sys-
tem is so easily affected by environmental problems and
the pathogenesis of respiratory diseases has attracted increas-
ing attention.

As the location of gas exchange, the airways with large
surface area constantly interface with the external environ-
ment and are exposed to various airborne toxicants especially
inhaled oxidants (e.g., environmental ozone, particles, and
cigarette smoke) [1]. Due to the special characteristics of
anatomy and physiology, the airways are placed in highly
oxidative microenvironments. Therefore, redox homeostasis
in the airways can be easily disturbed, which is referred to
as oxidative stress [2]. Oxidative stress is a common status
defined as the imbalance between reactive oxygen species

(ROS) production and antioxidant capacity in cells under
temporary or constant stimulation of the abundant oxidant
stressors [3]. Recently, oxidative stress has been proven to
be associated with the pathogenesis of diverse acute and
chronic respiratory diseases, including respiratory infections,
acute respiratory distress syndrome (ARDS), chronic
obstructive pulmonary disease (COPD), asthma, idiopathic
pulmonary fibrosis (IPF), and lung cancer [4–6]. In the lungs
of individuals with these diseases, the disruption of redox bal-
ance is always observed and may be represented by increased
biomarkers of oxidative stress.

Nevertheless, during the long journey of life evolution,
the organism has developed a series of antioxidant responses
to counteract the toxicity of oxidative stress. The antioxidant
system in cellular response includes either proteins (e.g.,
enzymes) or small molecules (e.g., vitamins C and E). As
enzymes have been proven to play a significant role in life
cycles, their effects on antioxidant defense have been inves-
tigated extensively. Direct antioxidant enzymes refer to
classical enzymes including superoxide dismutases (SODs),
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catalase, and glutathione peroxidase (GPx), while indirect
antioxidant enzymes mainly refer to phase 2 detoxifying
enzymes such as glutathione-S-transferase (GST) isozymes,
catalytic and modifier subunits of γ-glutamyl cysteine ligase
(GCLC, GCLM), and NADP(H):quinone oxidoreductase
(NQO1). Moreover, the stress response protein heme oxy-
genase (HO-1) is reported to be a particularly potent anti-
oxidant protein [7–9]. Antioxidant substances are present
in relative abundance in both epithelial lining fluid (ELF)
and lung tissues, as airways are places where detoxification
reactions routinely occur, and protect the lungs from oxida-
tive insults in healthy individuals [2]. Unfortunately, in sus-
ceptible individuals, the depletion of GSH and other
antioxidants can occur, and these individuals are prone to
developing oxidative respiratory diseases. Moreover, the
protective role of the antioxidant system in the prevention
of these respiratory diseases may also be proven by several
therapies aimed at defending against oxidative stress that
have already been applied in BPD, COPD, and IPF, such
as treatment with vitamins C and E or N-acetylcysteine
(NAC, a GSH precursor) or treatment with polyethylene
glycol-conjugated SOD and catalase.

2. Nrf2-Mediated Antioxidant Pathway and
Respiratory Diseases

Although the functional mechanisms are diverse in the anti-
oxidant system, a large number of typical phase 2 detoxifying
enzymes and the stress response protein HO-1 are regulated
by the transcription factor nuclear factor erythroid 2-related
factor 2 (Nrf2), which indicates that this transcription factor
is a possible and imperative upstream regulator of antioxida-
tive responses that maintains cellular redox homeostasis and
reduces severe oxidative damage [10–13].

Nrf2, which belongs to the cap “n” collar (CNC) family of
transcription factors, is a major transcription factor that
counteracts oxidative stress and inflammation through the
coordinated induction of antioxidant response element-
(ARE-) driven cytoprotective gene transcription [14, 15].
The classical mechanisms of Nrf2 activation include oxida-
tive modification and conformational changes in its major
repressor protein Kelch-like ECH associated protein 1
(Keap1), followed by Nrf2 stabilization due to escape from
ubiquitination by Cul3-Rbx1. This molecular model is
proven by the constitutive accumulation of Nrf2 in the
nuclei of Keap1-knockout mice [16]. In fact, Nrf2 consists
of six functional domains recognized as Nrf2-ECH homol-
ogies 1–6 (Neh1–6), including the Keap1 binding domain
(Neh2) and the leucine zipper domain (Neh1), through
which Nrf2 can heterodimerize with small Maf or Jun pro-
teins and then bind to ARE [17]. The Nrf2 repressor
keap1 is a cytoplasmic and cysteine-rich protein whose
N-terminal BTB domain binds to Cullin 3- (Cul3-) Rbx1,
while the C-terminal DGR domain binds to Nrf2. Keap1
represses Nrf2 by serving as a substrate adaptor for the
Cul3-containing E3 ubiquitin ligase complex. Under phys-
iological conditions, Keap1 holds Nrf2 in the cytoplasm
and ubiquitinates Nrf2 to facilitate its degradation by the
26S proteasome. However, when oxidative stimuli exist,

the cysteine residues of Keap1 can be modified, leading to
Nrf2 stabilization and accumulation in the nucleus [18]. Sev-
eral mechanisms for the activation of Nrf2 by Keap1 have
been proposed as the following up to now [17, 19, 20]. (1)
Keap1 dissociation: the modification of a cysteine in Keap1
makes Nrf2 dissociate from Keap1. (2) Keap1 hinge and
latch: as a more extensively accepted model, Nrf2 binds with
the Keap1 homodimer through a high-affinity ETGEmotif as
the “hinge” and a low-affinity DLG motif as the “latch.” The
modification of cysteine in Keap1 leads to a conformational
change but does not trigger the dissociation of Nrf2, which
may inhibit ubiquitin binding onto Nrf2 by disrupting the
weak latch binding site. (3) Keap1 ubiquitination: the modi-
fication of a cysteine in Keap1 moves the ubiquitin conjuga-
tion from Nrf2 to itself. Nevertheless, the precise molecular
mechanisms behind how Nrf2 bypasses the Keap1 gate under
stressed conditions still remain to be elucidated. Several stud-
ies in recent years have proposed fairly intriguing theories.
For example, Cys-151 in the BTB domain of Keap1 is likely
to play an important role in response to Nrf2 activators,
and this action may be associated with its destructive
effect on the interaction of Keap1 with Cul3 [21]. Diverse
Nrf2 activators activate Nrf2 signaling through this canon-
ical mechanism, and the mutation of cysteine 151 to serine
(Keap1-C151S) in Keap1 completely abolishes the Nrf2
upregulation [22, 23]. Other studies indicate that Cys-273
and Cys-288 in Keap1 may also contribute to the struc-
tural integrity and activity of Keap1 for maintaining ubiq-
uitin ligase activity [24]. In addition, there are also
Keap1-independent pathways for Nrf2 activation, among
which protein kinases play an essential role. A previous
study showed that phosphorylation at a specific amino acid
residue of Nrf2 can increase its stability and transactivation
activity [8]. Typical protein kinase pathways include phos-
phatidylinositol 3-kinase (PI3K), MAPKs, PKC, and glyco-
gen synthase kinase-3 (GSK-3). The phosphorylation of
Nrf2 by PI3K, PKC, c-Jun, N-terminal kinase (JNK) and
extracellular signal-regulated protein kinase (ERK) confers
positive regulation, whereas p38 MAPK regulates the Nrf2
pathway both positively and negatively [19, 25–29]. Recently,
a noncanonical pathway of Nrf2 activation involving autoph-
agy has attracted increasing attention due to its double effect.
This pathway is closely associated with the autophagy sub-
strate protein sequestosome 1 (SQSTM1 or p62). p62 can
compete with Nrf2 for Keap1 binding, sequester Keap1 into
the autophagosome, and allow Nrf2 stabilization and accu-
mulation [30]. However, autophagy-mediated Nrf2 activa-
tion has both positive and negative effects: induction of
autophagy leads to sequestration of Keap1-p62 complexes
into autophagosomes and lysosomal-mediated degradation
of Keap1, resulting in controlled Nrf2 activation, and exerts
protective effects, while autophagy dysregulation results in
prolonged Nrf2 activation in a pathological state and exerts
detrimental effects.

Moreover, recent studies have shown that in addition to
Keap1, other pathways involving cullin adaptor proteins
also direct the ubiquitination of Nrf2. For instance, the
phosphorylation of Nrf2 at specific serine residues in the
Neh6 domain by GSK-3 forms a degradation part for
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recognition by the ubiquitin ligase adapter Skp1-Cul1-F-box
protein (SCF)/β-TrCP (β-transducin repeat-containing pro-
tein) and proteasome degradation by the Cullin1/Rbx1 com-
plex [31, 32]. Similarly, WDR23, a substrate receptor for the
Cullin4- (CUL4-) DDB1 (damaged DNA-binding protein 1)
E3-ubiquitin ligase, binds with the Neh2 domain of Nrf2
and negatively regulates the level and activity of Nrf2 [33].

The functional process occurs when de novo synthesized
Nrf2 translocates to the nucleus, after which Nrf2 heterodi-
merizes with small Maf or Jun proteins and then binds to
ARE in the regulatory regions of Nrf2 target genes and
either upregulates or inhibits target genes. Previous studies
have shown that in the protection of the respiratory system
by Nrf2, Nrf2-targeted genes are essential effectors that are
identified by microarray analyses and bioinformatic studies.
The Nrf2/ARE pathway regulates more than 500 genes,
including genes that regulate oxidative stress (HO-1, GCLM,
and GCLC), inflammation (TGF-β and NF-κB), xenobiotic
metabolism and excretion (NQO1, AKR1C1, and MRP1),
apoptosis (Bcl-2 and BclxL), and autophagy (p62) [12, 23].
Therefore, Nrf2-downstream target genes have diverse func-
tions, including antioxidation, anti-inflammation, xenobi-
otic metabolism, detoxification, and cell growth regulation
[25, 34, 35]. In particular, cytoprotective proteins such as
HO-1, GCLM, GCLC, and NQO1 catalyze diverse detoxifi-
cation reactions, converting harmful substances to hydro-
philic metabolites, and are not consumed during their
actions [36] (Figure 1). Moreover, the protective effects of
Nrf2 are more likely to be exerted when its activation is
tightly controlled. A recent study showed that once the
redox homeostasis is restored or the compounds are metab-
olized and eliminated, signal termination will occur, and
Keap1 enters the nucleus, binds to Nrf2, and then brings it
back to the cytosol for degradation [37].

Accordingly, previous studies have shown that in tissues
where routine antioxidation and detoxification processes
occur, such as the lungs, liver, and kidneys, Nrf2 is relatively
abundant. The expression level of Nrf2 is highly correlated
with the susceptibility, severity, and recovery of airway disor-
ders. Data from Nrf2-knockout mice identify the protective
effects of Nrf2 on airway disorders: compared to wild-type
mice, Nrf2-knockout mice have enhanced lung inflamma-
tion, epithelial cell injury, and increased sensitivity to ciga-
rette smoke, elastase, ovalbumin, bleomycin, and other
stimuli [38–41]. These findings motivate researchers to dis-
cover potential Nrf2 activators.

3. Protective Role of Nrf2 and Its Activators in
Respiratory Diseases

As described above, the respiratory system is directly exposed
to inhaled oxidants, and this oxidative burdenmakes this sys-
tem more vulnerable to oxidant stress, which has proven to
be associated with the pathogenesis of diverse respiratory dis-
eases. Currently, the protective roles of Nrf2 signaling in
respiratory disorders have been identified with the applica-
tion of Nrf2 knockout mice, including three different genetic
backgrounds (ICR, C57BL/6J, and Balbc/J) and lung-specific
conditional knockout mice [1]. For instance, the deletion of

Nrf2 is associated with more severe insults that are caused
by oxidative, inflammatory, or carcinogenesis factors such
as infection, hyperoxia, cigarette, ovalbumin, bleomycin,
butylated hydroxytoluene, and diesel exhaust particles. Con-
versely, the activation of Nrf2 exerts protective effects on
these lung disorders. Therefore, many studies focus on the
benefits of Nrf2 inducers, including natural products, in the
therapeutic intervention for oxidant-associated lung diseases
[42]. In the present review, we discuss the involvement of
Nrf2 in the pathogenesis of airway disorders and the protec-
tive role of diverse Nrf2 inducers in different airway disor-
ders. Furthermore, the effects of major Nrf2 activators on
different respiratory diseases are summarized in form of table
(Table 1).

3.1. Bronchopulmonary Dysplasia (BPD). Bronchopulmon-
ary dysplasia (BPD) is a chronic respiratory disease that usu-
ally occurs in premature infants with very low birth weight.
BPD is mainly characterized by a failure in alveolarization,
which results in impaired alveolar growth and vascular
development, pulmonary inflammation, and abnormal lung
function [43, 44]. Furthermore, BPD not only results in sig-
nificant mortality in the perinatal period but also contributes
to long-term sequelae in adolescents or early adulthood with
clinically significant respiratory symptoms [45].

Although the pathogenesis of BPD has not been fully
understood, the lung injury in BPD can be divided into
two groups described as “new” BPD and “old” BPD. The
former refers to early developmental arrest by prenatal
exposure or genetic factors, while the latter develops into
surfactant-deficient premature infants who receive respira-
tory support. Further studies elucidate that important trig-
ger events for BPD may include oxidative damage and
inflammation. Particularly, as human infants undergo criti-
cal postnatal alveolar growth, therapeutically administered
oxygen to improve the oxygenation of premature infants is
a major risk factor, which may be associated with the induc-
tion of p21 and p53 cell cycle regulatory genes [46]. For
oxidative disorders in adults, Nrf2 activation has been exten-
sively proven to be beneficial; however, the investigation of
its effects on neonatal diseases is still a novel area. As evi-
denced by recent studies, during the process of saccular lung
maturation, Nrf2 may modulate diverse genes implicated in
maintaining redox balance, organ development and lung
morphogenesis, and cell growth and death as well as immu-
nity. Indeed, previous studies indicate the effects of Nrf2 on
molecular processes of alveolarization and lung diseases of
premature births: deficiency in Nrf2 and exposure to hyper-
oxia in newborn mice increases mortality and the severity of
alveolar growth inhibition, and transcriptome analysis of
immature lung tissue suggests that the protection against
O2 toxicity of Nrf2 may be mediated by its regulation of
the cell cycle, metabolism processes, cell–cell interactions,
and redox homeostasis [47, 48].

These findings may elucidate a possible beneficial role for
Nrf2 activators in the BPD of preterm infants with respect to
both lung development and hyperoxia-mediated lung injury,
and several studies have attempted to unveil such potential.
For instance, aurothioglucose (ATG), a TrxR1 inhibitor,
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inhibits thioredoxin reductase-1 (TrxR1) activity and acti-
vates the Nrf2 pathway in the lungs of newborn C3H/HeN
mice exposed to hyperoxia, attenuating the decrease in body
weight and alterations in alveolar development. However, the
effects on alveolarization and sustained Nrf2 activation are
not observed in the lungs of newborn C57BL/6 mice under
the same conditions [49, 50]. In a newborn rat model of
BPD, the Nrf2 activator curcumin can attenuate hyperoxic
lung injury, and the protective role is considered to be at least
partially related to the activation of Nrf2; unfortunately,
whether the Nrf2 pathway is activated was not studied [51,
52]. Another study shows that the in utero administration
of a well-recognized Nrf2 inducer, sulforaphane, can inhibit
hyperoxia-induced lung inflammation in neonatal mice, but

the inhibition of alveolar growth is not improved in this
model of BPD [53]. Such results are provoking, and whether
Nrf2 induction is beneficial under the current conditions in
BPD may be controversial, and studies on the long-term
effects of in utero Nrf2 inducers on alveolar growth, inflam-
mation, and survival are needed. In consideration of these
discoveries, Nrf2 activation may be a novel strategy in pre-
venting or modulating the severity of BPD, as well as helping
to improve the outcomes of the disease. However, caution
should be taken when evaluating the effects of Nrf2 inducers
in BPD before clinical use because the results from previous
studies are still limited and controversial in some respects,
such as the mode of administration, the delivery time, and
even the species.
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Figure 1: The mechanism of Nrf2 activation and Nrf2-mediated antioxidant responses in the lungs. Under unstressed conditions, Keap1
protein traps Nrf2 in the cytoplasm and targets this protein for the Cul3-Rbx1 ubiquitination system, which promotes the proteolysis of
Nrf2 by the 26S proteasome. Diverse oxidative insults or pharmacological Nrf2 activators impair the ability of Keap1 to target Nrf2 for
ubiquitination and degradation, promote newly synthesized Nrf2 to translocate to nucleus, and induce ARE-driven cytoprotective gene
expression. Several accepted mechanisms include the modification of cysteine in Keap1: (a) Keap1 dissociation, (b) Keap1 hinge and latch,
and (c) Keap1 ubiquitination. (2) There are also Keap1-independent pathways, among which protein kinases including PI3K, MAPKs,
PKC, and GSK-3 play an essential role in phosphorylation of Nrf2 to increase its stability and transactivation activity. (3) Moreover, a
noncanonical pathway induces Nrf2 activation by autophagy, which declares that p62 competes with Nrf2 for Keap1 binding, sequesters
Keap1 into the autophagosome, and promotes its degradation. After de novo synthesized Nrf2 translocates to the nucleus, it
heterodimerizes with small Maf then binds to ARE in the regulatory regions of Nrf2 target genes to induce their expression, which confer
protective effects to various pulmonary diseases including BPD, respiratory infection, ARDS, COPD, asthma, IPF, and lung cancer.
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3.2. Respiratory Infections. As the respiratory tract directly
contacts various pathogens from internal and external envi-
ronments, the associated infections are highly prevalent and
variable. Thus, there is still an unmet need for new therapeu-
tic methods for these diseases, especially for infections with

viruses. Recent studies indicate that during the process of
respiratory infections, the excessive ROS produced by phago-
cytic cells usually causes an imbalance between oxidants and
antioxidants, which may contribute to the pathogenesis of
infection-related respiratory diseases. As an essential fighter

Table 1: The effects of major Nrf2 activators on different respiratory diseases.

Nrf2 activator Respiratory disease Effects Ref.

Curcumin

BPD Attenuates hyperoxic lung injury in newborn rats [46, 47]

IAV infection
Inactivates IAV and inhibits IAV-induced oxidative stress, inflammation, and IAV

replication
[71]

Lung cancer Exerts anti-initiating effects in B(a)P-treated mice [167]

Derivative BHBA Lung cancer
Counteracts As(III)-induced cytoxicity in lung epithelial cells and inhibits tumor

formation in vinyl carbamate-induced lung cancer
[169]

Sulforaphane

BPD Inhibits hyperoxia-induced lung inflammation in neonatal mice [48]

RSV infection Limits lung RSV replication and acute inflammation [57]

IAV infection Inhibits oxidative stress and viral replication [68]

ARDS Exerts protective effects on LPS and oleic acid-induced ARDS murine model [95, 96]

COPD
Counteracts CSE-induced oxidative injury in alveolar epithelial cells and augments

bacteria phagocytosis by alveolar macrophages
[112, 113]

Asthma
Inhibits DEPs-stimulated inflammation in airway epithelial cells, suppresses

ovalbumin and Cl2-induced allergic airway inflammation in mice, and improves
bronchoprotective response against MCh in asthmatics

[128–131]

IPF Provides antifibrosis effects in IPF fibroblasts even under TGF-β stimulation [144]

Lung cancer

Exerts suppressive effects on B(a)P-initiated lung carcinogenesis in mice and
inhibits ROS production and malignant cell transformation in untransformed
BEAS-2BR cells, but alleviates apoptosis resistance in cadmium-transformed

BEAS-2BR cells

[164, 165]

tBHQ
RSV infection Rescues decrease in Nrf2 activation induced by RSV [56]

ARDS
Protects against LPS-induced lung injury via regulating polarization of

macrophages and balance of pro- or anti-inflammatory factors
[91]

Resveratrol

Pneumococcal
infection

Ameliorates pneumococcal-induced oxidative stress in the airway epithelium [75]

ARDS Protects against LPS-induced ARDS [97]

COPD Protects against CS-induced lung injury [118]

CDDO-Im

ARDS Inhibits lung injury in hyperoxia and aspiration-induced ARDS [92]

COPD
Mitigates CS-induced lung oxidative stress, tissue destruction, emphysema

development, and even pulmonary hypertension in mice
[110]

Lung cancer
Reduces number, size, and severity of tumors in vinyl carbamate-induced lung

carcinogenesis
[170]

Analogue CDDO-Me Lung cancer
Reduces number, size, and severity of tumors more potently in vinyl

carbamate-induced lung carcinogenesis
[170]

Andrographolide COPD
Protects lung from CS-induced oxidative injury and suppresses NTHi-increased
inflammatory and oxidative lung injury in a CS-predisposed mouse model that

imitates COPD exacerbation
[115, 116]

Vitamin E Asthma
Protects against IgE-induced asthma and alleviates asthma exacerbation stimulated

by ozone in the OVA-induced murine model
[134, 135]

Isoform γ-tocotrienol COPD Protects against lung injury induced by CS [120]

Emodin
IAV infection Inhibits IAV-induced oxidative stress/inflammation and viral replication [72]

IPF
Suppresses BLM-induced fibrotic lung injuries in rats and reverses recombinant

TGF-β1-stimulated EMT-like shifts in alveolar epithelial cultured cells
[145]

Quercetin IPF
Induces antioxidant defense and suppresses inflammation in bleomycin-challenged

BEAS-2B cells and inhibits TGF-β-induced fibrosis in fibroblasts
[146, 147]
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against oxidative stress, Nrf2 is also considered to play a pro-
tective role in antiviral and antibacterial processes in several
common infections of the respiratory tract.

3.2.1. Respiratory Syncytial Virus (RSV) Infection. Respira-
tory syncytial virus (RSV) is not only a leading cause of
acute respiratory tract infections in infants and children
but also an essential factor for substantial respiratory mor-
bidity and mortality in the elderly [54, 55]. However, the
details regarding the pathogenesis of RSV infection have
not been clarified, and effective vaccines or treatments are
still not available. In recent studies, researchers have discov-
ered that rapidly generated ROS during RSV infection are
involved in lung inflammatory and oxidative damage in this
clinical disease [56]. Accordingly, treatment with antioxi-
dants can ameliorate RSV-induced pulmonary inflammation
in a mouse model of RSV infection [57]. While examining
the antioxidant activity of Nrf2 signaling, researchers have
also detected the activation of Nrf2 during RSV infection.
These results show that RSV infection induces a clear
decrease in Nrf2 levels and airway antioxidant enzymes in
mouse lungs as well as in child nasopharyngeal secretions,
which may be due to RSV-induced Nrf2 degradation
[58–61]. RSV infection promotes Nrf2 ubiquitination and
degradation via the proteasomal pathway, which may be
plausible because the proteasomal inhibitors MG132 and
lactacystin can restore RSV-reduced Nrf2 activity. More
importantly, phenotypes of RSV infection are more severe
in Nrf2-deficient mice than in wild-type mice, which are
reflected in more severe bronchopulmonary inflammation
and epithelial injury, as well as attenuated viral clearance
[62]. Studies show that the more severe airway inflammation
in Nrf2−/−mice induced by RSV is likely due to the enhanced
concurrent activation of AP-1 and NF-κB. Additionally, Nrf2
deficiency makes mice more “Th1-like” with lower GSH and
IFN-γ levels, which may impair virus clearance. Therefore,
the Nrf2 pathway may be targeted for protection against
RSV-induced lung injury.

In recent years, several Nrf2 inducers have been found to
display beneficial effects on RSV infection. The potent Nrf2
inducer sulforaphane pretreatment significantly limits lung
RSV replication and acute inflammation in wild-type but
not Nrf2-deficient mice [62]. Butylated hydroxyanisole
(BHA), a compound that is also known to induce the Nrf2
pathway, can accelerate viral clearance and ameliorate
RSV-induced lung inflammation in mice, which indicates
that the anti-RSV activity of BHA may be derived from
Nrf2 activation [57, 63]. Furthermore, a phosphodiesterase
4 (PDE4) inhibitor, roflumilast N-oxide (RNO), can
reverse RSV-induced Nrf2 loss, and such effects may be
associated with its inhibition of cilia activity, mucin pro-
duction, and inflammatory mediators in RSV infection
in well-differentiated normal human bronchial epithelial
cells (WD-HBE) [64]. Similarly, the Nrf2 inducer tert-
butylhydroquinone (tBHQ) can also rescue the decrease
in Nrf2 activation induced by RSV [61].

3.2.2. Influenza A Virus (IAV) Infection. Influenza A virus
(IAV) infection ranging from upper respiratory infection to

pneumonia has troubled individuals for a long time [65, 66].
Although some antiviral drugs, such as neuraminidase
(NA) inhibitors, have been developed and applied, IAV
infection is still a substantial threat to human health with sig-
nificant morbidity and mortality due to its virus variability
and resistant viral strains, including H1N1, H5N1, and
H7N9 [67–69]. Thus, it is still a critical challenge to develop
novel anti-influenza drugs to control influenza epidemics
and pandemics in the future. In recent decades, studies have
revealed that influenza viruses can induce oxidative stress,
cytotoxicity, apoptosis, and inflammation in the respiratory
system [70, 71]. Consistently, antioxidant compounds pro-
tect against injury induced by IAV via inhibiting virus repli-
cation and immune clearance and diminishing inflammatory
mediator production [72]. Furthermore, the antioxidant
pathway controlled by Nrf2 has been proven to be central
in lung antioxidant defense against inflammation and injury
induced by influenza virus both in human nasal epithelial
cells and in mice [73, 74]. Studies have also shown that
during IAV infection, Nrf2 protects human alveolar epithe-
lial cells from the cytopathic effects induced by oxidative
stress in an interferon-independent manner. The knock-
down of Nrf2 makes ATI-like cells and ATII cells more
vulnerable to injury, while the overexpression of Nrf2
decreases virus replication and related nucleoprotein
expression [75]. However, cells from other vulnerable pop-
ulations, including smokers and patients with COPD, will
be needed in future studies.

To date, several Nrf2 inducers have been examined for
their protective role in IAV infection. It has been recently
reported that the Nrf2 inducer epigallocatechin gallate
decreases influenza A/Bangkok/1/79 virus entry and replica-
tion in nasal epithelial cells; however, the inhibitory effect on
replication is blocked when Nrf2 is knocked down [73], while
curcumin, a classical Nrf2 inducer, not only inactivates IAV
and suppresses IAV adsorption directly but also induces
Nrf2 activation and inhibits IAV-induced oxidative stress,
inflammation, and even IAV replication [76]. Similarly, the
Nrf2 inducer sulforaphane and emodin can also lead to the
significant inhibition of IAV-induced oxidative stress/in-
flammation and viral replication [73, 77]. Other reported
compounds that may exert anti-influenza effects through
the activation of Nrf2 also include bakuchiol and the rupes-
tonic acid derivative, YZH-106 [67, 78].

3.2.3. Bacterial Infections. Recently, Nrf2 has been reported
to have a beneficial role in infection with diverse bacteria,
and the application of Nrf2 inducers may represent a novel
treatment for respiratory tract bacterial infections, although
related studies are limited.

Streptococcus is an important bacterium that colonizes
the upper respiratory airways. This bacterium is not only
the most common cause of community-acquired pneumonia
but also an essential risk factor for several life-threatening
diseases, including sepsis [79]. Previous studies have shown
that S. pneumoniae can release several bacterial components
to cause an enhanced oxidant burden on the lung epithelial
surface, while the specific Nrf2 inducer resveratrol can ame-
liorate pneumococcal-induced oxidative stress in the airway

6 Oxidative Medicine and Cellular Longevity



epithelium [80]. Similarly, Nrf2 can also effectively attenuate
mouse lung injury and the mortality rate induced by Staphy-
lococcus aureus and lung inflammation in Haemophilus
influenzae infections [81, 82]. Furthermore, the preactivation
of Nrf2 by high mobility group nucleosomal binding protein
2 (HMGN2) can attenuate the oxidative stress induced by
Pseudomonas aeruginosa (PA) infection and inhibit the
internalization of the bacteria in A549 cells [83]. Regrettably,
there still lacks evidence for the application of Nrf2 activators
in these infections.

Moreover, tuberculosis (TB) is a typical example of a spe-
cific infection and the top infectious disease killer worldwide.
TB mainly refers to infections with Mycobacterium tubercu-
losis, especially in the respiratory tract [84, 85]. Recently,
the role of oxidative stress and Nrf2 in TB infection has
gained increasing attention. Oxidative stress has been proven
to exist in the guinea pig model of tuberculosis along with the
loss of Nrf2 activation, and the administration of NAC, an
ROS scavenger and Nrf2 activator, significantly decreases
bacterial burden and lung injury in TB infection, indicating
a possible protective role for Nrf2 [86].

3.3. Acute Respiratory Distress Syndrome (ARDS). Acute
respiratory distress syndrome (ARDS) refers to the severe
clinical condition of dyspnea, refractory hypoxemia, and
noncardiogenic pulmonary edema and affects millions of
people throughout the world. According to existing statistics,
the etiology of ARDS is fairly complex, varying from severe
pneumonia, sepsis, and major trauma to massive transfusion,
and severe pneumonia or sepsis may be the major cause [87].
Nevertheless, the typical pathological changes in ARDS still
have similar characteristics, including acute diffuse lung
inflammation and the disruption of the epithelial-vascular
barrier caused by the damage of epithelial and endothelial
integrity [88]. These changes cooperatively result in the
destruction of lung structure and function, mainly shown as
impaired lung compliance and gas exchange [89]. In spite
of the improvement in supportive care today, unfortunately,
ARDS is still responsible for significant morbidity and mor-
tality, owing to its elusive therapeutic methods.

Although the mechanisms responsible for the pathogen-
esis of ARDS have not been fully understood, there is already
evidence indicating the involvement of two essential and
interactional factors, oxidative stress and inflammation. The
overproduction of ROS or RNS, infiltration of inflammatory
cells, and synthesis of inflammatory mediators have been
proven to inflict severe lung damage. Recently, increasing
evidence has demonstrated the importance of Nrf2 activation
in coping with oxidative stress and inflammation in
ARDS. A previous study showed that Nrf2 may act as a
candidate gene of ARDS susceptibility for humans, as over
500 single-nucleotide polymorphisms (SNPs) of Nrf2 have
been identified to date, and the risk of ARDS after severe
trauma has increased in people with a functional NRF2 SNP
inEuropean andAfricanAmerican individuals [90]. For exper-
iments conducted with animals, hyperoxia or LPS-induced
ARDS are perhaps two of the most well-studied models that
benefit from Nrf2 activation, and Nrf2-deficient mice are
extensively used in studies focused on the beneficial role of

Nrf2 in ARDS. In the hyperoxia-induced rodent model of
ARDS, Nrf2 is supposed to be a susceptibility gene because
functional SNPs have been found in hyperoxia-susceptible
C57BL/6J (B6) and hyperoxia-resistant C3H/HeJ (C3) mice,
and the B6C3F2 progeny is reported to have a hyperoxia-
susceptibility promoter SNP [91, 92]. Furthermore, com-
pared to wild-type mice, Nrf2-deficient mice are more likely
to develop ARDS with enhanced lung hyperpermeability,
epithelium injury, and inflammation under the stimulation
of hyperoxia and butylated hydroxytoluene [93, 94]. A recent
study also showed that the specific deletion of Nrf2 in the air-
way epithelium (Clara cell) in a hyperoxia-induced ARDS
model is sufficient to promote the full development of acute
lung injury and delays the subsequent resolution of inappro-
priate lung inflammation and epithelial sloughing [95]. For
the LPS-induced ARDS model, in addition to increasing sus-
ceptibility and severity in Nrf2-deficient mice, it is also
intriguing to find that Nrf2 may provide protective effects
on LPS-induced ARDS via its promotion of M2 polarization
in macrophages in a recent study adopting the Nrf2 activator
tert-butylhydroquinone (tBHQ) and Nrf2 siRNA [96].

Therefore, in recent years, numerous investigations have
focused on the protection against ARDS by Nrf2 activators,
especially in hyperoxia- or LPS-induced ARDS models. The
oleanane triterpenoid CDDO-imidazole (CDDO-Im) is
reported to activate Nrf2/ARE signaling by breaking the
interactions between Keap1 and Nrf2 in the cytosol and
confer protective effects such as the inhibition of pulmonary
hemorrhage, proteinaceous edema, and inflammatory cell
infiltration on hyperoxia-induced ARDS. However, these
protective effects are almost abolished in Nrf2-deficient
mice [97]. Moreover, this compound also dampened
aspiration-induced ARDS in another experiment. Impor-
tantly, its analogs, CDDO-methyl esters, have already been
used in clinical trials for cancer treatment (http://clinical
trials.gov), which brings the hope of the clinical application
of CDDO-Im. Similarly, vitexin and aucubin both mitigate
inflammatory and oxidative injury along with the suppres-
sion of inflammatory signaling, such as NLRP3/NF-κB,
and the induction of Nrf2 in the LPS-induced ARDS model
in wild-type but not Nrf2 knockdown mice/macrophages
[98, 99]. The most well-recognized Nrf2 inducer, sulforaph-
ane, also exerts protective effects on an ARDS murine
model induced by LPS via inhibiting the increase of NF-κB
and activating the Nrf2 pathway and is also reported to alle-
viate lung injury in another oleic acid-induced ARDS model
[100, 101]. Indeed, a large number of compounds have been
reported to act in a similar manner that activates Nrf2
signaling in an LPS-challenged ARDS model, such as res-
veratrol, alpha-lipoic acid, ethyl gallate, cordycepin, and syr-
ingin [102–107]. More intriguingly, another potent Nrf2
activator, tBHQ, protects against LPS-induced lung injury
in an ARDS mouse model by promoting the polarization
of M2 macrophages, suppressing the polarization of M1
macrophages and modulating the balance between proin-
flammatory and anti-inflammatory factors [96]. Further-
more, the transfection of Nrf2 is also able to reinforce
the efficacy of human amniotic mesenchymal stem cells
(hAMSCs) to inhibit inflammation, fibrosis, and lung injury
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and promote hAMSCs to differentiate into type II alveolar
epithelial (AT II) cells with enhanced activity of Nrf2 in an
LPS-induced mouse ARDS model [108].

3.4. Chronic Obstructive PulmonaryDisease (COPD).Chronic
obstructive pulmonary disease (COPD), a common chronic
pulmonary disease characterized by irreversible airflow lim-
itation, is projected to emerge as the third most prevalent
cause of death by 2020 [109]. The pathological basis of
COPD is associated with small airway obstruction and tissue
remodeling, which may result from abnormal inflammation
and lung parenchyma destruction in response to diverse
stimuli, including genetic/environmental risk factors and
their complicated interactions [110, 111]. Moreover, in
recent decades, oxidative stress has also been recognized as
an important predisposing factor that accounts for the path-
ogenesis of COPD, and cigarette smoking (CS) containing
rich oxidants and other detrimental substances has long
been regarded as a dominant environmental risk factor for
COPD [112].

Exposure to cigarette smoke can lead to obvious oxidative
stress, inflammation, and alveolar cell apoptosis. In healthy
smokers, to cope with such high oxidant burden, there is a
significant increase in numerous antioxidant defenses,
among which Nrf2 is largely relied on. This reliance may be
evidenced by the transient Nrf2 expression induced by CS
in human airway cells. However, decreased levels of Nrf2
and its stabilizer DJ1 (PARK7) in lung tissues of COPD
patients have been observed, and multiple human studies
have demonstrated that the NRF2–KEAP1–BACH1 equilib-
rium in lung and alveolar macrophages is lowered in the pop-
ulation of aged smokers and COPD patients. Moreover, a
cohort study on the relationship between polymorphisms of
the Nrf2 gene and limitations of airflow in smokers also indi-
cates that impaired Nrf2 may contribute to the development
of COPD owing to excessive oxidant burden and apoptosis in
the lungs [113]. The severity of COPD and the occurrence of
respiratory failure may also be associated with the haplotype
of the Nrf2 gene promoter, which affects its activity [114].
Consistent with these findings, Nrf2-deficient mice are more
susceptible to cigarette smoke exposure and develop more
severe lung emphysema and apoptosis, and the activity of
antioxidant enzymes is repressed [40]. Additionally, the rela-
tionship between Nrf2 and COPD has also been addressed
in vitro: Nrf2 knockdown increases 10% cigarette smoke
exposure- (CSE-) induced apoptosis, while Nrf2 overexpres-
sion protects cells from apoptosis induced by CSE. Notably,
the deletion of Keap1 and subsequent activation of Nrf2 sig-
naling in Clara cells not only protects cells against oxidative
stress ex vivo and in human epithelial cells but also sup-
presses oxidative stress and CS-induced inflammation
in vivo [115]. Furthermore, Nrf2 has an influence on the
infection-related acute exacerbations and therapeutic
responses to corticosteroids in COPD. During COPD, oxida-
tive stress has been reported to disrupt innate immune
defenses and amplify inflammation. On the one hand, Nrf2
deletion impairs the clearance of respiratory infections via
its effects on scavenger receptor macrophage receptor with
collagenous structure (MARCO). On the other hand, a

reduction in HDAC2 activity may lead to increased inflam-
mation and corticosteroid resistance. A recent study has
already shown that CS-exposed and LPS-induced Nrf2−/−

mice display augmented lung inflammation that cannot be
alleviated by steroids and revealed that deficits in Nrf2 may
play an essential role in steroid resistance via HDAC2 repres-
sion: the recruitment of HDAC2 is important in mediating
the anti-inflammatory activities of glucocorticoids by its
interaction with promoters of proinflammatory genes, while
Nrf2 deficiency may significantly reduce histone deacetylase
2 (HDAC2) level and deacetylase activity [116].

Therefore, novel therapies, such as Nrf2 activators, may
show promise for therapy in COPD patients. Several Nrf2
activators have the potential to protect against exposure to
cigarette smoke. For example, upon chronic CS exposure,
CDDO-Im induces a more significant upregulation of Nrf2
and its target genes, mitigating CS-induced lung oxidative
stress, tissue destruction, and even pulmonary hypertension
in wild-type mice; however, these protective effects are not
obviously observed in Nrf2-deficient mice. Additionally, it
is interesting that CDDO-Im shows no inhibitory effect on
CS-induced inflammation, despite its prevention of emphy-
sema development, which may suggest that the inhibition
of oxidative stress is enough to interrupt the development
of emphysema [117]. Similarly, the WNT activator LiCl sup-
presses emphysematous changes and the lung inflammation
induced by elastase or CSE, respectively, in WT mice along
with the upregulation of Nrf2 signaling; however, such pro-
tective effects are almost abolished in elastase-challenged
Nrf2-deficient mice. Additionally, the protective effects of
the AMPK activator metformin on CSE-stimulated increases
in inflammatory markers in Nrf2-deficient NHBE cells are
not obviously observed [118]. Moreover, two well-known
Nrf2 activators, sulforaphane and andrographolide, not only
protect against CS/CSE-induced injury but also act in con-
trolling infections that exacerbate COPD. In a recent study,
sulforaphane was reported to counteract the oxidative injury
induced by CSE with the activation of Nrf2 signaling in a rat
alveolar epithelial cell line [119]. Furthermore, sulforaphane
can augment the phagocytosis of bacteria (such as PA and
NTHI isolated from COPD patients) by alveolar macro-
phages from COPD patients, but the ability is absent in
Nrf2 siRNA-transfected macrophages, and similar results
are obtained in wild-type and Nrf2 knockout mice. The study
further shows that the Nrf2-dependent bacterial clearance by
sulforaphane may be associated with Nrf2-mediated regula-
tion of scavenger receptor MARCO but not dependent on
the antioxidant glutathione [120]. However, although these
findings suggest that sulforaphane protects against COPD
and COPD exacerbation, the administration of sulforaphane
to COPD patients unfortunately failed to induce Nrf2 target
gene expression or affect the levels of other antioxidants or
inflammation markers in a randomized, double-blind, pla-
cebo controlled trial in the US [121]. Another typical com-
pound for COPD treatment, andrographolide, is a kind of
lactone extracted from Andrographis paniculata. Recent
studies reveal that andrographolide has the ability to protect
the lungs from oxidative injury caused by cigarette smoke
and suppress nontypeable Haemophilus influenza- (NTHi-)
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increased inflammatory and oxidative lung injury in a
CS-predisposed mouse model that imitates COPD exacerba-
tion, while the mechanism of action may be attained by the
induction of Nrf2-mediated cytoprotective responses [122,
123]. Intriguingly, this compound has already been applied
as a drug component in some areas of China. In addition,
influenza virus (FluV) is important in the acute exacerbations
of COPD, and a recent study found that CS-exposed Nrf2−/−

mice showed increased mortality and lung damage of
increased severity after FluV infection [74]. Therefore,
Nrf2 inducers that are effective in FluV infection, such as
curcumin, may also provide protection to certain acute exac-
erbations of COPD. Indeed, there are many other com-
pounds that have been reported to protect against lung
tissue or epithelial injury induced by CS/CSE via the modu-
lation of Nrf2, such as resveratrol, ursolic acid, the vitamin E
isoform γ-tocotrienol, and aspirin-triggered resolvin D1
(AT-RvD1) [124–127].

3.5. Asthma. Asthma is a complex respiratory disorder char-
acterized by chronic airway inflammation, airway hyperreac-
tivity (AHR), and extensive and polytropic reversible airway
obstruction [128]. Supported by previous studies, oxidative
stress is highly involved in the pathogenesis of human
asthma, and the oxidant burden plays a pivotal role in air-
way inflammation, AHR, and even insensitivity to steroids
[129, 130]. As reported, patients with asthma may have
more problems coping with oxidant burden than healthy
people, which may be intimately related to impaired Nrf2
activity. Recent studies have also shown that Nrf2-driven
GST is a possible marker for asthma susceptibility in
humans: the homozygous GSTM1-null genotype increases
the risk for asthma, but homozygous GSTP1 expression
can protect against asthma [131, 132]. In mice, it has also
been reported that Nrf2 deficiency significantly enhances
ovalbumin or diesel exhaust particle- (DEP-) driven oxida-
tive stress, airway inflammation, and AHR in an asthma
model [41, 133]. In the OVA-challenged asthma model,
the disruption of Nrf2 not only leads to increased levels of
eosinophils, particularly in BALF and lung tissues, in
Nrf2−/− mice but also causes higher levels of neutrophils,
which may be responsible for airway remodeling in severe
asthma. In turn, eosinophils and neutrophils generate more
ROS to cause damage to the lung. In addition, the disruption
of Nrf2 may also be associated with more obvious AHR,
goblet cell hyperplasia, epithelial cell apoptosis, and an ele-
vated level of Th2 cytokines in this model. In the
DEP-challenged asthma model, Nrf2−/− mice also display
increased eosinophils, AHR, IL-12, IL-13, and thymus and
activation-regulated chemokines (TARC) in BALF. More-
over, when dendritic cells (DCs) from both Nrf2-deficient
and wild-type cells were exposed to particulate matter
(PM), Nrf2 successfully restrains the production of a proal-
lergic phenotype via the inhibition of oxidative stress and
Th2-directed proallergic immunity regulated by DCs [134].
During this process, the constitutive immune-polarizing
cytokine milieu due to Nrf2 deficiency in DC plays an essen-
tial role in the augmenting promoting effect of PM on aller-
gic sensitization. Taken together, Nrf2-mediated antioxidant

responses can serve as an important determinant of suscep-
tibility to asthma.

In recent decades, the protective role of Nrf2 inducers
in asthma has been extensively investigated, and ovalbumin
is used as a classical asthma inducer. Until recently, differ-
ent studies have examined the protection of sulforaphane
against asthma. Sulforaphane administration can suppress
ovalbumin-induced allergic airway inflammation in mice,
and a recent study further investigated the protective effects
of sulforaphane in asthmatics. The results reveal that Nrf2
signaling may play an essential role in individuals whose
bronchoprotective responses against methacholine (MCh)
are improved by sulforaphane [135, 136]. Moreover, in a
Cl2-induced murine asthma model defined as
irritant-induced asthma (IIA) and DEP-stimulated airway
epithelial cells, sulforaphane administration with augmented
Nrf2 activity inhibited airway inflammation [137, 138].
Notably, sulforaphane administration in healthy human sub-
jects fails to increase Nrf2 and its target antioxidant gene
expression but protects against neutrophilic airway inflam-
mation induced by ozone [139]. Therefore, whether sulfo-
raphane can be used clinically still needs more evidence
from studies on different populations and allergens. Simi-
larly, another Nrf2 inducer, sappanone A (SA), can protect
against allergic airway inflammation induced by OVA,
inhibiting the increase of inflammatory cells, cytokines,
and OVA-specific IgE in BALF and restoring the level of
IFN-γ, and the mechanism of action may derive from
Nrf2-regulated Th1/Th2 balance [140]. The well-known
antioxidant vitamin E (α-tocopherol) is also reported to pro-
tect against IgE-induced asthma by reversing the impairment
of Nrf2 activity in alveolar macrophages in vivo and alleviat-
ing asthma exacerbation stimulated by ozone in the
OVA-induced murine model via the Nrf2 pathway, although
its effect is absent on OVA-induced asthma symptoms [141,
142]. Moreover, compounds such as vitamin D3, forsythia-
side A (FSA), and mainstream anti-malarial drug artesunate
all have similar effects on the amelioration of airway inflam-
mation and AHR in OVA-induced asthma through activat-
ing the Nrf2/HO-1 signaling pathway [143–145].

3.6. Idiopathic Pulmonary Fibrosis (IPF). Idiopathic pulmo-
nary fibrosis (IPF), an important representative of interstitial
lung disease, is described as a chronic progressive lung dis-
ease with fibroproliferation and excessive extracellular matrix
(ECM) deposition, which ultimately results in irreversible
lung interstitial fibrosis and respiratory failure [146].
Although great efforts have been made to combat this dis-
ease, unfortunately, no treatment is reported to have actual
benefits to improve the survival rate. Like many other
chronic diseases, the pathogenesis of IPF is still unknown;
however, oxidative stress is closely implicated according to
previous studies, in which increased oxidative burden has
already been observed in IPF patients [147, 148]. Oxidative
stress-driven insults of lung tissue may come from different
dimensions. For example, excessive ROS results in DNA
damage and apoptosis in lung epithelial cells and drives IPF
progression via triggering the activation and release of
TGF-β1, which can accelerate ROS generation, existing
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inflammation, and lung scarring as well as suppress antiox-
idant gene expression by mediating the interaction of
Smad3-ATF3 with Nrf2. Moreover, ROS play an essential
role in myofibroblastic differentiation, which is intimately
involved in the pathogenesis of IPF. Therefore, it is not sur-
prising that the dysregulation of Nrf2, a master regulator of
oxidative stress, is reported to contribute greatly to pulmo-
nary fibrosis [149]. In previous studies, Nrf2-deficient mice
are more susceptible to the inducer of IPF-like lung fibrosis
and bleomycin than wild-type mice, and these deficient
mice more obviously display lung inflammation and fibro-
genesis, along with increased fibrosis indices and decreased
antioxidant response [38]. In vitro, Nrf2 siRNA leads to
not only augmented oxidant burden but also increased myo-
fibroblastic differentiation, whereas the knockdown of
Keap1 induces the opposite effects. Nevertheless, evidence
in humans for similar conclusions still remains to be
explored, although augmented Nrf2 expression accompa-
nied by oxidant markers is found in lung tissues from IPF
patients, especially when the major inflammatory response
and the oxidant nature in the common model induced by
bleomycin still contrast with the histological features of
human IPF.

Several Nrf2 activators have been studied to protect
against pulmonary fibrosis. Pirfenidone (PFD) is a current
approved drug for the therapy of IPF, and its antifibrosis
activity in transforming growth factor-β- (TGF-β-) stimu-
lated fibroblasts and bleomycin-challenged murine models
is associated with the restoration of Nrf2/Bach1 equilibrium
through Bach1 inhibition and Nrf2 activation [150]. The
classical Nrf2 activator sulforaphane also shows antifibrosis
effects on IPF fibroblasts in vitro by reversing the hallmarks
of myofibroblastic differentiation (such as the increase of
α-SMA, collagen I, fibroblast proliferation, migration, and
contraction), even under TGF-β stimulation, and the anti-
fibrosis activity is dependent on the restoration of redox
balance by Nrf2 activation. However, studies have reported
that sulforaphane cannot protect against bleomycin-induced
lung fibrosis in mice, which may be related to the fact that
this model does not address the effects of Nrf2 activators in
lung fibrosis due to the absence of Nrf2 activation in mouse
lung fibroblasts [151]. Another Nrf2 inducer, emodin,
similarly suppressed BLM-induced fibrotic lung injuries
in rats via the inhibition of collagen overproduction,
epithelial-mesenchymal transition (EMT), and TGF-β
and p-Smad expression. In addition, emodin can reverse
recombinant TGF-β1-stimulated EMT-like shifts in alveo-
lar epithelial-cultured cells [152]. Additionally, quercetin
significantly induces antioxidant defense via Nrf2 activation
and suppresses inflammation in bleomycin-challenged
BEAS-2B cells, and its inhibitory effect on TGF-β-induced
fibrosis in fibroblasts is also at least partly mediated by HO-1,
a main downstream target of Nrf2 [153, 154]. Apart from the
above compounds, the antifibrotic effects of berberine and
epigallocatechin-3-gallate (EGCG) on bleomycin-induced
pulmonary fibrosis in a murine model may also be at least
partly mediated by the activation of Nrf2 signaling, accompa-
nied by the inhibition of inflammation and other biological
events [149, 155].

3.7. Lung Cancer. Lung cancer is reported to be the leading
cause of cancer-related mortality worldwide [156]. In all
types of lung cancer, non-small-cell lung carcinoma
(NSCLC) is the most common and has been extensively stud-
ied on its different subtypes, while small-cell lung carcinoma
(SCLC) only accounts for approximately 20% of lung cancer
[157, 158]. As this disease is prone to be diagnosed late and
the response to existing drugs is poor, patients with lung can-
cer always have poor prognoses. Therefore, novel possible
drugs to prevent this disease and improve the outcomes are
still in urgent need.

To decrease the incidence of cancer, people attempt to
apply chemicals to detoxify or remove carcinogens [159].
Among these potential chemicals, Nrf2 inducers have been
proven to have special advantages as chemopreventive agents
[160]. However, the effects of Nrf2 on cancer pathogenesis
are still controversial in the lungs [161]. In addition to cyto-
protective functions, Nrf2 and its targeted genes also take
part in several oncogenic signaling pathways, such as PI3K
and K-ras, and connect with other transcription factors,
structural proteins and epigenetic enzymes involved in the
pathogenesis of cancer [162]. Nrf2 indeed displays opposing
biological activities during carcinogenesis. Therefore, numer-
ous studies have attempted to reveal the precise role of Nrf2
in lung cancer and have gained certain possible points. In a
vinyl carbamate/urethane-induced and KrasG12D-driven
genetic lung cancer mouse model, Nrf2 is able to inhibit
lung cancer initiation in a vinyl carbamate/urethane-in-
duced model but promotes existing tumor progression
in either model [163, 164]. Another study showed abnor-
mal immunity associated with impaired Nrf2 in vinyl
carbamate-induced lung cancer. Upon vinyl carbamate chal-
lenge, the lungs and tumors in Nrf2-deficient mice display
the increased infiltration of immune cells that promote the
development of tumors and upregulated gene expression that
responds to the immune response. Data in patients with lung
cancer also provide support for the importance of such find-
ings [165]. The possible protective effects of Nrf2 on certain
stages of lung cancer have also been observed in several other
studies. For instance, coal tar pitch- (CTP-) induced malig-
nant BEAS-2B cell transformation is accelerated when Nrf2
expression is knocked down [166]. In the Lewis lung carci-
noma metastasis model of mice, Nrf2 is reported to prevent
carcinoma metastasis because Nrf2-deficient mice have more
metastatic nodules than wild-type mice [167]. These findings
indicate that determining whether Nrf2 activation is protec-
tive may depend on the stage of lung cancer. Nevertheless,
although Nrf2 exerts a chemopreventive effect on certain
lung cancer mouse models, related clinical evidence is still
lacking. In contrast, some clinical evidence indicates that
the constitutive upregulation of Nrf2 is related not only to
cancer progression but also to resistance to traditional ther-
apy and worse outcomes in NSCLC [164, 168]. According
to an investigation conducted by The Cancer Genome Atlas
(TCGA), changes in the Keap1/Nrf2/Cullin3 pathway exist
in a third of squamous cell lung cancer, while the rate may
be variable due to the number of study subjects and cancer
subtypes in different studies [169]. Keap1 dysfunction due
to somatic mutation/methylation and abnormal Nrf2
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activation in NSCLC patients may be related to worse
progress-free and overall survival. Conversely, silencing
Nrf2 by siRNA in cells inhibits tumor growth and reverses
chemotherapeutic resistance. Similarly, Nrf2 activation
induced by mutant p53 in NSCLC mediates the resistance
of cisplatin-based chemotherapy and leads to poor prog-
nosis [170].

Considering the double effect of Nrf2 on lung cancer, the
application of the Nrf2 activator in the early stages of carci-
nogenesis to prevent cancer may be more promising. Indeed,
several well-known Nrf2 inducers have been studied in this
respect. One of the most potent activators of Nrf2, sulfo-
raphane, activates Nrf2 signaling via its impact on Keap1
and exerts suppressive effects on benzo(a)pyrene- (B(a)P-)
initiated lung carcinogenesis in mice [171]. Intriguingly,
another study revealed that in untransformed BEAS-2BR
cells, sulforaphane activates the Nrf2 pathway and inhibits
ROS production, ultimately repressing malignant cell trans-
formation. However, in cadmium-transformed BEAS-2BR
cells, sulforaphane suppresses the constitutive activation of
Nrf2 and alleviates apoptosis resistance. The dual effects of
sulforaphane make this compound a possible ideal agent
for protection against cadmium-induced carcinogenesis,
including lung carcinogenesis [172]. Curcumin, another
classical Nrf2 activator, is reported to have chemopreventive
efficacy in different models and be a radiotherapy/chem-
otherapy sensitizer or protector [173]. A recent study
revealed that curcumin exerts anti-initiating effects via
reducing phase I and inducing phase II enzymes in
B[a]P-treated mice [174]. However, curcumin displayed lim-
ited effects in clinical trials due to its poor bioavailability
[175]. To overcome such disadvantages, researchers have
studied its derivatives with better bioavailability. Intrigu-
ingly, one of its major derivatives, bis[2-hydroxybenzylide-
ne]acetone (BHBA), also significantly upregulates Nrf2
signaling, counteracts sodium arsenite- [As(III)-] induced
cytotoxicity in a lung epithelial cell line and inhibits tumor
formation in a vinyl carbamate-induced lung adenocarci-
noma model of A/J mice [176]. Moreover, CDDO-methyl
ester (CDDO-Me), a synthetic oleanolic triterpenoid similar
to CDDO-Im, has been reported to significantly activate the
Nrf2 pathway and reduce the number, size, and severity of
tumors in vinyl carbamate-induced lung carcinogenesis in
A/J mice. Additionally, CDDO-Im has semblable activity,
although it seems less potent [177]. In addition, the inhala-
tion of the Nrf2 inducer oltipraz can also suppress B(a)P-ini-
tiated lung adenocarcinoma in A/J mice [178].

4. Concluding Remarks

Oxidative stress has been reported to participate in the occur-
rence and development of various respiratory diseases,
including BPD, respiratory infection, ARDS, COPD, asthma,
IPF, and lung cancer. Thus, the master antioxidant transcrip-
tion factor Nrf2, which is abundant in the lungs, drives
diverse cellular defense pathways to counteract detrimental
stimuli that are involved in the pathogenesis of these pulmo-
nary disorders, including oxidative stress, inflammation,
apoptosis, and carcinogenesis. Currently, Nrf2-deficient mice

have provided an effective tool for investigating Nrf2 func-
tion in oxidative pulmonary disease models and have led
to a better understanding of Nrf2 function in the patho-
genesis of related pulmonary diseases. In fact, researchers
have adopted three different genetic backgrounds (ICR,
C57BL/6J, and Balbc/J) and lung-specific conditional knock-
out mice to conduct experiments to obtain insight into the
protective roles of Nrf2. Therefore, in recent decades, a large
number of studies have focused on the protective effects of
Nrf2 activators on the above pulmonary diseases and found
that certain compounds may provide new strategies to inter-
vene or prevent oxidative airway diseases via Nrf2 induction.
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The aim of this study was to investigate whether uric acid (UA) might exert neuroprotection via activating the nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway and regulating neurotrophic factors in the cerebral cortices after transient focal
cerebral ischemia/reperfusion (FCI/R) in rats. UA was intravenously injected through the tail vein (16mg/kg) 30min after the
onset of reperfusion in rats subjected to middle cerebral artery occlusion for 2 h. Neurological deficit score was performed to
analyze neurological function at 24 h after reperfusion. Terminal deoxynucleotidyl transferase-mediated dNTP nick end labeling
(TUNEL) staining and hematoxylin and eosin (HE) staining were used to detect histological injury of the cerebral cortex.
Malondialdehyde (MDA), the carbonyl groups, and 8-hydroxyl-2′-deoxyguanosine (8-OHdG) levels were employed to evaluate
oxidative stress. Nrf2 and its downstream antioxidant protein, heme oxygenase- (HO-) 1,were detected by western blot. Nrf2
DNA-binding activity was observed using an ELISA-based measurement. Expressions of BDNF and NGF were analyzed by
immunohistochemistry. Our results showed that UA treatment significantly suppressed FCI/R-induced oxidative stress,
accompanied by attenuating neuronal damage, which subsequently decreased the infarct volume and neurological deficit.
Further, the treatment of UA activated Nrf2 signaling pathway and upregulated BDNF and NGF expression levels. Interestingly,
the aforementioned effects of UA were markedly inhibited by administration of brusatol, an inhibitor of Nrf2. Taken together,
the antioxidant and neuroprotective effects afforded by UA treatment involved the modulation of Nrf2-mediated oxidative stress
and regulation of BDNF and NGF expression levels. Thus, UA treatment could be of interest to prevent FCI/R injury.

1. Introduction

The principal therapy for cerebral ischemia is the restoration
of cerebral blood flow as early as possible. Early recanaliza-
tion with recombinant tissue plasminogen activator (rt-PA)
has been developed to treat acute ischemic stroke. However,
reperfusion after cerebral ischemia may be injurious and
increase the risk of brain hemorrhage, promote the devel-
opment of cerebral edema, and cause more serious damage
to the blood-brain barrier. The potential mechanisms

responsible for the additional injuries in the ischemic brain
caused by reperfusion itself remain unclear [1]. Acute cere-
bral ischemia starts with cerebral blood flow interruption
that causes severely limited oxygen and glucose supply, elicit-
ing a cascade of pathological events such as excitotoxicity,
calcium dysregulation, oxidative stress, and inflammatory
that could ultimately result in tissue death. Oxidative stress
is linked with a progressive increase in reactive oxygen
species (ROS), and it affects the pathogenesis of cerebral
ischemia/reperfusion (I/R) injury seriously [2–4]. Oxidative
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insult after I/R injury increases pathological alteration of
lipids, proteins, and DNA, thereby damaging function of
the cell, which lastly causes the cell death. Enhanced ROS
production after reperfusion increases hemorrhagic infarc-
tion, brain edema, and infarction size. So the intervention
of oxidative damage using safe and effective therapeutic
agents with antioxidant properties provides an encouraging
therapeutic strategy.

Phase 2 enzymes have been implicated to be the impor-
tant means by which neurons protect themselves against
intense oxidative stress. The expression of phase 2 enzymes,
including heme oxygenase (HO)-1, is regulated by nuclear
factor E2-related factor 2 (Nrf2) [5]. Considerable efforts
have been made to develop effective strategies and drugs to
relieve or prevent cerebral I/R injury. Extensive research
has confirmed that Nrf2 activation during I/R is becoming
a promising therapeutic target for neuroprotection [6, 7].
We also have recently indicated a key role of Nrf2 activation
in prevention of ischemic cerebrovascular disease in our pre-
vious studies [8].

Neurotrophic factors are essential regulators in post-
stroke recovery [9–11]. Both brain-derived neurotrophic fac-
tor (BDNF) and nerve growth factor (NGF) have been
reported to be neuroprotective in the middle cerebral artery
occlusion (MCAO) rat model of ischemia [12, 13]. Previous
experimental studies have demonstrated that these neuro-
trophic factors confer neuroprotective effects as important
candidates for prevention of oxidative stress and subsequent
neurotoxicity [14, 15]. The expression levels of neurotrophic
factors such as BDNF and NGF, which are causally related to
oxidative stress, exert key effects in keeping the balance
between oxidation and antioxidation mechanisms. Both
BDNF and NGF are Nrf2-target genes [16]. In addition, it
has been demonstrated that neurotrophins can activate
Nrf2 [17–19]. So our choice of regulator molecules, BDNF
and NGF, and the transcription factor, Nrf2, which partici-
pate in multiple steps of the active process of oxidative stress,
is justified because dysfunction of any of these proteins
causes a redox imbalance that leads to oxidative damage.

Uric acid (UA) is a major antioxidant in the blood in
humans and is responsible for almost two-thirds of all free
radical scavenging capacity with a concentration that sur-
passes other antioxidants by as much as tenfold in plasma
[20]. Since UA has a wide variety of profound antioxidant
properties, including quenching superoxide and hydroxyl
and peroxynitrite radicals, and may have beneficial effects
via reducing lipid peroxidation [21, 22]; it should have pro-
tective effects against ischemic brain damage. Actually, there
are several animal experimental data in which the neuropro-
tective property of exogenous administration of uric acid is
demonstrated [23–27]. Evidence has been presented that
UA can exert much of its neuroprotective effect by astrocytic
Nrf2/antioxidant response element (ARE) pathway activa-
tion indirectly causing increased levels of glutathione con-
centration [28], which implies that Nrf2 pathway may
participate in the neuroprotection of UA. However, it
remains unknown whether the Nrf2 pathway activation is
involved in the UA-induced neuroprotection against the
cerebral I/R injury via neuronal antioxidation approach and

whether neurotrophic factors are involved in the UA’s neuro-
protection against oxidative damage after stroke. Therefore,
we employed the MCAO-induced focal cerebral I/R (FCI/
R) rat model to test the hypothesis that UA protects against
FCI/R-induced oxidative stress injury by activating Nrf2
pathway and targeting BDNF and NGF expression. Further-
more, this study may help understanding the relationship
between Nrf2 signaling activation and the roles of BDNF
and NGF in the pathogenesis of the ischemic brain in the
neuroprotection induced by UA.

2. Materials and Methods

2.1. FCI/R Rat Model.Male Sprague–Dawley (SD) rats (280–
300 g) from Pengyue Experimental Animal Breeding Insti-
tute of Jinan, China, were maintained in a room (23-24°C,
50-60% humidity) under 12 h light–dark cycle with free
access to water and food. All experimental protocols were
conducted according to ARRIVE (Animal Research: Report-
ing In Vivo Experiments) guidelines. Every effort was made
to minimize animal suffering and the number of animals
used. The Ethics Committee of Jining Medical University
approved all the experimental protocols. All sample analysis
was conducted under a strictly blinded manner. 193 rats were
used, of which 11 died after transient FCI/R insult and 2 died
after left lateral ventricle puncture, and consequently a total
of 180 rats were separated randomly into 4 groups which
included the sham group (n = 45), vehicle-treated I/R group
(n = 45), 16mg/kg UA-treated I/R group (UA group, n = 45),
and UA plus brusatol-treated I/R group (UA+Bru, a specific
inhibitor of Nrf2, n = 45).

The procedure for transient FCI/R has been described
previously [29]. For MCAO, a 4-0 nylon thread with a
rounded tip was inserted into the left external carotid artery
(CA) and subsequently went into the internal CA approxi-
mately 20–21mm from the carotid bifurcation. Then, the
thread was withdrawn to initiate reperfusion after 2 h ische-
mia. The left CA was isolated with no thread inserted in the
sham group. Rectal temperature was monitored and main-
tained between 37.0 and 37.5°C with a heating pad through-
out surgery.

2.2. Drug Treatment and Experimental Design. UA diluted
with Locke’s buffer (vehicle) was injected intravenously
through the tail vein (16mg/kg) 30min after reperfusion.
An equal volume of vehicle was given to sham and model
rats. Rats in the UA+Bru group were treated with UA plus
brusatol. The dose of UA was chosen based on previous
reports of UA treatment in rats induced by transient FCI/R
[24–26]. Left lateral ventricle puncture (anteroposterior,
−0.9mm; lateral, 1.5mm; depth, 3.6mm; from bregma) was
performed before MCAO. In the UA+Bru group, rats were
infused intracerebroventricularly with Nrf2 inhibitor brusa-
tol 30min prior to ischemia (1mg/kg, dissolved in 5μl 1%
DMSO) [30]. The other three groups also received equal vol-
ume vehicle injection after surgery. After animals underwent
neurological evaluation at 24h of reperfusion, their brains
were harvested for the experiments described below.
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2.3. Measurement of Cerebral Infarct Area. 2,3,5-Triphenyl-
tetrazolium chloride (TTC) staining technique was employed
to test the cerebral infarct volume. TTC stains the nonin-
farcted region with a deep red pigment, while the infarcted
brain area appears white. Infarct volume was calculated with
correction of edema in the ischemic hemisphere as previ-
ously described [29].

2.4. Evaluation of Neurological Deficits. A blinded observer
evaluated the neurological status 24h after FCI/R. A 5-
point scale was used as follows [31, 32]: 0, no neurological
deficits; 1, failure to fully extend the right forepaw; 2,
decreased resistance to a lateral push toward the left side
and failure to fully extend the right forepaw; 3, decreased
resistance to a lateral push toward the left side, failure to fully
extend the right forepaw, and circling to the left side; and 4,
inability to walk spontaneously and lack of response to
stimulation.

2.5. Determination of Brain Edema. The brains were carefully
removed after decapitation. The wet weight was obtained
immediately by weighing the ischemic hemispheres. The
dry weight was obtained by weighing the samples dried at
60°C for 72h. The percentage tissue water content was deter-
mined as previously described [8].

2.6. Histology and Immunochemistry Analysis. Rats were
transcardially perfused with PBS and 4% paraformaldehyde
24 h after transient FCI/R (n = 3/group). The brain coronal
sections from bregma at 0.3 to −1.8mm were cut at 20μm
thickness. The sections were stained for hematoxylin and
eosin (HE), terminal deoxynucleotidyl transferase- (TdT-)
mediated dNTP nick end labeling (TUNEL), the expression
of BDNF and NGF, and 8-hydroxy-deoxyguanosine (8-
OHdG). Sections were incubated with primary antibody
(anti-BDNF, Santa Cruz, USA; anti-NGF, Abcam Inc., Cam-
bridge, MA; anti-8-OHdG, JaICa, Shizuoka, Japan) and then
with the biotinylated secondary antibody. Negative controls
performed the same staining procedure with the omission
of primary antibody. HE staining was performed according
to the standard procedure. TUNEL labeling assay kit (Roche
Company, Switzerland) was used to measure DNA fragmen-
tation. The number of HE-, TUNEL-, BDNF-, NGF-, and 8-
OHdG-positive cells in the penumbra of ischemic ipsilateral
parietal cortex in the ischemic area was quantified under a
400x magnification by a blinded investigator.

2.7. Western Blot. The ischemic side cerebral cortex (left side,
n = 4/group) was dissected to extract total protein using a
total protein extraction kit (Applygen Technologies Inc.,
Beijing). A nuclear-cytosol extraction kit (Applygen Tech-
nologies Inc., Beijing) was used to isolate the nuclear and
cytosol fractions. We examined the expression levels of
Nrf2 in the cytoplasm and nucleus and HO-1 in the cyto-
plasm. Each sample contained 50μg protein. The primary
antibodies were anti-HO-1 polyclonal antibody (Santa Cruz,
USA) and anti-Nrf2 polyclonal antibody (Abcam Inc.,
Cambridge, MA). Each protein blot was normalized to his-
tone H3 or β-actin to obtain the final result expressed as
intensity ratio (% sham-operated control).

2.8. DNA-Binding Activity Assay of Nrf2. A commercially
available Active Motif’s (Carlsbad, CA, USA) ELISA-based
TransAM® Nrf2 kit was used to analyze Nrf2 DNA-binding
activity [8]. 10μg nuclear protein was assayed per the manu-
facturer’s protocol.

2.9. Determination of Protein Oxidation and Lipid
Peroxidation. A commercial OxyBlot kit (#S7150; Millipore)
was employed to determine the extent of protein oxidation
[8]. The protein carbonyl content was used as an index for
oxidative protein damage [33]. The cytoplasmic supernatant
fluids of tissue samples were reacted with 2,4-dinitrophenyl-
hydrazone (DNP) to get the DNP derivatized carbonyl
groups. Then western blotting was used to test the DNP-
derivatized protein with an anti-DNP antibody.

We analyzed total malondialdehyde (MDA) levels as the
indicators of lipid peroxidation with the MDA detection kit
(Nanjing Jiancheng, China) [8]. The absorption of the thio-
barbituric acid (TBA) reactive substances which were pro-
duced by the reaction of TBA with MDA was measured at
532 nm to determine the extent of MDA. Results were pre-
sented as nmol/mg protein of wet tissue.

2.10. Statistical Analysis. Neurological deficits were analyzed
using the Kruskal-Wallis test followed by Dunn’s test, and
results are expressed as median± interquartile range. One-
way analysis of variance (ANOVA)with subsequentDuncan’s
test as post hoc analysis was used for statistical analysis of all
the other data, and results are reported as mean± standard
error (SE). A P value < 0.05 was considered to indicate sta-
tistical significance.

3. Results

3.1. UA Decreases Cerebral Infarct Size and Improves
Neurological Functional Outcome. The infarct size induced
by MCAO was determined using TTC staining (Figure 1(a)).
No infarct tissue was detected in the sham group, while in
the vehicle group, large volumes of infarct tissue were devel-
oped. Sections from rats treated with UA had significantly
decreased infarct volumes (22.93%± 3.04%) compared to
the vehicle-treated I/R group (40.18%± 2.30%, P < 0 01). In
order to evaluate the role of Nrf2 pathway in UA-induced
neuroprotection, the effect of brusatol on cerebral infarct vol-
ume was also detected. As observed in the UA+Bru group, a
larger cerebral infarct volume was presented compared with
the UA-treated I/R group (Figures 1(a) and 1(b)). Neurolog-
ical deficit scores are presented in Figure 1(c). For vehicle-
treated I/R animals, the median score was 3.25 (interquartile
range (IQR): 2.88 to 3.50), indicative of severe neurological
injury. When compared to the vehicle-treated I/R group,
treatment with 16mg/kg UA (median score: 2, IQR: 2 to
2.50) decreased the neurological deficit score significantly.
The brain water content decreased significantly in UA-
treated rats compared with model rats (83.0 + 1.8% vs.
88.5 + 1.5%, P < 0 05), whereas brusatol attenuated the
decrease (87.7 + 1.6%, P < 0 05, Figure 1(d)).

3.2. UA Attenuated Neuronal Injury. HE staining was an
effective way to evaluate neuronal cell death. In the sham
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group, no significant neuronal damage or neuronal loss
was observed. A significant loss of neuronal cell was
observed in model rats compared with sham rats (1150
± 130 cells/mm2 vs. 110± 23 cells/mm2, P < 0 01). More
intact cells in UA-treated rats were observed in compari-
son with model rats owing to the neuroprotection of UA
(890± 120 cells/mm2, P < 0 01, Figures 2(a) and 2(b)). Pre-
treatment with brusatol markedly abolished the protection
of UA.

Apoptotic cells were identified by TUNEL staining. The
apoptotic cell had round and shrunken shapes and the nuclei
were darkly stained. Only few TUNEL-positive cells were
observed in sham rats. TUNEL-positive cells increased sig-
nificantly in model rats compared with sham rats (510± 80
cells/mm2 vs. 60± 10 cells/mm2, P < 0 01). TUNEL-positive
cells were markedly reduced by UA administration (150±
29 cells/mm2, P < 0 01). However, a marked increase of
TUNEL-positive cells was observed in the UA+Bru group
(390± 38 cells/mm2, P < 0 01), suggesting brusatol pre-
treatment attenuated neuroprotection of UA (Figures 2(c)
and 2(d)).

3.3. UA Alleviated Oxidative Injury.We examined the role of
UA in postischemic lipid peroxidation injury by determining
the concentration of MDA in ischemic side cerebral cortex.
The extent of MDA increased 1.2-fold compared with the
sham group. With UA administration, the MDA levels
significantly decreased compared with the model group.

However, the decrease was ablated by brusatol pretreatment
(Figure 3(a)).

The extent of protein oxidation was measured by the
levels of protein carbonylation. The protein carbonylation
levels of the model rats significantly increased compared to
those of the sham rats, while UA treatment decreased them
compared with the model rats (p < 0 01, Figures 3(b) and
3(c)). The improving effect of UA on protein carbonylation
levels was diminished in the ischemic cortex via pretreatment
with brusatol.

Few 8-OHdG-positive cells were observed in sham rats,
while a significant amount of 8-OHdG-positive cells was pre-
sented in the vehicle group (580± 120 cells/mm2 vs. 240± 45
cells/mm2, P < 0 01, Figures 3(d) and 3(e)). UA treatment
significantly decreased the amount of 8-OHdG-positive
cells. However, preadministration of brusatol significantly
increased the levels of 8-OHdG immunoactivity compared
with that in the UA-treated group (410± 67 cells/mm2 vs.
240± 45 cells/mm2, p < 0 01, Figures 3(d) and 3(e)).

3.4. UA Activated the Nrf2 Pathway. To find out whether the
Nrf2 pathway was involved in the neuroprotection of UA, we
detected the expression levels of proteins related to Nrf2
pathway carefully in the cerebral cortices of variously treated
animals in the presence of brusatol. UA treatment signifi-
cantly increased Nrf2 levels in the nucleus, with a corre-
sponding decrease in the cytoplasm, compared with the
vehicle group. Further studies showed that cotreatment with
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Figure 1: Effect of UA on the infarct volume, neurological deficit, and brain water content in rats. (a) Representative TTC-stained coronal
sections. (b) Quantification of infarct volume; data are means± SE (n = 10). (c) Neurological deficit scores; data are medians± interquartile
range (n = 10). Box plots show the interquartile range (25% to 75%) as the box, median as the horizontal line in the box, and the 95%
range as the whiskers. (d) Brain water content; data are means± SE (n = 12). ФФP < 0 01 vs. the sham group; ∗P < 0 05, ∗∗P < 0 01 vs. the
vehicle-treated I/R group; #P < 0 05, ##P < 0 01 vs. the UA-treated I/R group.
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UA and brusatol significantly attenuated the nuclear translo-
cation of Nrf2 (P < 0 05 or P < 0 01, Figure 4).

We next examined whether the expression of HO-1 was
induced by UA. HO-1 levels were obviously increased by
UA treatment, as compared to the vehicle group, an effect
that was reversed by pretreatment with brusatol (P < 0 05
or P < 0 01, Figures 4(c) and 4(e)).

Furthermore, DNA-binding activity of Nrf2 was also
analyzed. UA treatment enhanced Nrf2 transcriptional activ-
ity; however, brusatol blocked the increased Nrf2 DNA-
binding activity of UA significantly (P < 0 01, Figure 4(f)).

3.5. UA Upregulated Expression of BDNF and NGF in
Ischemic Rat Brain.We examined whether UA had any effect
on BDNF and NGF protein expressions using immunohisto-
chemistry. The numbers of BDNF-immunopositive cells and
NGF-immunopositive cells significantly decreased in vehicle
animals; however, UA treatment successfully restored BDNF

and NGF expressions, as indicated by an elevated number of
BDNF-immunopositive cells and NGF-immunopositive cells
(P < 0 01). In addition, cotreatment with UA and brusatol
decreased BDNF and NGF expressions comparable to the
UA-treated group (P < 0 05, Figure 5).

4. Discussion

In this study, where SD rats were exposed to FCI/R, we found
that UA treatment (16mg/kg, i.v.) decreased cerebral infarct
volume, neurological deficit core, and degree of brain edema,
consistent with the previous studies [23–25]. The neuropro-
tective properties of UA are related closely to the reduction
of oxidative stress known to occur during cerebral I/R. The
most novel finding of our study is that UA promoted nuclear
translocation of Nrf2 and increased the expression of HO-1,
as well as neurotrophic factors such as BDNF and NGF. Fur-
thermore, the neuroprotective effects induced by UA were
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Figure 2: Effect of UA on neuronal injury in cerebral cortices in rats. (a) Representative photomicrographs of HE staining. Scale bar in all
panels = 50μm. (b) Quantification of surviving neuronal cells. (c) Representative photomicrographs of TUNEL staining. Scale bar in all
panels = 50μm. (d) Quantification of apoptotic cells. (e) Schematic diagram of coronal brain section. Black rectangle in the ischemic
ipsilateral parietal cortex of penumbra represents the region selected for histology. Data are means± SE (n = 3). ФФP < 0 01 vs. the sham
group; ∗∗P < 0 01 vs. the vehicle-treated I/R group; ##P < 0 01 vs. the UA-treated I/R group.
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prevented by treatment with brusatol, an inhibitor of Nrf2.
These results demonstrated that UA protected the brain from
I/R injury potently and Nrf2 pathway activation as well as the
upregulation of BDNF and NGF expression levels might be
involved in this brain protection.

The cellular injury and downstream pathway activation
caused by oxidative stress may exacerbate the postischemic
brain damage [2]. MDA, protein carbonyls, and 8-OHdG,
which are oxidized products of lipid, protein, and DNA,

respectively, are the major oxidative stress biomarkers. We
observed a significant amount of MDA, protein carbonyls,
and 8-OHdG in I/R rats. UA is a powerful natural antioxi-
dant and radical scavenger that has cytoprotective effects
against oxidative stress by scavenging ROS and suppressing
lipid peroxidation in cultured hippocampal neurons after
exposure to glutamate or cyanide [25]. In addition, UA pro-
tects the brain via reducing oxidative/nitrative stress follow-
ing I/R in rats [24]. In the current study, the concentrations
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Figure 3: Effect of UA on oxidative injury in cerebral cortices in rats. (a) Quantification of MDA; data are means± SE (n = 12). (b, c)
Representative blot of protein oxidation. Quantification of carbonyl group bands; data are means± SE (n = 4). (d) Representative
photomicrographs of 8-OHdG immunostaining. Scale bar in all panels = 50 μm. (e) Quantification of 8-OHdG-positive cells; data are
means± SE (n = 3). (f) Schematic diagram of coronal brain section. The black rectangle in the ischemic ipsilateral parietal cortex of
the penumbra represents the region selected for histology. ФФP < 0 01 vs. the sham group; ∗∗P < 0 01 vs. the vehicle-treated I/R group;
#P < 0 05, ##P < 0 01 vs. the UA-treated I/R group.
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Figure 4: Effect of UA on Nrf2 protein distribution, HO-1 protein expression, and Nrf2 DNA-binding activity in cerebral cortices in rats.
(a, b) Representative western blot of nuclear Nrf2. Quantification of nuclear Nrf2 normalized with histone H3. (c, d) Representative western
blot of cytosolic Nrf2 and HO-1. Quantification of cytosolic Nrf2 and HO-1 normalized with β-actin. (e) Nuclear Nrf2 DNA-binding activity.
Data are means± SE (n = 4). ∗P < 0 05, ∗∗P < 0 01 vs. the vehicle-treated I/R group; #P < 0 05, ##P < 0 01 vs. the UA-treated I/R group.
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of MDA, protein carbonyls, and 8-OHDG were markedly
decreased in rats with administration of UA. However, these
changes could be largely blocked by the function of brusatol.
Our results also showed that neuronal cells largely decreased
with damaged morphology and the apoptotic cell death
increased in the TUNEL assay in model rats. UA administra-
tion was able to improve histology changes and also attenuate
TUNEL-positive cells. All these data support the view that
UA treatment alleviates brain damage through reducing
lipid, protein, and DNA peroxidation in cortical cells, subse-
quently reducing brain infarction.

Little is known about the mechanisms on how UA treat-
ment protects neurons against oxidative stress. Evidences
demonstrated that Nrf2 is a master regulator of the antioxi-
dative defense responses [34]. Under basal conditions, Nrf2
largely localizes in the cytoplasm in an inactive form to
maintain the expression of Nrf2-regulated genes in a low
basal level. Under stressful conditions, Nrf2 translocates
from the cytoplasm to the nucleus to bind ARE, which results
in activation of transcription of multiple antioxidant and
detoxifying genes [35, 36]. Our group and others have evi-
denced the Nrf2 pathway as therapeutic target of ischemic
stroke [8, 37, 38]. Therefore, this study further detected

whether UA could activate the Nrf2 pathway. UA stimulation
elevated Nrf2 protein expression in the nucleus and the bind-
ing activity of Nrf2 to AREs, with a corresponding decrease in
the cytoplasm, suggesting that UA treatment induced nuclear
translocation of Nrf2. The structure-activity relationship may
account for one of the mechanisms that urate activates Nrf2.
Structurally, UA displays ketoenol tautomeric forms and can
react with cysteine residues in Kelch-like ECH-associated
protein 1 (Keap1), which principally regulates the protein
stability and transcriptional activity of Nrf2, through adduct
formation and redox modifications as an electrophilic com-
pound, triggering Nrf2 nuclear translocation. Simulta-
neously, UA promoted HO-1 expression. HO-1, which is
regulated by Nrf2, has been recently considered to be impor-
tant against ischemic brain injury [39]. It directly affects the
antioxidative balance in the body, and it has antiapoptotic
activities as well [40]. Importantly, the ability to promote
Nrf2/HO-1 protein expression and Nrf2 nuclear transloca-
tion of UA was significantly blocked after preadministration
of brusatol, suggesting that UA may regulate ARE-related
gene expression through promoting Nrf2 activation to play
antioxidative effects after FCI/R. In addition, brusatol treat-
ment suppressed the antioxidative stress activities of UA
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Figure 5: Effect of UA on the expression of BDNF and NGF in cerebral cortices in rats. (a) Representative photomicrographs of BDNF
immunostaining. Scale bar in all panels = 50 μm. (b) Quantification of BDNF positive cells. (c) Representative photomicrographs of NGF
immunostaining. Scale bar in all panels = 50 μm. (d) Quantification of NGF positive cells. (e) Schematic diagram of coronal brain
section. The black rectangle in the ischemic ipsilateral parietal cortex of the penumbra represents the region selected for histology. Data
are means± SE (n = 3). ФФP < 0 01 vs. the sham group; ∗∗P < 0 01 vs. the vehicle-treated I/R group; #P < 0 05 vs. the UA-treated I/R group.
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and aggravated neuronal injury after FCI/R. These data
strongly demonstrated that UA activated Nrf2 signaling path-
way to perform its antioxidative and antiapoptotic activities
as well as neuroprotective effects. However, while we have
evidenced that the protein expression of HO-1 increased via
UA treatment in this study, it is noteworthy that it does not
implicate that HO-1 is the only factor involved in the protec-
tive effects of UA. An in vitro study proved that UA treatment
increased mRNA levels of themodifier subunit of the γ-gluta-
myl cysteine ligase (GCL) and NAD(P)H:quinone oxidore-
ductase 1 (NQO1) and protein levels of GCLM in astrocyte
cultures, whose inductions are governed by Nrf2, suggesting
other antioxidants induced by Nrf2, may also contribute to
the protective effects of UA [28]. Thus, the neuroprotective
actions of UA may also be due to a wide spectrum of other
Nrf2-regulated antioxidant genes potentially.

In addition, our study demonstrated that UA signifi-
cantly increases the endogenous BDNF and NGF expres-
sions. Several studies indicate that increased levels of
neurotrophins have a protective role in experimental stroke
studies [10]. The family of neurotrophins includes BDNF
and NGF. Both animal and clinical studies have shown that
BDNF has an effect to improve neurological recovery, pre-
vent neuronal death, and support the survival of many
types of neurons after cerebral ischemia [12, 13, 41]. NGF
is also critical for neuronal survival, proliferation, and dif-
ferentiation, and it has been reported that NGF is essential
to improve neurological function after cerebral ischemia
[12, 42]. By binding to tropomyosin receptor kinase (Trk)
receptors, BDNF and NGF activate the downstream signal-
ing pathways such as phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (Akt) pathways and the mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) [43, 44]. Several lines of evidence reported that Nrf2
activation can be regulated via PI3K/Akt and MAPK/ERK
pathways and thereby affects redox homeostasis [17, 19,
45–47]. Some studies suggested that BDNF can active anti-
oxidant mechanisms constantly by inducing Nrf2 nuclear
translocation [18]. Neurotrophic signaling pathway may
be an upstream mechanism of the Nrf2 activation. Other
studies have demonstrated that Nrf2 played a physiological
role in the neuroprotective response to regulate BDNF and
NGF expressions in a Nrf2-dependent manner which may
confer neuroprotection by attenuating oxidative stress
[48–50]. It is still difficult to propose the precise mecha-
nisms that control Nrf2 translocation and how the Nrf2
antioxidant system talks to the neurotrophic signaling path-
way. In the present study, the upregulation of BDNF and
NGF expressions by UA was partially depressed by brusatol,
suggesting that UA stimulates BDNF and NGF expressions
through a Nrf2-mediated pathway. Although the precise
mechanism of Nrf2-mediated induction of the BDNF and
NGF expressions is still unclear, these findings implicate that
augmenting the levels of neurotrophins via pharmacological
strategies may be one of the factors contributing to the bene-
ficial effects of UA, which may offer a powerful therapeutic
target of oxidative damage. However, the exact events in
the upregulation of neurotrophin expression by UA in the
I/R rat brain need further exploration.

Our study has several limitations. First, it has been dem-
onstrated that hyperemia at reperfusion can be a sign of
worse I/R injury [51, 52]. Prior study has shown that the neu-
roprotective effect of UA is more marked in the rats that
develop a hyperperfusion state after reperfusion [26]. How-
ever, the state of brain blood perfusion at early reperfusion
was not detected in the current study. Second, sample sizes
as 3-4 per group for immunochemistry and western blot
detection methods are fairly small. The relatively small num-
ber of the samples often causes low statistical power, which is
one of the factors related to low reproducibility of results
from preclinical animal research. So sample sizes should be
enlarged in the future investigation to validate our findings.
And last, in the current study, 24 hours after transient FCI
was chosen as the endpoint based on previous literature data
as many studies reported neuroprotective effects of UA at
this time point [23, 26]. The present study strengthens the
concept that UA exhibits short-term antioxidant and neuro-
protective effects. Further studies are essential to extend
observation periods after transient FCI to detect the longer
therapeutic effect of UA.

5. Conclusions

For the first time, this study demonstrates that UA confers
neuroprotection against FCI/R-induced oxidative stress via
Nrf2 pathway activation as well as BDNF and NGF expres-
sion upregulation. The protective effect of UA was blocked
by Nrf2 inhibitor brusatol. Nonetheless, further study
deserves to be done in the future to investigate whether other
pathways or mechanisms participated in the neuroprotective
effects of UA.
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The effects of C60FAS (50 and 500 μg/kg) supplementation, in a normal physiological state and after restraint stress exposure, on
prooxidant/antioxidant balance in rat tissues were explored and compared with the effects of the known exogenous antioxidant
N-acetylcysteine. Oxidative stress biomarkers (ROS, O2⋅

−, H2O2, and lipid peroxidation) and indices of antioxidant status
(MnSOD, catalase, GPx, GST, γ-GCL, GR activities, and GSH level) were measured in the brain and the heart. In addition,
protein expression of Nrf2 in the nuclear and cytosol fractions as well as the protein level of antiradical enzyme MnSOD and
GSH-related enzymes γ-GCLC, GPx, and GSTP as downstream targets of Nrf2 was evaluated by western blot analysis. Under a
stress condition, C60FAS attenuates ROS generation and O2⋅

− and H2O2 releases and thus decreases lipid peroxidation as well as
increases rat tissue antioxidant capacity. We have shown that C60FAS supplementation has dose-dependent and tissue-specific
effects. C60FAS strengthened the antiradical defense through the upregulation of MnSOD in brain cells and maintained MnSOD
protein content at the control level in the myocardium. Moreover, C60FAS enhanced the GSH level and the activity/protein
expression of GSH-related enzymes. Correlation of these changes with Nrf2 protein content suggests that under stress exposure,
along with other mechanisms, the Nrf2/ARE-antioxidant pathway may be involved in regulation of glutathione homeostasis. In
our study, in an in vivo model, when C60FAS (50 and 500μg/kg) was applied alone, no significant changes in Nrf2 protein
expression as well as in activity/protein levels of MnSOD and GSH-related enzymes in both tissues types were observed. All
these facts allow us to assume that in the in vivo model, C60FAS affects on the brain and heart endogenous antioxidative statuses
only during the oxidative stress condition.

1. Introduction

Today, everybody of the living organism is exposed to stress
of various origins. Numerous researches indicate that the
most harmful effects to an organism result from social and
psychological factors [1, 2]. Emotional overstrain as one of
the types of stress states is constantly encountered not only
in daily life but also as an imperative component of such

human activities as sports, military, and aerospace. Acute
stress of sufficient strength threatens body homeostasis,
which results in biochemical and physiological disturbances
leading to serious health risks [2–4]. Exposure to a stressful
situation is well known to stimulate various damaging path-
ways, causing overproduction of free radicals such as super-
oxide anion (O2⋅

−), hydroxyl radical (OH⋅), and nonradical
hydrogen peroxide (H2O2), leading to lipid peroxidation,
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protein oxidation, DNA damage, and cell death [5]. In
response to oxidative attack, cells have developed an anti-
oxidant defense system to maintain cellular redox homeo-
stasis and to protect cells from injury [6, 7]. Classical
antioxidant enzymes including superoxide dismutase (SOD),
catalase, and glutathione peroxidase (GPx) as well as small
thiol-containing compound glutathione (GSH) may directly
inactivate ROS and prevent ROS-initiated reactions [8].
Intracellular glutathione is the most abundant nonprotein
thiol with several vital functions such as direct scavenging of
free radicals, detoxification of electrophilic compounds, and
modulation of cellular redox status and thiol-disulphide
status of proteins, as well as regulation of cell signaling and
repair pathways [9]. GSH homeostasis is modulated by self-
adjusting the balance among GSH synthesis, utilization, and
recycling, and the disturbances of these processes may
cause an oxidant/antioxidant imbalance. Antioxidants of
indirect action include so-called phase II detoxifying
enzymes, which contribute to biosynthesis/recycling of
thiols and facilitate excretion of oxidized, reactive second-
ary metabolites (e.g., quinones, epoxides, aldehydes, and
peroxides) through reduction/conjugation reactions. They
are represented by glutathione-S-transferase (GST) iso-
zymes, NADPH: quinone oxidoreductase (NQO1), heavy
(catalytic) and light (modifier) subunits of γ-glutamate-
cysteine ligase (γ-GCL), glutathione peroxidase (GPx), and
glutathione reductase (GR) and stress response proteins such
as heme oxygenase- (HO-) 1 and heavy (FTH) and light
(FTL) chains of ferritin [10].

Restraint is the one specific and classic method to
simultaneously induce emotional and physiological stresses.
Therefore, restraint is widely used for modulation of oxida-
tive stress-induced pathological states [11]. Studies from
several laboratories have demonstrated that acute restraint
stress significantly elevated oxidative status and lipid peroxi-
dation through downregulation of antioxidative enzymes,
with glutathione depletion that disrupted the cellular redox
state [12–15]. Restraint stress can affect central nervous
system functions by producing neurochemical and hor-
monal disorders associated with imbalance in a prooxidant/
antioxidant system [16, 17].

Numerous reports have shown that negative conse-
quences of stress are amenable to improvement by exogenous
antioxidant acting through various pathways to enhance
resistance to stress exposure [10, 12, 18]. Indeed, pharmaco-
logical interventions targeting cellular endogenous antioxi-
dants may be a promising stress management strategy for
protecting against oxidative stress-induced cell damage.
Fullerene (C60) is known as a spherical carbon molecule with
a unique cage structure and is characterized as a strong rad-
ical sponge [19]. The antioxidant level of C60 has been
reported to be several hundredfold higher than the level of
other antioxidants [20, 21]. A great deal of information has
accumulated concerning the beneficial effects of fullerene
and its water-soluble derivatives, which include neuroprotec-
tion, radioprotection, antiproliferative, antitumor, and anti-
inflammatory activities [22–25], but little is known of C60
protective effects and mechanisms of action in rat tissues
under restraint stress condition.

Fullerene pretreatment has been known to prevent oxida-
tive stress deleterious effects by direct ROS scavenging and/or
increasing the antioxidant enzyme activities [20, 26, 27].
However, the mechanism involved in the cell protective
actions of C60 is still open for discussion. Recently, polyhy-
droxylated derivatives of fullerene were demonstrated to
induce endogenous phase II antioxidant enzymes via Nrf2/
ARE-dependent mechanisms and attenuate oxidative stress-
mediated cell death, thus providing new insights into the
mechanisms of the antioxidant properties of fullerene
[28, 29]. NF-E2-related factor 2 (Nrf2) is a member of the
cap‘n’collar family of bZIP transcription factors that bind to
the antioxidant response element (ARE) and thereby regulate
the induction of genes encoding antioxidant proteins and
phase II detoxifying enzymes. Nrf2 activation in response to
oxidative injury has been shown to protect cells and tissues
from oxidative stress [30]. Under normal conditions, Nrf2 is
localized in the cytoplasm where it binds with the Keap1,
which functions as an adaptor for Cul3-based E3 ligase to
regulate the proteasomal degradation of Nrf2. However, after
direct attack by ROS or resulting indirect actions such as
phosphorylation, Nrf2 dissociates from Keap1 and thereby
translocates into the nucleus and transactivates its target genes
throughARE [31]. The coordinated transcriptional activation
of the Nrf2-mediated antioxidant and prosurvival enzymes is
a potential mechanism to maintain redox homeostasis and to
abolish the deleterious effects of oxidative stress [32].

Therefore, our aim was to examine the effects of C60FAS
in comparison with the actions of the known exogenous anti-
oxidant N-acetylcysteine [33] on prooxidant/antioxidant
homeostasis in rats in a normal physiological state and
following restraint stress exposure. Many studies have shown
that restraint stress exerts a profound impact on organs with
a high metabolic level and the highest mass-specific oxygen
consumption rates in the body such as the brain and the
heart. Since the association of restraint stress with several
neurodegenerative and cardiovascular diseases is well-
documented [1–3], we investigated restraint stress-induced
oxidative damage in the brain as well as in the heart as an
important stress-sensitive peripheral organ.

Nrf2 is known to control both the basal and inducible
expressions of genes encoding the heavy and light chains of
γ-GCL, one of the important enzymes in GSH biosynthesis,
and thereby takes part in the regulation of GSH recycling
[10, 34]. However, whether and how Nrf2 modulates GSH
homeostasis in rat tissues after C60FAS supplementation
and following restraint stress exposure are poorly understood.

To further investigate the potential mechanisms of
C60FAS-mediated protection against oxidative stress induced
by restraint exposure, we examined protein expression of
Nrf2 in the nuclear and cytosol fractions. In addition, the
protein level of the antiradical enzyme MnSOD and GSH-
related enzymes as downstream targets of Nrf2 was evaluated
by western blot analysis.

2. Materials and Methods

2.1. Material Preparation and Characterization. A highly sta-
ble pristine C60 fullerene aqueous colloid solution (C60FAS)
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with purity of more than 99.96% has been prepared and
characterized [27, 35]. This method is based on transferring
fullerene from organic solution into the aqueous phase by
ultrasonic treatment. The purity of the prepared C60FAS
(i.e., the presence/absence of any residual impurities such as
carbon black, toluene phase) was determined by HPLC
analysis. The state of C60 fullerene in aqueous solution was
monitored using atomic force microscopy. Small-angle neu-
tron scattering measurements were carried out at the YuMO
small-angle diffractometer at the IBR-2 pulsed reactor in the
time-of-flight mode with a two-detector setup. The maximal
concentration of C60 fullerenes in water obtained by this
method was 0.15mg/ml. Concentrated C60FAS contains both
single C60 and its labile nanoassociates with sizes of 3–70nm.

2.2. Experimental Design and Sample Collection.Male Wistar
rats weighing 220–260 g were used in the study. The rats were
housed in Plexiglas cages (4 rats per cage) and maintained in
an air-filtered and temperature-controlled (20–22°C) room.
Rats received a standard pellet diet and water ad libitum.
The use of the animals was approved by the Ethics Commit-
tee of the Institute, and the study was performed in accor-
dance with the European Communities Council Directive
of 24 November 1986 (86/609/EEC). All chemicals were
purchased from Sigma, Fluka, and Merck and were of the
highest purity.

The study was performed in two phases. Phase I aimed
at investigating the effect of C60FAS at various doses and
N-acetylcysteine (NAC) as a positive control on markers of
prooxidant/antioxidant balance in the whole brain and heart
tissues. Rats were divided into four groups (n = 8/group)
based on treatment: control/vehicle (C), fullerene-treated at
a dose of 50μg/kg (F1), fullerene-treated at a dose of
500μg/kg (F2), and NAC-treated at a dose of 100mg/kg in
physiological saline (NAC). Animals were treated with F1,
F2, or NAC intraperitoneally (i.p.) once daily for 1 week.
The controls/vehicles were administrated i.p. with an equal
volume of physiological saline during the same time period.
The NAC was used according to previous study [36] that
described the effective dose in similar experiments with
animals. The C60FAS dosage was based on previous studies
where the safety profile was checked and found to be nonle-
thal. No toxic effects or death has been fixed under the action
of C60FAS after their oral administration to rats in the total
dosage of 2mg/kg for 5 days [21] and i.p. injection in the dose
of 0.15mg/kg [27].

Phase II was an acute restraint stress model alone and
after pretreatment with the above-mentioned drugs. The
experimental groups were as follows: group 1 received vehicle
(physiological saline) and served as a control (1); group 2 was
exposed to restraint for 6 h, representing an acute stressor
(AS); group 3 was exposed to AS and received C60FAS
(50μg/kg) (AS+F1); group 4 was subjected to AS and
received C60FAS (500μg/kg) (AS+F2); group 5 was sub-
jected to AS and received NAC (100mg/kg) (AS+NAC).
Drugs were administered i.p. between 9:00 a.m. and 10:00
a.m. once a day for 1 week prior to the restraint exposure.
To habituate the rats to i.p. injection, all rats in groups 1
and 2 were administered physiological saline (1ml/kg) daily

for 1 week before the impact. The restraint was performed
using a plastic rodent restrainer that allowed for a close
fit to the rats. Experiments with the acute stressor were
performed between 8:00 and 10:00 a.m. to minimize possi-
ble hormonal interference by circadian rhythms. During
restraint stress, animals were not physically compressed,
but food and water were deprived. Animals were decapitated
immediately after the restraint sessions. At the time of sacri-
fice, the animals were lightly anesthetized with ether.

The brain and heart were rapidly removed, washed in
ice-cold sterile physiological saline (0.9%), and a 10%
homogenate (50mM sodium phosphate buffer with 2mM
EDTA, pH 7.4) was prepared. Cellular debris was removed
by centrifugation at 15,000g (4°C, 15min), and superna-
tants were stored at −70°C. The protein concentration was
estimated using the Bradford method with bovine serum
albumin as a standard.

2.3. Evaluation of Oxidative Stress Markers

2.3.1. Corticosterone Analysis. Whole blood, removed under
ether anesthesia, was collected into heparin-coated test tubes,
centrifuged at 1500g for 10min at 4°C to separate plasma
from erythrocytes and kept at –70°C until assayed. Plasma
corticosterone was quantified using a commercial Demeditec
Corticosterone rat/mouse ELISA kit (DEV9922, version
7-06/17, Demeditec Diagnostics, Germany) according to
the manufacturer’s instructions. The resulting concentra-
tion of plasma corticosterone was expressed as ng/ml using
a corticosterone standard curve.

2.3.2. Measurement of Reactive Oxygen Species (ROS)
Formation. The data on ROS formation were obtained
from dichlorofluorescein (DCF) fluorescence [37]. The tissue
homogenates were loaded for 20min at 37°C with a nonfluo-
rescent probe (2′,7′-dichlorodihydrofluorescein diacetate,
DCFH-DA) which is known to be decomposed in cells to
give dichlorofluorescein upon oxidation by ROS, primarily
hydroperoxide and superoxide anion. The final concentra-
tion of DCFH-DA was 5mM. DCF formation was followed
at the excitation wavelength of 488nm and emission wave-
length of 525nm for 30min by using a Hitachi F-2000 fluo-
rescence spectrometer. The rate of DCFH-DA conversion
to DCF was linear for at least 60min, corrected with the
autooxidation rate of DCFH-DA without protein. All assays
were carried out in duplicate. Fluorescence was expressed
as arbitrary fluorescence units.

2.3.3. Measurement of Superoxide Radical Production. Tissue
superoxide production was measured by superoxide
dismutase-sensitive ferricytochrome c reduction assays, as
described previously [38]. Briefly, equal portions of tissue
homogenate (0.5mg of protein) were incubated with 50μM
acetylated ferricytochrome c in the presence or absence of
superoxide dismutase (400U/ml). To further ensure that
any reduced ferricytochrome c is not reoxidized, catalase
(125U/ml) was added to the reaction, which removes any
H2O2 formed. After incubation at 37°C for 15min, reac-
tions were terminated by adding 1mM N-ethylmaleimide.
Reduction of ferricytochrome c was measured by reading
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absorbance at 550nm in a spectrophotometer. The amount
of O2⋅

− release was calculated by dividing the difference in
absorbance of the samples with and without superoxide
dismutase by the extinction coefficient for the change from
ferricytochrome c to ferrocytochrome c (ε = 24mM−1 cm-l),
and the results are expressed as nmol/min/mg protein.

2.3.4. Measurement of Hydroperoxide. The H2O2 concentra-
tion in the tissue homogenates was measured using the
FOX method, which is based on the peroxide-mediated oxi-
dation of Fe2+, followed by the reaction of Fe3+ with xylenol
orange (o-cresolsulphonephthalein 3′,3″-bis [methylimino]
diacetic acid, sodium salt). This method is extremely sensitive
and is used to measure low levels of water-soluble hydroper-
oxide present in the aqueous phase. To determine the H2O2
concentration, 500μl of the incubation medium was added
to 500μl of the assay reagent (500μM ammonium ferrous
sulphate, 50mM H2SO4, 200μM xylenol orange, and
200mM sorbitol). The absorbance of the Fe3+-xylenol orange
complex (A560) was detected after 45min. Standard curves
of H2O2 were obtained for each independent experiment
by adding variable amounts of H2O2 to 500μl of basal
medium mixed with 500μl of the assay reagent. The data
were normalized and are expressed as μM H2O2 per mg of
protein [39].

2.3.5. Lipid Peroxidation Assay. Lipid peroxidation was
measured from the formation of thiobarbituric acid-
reactive substances (TBARS) using the method of Buege
and Aust [40]. TBARS were isolated by boiling tissue
homogenates for 15min at 100°C with the thiobarbituric
acid reagent (0.5% 2-thiobarbituric acid/10% trichloroacetic
acid/0.63mM hydrochloric acid) and measuring the absor-
bance at 532nm. The results are expressed as nM/mg of
protein using ε = 1 56 × 105mM−1 cm−1.

2.4. Evaluation of Biochemical Parameters

2.4.1. Enzyme Activity Assay.Manganese superoxide dismut-
ase (MnSOD) activity was measured by the method of Misra
and Fridovich [41], based on the inhibition of autooxidation
of adrenaline to adrenochrome by SOD contained in the
examined samples. The samples were preincubated at 0°C
for 60min with 6mM KCN, which produces total inhibition
of Cu, Zn-SOD activity. The results are expressed as specific
activity of the enzyme in units per mg protein. One unit of
SOD activity was defined as the amount of protein causing
50% inhibition of the conversion rate of adrenaline to
adrenochrome under specified conditions.

Catalase activity was measured by the decomposition
of hydrogen peroxide, determined by a decrease in the
absorbance at 240 nm [42].

γ-Glutamylcysteinyl ligase (γ-GCL) activity was deter-
mined following the method described by Seelig and Meister
[43]. Briefly, enzyme activity was assayed at 37°C in reaction
mixtures containing 0.1M Tris-HCl buffer (pH 8.2), 0.15M
KCl, 5mM ATP, 2mM phosphoenolpyruvate, 10mM gluta-
mate, 10mM γ-aminobutyrate, 20mMMgCl2, 2mM EDTA,
0.2mM NADH, 17mg pyruvate kinase, and 17mg lactate
dehydrogenase. The reaction was initiated by adding the

sample, and the rate of decrease in absorbance at 340nm
was monitored. Enzyme-specific activity was measured as
μM of NADH oxidized per minute per milligram protein.

Activity of selenium-dependent glutathione peroxidase
(GPx) was determined according to the method of Flohé
and Gunzler [44]. Briefly, the reaction mixtures consisted of
50mM KPO4 (pH 7.0), 1mM EDTA, 1mM NaN3, 0.2mM
NADPH, 1mM GSH, 0.25mM H2O2, and 226U/ml gluta-
thione reductase, and rates of NADPH oxidation followed
at 340nm.

The glutathione reductase (GR) reaction mixture con-
tained phosphate buffer (0.2M) pH 7.0, EDTA (2mM),
NADPH (2mM), and GSSG (20mM). The reaction is
initiated by the addition of the sample, and the decrease in
absorbance at 340nm is followed at 30°C [45].

Glutathione-S-transferase (GST) activity was determined
by assaying 1-chloro-2, 4-dinitrobenzene (CDNB) conjuga-
tion with GSH, as described by Warholm et al. [46]. The
working solution contained 20mM CDNB, 20mM GSH,
and 1mM EDTA in 200mM phosphate buffer. The conju-
gated product was recorded at 340nm continuously for
5min at 30°C (ε = 9 6 × 103M−1 cm−1).

2.4.2. Measurement of the Reduced Glutathione Level. The
reduced glutathione (GSH) was determined as described
[47]. The tissue sample was mixed with sulphosalicylic acid
(4%) and incubated at 4°C for 30min. Thereafter, the mix-
ture was centrifuged at 1200g for 15min at 4°C, and 0.1ml
of this supernatant was added to phosphate buffer (0.1M,
pH 7.4) containing DTNB in abs. ethanol. The yellow
color that developed was read immediately at 412 nm.
The GSH content was calculated as nM GSH/mg of protein
(ε = 13 6 × 103M−1 cm−1).

2.5. Western Blot Analysis. For immunoblotting analysis,
cytosolic and nuclear proteins were extracted from the
blood-free (heparin was injected, and buffer was perfused in
situ) heart and brain as was described previously [48]. Briefly,
the tissues were homogenized in ice-cold lysis buffer contain-
ing 10mM HEPES (pH 7.9), 1.5mM MgCl2, 10mM KCl,
1mM dithiothreitol, 0.1mM EDTA, and 0.2mM phenyl-
methylsulphonyl fluoride (PMSF) plus 1μg/ml Halt™ Prote-
ase and Phosphatase Inhibitor Cocktail (78440, Thermo
Scientific Inc., USA). This suspension was incubated on ice
for 15min. Then, 12.5μl of 10% Nonidet P-40 was added,
and the mixture was vigorously vortexed for 15 s. The
cytoplasmic and nuclear fractions were separated by centri-
fugation at 15,000g at 4°C for 2min. Equal amounts of
protein were mixed with Laemmli buffer (S3401, Sigma),
heated (99°C, 5min), and then loaded onto 10–12% SDS
polyacrylamide gels. Separated proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes, which
were blocked in 5% nonfat milk in Tris-buffered saline-
Tween (TBS-T) for 1 h at room temperature. Primary anti-
bodies were applied overnight at 4°C. After washing in 1%
nonfat milk in TBS-T, membranes were incubated with a
secondary antibody conjugated to horseradish peroxidase
(HRP) for 1 h at room temperature. Each antigen-antibody
complex was visualized by the amino-ethylcarbazole

4 Oxidative Medicine and Cellular Longevity



reaction. The relative expression of the proteins was quanti-
fied using densitometric scanning and analyzed by ImageJ
and is expressed as a percent of controls. All samples were
analyzed at least twice, and the average value was calculated
for each sample. β-Actin and Lamin B1 were used as loading
controls. Antibodies and dilutions were as follow: Nrf2
1 : 1000 (Sigma-Aldrich Co.), MnSOD 1 : 500 (Sigma-Aldrich
Co.), GPx 1/2 (B-6) 1 : 500 (Santa Cruz Biotechnology Inc.),
GSTP 1 : 500 (Santa Cruz Biotechnology Inc.), GCLC 1 : 500
(Sigma-Aldrich Co.), β-actin 1 : 1000 (Santa Cruz Biotech-
nology Inc.), Lamin B1 1 : 1000 (Santa Cruz Biotechnology
Inc.), anti-mouse IgG HRP 1 : 1000 (Sigma-Aldrich Co.),
and anti-rabbit IgG HRP 1 : 1000 (Sigma-Aldrich Co.).

2.6. Statistical Analysis. Data are expressed as the mean±
standard deviation for each group. The differences among
multiple experimental groups were detected by one-way
Analysis of Variance (ANOVA) followed by Bonferroni’s
multiple comparison test. A P value of less than 0.05 was
considered as significant.

3. Results

3.1. Plasma Corticosterone Level. The results of plasma corti-
costerone levels determined in controls and all stressed rat
groups are presented in Figure 1. Monitoring changes in
the corticosterone level may serve as an indicator of stress
response [4, 16]. Acute stress caused a remarkable increase
in the plasma corticosterone level (approximately 3–8-fold
higher than the level control group, P < 0 05), whereas
pretreatment with C60FAS (50 and 500μg/kg) signifi-
cantly decreased the release of plasma corticosterone
(by 28 and 32%, respectively) compared to the AS groups
alone (P < 0 05). NAC administration showed a reduction
in the corticosterone level of 19% in comparison with the
AS group (P > 0 05). There were no significant differences
in corticosterone concentration between the controls and
any drug treatment alone groups (data not shown).

3.2. Oxidative Status of the Brain Tissue after Drug
Supplementation and Acute Stress Exposure. Exposure to
acute restraint stress significantly elevated the level of ROS
generation and O2⋅

− and H2O2 productions by 45, 25, and
60%, respectively (P < 0 05) as well as the TBARS accumula-
tion (by 71%), which are the secondary products of lipid
peroxidation in comparison with the control rats (P < 0 05)
(Figure 2). These changes were accompanied by a significant
increase in MnSOD and catalase activities by ~37–38%
(P < 0 05). At the same time, activity levels of GSH-related
enzymes (GPx, GR, γ-GCL, and GST) were lower by 20–
24% (P < 0 05) than those in the control rats (P < 0 05).
Because of the above events, the level of reduced glutathione
was diminished (by 19%, P < 0 05) (Figure 3). Supplemen-
tation of C60FAS and NAC before acute stress exposure
significantly reduced the free radical level (ROS and O2⋅

−

generation), H2O2 concentration, and the intensity of lipid
peroxidation as well as increased GSH content compared
to the AS alone group as shown in Figures 2 and 3. We
have found that C60FAS, in both applied doses, prevented

the superoxide anion production to a great extent and was
more efficient for correction of lipid peroxidation in brain
tissue in comparison with NAC (P < 0 05). Pretreatment
with C60FAS (in both concentrations) as well as NAC dimin-
ished stress-induced overactivation of MnSOD. All drugs
caused significant induction in GSH content and activity of
GSH-related enzymes, and these effects were similar. For
GR activity, C60FAS (500μg/kg) and NAC administration
significantly increased the activity of this enzyme in compar-
ison with C60FAS (50μg/kg). NAC application decreased
MnSOD activity to the control level and was more effective
than C60FAS (in both doses) pretreatment.

3.3. Oxidative Status of the Heart Tissue after Drug
Supplementation and Acute Stress Exposure. Acute restraint
stress stimulated ROS and O2⋅

− productions (by 55 and
53%, respectively) and increased H2O2 and TBARS levels
(by 54 and 62%, respectively) in relation to the control rats
(P < 0 05) (Figure 4). In turn, in the heart tissue in response
to these changes, there was a significant decrease in the
activity and content of endogenous antioxidants, includ-
ing GPx (by 22%), γ-GCL (by 38%), GST (by 27%),
and GSH (by 23%) with concomitant increase in MnSOD
activities (by 60%) compared to the control groups (P < 0 05).
No significant changes in GR or catalase activities were
observed (Figure 5).

Pretreatment with C60FAS (50 and 500μg/kg) and NAC
before stress exposure induced the reduction of the lipid
peroxidation because of the inhibition of ROS generation
and superoxide anion and H2O2 releases which we registered
in cardiomyocytes. As shown in Figure 4, C60FAS (50 and
500μg/kg) decreased ROS formation (by 22 and 32%), O2⋅

−

production (by 43 and 35%), H2O2 concentration (by 15
and 27%), and TBARS content (by 23 and 32%), respectively,
compared with the AS alone group (P < 0 05). A similar
dynamic has been revealed in changes in the above
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Figure 1: Effect of C60FAS (50 μg/kg (F1) and 500μg/kg (F2)) and
NAC on plasma corticosterone levels after acute restraint stress
exposure (AS). Values are means± SD (n = 8). The data were
analyzed for statistical significance using ANOVA followed by the
Bonferroni post hoc test. ∗P < 0 05 vs. the control group; #P < 0 05
vs. the stress group (AS).
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parameters in the NAC treatment group. However, the
degree of their inhibition was less than that in the group
with C60FAS administration, especially after C60FAS
(500μg/kg) injection. Applications of C60FAS (in both
doses) and NAC elevated GSH content (P < 0 05) and
activities of GPx, GST, and γ-GCL (P < 0 05) in compari-
son with the AS rats, reversed the MnSOD overactivation
(P < 0 05), and maintained GR and catalase activities on
the optimal control level (Figure 5).

Interestingly, C60FAS (500μg/kg) was more successful in
preventing oxidative stress in heart tissue than administra-
tion of C60FAS at a lower concentration and NAC. This
applied dose of C60FAS decreased TBARS, O2⋅

−, and H2O2
levels as well as enhanced GSH content and reduced overac-
tivation of MnSOD to a greater extent than did C60FAS
(50μg/kg) and NAC (P < 0 05).

3.4. Effect of C60FAS Supplementation and Acute Stress
Exposure on Protein Expression of Nrf2, MnSOD, and GSH-
Related Enzymes in Brain and Heart Tissues. Nrf2 is a critical
transcription factor that tightly controls cellular defense to
oxidative stress [34]. Therefore, we first attempted to exam-
ine the effects of C60FAS supplementation alone and after
acute restraint stress on Nrf2 protein content in the nuclear
and cytosolic fractions of different rat tissues. Because the
nuclear Nrf2 level, specifically, is a direct reflection of
ARE-mediated transcriptional activity [32], we examined
the cytosolic protein expression of crucial downstream genes
such as MnSOD, GPx, GSTP, and GCLC regulated by Nrf2.

Restraint exposure results in decrease (by 22%) in Nrf2
nuclear protein levels in the brain, with a concomitant
increase in cytosolic Nrf2 protein levels (P < 0 05). In
contrast, in the heart, no significant changes in these indices
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Figure 2: Effect of C60FAS (50 μg/kg (F1) and 500μg/kg (F2)) and NAC on oxidative stress markers: ROS formation (a), O2⋅
− (b), H2O2 (c),

and TBARS (d) production in brain tissue after alone administration and after acute restraint stress exposure (AS). Values are means± SD
(n = 8). The data were analyzed for statistical significance using ANOVA followed by the Bonferroni post hoc test. ∗P < 0 05 vs. control
group; #P < 0 05 vs. acute stress group; aP < 0 05 vs. AS +NAC group.
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were observed (Figure 6). As shown in Figure 7, in the brain,
acute stress triggered a decrease in the protein content of
GCLC and GSTP by 30 and 20%, respectively, (P < 0 05).
The GPx protein content has only the tendency to decrease,
but the MnSOD protein level was significantly enhanced
(by 26%, P < 0 05) in comparison with the control group.
These findings correlate with the reduction in GSH content
(Figure 3), suggesting that the Nrf2 pathway takes part in
GSH synthesis in the brain tissues under AS conditions. At
the same time, the heart protein expression of MnSOD and
GSH-related enzymes did not show significant changes in
comparison with the control group. We found that C60FAS
(50μg/kg and 500μg/kg) administration before AS caused a
significant elevation in the Nrf2 protein level in both the
brain and heart nuclear extracts in comparison with the
control and AS alone groups (P < 0 05), which was accompa-
nied by decreases in the Nrf2 cytosolic protein expression
(P < 0 05) indicating translocation of Nrf2 from cytosol to
the nucleus. Together with the increase in nuclear Nrf2 levels,
we registered a statistically significant increase in the protein
expression of MnSOD, GPx, GSTP, and GCLC in the
brain as well as in the heart cytosolic fractions relative to
the AS alone and control groups (P < 0 05). The above
indices are expressed to a greater degree after supplementa-
tion of C60FAS at a higher dose.

3.5. Effect of Drug Administration on Prooxidant/Antioxidant
Balance and Protein Expression in Rat Tissues in a Normal
Physiological State.When the investigated drugs were applied
alone in the brain and heart tissues, there were no changes in
oxidative stress markers or indices of antioxidant defense
systems except GPx activity, which in the brain tissue after
NAC administration was significantly raised in compari-
son with the control and C60FAS-treated rats (P < 0 05)
(Figures 2–5). The effect of C60FAS administration alone
on the Nrf2 protein expression is depicted in Figure 8. In
both tissues, the protein level of Nrf2 in the nuclear level
was close to the control level (P > 0 05) as well as in cytosol
(data not shown). Protein content of MnSOD and GSH-
related enzymes in both tissues tended to increase, but this
effect had no statistical significance (Figure 9).

4. Discussion

Although several previous studies have shown that C60 can
protect cells against oxidative stress-induced cell death by
activating the Nrf2/ARE pathway in vitro on cell cultures
[28, 29], it remains unclear whether C60 could have the same
effect on oxidative stress in vivo in animal models. In this
study, as the first step towards understanding the protective
role of Nrf2 activation, we studied the effect of C60FAS in
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Figure 3: Effect of C60FAS (50 μg/kg (F1) and 500 μg/kg (F2)) and NAC onMnSOD activity (a), GSH content (b), and activity of GSH-related
enzymes GPx (c), GR (d), GST (e), γ-GCL (f), and catalase (g) in the cytosol fraction of brain tissue after alone administration and after acute
restraint stress exposure (AS). Values are means± SD (n = 8). The data were analyzed for statistical significance using ANOVA followed by
the Bonferroni post hoc test. ∗P < 0 05 vs. control group; #P < 0 05 vs. acute stress group; aP < 0 05 vs. AS +NAC group.
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two doses and NAC as the positive control, on prooxidant/
antioxidant homeostasis in rats that were subjected to acute
restraint stress.

In the present study, 6 h of restraint stress markedly
increases ROS, O2⋅

−, and H2O2 productions and the conse-
quent LPO intensification that induces disorders in antioxi-
dant status of the brain and the heart tissues, in accordance
with many studies showing that restraint stress significantly
elevates oxidative status and increases or decreases antioxi-
dant enzyme activities in different rat tissues, depending on
the severity and duration of the restraint stress protocol
[12, 13, 15]. Indeed, previous studies have already shown that
immobilization stress targets the brain for lipid peroxidation,
as the levels were found to be highest in this tissue [14, 49].

We found that AS significantly altered activity of SOD
and GPx, two of the key enzymes that are a first line of anti-
oxidant defense and function in concert to prevent ROS

reactions in response to oxidative stress. Overactivation of
MnSOD without a concomitant increase in GPx activity,
which we demonstrated in our study, results in the accumu-
lation of H2O2 that not only changes the cellular redox status
but also participates in the Fenton reaction, leading to pro-
duction of noxious hydroxyl radicals [5]. A significant
diminution in GSH content and GSH-related enzymes
denotes disorders in GSH biosynthesis because of the absence
of an adequate antioxidative defense in rat tissues after
restraint exposure [8, 9]. In our study, together with intensi-
fication of the oxidative process, we registered a significantly
elevated level of plasma corticosterone, which is an impor-
tant indicator of the stress condition. Stress is known to
activate the hypothalamic–pituitary–adrenal axis, which
results in an increased secretion of glucocorticoids that affect
not only the brain but also the peripheral organs [16]. A high
level of glucocorticoids may affect the redox status of tissues
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Figure 4: Effect of C60FAS (50 μg/kg (F1) and 500μg/kg (F2)) and NAC on oxidative stress markers: ROS formation (a), O2⋅
− (b), H2O2 (c),

and TBARS (d) production in heart tissue after alone administration and after acute restraint stress exposure (AS). Values are means± SD
(n = 8). The data were analyzed for statistical significance using ANOVA followed by the Bonferroni post hoc test. ∗P < 0 05 vs. control
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via different mechanisms, including an increase in superox-
ide cell production and the impairment of tissue antioxidant
capacity [49]. Previous reports show that high levels of corti-
costerone decrease the activity of the key antioxidant enzyme
glutathione peroxidase, directly reducing the total glutathi-
one pool as well as the NADPH levels, required for regen-
eration of GSH from oxidized glutathione [17, 50]. The
increase in the levels of circulating corticosterone after
acute immobilization was demonstrated to be directly pro-
portional to the increase in oxidative mediators as well as
injuring neuro- and cardiosystems [51]. All these findings
permit us to suggest that the increased corticosterone level
during our stress model may in addition affect the antiox-
idant capacity in both rat tissues that were investigated.

Under these circumstances, the use of different antioxi-
dants and agents with free radical scavenging properties to
counteract the noxious events elicited by acute stress repre-
sents an effective therapeutic strategy mostly employed to
handle oxidative damage [52]. Among these strategies, car-
bon nanoparticles with intrinsic ROS scavenging and antiox-
idant properties exhibit superior pharmacological features
due to enhanced absorption and bioavailability [53].

We have shown that 1 week of treatment with C60FAS
(50 and 500μg/kg) before restraint stress exposure induces
the reduction of the lipid peroxidation intensity because of
the inhibition of ROS production, namely, superoxide anion
release and H2O2 generation, which we registered in cardio-
myocytes and brain cells. The mitochondrial respiratory
chain and enzymatic reactions by NADPH oxidase, xanthine
oxidase, cyclooxygenases, and lipoxygenase are known to be
an important endogenous source of ROS under stress condi-
tions [7]. Superoxide anion is a common precursor of ROS
that is quickly involved in two metabolic pathways: rapid
conversion into hydrogen peroxide and oxygen by superox-
ide dismutase and generation of highly toxic peroxynitrite
via reaction with nitric oxide [5]. We observed that C60FAS
application (in both doses investigated) drops the hyperac-
tivity of MnSOD and therefore the production of superox-
ide anion, which serves as the substrate for this enzyme
and designate of MnSOD activity. The consequence of this
activity was a decrease in the level of peroxide in the brain
cells and cardiomyocytes. Although MnSOD is a mitochon-
drial enzyme, we detected the MnSOD protein in the cyto-
solic fraction. Since MnSOD is encoded in the nucleus,
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Figure 5: Effect of C60FAS (50 μg/kg (F1) and 500 μg/kg (F2)) and NAC onMnSOD activity (a), GSH content (b), and activity of GSH-related
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synthesized as a precursor in the cytoplasm, and transported
to the mitochondria through a mitochondrial targeting
sequence, the measured cytosolic MnSOD level may illustrate
its transit to the mitochondria after nuclear synthesis [54].
Thus, an increased cytosolic MnSOD protein level could be
derived from mitochondrial MnSOD and/or inappropriate
transport of newly synthesized MnSOD into mitochondria.
In any case, the appearance of MnSOD in the cytosolic frac-
tion clearly indicates a loss of brain and heart mitochondrial
membrane integrity under the stress condition. Our findings
that C60FAS affects the MnSOD activity suggest that C60FAS
has an unlimited ability to penetrate biological barriers with
subsequent easy access to subcellular compartments, as was
reported earlier [55].

Fullerene and its derivatives are a powerful antioxidant
due to the delocalization of the ð-electrons over the carbon
cage, which can readily react with ROS, in particular super-
oxide anion, hydroxyl, and lipid radicals. Numerous studies

have demonstrated the free radical scavenging capabilities
to such a degree that fullerenes have been described as “free
radical sponges” [19, 26, 28]. Fullerene is postulated to act
as a peculiar antioxidant that does not only react directly with
free radicals but also initiate and catalyse the reaction of ROS
recombination (dismutation) occurring in ordered interfacial
water shells near the fullerene’s surface. This assumption
could explain why fullerene exhibits prolonged bioactive
effects, including antioxidant capacity, even in small and
supersmall concentrations [20].

GSH homeostasis is known to be regulated by the
following three aspects: (a) GSH is synthesized from gluta-
mate, glycine, and cysteine by glutathione synthetase and
γ-glutamylcysteine ligase; (b) GSH is oxidized to GSSG
by the activity of GPx, thus regulating and maintaining the
cell redox status; (c) GSSG is reduced to GSH with the medi-
ation of GR, by which is a substantial part of the intracellular
GSH recycling [9]. GSH-related enzymes such as GPx, GR,
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GST, and γ-GCL are pivotal enzymes in the regulation of
intracellular redox status through modulation of glutathione
homeostasis and upregulation through the Nrf2-Keap1-ARE
pathway [8, 52].

We found that 6 h restraint caused a decrease in the GSH
level and GCL activity in brain cells that indicates disorders
in the GSH-biosynthetic cycle. The decreased activity in
glutathione reductase induces the accumulation of oxidized
glutathione in the brain, which is indicative of the severity
of the oxidative stress [8]. In addition to peroxide-mediated
inactivation of GPx, superoxide anion and peroxynitrite
overproductions can inhibit GPx activity [56] as was
obtained in our study. A previous study by Atif et al. [15]
demonstrated that the activity of both GR and GPx enzymes
is decreased in the hippocampus following similar stress
durations. In the heart, we demonstrated decrease in
γ-GCL and GPx activities without changes in GR activity.
In both tissues, we registered decrease in GST activity, which
correlated with GST protein content. At the same time, the
activity of CAT, the main scavenger of H2O2 in the neurons,

was increased in the brain and had a tendency to increase in
the heart that agreed with early reports [57]. GSTs are
ubiquitous, multifunctional enzymes that detoxify endoge-
nous and exogenous electrophiles, including epoxides, alde-
hydes, and peroxides [58]. Therefore, the decrease in GST
that was observed after acute stress in rat tissues may induce
additional intoxication by harmful LPO byproducts.

Various tissues are known to have different sensitivities
to oxidative stress challenges depending on several factors
such as oxygen consumption, metabolic rates, susceptibility
to oxidants, and antioxidant levels. In the present study, after
analysis of the oxidative stress markers, we established that
the brain, in contrast to the heart, was more vulnerable to
oxidative stress in our experimental model.

C60FAS supplementation showed the increase in GSH
content as well as GPx, GST, and GR activities in both tissues
investigated in comparison with the AS alone group pro-
moted coordinated action GSH redox-cycle enzymes and
involvement of GSH in the metabolism of toxic aldehydes
and peroxides with a decrease in cell injuries. The increased

MnSOD

GPx½

GSTP

GCLC

�훽-Actin

20

40

60

80

100

120

140

160

Re
la

tiv
e p

ro
te

in
 le

ve
ls 

no
rm

al
iz

ed
to

 �훽
-a

ct
in

 (%
 o

f c
on

tro
l)

AS
AS + F1
AS + F2

0
MnSOD GPx½ GSTP GCLC MnSOD GPx½ GSTP GCLC

#

#⁎

⁎ #⁎ #⁎
#a⁎

⁎

⁎
⁎

⁎⁎

⁎

(b) (d)

(a) (c)

C AS AS + F1 AS + F2 C AS AS + F1 AS + F2

Brain Heart

#⁎
#⁎ #⁎

#⁎⁎

Figure 7: Changes in the MnSOD, GPx 1/2, GSTP, and GCLC protein expressions in brain and heart tissues after pretreatment of C60FAS
(50 μg/kg (F1) and 500μg/kg (F2)) and acute restraint stress exposure (AS). (a and c) Representative western blot and (b and d)
densitometric analysis of protein levels. Protein extracts were separated by performing SDS PAGE and subsequently electroblotted onto
PVDF membranes. Final western blot figured as the histogram is expressed as mean percentages (±SD) over control values from three
independent experiments. The control values are taken as 100%. Statistically significant differences are indicated as ∗P < 0 05 vs. control;
#P < 0 05 vs. AS; aP < 0 05 vs. AS + F1.

11Oxidative Medicine and Cellular Longevity



GCL activity suggests the involvement of C60 in modulat-
ing glutathione biosynthesis under AS condition. C60FAS
administration induced some decrease in CAT activity in
both tissues compared with the AS alone group with normal-
ization of GPx activity indicating the decrease in the intensity
of peroxidation processes. Similar reports on several other
stresses such as doxorubicin intoxication and irradiation
showed that fullerene administration reduces ROS genera-
tion and lipid peroxidation and increases the GSH level and
activity of GSH-related enzymes [23, 24]. In our study, we
used NAC as a positive control during the investigation of
cell prooxidant/antioxidant homeostasis because this drug
is an antioxidant that potentially reduces the damaging effect
of oxidative stress [36]. NAC exerts its effect both as a source
of sulphhydryl groups (preventing GSH depletion) and as a
free radical scavenging agent through a direct reaction with
highly oxidizing radicals such as ⋅OH, ⋅NO2, and CO3⋅

−

[33]. Treatment with NAC inhibited lipid peroxidation,
increased catalytic activity of glutathione peroxidase, gluta-
thione reductase, and superoxide dismutase, and replenished
GSH levels in animal tissues under different pathological
conditions [59, 60].

We observed that C60FAS pretreatment provided suffi-
ciently strong antioxidant defense with a kind of effect like
the effect of NAC. The C60FAS (500μg/kg) was more effec-
tive in preventing oxidative stress disorders than NAC and
C60FAS at the concentration of 50μg/kg.

Neuro- and cardioprotective actions of C60FAS under
restraint stress were also confirmed by a significant decrease
in corticosterone concentration, as demonstrated in our
study. The reduction markers of oxidative stress and normal-
ization antioxidant activity suggest that C60FAS may induce
heart and brain tissues to maintain sufficient antioxidant
capacity against ongoing oxidative stress.

Free radical metabolites generated during extreme influ-
ence are known to function as signaling molecules activat-
ing transcription factors and specific genes that result in
de novo protein synthesis, including antioxidant enzymes.
These molecular mechanisms might be substantial for trig-
gering of adaptive reactions and forming protective mecha-
nisms against oxidative stress [32].

To further investigate the potential mechanisms of
C60FAS-mediated protection against oxidative stress, we
examined the protein expression of Nrf2, which has demon-
strated a pivotal role in cell protection by the coordinate
transcription of ARE-regulated antioxidant genes, including
GPx2, GST, γ-GCLC, GR, and SOD [52].

In the present study, exposure to AS induced some
decrease in the Nrf2 nuclear protein content in the brain with
concomitant increase in the cytosol fraction. Our results
agreed with previous findings showing significant decrease
in Nrf2 nuclear protein in the whole brain tissue after 6 h of
restraint stress [12, 18], in the rat hippocampus, without
changes in the prefrontal cortex after acute immobilization
for 30min [61]. Spiers et al. [14] reported a transiently
decreased nuclear Nrf2 that coincided with increased expres-
sion of 11β-HSD1-corticosterone regenerating enzyme in the
hippocampus of rats subjected to 4 h restraint stress.

Numerous factors are involved in Nrf2 regulation at both
transcriptional and posttranscriptional levels and affect its
distribution in cell compartments [30]. On the one hand,
Nrf2 belongs to the stress-responsive transcription factors
that are largely controlled at the level of protein stability.
Nrf2 has been found to be an unstable protein, due to the
proteolytic degradation through the ubiquitin-dependent
pathway. Under basal conditions, Keap1 continuously drives
the regulation of Nrf2 maintaining low cellular levels of the
protein. However, under oxidative stress, the regulation of
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Nrf2 becomes complex, involving both Keap1-dependent
and -independent mechanisms [31]. On the other hand,
there are alternative mechanisms of Nrf2 regulation, includ-
ing phosphorylation of Nrf2 by various protein kinases
(PKC, PI3K/Akt, GSK-3b, and JNK), interaction with other
protein partners (p21 and caveolin-1), and epigenetic factors
(micro-RNAs-144, -28, and -200a and promoter methyla-
tion) [30]. Thus, Keum et al. demonstrated that p38 phos-
phorylates Nrf2 and promotes its association with Keap1,
thereby preventing its nuclear translocation. Besides, pro-
longed inflammation induces activation of specific kinases
and epigenetic modification, which blocks the Nrf2 and
contribute to neurological injury [62]. In addition, Ki et al.
[63] showed that the activated glucocorticoid receptor
modulates Nrf2 signaling and alters Nrf2 target gene expres-
sion in the brain through binding of the glucocorticoid
receptor to its glucocorticoid response element. Under stress
conditions, glucocorticoids can suppress cellular antioxidant
defense capacity by impairing Nrf2-dependent antioxidant
response [17]. Furthermore, NF-κB is a negative regulator
of NRF2 by binding to response elements in the NRF2 gene

promoter [64]. As was shown, the p65 subunit can block
NRF2 binding to CREB protein and recruit histone deacety-
lase 3, a corepressor of ARE [65]. These pathways can be
regulated by acute stress and could be implicated, at least in
part, in the effects reported here.

In parallel with loss in Nrf2 protein content in the
brain nuclear fraction, we observed some decease in the
protein level of GCLC (P < 0 05), GPx (P > 0 05), and
GSTP (P < 0 05) after acute stress exposure. Although
MnSOD is a target of Nrf2 activation, poor Nrf2 function
did not correspond to MnSOD protein expression in our
study where we found significant enhancement in MnSOD
protein content (P < 0 05). Such a difference could be due
to alternative signaling pathways operating in the brain
that upregulated MnSOD. MnSOD is known to be an
NF-κB-related protein, and under stress conditions, NF-κB
is actively involved in the expression of MnSOD [66]. In
addition, a high level of H2O2 generation as product of
MnSOD catalytic activity, which we observed in our study
after stress exposure, may act as a signaling molecule in the
NF-κB activation [67].
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No statistically significant changes were observed in
nuclear and cytosol Nrf2 protein accumulations as well as
in protein expression of Nrf2-target genes MnSOD, GPx,
and GCL except GST in the myocardium of rats that were
subjected to restraint stress.

The present study showed that C60FAS administration
induced significant enhancement of nuclear Nrf2 protein in
the brain and the myocardium of rats subjected to restraint
stress for 6 h with concomitant decrease in the cytosol
fraction. The levels of protein expression of GSH-related
enzymes positively correlated with Nrf2, suggesting that the
upregulation of GCLC, GST, and GPx may depend on the
Nrf2/ARE pathway. We assume that C60FAS effects on
GSH recycle via induction of γ-GCL as well as GPx and
GST protein expressions, and this is necessary and sufficient
to reestablish GSH system homeostasis.

In the brain, the MnSOD protein level continued to
increase in comparison with AS. In contrast, in the heart, this
index remains at the level of the control and AS alone groups.
These findings confirm that the effect of C60FAS application
for MnSOD was a tissue specific. Significant modulation of
the antioxidative enzymatic system at the protein level that
was observed in our study showed a complex network of
transcriptional and translational events modified by C60FAS
during the cellular response to restraint stress.

Recently, Ye et al. [29] have shown that in the in vitro
model, polyhydroxylated derivatives of fullerene after admin-
istration alone enhanced Nrf2 nuclear protein translocation
and upregulated mRNA and protein expression of phase II
antioxidant enzymes, including HO-1, NADPH: quinine
oxidoreductase 1, and γ-glutamate cysteine ligase, in 549
cells. By analogy, pretreatment with C60(OH)24 showed
significant protective effects in the 1-methyl-4-phenylpyridi-
nium- (MPP+-) induced acute cellular Parkinson disease
model in human neuroblastoma cells through increase in
expression of Nrf2 and expression and activity of γ-glutamyl
cysteine ligase and the level of glutathione [28]. In contrast,
in our study, in the in vivo model when C60FAS (50 and
500μg/kg) was applied in a normal physiological state, the
western blot analysis showed only a tendency to increase
without statistically significant changes in protein expression
of MnSOD and GSH-related enzymes of both tissues that
correlated with Nrf2 protein content in the nuclear and
cytosol fractions. Similarly, C60FAS (50 and 500μg/kg)
applied alone did not induce any changes in investigated
oxidative stress markers and antioxidant enzyme activity
in the brain and the heart tissues. All these facts allow
us to assume that in vivo, C60FAS did not affect the
endogenous antioxidant status of the rat tissues in the
absence of any stress conditions.

5. Conclusions

In conclusion, our results suggest that the neuro- and cardi-
oprotection of C60FAS are mediated, on the one hand, by
direct removal of ROS, namely, superoxide anion and hydro-
gen peroxide, and thus decrease lipid peroxidation, on the
other hand, by the effect on rat tissue antioxidant capacity.
Under stress condition, C60FAS administration promotes

Nrf2 nuclear accumulation and triggers the protein expres-
sion of a panel of antioxidant and phase II enzymes, at least
partially, through the Nrf2/ARE signaling pathway. We sug-
gest that C60FAS affects endogenous glutathione homeostasis
by modulation of glutathione biosynthesis as well as antiper-
oxide defense via upregulation of activity and protein expres-
sion of GSH-related enzymes γ-GCL, GPx, and GST. Under
stress exposure, C60FAS strengthens antiradical defense
through upregulation of MnSOD in brain cells and maintains
MnSOD protein content at the control level in the myocar-
dium. C60FAS supplementation has dose-dependent and
tissue-specific effects. These results suggest that the use of
C60FAS may be of interest as a potential therapeutic strategy
in correction of oxidative stress-based stress conditions.
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Red blood cells (RBCs) from people affected by autism spectrum disorders (ASDs) are a target of oxidative stress. By scanning
electron microscopy, we analyzed RBC morphology from 22 ASD children and show here that only 47.5± 3.33% of RBC
displayed the typical biconcave shape, as opposed to 87.5± 1.3% (mean± SD) of RBC from 21 sex- and age-matched healthy
typically developing (TD) controls. Codocytes and star-shaped cells accounted for about 30% of all abnormally shaped ASD
erythrocytes. RBC shape alterations were independent of the anticoagulant used (Na2-EDTA or heparin) and of different
handling procedures preceding glutaraldehyde fixation, thus suggesting that they were not artefactual. Incubation for 24 h in the
presence of antioxidants restored normal morphology in most erythrocytes from ASD patients. By Coomassie staining, as well
as Western blotting analysis of relevant proteins playing a key role in the membrane-cytoskeleton organization, we were unable
to find differences in RBC ghost composition between ASD and normal subjects. Phosphatidylserine (PS) exposure towards the
extracellular membrane domain was examined in both basal and erythroptosis-inducing conditions. No differences were found
between ASD and TD samples except when the aminophospholipid translocase was blocked by N-ethylmaleimide, upon which
an increased amount of PS was found to face the outer membrane in RBC from ASD. These complex data are discussed in the
light of the current understanding of the mode by which oxidative stress might affect erythrocyte shape in ASD and in other
pathological conditions.

1. Introduction

The erythrocyte plasma membrane has unique properties,
which allow the cell to provide an extended surface for
gaseous exchanges and to undergo large passive deforma-
tions while the erythrocyte squeezes itself through narrow

capillaries, some of them with cross sections one-third its
own diameter. These unusual properties are due to the
complexity of the structural network supporting the plasma
membrane, where the phospholipid bilayer is anchored to a
two-dimensional spectrin hexagonal lattice via protein junc-
tional complexes centered on band 3, the anion-exchange
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channel. Two major complexes connect band 3 with the
cytoskeletal spectrin network, the ankyrin complex and the
actin complex, but, according to a recent review [1], the
composition of these band 3-associated protein complexes
is not constant. On the overall, the red cell membrane
contains about 20 major proteins and at least 850 minor ones
[1]. A recent paper [2] pointed out the role of nonmuscle
myosin IIA in maintaining erythrocyte shape by interacting
with the actin network associated with band 3 complexes.

The membrane structure, which assures both shape
resiliency and a marked physiological deformability, also
allows RBC to undergo unique and reversible shape changes,
from discocytes to spherical globes (spherocytes), or to
concave (stomatocytes), or to crenated (echinocytes) shapes.
These changes are triggered by a variety of chemical and
physical agents (including pH and ATP concentration) and,
in certain conditions, can even occur cyclically in sequence
[3]. In his paper, Rudenko [3] extensively discusses RBC
shape transitions, pointing out that two main theories have
been advanced to explain them: (i) one based on the bilayer
couple of biological membranes, which suggests that any
effect that expands the outer leaflet relative to the inner one
produces a tendency to form convex structures on the cell
surface (e.g., echinocytic spicules), whereas an expansion of
the inner leaflet relative to the outer one favors concavities
(e.g., stomatocytic shapes) [4, 5]; (ii) the other based on
changes in band 3 conformation, leading to altered ionic
composition within the cell [6, 7]. However, recent research
[8] challenged the current theories linking in a straightfor-
ward way RBC shape alterations to disturbances of the
membrane-cytoskeleton network.

A number of pathological conditions are associated with
characteristic RBC shape alterations, which, at variance with
Rudenko’s transitions, tend to be stable over time [9]. For
instance, typical thorny red cells (acanthocytes) are prevalent
in neuroacanthocytosis, a group of rare genetic diseases [10];
hereditary spherocytosis, elliptocytosis, and stomatocytosis
are RBC disorders resulting from mutations in genes encod-
ing various membrane and skeletal proteins [11]; codocytes
are a common occurrence in beta-thalassemia [12], which
is also characterized by oxidative stress [13]. Leptocytes
and other abnormal erythrocyte shapes were found in Rett
patients [14], a genetic neurodevelopmental disorder accom-
panied by oxidative stress and hypoxia. A marked beta-actin
deficiency was afterwards described in RBC from these
patients [15]. The same team also described the presence of
abnormal RBC shapes and, in a less convincing way, of
decreased beta-actin expression in “classical” (i.e., nonsyn-
dromic) autistic patients [16]. “Classical” autism is the most
common of the neurodevelopmental disorders characterized
by social and behavioral impairments and collectively named
autism spectrum disorders (ASDs). ASD has a prevalent
genetic etiology; however, epigenetically acting environ-
mental factors (e.g., immune dysregulation, pollutants)
seem to have a key role in the development of the disease
[17]. Oxidative stress is a distinctive feature of ASD [18, 19]
and deeply affects RBC membrane, impairing its fluidity,
altering its lipid composition, and affecting the activity on
Na+/K+-ATPase [18, 20].

In patients with chronic obstructive pulmonary disease,
chronic oxidative stress alters RBC shape, but normal shape
is reestablished following appropriate antioxidant medica-
tion [21]. Similarly, RBC storage in blood banks leads to
the build-up of reactive oxygen species (ROS) and of
oxidation products such as malondialdehyde. The ensuing
oxidative stress leads to the formation of spiculated cells
(echinocytes), to the budding of micro- and nanovesicles
from the spiculae [22], and eventually to hemolysis; all of
which may be prevented by supplementation with antioxi-
dants [23]. Moreover, oxidative stress triggers PS externaliza-
tion [24], but with modalities still not clarified.

Understanding how oxidative stress alters RBC mor-
phology—and possibly function—requires the evaluation
of how it affects the band 3-centered cytoskeletal network.
It has been shown that oxidative stress, as well as other
stimuli, increases phosphorylation of band 3 on tyrosine
residues, thus markedly reducing band 3 affinity for ankyrin,
leading to the disruption of the membrane skeletal architec-
ture and favoring progressive plasma membrane vesiculation
[25]. However, in the presence of oxidative stress, the antiox-
idant enzyme peroxiredoxin-2 (Prx2) progressively migrates
to the RBC plasma membrane, where it associates with the
amino domain of band 3 [26, 27]. The band 3 amino domain
is also the regulatory site where glucose metabolism is
addressed towards the glycolytic ATP production or,
conversely, towards the production of molecules offering
antioxidant protection—NADPH and GSH [28]. Thus,
PRX2 binding to the band 3 sites allows at the same time
ATP production and its own antioxidant protection to the
membrane site.

This work is aimed at understanding the extent of RBC
shape alteration in ASD, its molecular base(s), and how it
may affect RBC functions. As we recently demonstrated
[20] that the amount of beta-actin in RBC from ASD children
did not differ from that of TD controls, we turned our
attention to the quantification of band 3 and stomatin. These
proteins were chosen because band 3 has a pivotal role in
cytoskeletal organization, while stomatin was among the
few RBC membrane proteins found to be differentially
expressed in ASD leukocytes [29].

2. Materials and Methods

2.1. Subjects. Twenty-two children diagnosed with nonsyn-
dromic ASD (17 males and 5 females, age (mean± SD)
7.75± 1.87 years, age range 5.25–11.08 years) and 21 typi-
cally developing children (14 males and 7 females, age
(mean± SD) 9.44± 1.96 years, age range 5.25–11.83 years)
were recruited by the Child Neuropsychiatry Unit of the
Bellaria Hospital (IRCCS, Bologna) within a larger study
approved by Local Ethical Committee (AziendaUSLBologna,
Imola, Ferrara, CE 13062, 23/07/2013; Prot. N.1198/CE). The
study was conducted according to the Declaration of Hel-
sinki guidelines. Written consent was obtained from parents
as well as from children through pictures and simplified
information. The patients were affected by nonsyndromic
autism, according to a complete clinical diagnostic assess-
ment (ADOS, DSM-5) and a comprehensive neurological
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workup, detailed in a previous manuscript by our group
[30]. Moreover, patients were subjected to a complete pediat-
ric assessment, including the evaluation of hematological
parameters and of electrolytes, which ruled out the presence
of iron deficiency (occasionally reported to occur in ASD
children [31]), hemolysis, and splenomegaly. Control typi-
cally developing (TD) children were recruited in the same
local community and were free of cognitive, learning, and
psychiatric problems. Subjects did not take any dietary
supplement or medication in the 4 months preceding the
evaluation and were on a typical Mediterranean diet. Demo-
graphic and clinical data are shown in Tables 1(a) and 1(b).

2.2. Materials. Unless otherwise specified, chemicals were
analytical grade and purchased from Sigma-Aldrich, St.
Louis, MO.

2.3. RBC Preparation and Morphological Evaluation. From
each subject, two blood samples (1mL) were collected, one
in Na2-EDTA and the other in sodium heparin vacutainers.
For morphological evaluation with scanning electron micros-
copy, we always treated the samples within 1 h from collec-
tion. We compared two preparation protocols. In the first
protocol, aimed at limiting mechanical stress to the cells,
30μL of whole blood was transferred to an Eppendorf
1.5mL tube, centrifuged (5min at 100×g) in order to sepa-
rate plasma, which was gently removed with a micropipette.
Cells were fixed in suspension with 2.5% glutaraldehyde in
cold 0.1M phosphate buffer pH7.2 for 2 h at room tempera-
ture. During this step, RBC underwent spontaneous sedi-
mentation. The supernatant was then gently removed with
a micropipette, phosphate buffer was added, and the sample
was maintained at 4°C till successive steps. In the “rougher”
protocol, 30μL of RBC suspension was obtained after Ficoll
density gradient and three washing steps in phosphate-
buffered saline. The RBC suspension was then fixed in 2.5%
glutaraldehyde in 0.1M phosphate buffer pH7.2 as described
for the more gentle protocol. Cells were quickly washed in
0.15M phosphate buffer at pH7.2, and then drops of the
suspension were deposited on poly-L-lysine-coated cover-
slips [32]. The adhesion was carried out overnight in a moist
and sealed chamber at 4°C. Afterwards, the slides were
washed and postfixed with 1% OsO4 in the same buffer for
1 h. A gentle progressive alcohol dehydration was performed,
and specimens were critical point-dried. After mounting on
conventional SEM stubs by means of silver glue, specimens
were gold sputtered, by a sputtering device [33] and finally
observed with a Philips 515 scanning electron microscopy.
The morphological alterations were evaluated by two differ-
ent observers, in separate observation sessions. The entire
slide was evaluated, and then twenty microscope fields, for
each sample, were photographed at the same magnification
(1770x magnitude). The images were used for the classifica-
tion of erythrocytes according to their morphology.

2.4. Antioxidant In Vitro Treatment. This study was carried
out in a subgroup of subjects, 6 ASD and 8 TD. RBC suspen-
sions obtained from Ficoll gradient and washed three times
in phosphate-buffered saline were used. RBC suspensions

were diluted in 2mL SAGM storage medium (NaCl 8.77 g/L;
adenine 0.169 g/L; dextrose 9 g/L; mannitol 5.25g/L) at the
concentration of 250μL RBC/mL. Three parallel samples,
2.5mL each, were seeded in 6-well culture plates (9.6 cm2/well
surface area). The RBC suspension was (i) treated with an
antioxidant mix containing 8μM (final dilution) tocotrienol
(Carlo Sessa SpA, Milan, Italy) dissolved at 1000x concentra-
tion in dimethyl sulphoxide (DMSO) and 0.7μM (final dilu-
tion) Q10 (ACEF SpA, Fiorenzuola D’Arda, Italy) dissolved
1000x in N,N-dimethylformamide (DMF); (ii) untreated;
and (iii) additioned with DMSO plus DMF alone. The cell
suspensions were incubated 24h at 37°C in 5% CO2 atmo-
sphere. 40μL was then collected from each well, centri-
fuged (5min at 100×g) to remove the SAGM solution,
and fixed in 2.5% glutaraldehyde solution for scanning
electron microscopy as described above.

Ghost suspensionwas prepared as previously described [20].
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

was carried out with ghost suspensions; gels were loaded
semiquantitatively (equal volume of packed ghosts/lane),
as described [34]. Precast gradient gels (Mini-PROTEAN
TGX Stain-Free Protein Gel, 4–15% polyacrylamide, Bio-
Rad Laboratories, Hercules, CA) were used. Some gels were
stained with Coomassie Brilliant Blue-R250 (Bio-Rad,
Hercules, CA).

Western blotting was performed following SDS-PAGE
and transferred to nitrocellulose membranes [20]. The
following primary antibodies were used: mouse monoclonal
anti-beta-actin (C4) (Santa Cruz Biotechnology, Dallas,
Texas) at 1 : 1000 dilution; mouse monoclonal anti-stomatin
(E-5) (Santa Cruz Biotechnology, Dallas, Texas) at 1 : 1000
dilution; and mouse monoclonal SLC4A1, antianion
exchanger 1 or band 3 (IVF12) (DSHB Hybridoma Product
IVF12, deposited to the DSHB by Jennings M.L. at 1 : 30000
dilution). Secondary antibody was ImmunoPure® Goat
Anti-Mouse IgG, (H+L), peroxidase conjugated (Thermo
Scientific, Waltham, Massachusetts), and was used at the
following dilutions: 1 : 5000, 1 : 15000, and 1 : 20000, respec-
tively. ECL: Western Bright™ ECL (Advansta, Menlo Park,
CA) was used for detection. Specific protein band density
was quantified by means of Bio-Rad GelDoc 2000 with
reference to the actin band.

2.5. Evaluation of Phosphatidylserine Exposure. This study
was carried out in a subgroup of subjects, 11 ASD and 10
TD. Phosphatidylserine (PS) exposure was evaluated by flow
cytometry. The procedure outlined by Kuypers et al. [35] was
followed, with small modifications. RBCs from a Ficoll
gradient suspension were initially diluted with Hanks’
balanced salt solution (HBSS) and distributed into 6 tubes
which were examined in the following conditions: (1) basal,
untreated; (2) N-ethylmaleimide (NEM); (3) osmotic shock
(OS); (4) OS+NEM; (5) Ca2+ ionophore A23187; and
(6) ionophore A23187+NEM. For samples (2), (4), and
(6), RBCs (30% hematocrit) were incubated with 10mM
NEM for 30min at 37°. After incubation, the samples were
washed in HBSS and then diluted at 16% hematocrit before
the evaluation or the successive treatments. OS was per-
formed at 16% hematocrit 10min at room temperature with

3Oxidative Medicine and Cellular Longevity
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9 g/100mL NaCl. For the treatment with Ca2+ ionophore
23187, RBCs at 16% hematocrit were previously loaded with
1mM CaCl2 for 3min in incubator, and then the ionophore
was added at 4μM final concentration; the samples were
incubated at 37°C for 20min, and then the reaction was
stopped with 2.5mM Na2-EDTA. Cells were then washed
3 times with HBSS buffer +1% BSA. Before loading the
samples to the cytometer, the samples were diluted in
10mL phosphate-buffered saline, and then 1mL was centri-
fuged (5min at 400×g) and the pellet was incubated with
FITC-labelled annexin V using the annexin V-FLUOS
Staining Kit (Roche, Basel, Switzerland) according to the
manufacturer’s instructions. Samples were acquired using
a FACSCalibur instrument and analyzed with the CellQuest
Software (Becton Dickinson, Italy).

2.6. Statistical Analysis. Data were tested for normality using
GraphPad Prism7, which employed the D’Agostino-Pearson
test, following which appropriate parametric tests (Student’s
t for independent data) or the nonparametric equivalent
(Mann-Whitney) was used. Differences were considered
significant at p < 0 05.

3. Results

3.1. Scanning ElectronMicroscopy Reveals Altered Erythrocyte
Shape in RBC from ASD Subjects. Figure 1 shows the distri-
bution of RBC by morphology in TD and in ASD children.
Most RBC (87.5± 1.3%, mean± SD) from TD children dis-
played the typical normal biconcave shape, which charac-
terized only 47.5± 3.33% (mean± SD) of RBC from ASD
children. The difference was highly significant (p = 3 ∗ e−13).
The extremely low variability among the samples makes
impossible to correlate morphological shapes to clinical
features, which display a much higher variability. Among
abnormally shaped RBC, codocytes and star-shaped cells
were the most represented ones, whereas echinocytes were
relatively few. Abnormal morphologies were not peculiar
of RBC from ASD subjects, rather ASD subjects displayed
abnormal RBC shapes in a higher percentage of erythrocytes
with respect to healthy subjects. Representative images of
microscopic fields form one TD and from one ASD subject,
as well as a gallery of abnormal morphologies are shown
in Figure 2.

Notably, no difference was found with respect to the
anticoagulant used or the prefixation procedures.

3.2. Incubation with Antioxidants Restores NormalMorphology
to RBC from ASD Subjects. In vitro treatment with the
antioxidant mix brought the percentage of discocytes
from 47.5 to 82%, thus substantially restoring the normal
morphology to control levels. A representative image is
shown in Figure 3. Incubation in SAGM alone or additioned
with the DMSO+DMF vehicle did not alter the original
RBC morphology.

3.3. Qualitative and Semiquantitative Evaluations of Ghost
Proteins Do Not Show Appreciable Differences between
ASD and TD Subjects. Ghost extracts were run in SDS-
polyacrylamide gradient gels and stained with Coomassie

Blue in order to allow an overview of the protein composition
of the extracts. As shown in Figure 4, no difference could be
appreciated at a qualitative level. In particular, bands 4.1 and
4.2, which were reported to be differentially expressed in
ASD leukocytes [29], display the same staining intensity in
TD and ASD samples.

We recently reported that TD- and ASD-derived RBC did
not vary in beta-actin amount, as evaluated by Western blot-
ting performed according to the most rigorous standards
[20]. This result allowed us to use beta-actin as reference
protein to quantitate other proteins by Western blotting. We
chose to evaluate band 3 and stomatin, basing the choice on
the motivations mentioned in Introduction. Figure 5 reports
representativeWB results for the two proteins. Band intensity
of the two examined proteins, as quantified relative to beta-
actin, was the same in TD- and ASD-derived ghost samples.

3.4. Phosphatidylserine Exposure Does Not Seem to Differ in
Erythrocytes between TD and ASD Children, but Addition of
N-Ethylmaleimide Suggests That ASD RBC Undergo an
Increased PS Flip-Flop Cycling in Basal Conditions. The local-
ization of PS on the outer side of the lipid bilayer was assessed
in order to evaluate the tendency of RBC from ASD children
to undergo erythroptosis, as a consequence of oxidative stress
and as a result of morphological anomalies, both in basal
conditions (i.e., without any treatment) and when exposed
to either osmotic stress or calcium overload. Results, reported
in Figure 6, show that no difference in PS exposure is present
in basal conditions. However, when the aminophospholipid
translocase was blocked by NEM, a significant (p = 0 03)
increase in PS exposure could be appreciated in ASD RBC,
suggesting that in basal conditions, PS flippase was actively
engaged in reimporting PS from the outer bilayer. The addi-
tion of NEM to osmotic stressed or to calcium overloaded

0
10
20
30
40
50
60
70
80
90

100

N
or

m
al

(d
isc

oc
yt

es
)

C
od

oc
yt

es

St
ar

-s
ha

pe
d

ce
lls

Kn
iz

oc
yt

es

El
lip

to
cy

te
s

Ec
hi

no
cy

te
s

St
om

at
oc

yt
es

p = 3·e-13

p = 7·e-7 p = 9·e-4 ns p = 4·e-6 p = 2·e-3 ns

TD

% of RBC bearing different morphologies (SEM)

ASD

Figure 1: RBC bearing different morphologies, as percent of
total RBC. Open columns: RBC from typically developing
children. Dark columns: RBC from children affected by autistic
spectrum disorder. Mean± SD. Numbers over the columns indicate
whether the difference was statistically significant (p < 0 05 by
Student t-test).
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RBC was not able to unveil any difference between RBCs
from TD and ASD subjects, although one should remark
the rather high variability in percent PS exposure following
OS and the maximal PS exposure as a response to calcium
overload, both situations where a ≈50% increase of PS
exposure could have gone unnoticed.

4. Discussion

In the present work, we addressed the question of how oxida-
tive stress, which affects ASD subjects altering in multiple
ways RBC and their plasma membrane [18–20, 30], impinges
on RBC shape, composition of the plasma membrane-
cytoskeletal network and propensity to undergo erythropto-
sis. Although the group of Ciccoli et al. had reported multiple
shape anomalies and a decrease in β-actin in RBC from
“classical autistic” subjects [16], our experience with hyper-
spectral microscopy [30] was not confirming the presence
of shape alterations at a large extent; moreover, our accurate
evaluation of β-actin content had not revealed differences
between RBCs from TD and ASD children [20]. By studying
the extensive literature on the determinants of erythrocyte
shape alterations, we understood that the apparent lack of
morphological alterations found with hyperspectral micros-
copy was probably to be ascribed to the so-called “glass
effect,” as described by Wong [6] that likely cancels the
difference between TD and ASD RBC morphology. In fact,

when RBC shape changes are “fixed” by abnormal aggrega-
tion or clusterization of RBC proteins, as in beta-
thalassemia or in sickle cell anemia, the “glass effect” does
not take place; on the other hand, the contact with the glass
slide in isosmotic unbuffered medium favors ionic concen-
tration adjustments and makes very hard to distinguish the
difference between TD and ASD RBC morphology in both
fresh blood samples and standard Giemsa-stained slides.
Thus, scanning electron microscopy is better suited for the
morphological analysis of RBC shape alterations, as those
described by the group of Ciccoli et al. By a careful study,
which took into consideration some of the possible artifacts
that could affect erythrocyte shape, and in particular by com-
paring with the same modalities ASD and TD RBC, we con-
firmed the findings of Ciccoli et al. group about shape
anomalies in more than half of the RBC from autistic chil-
dren. Remarkably, these abnormal morphologies were (i)
independent of the anticoagulant used, confirming that only
a long conservation in Na2-EDTA may affect RBC shape
[36], and (ii) unaffected by repeated preparative centrifuga-
tions, carried out in buffered saline. Of note, RBC from
ASD did not display bizarre or unique morphologies; rather
they had a higher percentage of altered morphologies found
in lesser amounts in RBC from TD subjects. In particular,
one would expect to find a prevalence of echinocytes, since
there are numerous reported instances where discocytes
exposed to oxidative stress turned into echinocytes [25, 26].

Codocytes Codocytes and
star-shaped cells

A knizocyte Echinocytes

Most common RBC
morphological

anomalies

�e majority of RBCs
from typically

developing children are
discocytes

�e majority of RBCs
from ASD children

display morphological
anomalies 

(a) (b)

(c) (d)

Figure 2: RBC morphology at scanning electron microscopy. (a, b) Normal RBC morphology (discocytes) found in typically developing
children. (c, d) A variety of RBC abnormal morphologies found in children affected by autistic spectrum disorder. Bottom panel: a gallery
of abnormal RBC morphologies.
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This however was not the case with ASD RBC, although
their exposure to ROS is indisputable. It is our opinion
that ASD RBC do not assume the echinocyte shape
because they do not loose ATP, at least at the extent lost
by RBC in the abovementioned models of oxidative stress.

An eye evaluation of ghost proteins separated by SDS-
PAGE and stained by Coomassie Blue does not suggest the
occurrence of major differences in the protein set between
TD and ASD subjects. This has been demonstrated by us
for β-actin [20] and for band 3 and stomatin in the present

M TD ASD

250

150

100
75

50

37

25
20

15

𝛼-Spectrin
𝛽-Spectrin
Ankyrin
isoforms

Band 3
Protein 4.1
Protein 4.2

Dematin
𝛽-Actin
G3PD
Stomatin

Globin

RBC membrane proteins stained with Coomassie Blue 

Figure 4: A representative SDS-PAGE stained with Coomassie Blue. The gel was a precast 4–15% polyacrylamide gel. M: markers; TD: RBC
samples from typically developing children; ASD: RBC samples from children affected by autistic spectrum disorder. On the left side: MW of
the markers. On the right side: bands presumably corresponding to major RBC proteins.

Effect of in vitro treatment with an antioxidant mix on RBC morphology

RBC suspensions
from two children
affectedby ASD, 
incubated 24 h in

SAGM storage
medium 

RBC suspensions
from the same

children affected
by ASD, incubated

24 h in SAGM
storage medium
additioned with

antioxidants 

(a) (b)

(c) (d)

Figure 3: Effect of antioxidant treatment on the morphology of RBC from children affected by autistic spectrum disorder. (a, b) Before
the in vitro 24 h treatment. (c, d) After the treatment with tocotrienol and Q10. The percentage of abnormally shaped erythrocytes is
clearly decreased.
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work. However, in order to study the ≈870 different proteins
located at the erythrocyte plasma membrane and to find
possible expression differences between TD and ASD sub-
jects, one should use an -omic approach; proteomics allowed
Mohanty et al. [37] to find many differentially expressed
proteins in RBC from Alzheimer patients and healthy indi-
viduals. On the other hand, using a transcriptomic approach,
Glatt et al. [29] found a relevant number of differentially
expressed genes in leukocytes from ASD patients. Neverthe-
less, the fact that incubation with an antioxidant mix was able
to almost completely restore the normal morphology in ASD
RBC points to oxidative stress-induced modifications of the

protein-to-protein associations or of membrane proteins
themselves rather than to major quantitative differences.

The most obvious culprit of the morphological anomalies
would be band 3 protein, which, as discussed above,
undergoes multiple phosphorylations in an oxidative envi-
ronment, thus altering its interaction with the other proteins
of the junctional complexes [25]. However, other proteins are
likely to be involved as well; for instance, it may be worth
investigating whether the newly found actin-myosin IIA
interaction [2] is affected by oxidative stress. Advanced glyca-
tion end products are found in the plasma of ASD children
[19], but the presence of glycated proteins in ASD erythro-
cytes has not been evaluated. For instance, spectrin is easily
glycated [38] and its glycation would be a normal occurrence
in steady-state conditions, due to the high-glucose concen-
tration and the rich-oxygen milieu of the erythrocyte.
Spectrin glycation occurs at sites of PS binding; thus, translo-
cation of PS from the inner to the outer lipid monolayer not
only provides the basis for erythroptosis but also contributes
to alteration of the spectrin-based membrane skeleton, to
shape modification and to decreased deformability of the cell.
Such events do not occur in steady-state conditions since an
ATP-powdered aminophospholipid translocase is continu-
ously relocating PS to the inner membrane side [39]. In
a murine model of β-thalassemia [13], oxidative stress leads
to massive PS externalization and to erythrocyte loss. Indeed,
our cytometric data strongly suggest not only an increased PS
externalization in ASD RBC but also its efficient contrast by
the activity of aminophospholipid translocases.

5. Conclusions

As far as we know so far, oxidative stress in ASD children is
not generated within the erythrocyte and might be a conse-
quence of chronic low-level (neuro)inflammation. Despite
the extensive shape anomalies, the enhanced bilayer stiffness,
the reduced activity of its Na+/K+-ATPase, and the increased
needs to replenish the ATP supply required to maintain an
accelerated activity of aminophospholipid translocases, it is
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ASD

(a) Western blot of RBC membrane proteins
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Figure 5: (a) A representative Western blot where anti-band 3 and anti-stomatin antibodies were used to quantitate specific proteins
separated by SDS-PAGE; β-actin was used as loading control. The gel was a precast 4–15% polyacrylamide gel. TD: four RBC samples
from typically developing children; ASD: four RBC samples from children affected by autistic spectrum disorder. (b) Densitometry
showing the intensity of specific protein bands relative to the corresponding β-actin band. Ghost samples from all patients and controls
were examined. Differences between TD and ASD RBC were not statistically significant.
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amazing that oxidative stress at the erythrocyte level seems to
be limited in consequences, as suggested by the fact that no
clinical sign of reduced erythrocyte activity (e.g., impaired
peripheral tissue oxygenation) has been so far described in
ASD patients.

At a mere speculative level, we advance the hypothesis
that a key role may be played by the interplay of PRX2 with
the N-terminal domain of band 3. As oxidative stress pro-
motes the migration of PRX2 to the membrane and its
binding to the N-terminal domain of band 3, glucose metab-
olism is addressed towards the glycolytic ATP production for
a longer fraction of time or in more numerous membrane
locations, thus supplying the energy required for maintaining
membrane phospholipid symmetry. Moreover, RBC antioxi-
dant defenses are so abundant that RBCs are able to cope
with many threats brought by exogenous ROS.
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Ischemia and reperfusion (I/R) injury induced by tourniquet (TQ) application leads to the release of both oxygen free radicals
and inflammatory cytokines. The skeletal muscle I/R may contribute to local skeletal muscle and remote organ damage
affecting outcomes after total knee arthroplasty (TKA). The aim of the study is to summarize the current findings
associated with I/R injury following TKA using a thigh TQ, which include cellular alterations and protective therapeutic
interventions. The PubMed database was searched using the keywords “ischemia reperfusion injury,” “oxidative stress,”
“tourniquet,” and “knee arthroplasty.” The search was limited to research articles published in the English language.
Twenty-eight clinical studies were included in this qualitative review. Skeletal muscle I/R reduces protein synthesis,
increases protein degradation, and upregulates genes in cell stress pathways. The I/R of the lower extremity elevates local
and systemic oxidative stress as well as inflammatory reactions and impairs renal function. Propofol reduces oxidative
injury in this I/R model. Ischemic preconditioning (IPC) and vitamin C may prevent oxygen free radical production.
However, a high dose of N-acetylcysteine possibly induces kidney injury. In summary, TQ-related I/R during TKA leads to
muscle protein metabolism alteration, endothelial dysfunction, oxidative stress, inflammatory response, and renal function
disturbance. Propofol, IPC, and vitamin C show protective effects on oxidative and inflammatory markers. However, a
relationship between biochemical parameters and postoperative clinical outcomes has not been validated.

1. Introduction

Total knee arthroplasty (TKA) is a surgical treatment aim-
ing at improving the mobility and quality of life of
patients suffering from advanced knee osteoarthritis. The
prevalence of this procedure has substantially increased
in the past decade and is expected to continue [1, 2]. A
hallmark of the clinical success of TKA is postoperative
quadriceps muscle function. Muscle atrophy following a
use of intraoperative thigh tourniquet (TQ) results in early

postoperative deficits in quadriceps strength and subse-
quently impaired TKA rehabilitation. The majority of
TKA patients are in the elderly population [1] whose
TQ-induced muscle loss is likely permanent and may
increase risk for falls as well as loss of independence [3].

A TQ is routinely used in extremity surgery to
produce a bloodless surgical field. However, TQ applica-
tion alters normal physiology and is associated with
several complications [4]. Locally, a circumferential inflat-
able cuff compresses the structures beneath the cuff and
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can possibly cause mechanical and ischemic injuries to local-
ized muscles and nerves. Skeletal muscles distal to the TQ
are also affected at a molecular level by prolonged inade-
quate blood flow and subsequent restoration of circulation.
Systemically, limb exsanguination followed by TQ inflation
transiently increases central blood volume and systemic
vascular resistance, induces a hypercoagulable state, and
activates fibrinolytic activity. Clinically, the use of a TQ
is considered a risk factor for thromboembolism [5]. How-
ever, the incidence of deep vein thrombosis and pulmo-
nary thromboembolism after TKA was found to be
similar regardless of the use of the TQ [6].

TQ inflation induces ischemia to an extremity, and its
release may lead to an ischemia and reperfusion (I/R)
injury to not only localized skeletal muscle but also sys-
temic circulation and vital distant organs including the
brain, heart, lungs, and kidneys. The restoration of blood
flow following an ischemic period is essential to prevent-
ing irreversible cellular injury; however, the reperfusion
can augment secondary damage to ischemia. During oxy-
gen deprivation, intracellular ionic and metabolic changes
including ATP depletion, intracellular acidosis, and cyto-
solic calcium overload occur and cause damage to cells
[7]. In addition, ischemia can exacerbate reactive oxygen
species (ROS) production and promote a proinflammatory
state, which subsequently increases tissue vulnerability to
further injury during reperfusion. Upon the reintroduction
of oxygen, excessive production of ROS disproportionate
to the antioxidant capacity results in cell injury through
the oxidation of proteins, lipids, and DNA.

Several treatment strategies have been proposed to
prevent or attenuate the effects of I/R injury following
TQ use in cases of orthopedic surgery [8]. Studies into
the use of ischemic preconditioning (IPC) and antioxi-
dants have generated inconclusive results depending on
the administration techniques. Of the anesthetic agents,
propofol is the best medication producing both antioxida-
tive and anti-inflammatory effects. However, the correla-
tion between the benefits of these interventional and
pharmacologic strategies with the postoperative clinical
outcomes has not been drawn.

Therefore, the aim of this review is to summarize cur-
rent findings relating to the effects of TQ-induced I/R
injury on localized skeletal muscles, local and systemic
circulation, and remote organs in TKA surgery and thera-
peutic interventions in clinical study. Furthermore, the
controversial reports regarding these issues are included
and discussed.

2. Effects of TQ-Induced I/R Injury on Localized
Skeletal Muscles

TQ application during TKA has been shown to produce I/R
injury in human skeletal muscle by triggering cascades of
cellular events resulting in a reduction in protein synthesis
[9], an increase in protein degradation [10, 11], and an
upregulation of the genes in cell stress pathways [12]. Alter-
ations in the protein metabolism as a result of I/R injury
lead to the mobilization of free amino acids [11] which

subsequently contribute to quadriceps muscle atrophy [3].
Cap-dependent translation initiation and elongation in the
protein synthesis pathway were inhibited during ischemia
and in early reperfusion phases causing downregulation of
protein synthesis and a 12% loss of mid-thigh quadriceps
volume as measured by magnetic resonance imaging
(MRI) at two weeks after surgery [9]. The ubiquitin (Ub)
proteasome system, the main pathway of skeletal muscle
proteolysis, was upregulated at 60 minutes of ischemia
suggesting an increase in muscle protein breakdown [10].
Regarding the analysis of gene expression profiles following
TKA, 72 genes in skeletal muscle cells were significantly
upregulated at two hours after TQ release [12]. The genes
related to the cell stress pathways were altered and poten-
tially induced apoptosis, cell cycle regulation, and comple-
ment activation.

Other mechanisms of skeletal muscle I/R injury have
been investigated [13, 14]. Many studies [15–17] have
reported that endothelial dysfunction resulting from an
imbalance of vasoactive substances, including endothelin
1 (ET-1), as well as neuronal and endothelial nitric oxide
synthases (nNOS and eNOS) plays a role in the patho-
physiology of several ischemic conditions. Concordantly,
ET-1, nNOS, and eNOS are involved in skeletal muscle
I/R. The rise in ET-1 tissue protein levels occurred dur-
ing the periods of I/R and was attributed to an increase
in the release of stored peptides or the conversion of
precursor peptides to ET-1 [13]. Furthermore, the upreg-
ulation of NOSs occurred in postischemic skeletal muscle.
The increased protein expression of nNOS was controlled
at the mRNA level, whereas the upregulation of the eNOS
protein was regulated by posttranscriptional processes [14].
All these findings suggest that agents modulating the ET-
1 and NO pathways such as an ET antagonist may have
therapeutic benefits in this condition.

The cellular bioenergetics and mitochondria are
preserved during skeletal muscle I/R in the TKA setting
[11, 18, 19]. For example, (1) adenosine triphosphate
(ATP) concentrations and mitochondrial enzymes were
maintained during 60–90 minutes of ischemic time and at
24 hours after reperfusion [11, 18], despite significant
metabolic changes which suggested ischemic injury to the
skeletal muscle cell at approximately 75 minutes of ische-
mia [20], and (2) a previous human study [19] showed
mitochondria to have normal appearance when viewed
under an electron microscope after 15 minutes of ischemia.
However, in cases of myocardial I/R condition, mitochon-
drial respiratory chain activity was reduced after 30 minutes
of ischemia and restored upon reperfusion as a biphasic
process [21, 22]. All those findings suggest that alterations
in mitochondrial function induced by I/R injury are tissue-
specific and the severity of the cellular damage depends
on the duration of ischemia. However, the actual period
of total ischemia which results in mitochondrial damage
and the reversal time of mitochondrial dysfunction have
not yet been validated. Therefore, the ischemic time induc-
ing skeletal muscle mitochondrial impairment should be
further defined and therapeutic strategies to address the
prevention and modulation of mitochondrial injury should
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be studied. A comprehensive summary of those findings is
shown in Table 1.

3. Effects of TQ-Induced I/R Injury on Local and
Systemic Circulation

TQ use can lead to a production of oxygen free radicals and
stimulation of inflammatory processes in the ischemic skel-
etal muscle cells and endothelium. Upon TQ release, acti-
vated endothelial cells generate more oxygen free radicals
and release inflammatory mediators [23]. The elevated oxi-
dative stress levels and the inflammatory reaction in both
the local and systemic circulation after TQ deflation were
demonstrated in the TKA-related I/R models [24–26].
Interestingly, the changes were observed earlier and more
intensely in the blood from the reperfused area than from
the systemic circulation. The rise in systemic prooxidant
and hypoxanthine levels as well as in xanthine oxidase
activity is probably explained by a dispersal of these mole-
cules from the injured area into the systemic circulation
because hypoxanthine accumulates in hypoxic conditions
[25]. On the other hand, the circulatory increase in pro-
and anti-inflammatory cytokines can be explained by sys-
temically induced stress responses secondary to tissue
trauma. The number and type of lymphocytes can be used
to monitor the systemic effect of the stress response, and
the application of a TQ has been shown to induce geno-
toxic and cytotoxic effects on peripheral leukocytes during
the reperfusion period with possible irreversible damage
[27]. Despite these acknowledged deleterious effects of use
of a TQ, the surgical trauma per se generates surgical stress
which is characterized by neuroendocrine, immunological,
and hematological changes. When compared to the proce-
dure without TQ application, the increase in plasma
interleukin-6 (IL-6), C-reactive protein (CRP), creatine
phosphokinase (CPK) and white blood cell counts at 24
hours and seven days after surgery were not different and
improvement of knee function at one year after operation
was comparable [28]. It is possible that these long-term sys-
temic responses originated from the surgical injury. Further
studies focusing on differentiation between responses from
surgical stress and those from I/R injury in this setting
should be investigated. A comprehensive summary of those
findings is shown in Table 2.

4. Effects of TQ-Induced I/R Injury on
Remote Organs

The I/R of the lower extremity affects not only the local
structures but also distant organs. The remote response
to I/R is associated with microvascular dysfunction [23].
Activated endothelial cells produce excessive ROS at the
initiation of reperfusion and lead to an imbalance between
superoxide and nitric oxide in all segments of the micro-
circulation, which subsequently induce a systemic inflam-
matory response and cause multiple organ damage. A
previous study [29] reported hepatic and renal dysfunction
as well as pulmonary damage in animals subjected to three
hours of bilateral hind limb ischemia, followed by three

hours of reperfusion. In relation to TQ-induced I/R in
the clinical setting, remote kidney damage was suggested
by the elevation of two sensitive indicators of proximal
tubular function [30]. However, no significant myocardial,
cerebral, or lung injury was demonstrated after unilateral
TKA surgery [31–33]. It is likely that the severity of dis-
tant organ injury is related to the degree of local tissue
injury and systemic inflammatory activation. This supposi-
tion is supported by higher postoperative complications
affecting multiple organ systems among bilateral TKA
patients compared to those undergoing a unilateral TKA
[34]. A comprehensive summary of these findings is
shown in Table 3.

5. Effects of Ischemic Conditioning on TQ-
Induced I/R Injury in TKA

Ischemic preconditioning (IPC) is an exposure of tissues to
one or more brief periods of I/R which generates small
amounts of free radicals resulting in an adaptive response
to subsequent prolonged ischemic stress and reperfusion
injury [35]. The IPC results in protection, consisting of two
phases, an early phase and a late phase [23, 36]. The early
phase affects ion channel permeability, posttranslational
modification of proteins, and release of autocoids such as
adenosine, bradykinin, and nitric oxide. The later phase is
dependent on the gene expression and de novo protein syn-
thesis involved in endothelial function, an inflammatory
response, and hemostasis. During the conditioning, the
released autocoids bind to G-protein-coupled receptors
(GPCRs) which subsequently activate growth factor recep-
tors (GFRs) and in addition stimulate intracellular kinase
pathways. These processes result in an increase in antiapop-
totic proteins, inhibition of proapoptotic proteins, transloca-
tion of transcription factors, opening of ATP-sensitive
potassium channels (KATP), and inhibition of the mitochon-
drial permeability transition pores (mPTPs). The IPC of the
lower extremity in unilateral TKA patients showed protective
genomic responses, which resulted in an upregulated expres-
sion of immediate early response genes, oxidative stress
defense genes and prosurvival genes, and regulation of
neuron apoptosis [37, 38]. However, the systemic inflamma-
tory signals were not suppressed by IPC performed with one
to three cycles of five-minute ischemia and five-minute
reperfusion [33, 37, 39]. A comprehensive summary of these
findings is shown in Table 4.

Remote ischemic preconditioning (rIPC) is the condi-
tioning applied to distant tissues or organs in order to
render tissues with a subsequent sustained ischemic
episode resistant to I/R injury. The potential mechanisms
of rIPC consist of two components which are humoral
and neural [40, 41]. The two hypotheses involve produc-
tion of endogenous substrates, such as adenosine, bradyki-
nin, and calcitonin gene-related peptides (CGRP) in the
remote ischemic tissues. These endogenous mediators enter
the bloodstream and initiate protective effects via their
respective receptors in other tissues. In a different way, these
substrates stimulate afferent nerve fibers and transmit pro-
tection to distant organs through efferent nerve fibers.
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Thus, an intact neural pathway is required for the com-
plete signaling of remote preconditioning. The skeletal
muscle ischemia resulting from use of a TQ on a nonop-
erated thigh has been investigated in the TKA setting. This
rIPC with three cycles of five-minute ischemia improved
regional cerebral and pulmonary oxygenation during the
early reperfusion period in the patients undergoing unilat-
eral TKA under general anesthesia [32]. However, in cases
of bilateral TKA, application of a thigh TQ in the first-
operated knee may prevent I/R injury from occurring dur-
ing the subsequent ischemic surgical procedure on the
other knee [31, 42, 43]. Nonetheless, the conditioning
stimulus of rIPC in these previous studies was unclear.
The ischemic times of the preconditioning, of approxi-
mately 60–90 minutes, were longer than a typical ischemic
stimulus of IPC. It is uncertain whether a longer condi-
tioning time is more effective than a conventional time
[44]. It is noteworthy that the anesthesia technique should
be focused because spinal anesthesia can block neural
impulses at spinal nerve roots and may interfere with the

neural pathway of rIPC. A comprehensive summary of
these findings is shown in Table 4.

6. Effects of Anesthetic Agents on TQ-Induced I/
R Injury in TKA

Anesthetic intervention to reduce TQ-related I/R injury
in cases of orthopedic surgery has been systematically
reviewed [8]. Anesthetic agents with proven antioxidative
effects include propofol, dexmedetomidine, and ketamine.
Intravenous propofol (2,6-diisopropylphenol) is a com-
mon choice as an anesthetic agent for sedation and main-
tenance of anesthesia. Its antioxidative properties arise
from its chemical structure which is similar to the endog-
enous antioxidant α-tocopherol and phenol-based free
radical scavengers [45]. The cardioprotective effect of
propofol in cases of cardiac I/R is dose-dependent and
mediated by the activation of mitochondrial respiratory
chain complexes [46, 47]. However, in skeletal muscle I/
R, the small or sedation dose of propofol (2mg/kg/h)

Table 3: Effects of TQ-induced I/R injury on remote organs.

Sample size/age TQ pressure/ischemia time

Main findings (compared to
baseline level)

Interpretation References
Outcomes on
remote organ

Systemic effects

n = 16/70± 4 yr 91± 11min, N/A
Heart:

↔ CPK-MB
↔ Troponin I

↑ serum MDA
No cardiac muscle injury after

TKA with TQ
[31]

n = 36/71± 7 yr N/A

Brain:
↔ rScO2

No POCD at 1 week
Lungs:

↔ PF ratio
Kidney:

↔ serum Cr

↑ plasma lactate
↑ serum CPK
↔ serum LDH,

AST
↔ serum IL-6,
TNF-α, IL-10
↓ serum TNF-β

No adverse effects on regional
cerebral oxygenation,

pulmonary
oxygenation, and renal

function
after TKA with TQ

[32]

n = 17/67± 10 yr 250mmHg, 52±
11min

Lungs:
↔ urine desmosine

/Cr ratio

↑ serum IL-6,
TNF-α, CRP,

and WBC count

No lung injury occurred as
indicated by the unaltered

marker
of elastin breakdown after TKA

with TQ

[33]

n = 15/64–73 yr 300–350mmHg,
83–121min

Kidney:
↑ urine α-1-

microglobulin/
Cr ratio

↑ urine GST-α/Cr ratio
↔ urine NAG/

Cr ratio
↓ serum cystatin C
↓ serum Cr and

urea

↑ plasma lactate
↑ serum myoglobin
↑ serum lactoferrin

Possible proximal tubular
injury

after TKA with TQ
[30]

AST: aspartate aminotransferase; CPK: creatinine phosphokinase; CRP: c-reactive protein; Cr: creatinine; GST-α: glutathione-S-transferase-α; IL:
interleukin; LDH: lactate dehydrogenase; MDA: malondialdehyde; N/A: not available; NAG: N-acetyl-β-D-glucosaminidase; PF ratio: ratio of arterial
oxygen partial pressure to fractional inspired oxygen; POCD: postoperative cognitive dysfunction; rScO2: regional cerebral oxygen saturation; TKA:
total knee arthroplasty; TNF: tumor necrosis factor; TQ: tourniquet; WBC: white blood cell.
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infused throughout the operation demonstrated antioxi-
dant and anti-inflammatory properties [48, 49]. Sevoflur-
ane and other halogenated volatile anesthetics have
shown protective effects on the myocardium after cardiac
I/R [50]. However, the antioxidative effect of sevoflurane
and halothane were less than intravenous propofol in this
skeletal muscle I/R setting [51, 52]. Therefore, a reasoned
anesthetic technique for TKA with TQ is a combined
spinal anesthesia with small-dose propofol infusion [48,
49, 51–53]. A role of peripheral nerve blockade for
post-TKA pain control has received increasing attention,
but its effects on oxidative stress and inflammatory
responses have not been investigated. A comprehensive
summary of these findings is shown in Table 5.

7. Effects of Pharmacological Intervention on
TQ-Induced I/R Injury in TKA

ROS from the TQ-related I/R can be modulated by antioxi-
dants. The antioxidants may reduce the cellular level of oxy-
gen free radicals either by inhibiting ROS production,
enhancing antioxidant enzymes, or reacting with the free
radical intermediates in chain reactions [54]. Besides the
antioxidants, interventions preventing mitochondrial dys-
function and local and systemic inflammation processes pos-
sibly play an important role in skeletal muscle I/R protection.

Previous studies [11, 30, 31, 53, 55] concerning the
preventive effects of vitamin C, mannitol, N-acetylcysteine
(NAC), inhaled nitric oxide (iNO) and a low concentra-
tion of oxygen on I/R injury following TKA have been
investigated. Vitamin E and vitamin C are natural nonen-
zymatic antioxidants that effectively scavenge lipid peroxyl
radicals and terminate the lipid peroxidase chain reaction
[56]. Administrated intravenously for ten minutes before
TQ deflation and 20 minutes after reperfusion, high-dose
vitamin C significantly reduced serum malondialdehyde
(MDA) levels, a toxic metabolite of lipid peroxidation.
Furthermore, vitamin C showed protective effects on the
myocardium by significantly reducing troponin I levels at
eight hours after the operation compared to the level
observed in the controls [31]. Mannitol, a scavenger of
hydroxyl free radicals, did not decrease the effects of reperfu-
sion injury on skeletal muscle [11] although a dose-
dependent attenuation of oxidative stress induced lung injury
following liver I/R has been reported [57]. The exogenous
administration of NO lessened the reperfusion inflammatory
response in knee surgery patients having general anesthesia
[58]. However, with the spinal anesthesia technique, neither
local nor systemic signs of endothelial cell activation or
inflammatory response were detected at two hours after TQ
release. Therefore, the presence of intraoperative iNO did
not have a positive effect in this setting [55]. A lower oxygen
tension during spinal anesthesia may be an explanation

Skeletal muscle

Cellular bioenergy

↑ Cell stress genes

Endothelial dysfunction

Protein metabolism

Circulation

↑ Oxygen free radicals

Remote Organs

↔ ATP concentration

↔ Mitochondrial function

↑ Endothelin 1 level

↑ nNOS and eNOS levels

↓ Protein synthesis 
(inhibit cap-dependent
translocation initiation and 
elongation)

↑ Protein breakdown 
(↑ Proteasome dependent 
and -independent peptidase 
activities)

↑ Urine �훼-1-microglobulin/
Cr ration 

↔ CPK-MB, troponin I

↔ Urine desmosine/Cr ratio

Ischemic preconditioning ⊕

Remote ischemic preconditioning ?

Propofol ⊕

Midazolam ↔

Halothane ?

Sevoflurane ?

Vitamin C ⊕

Mannitol ↔

Inhaled nitric oxide ↔
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Tourniquet-induced I/R 
in knee arthroplasty 

Anesthetics 
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⊖
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No cardiac muscle injury

No lung injury

↔ Cerebral oxygenation 

Renal proximal tubular injury 

Figure 1: Effects of tourniquet- (TQ-) induced I/R injury on localized skeletal muscle, circulation, and remote organs and the effects
of therapeutic interventions on the skeletal muscle I/R in cases of surgery for knee arthroplasty (TKA). The skeletal muscle I/R
condition results in (1) preserved cellular bioenergy and mitochondrial function, (2) upregulation of genes related to cell stress
pathways, (3) endothelial dysfunction as indicated by an increase in endothelin 1 and NOS levels, (4) alteration in protein
metabolism, (4) increased oxidative stress and inflammatory responses, and (5) injury to distant organs including the kidney.
Ischemic preconditioning (IPC), propofol, and vitamin C demonstrated positive or protective effects in the cases of I/R injury in
this setting, while elevated O2 tension aggravated the injury and N-acetylcysteine may have dose-dependent responses. Other
interventions including remote ischemic preconditioning (rIPC), volatile anesthetic agents, mannitol, and nitric oxide possibly
produce positive outcomes, and additional studies in this I/R condition should be investigated. ⊕: positive effect; ⊖: negative effect;
?: inadequate evidence; ↑: increase; ↓: decrease; ↔: no change; ATP: adenosine triphosphate; CPK-MB: creatinine phosphokinase-
MB; Cr: creatinine; eNOS: endothelial nitric oxide synthase; nNOS: neuronal nitric oxide synthase; O2: oxygen.
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because the formation of isofurans, a free radical mediated
peroxidation of arachidonic acid, increased concomitantly
with elevated O2 concentrations occurring during general
anesthesia [53]. Regarding NAC, it is a direct precursor to
glutathione (GSH) which directly scavenges ROS and indi-
rectly supports GSH peroxidase [59]. The beneficial effect
of NAC on TQ-related I/R injury has been reported [60,
61]. However, a high dose of NAC significantly increased
urine markers indicating renal tubular damage [30]. There-
fore, techniques of administration including optimal dose,
route, and timing of pharmacological interventions should
be carefully validated in the skeletal muscle I/R model. A
comprehensive summary of these findings is shown in
Table 6.

8. Conclusions

Use of a TQ during TKA resulted in skeletal muscle I/R
injury to localized skeletal muscle, systemic circulation, and
distant organs. In the skeletal muscle, changes in protein
metabolism suggest inhibition of protein synthesis and
enhancement of protein breakdown. During I/R, genes
related to the cell stress pathways are upregulated in skeletal
muscle cells without evidence of mitochondrial dysfunction.
In terms of circulation, oxidative injuries and inflammatory
responses are more intense in the reperfused area than in
the systemic circulation. As regards remote organs, no signif-
icant myocardial, cerebral, or lung injuries were reported but
the renal proximal tubular function was impaired.

Several studies investigated the protective effects of IPC,
anesthetic agents, and other pharmacological interventions.
Sedative doses of propofol have antioxidative and anti-
inflammatory properties. However, biochemical outcomes
of the use of IPC and other medication to prevent I/R damage
were diversified depending on the technique of administra-
tion. The optimal technique of therapeutic interventions
and the biochemical results thereof should be further verified
and correlated to clinical outcomes after TKA.

The effects of TQ-induced I/R injury on localized skeletal
muscle, circulation, and remote organs and the effects of
therapeutic interventions on the skeletal muscle I/R in TKA
are summarized in Figure 1.
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Oxidative stress results from an imbalance between reactive oxygen species (ROS) production and antioxidant defense
mechanisms. The regulation of stem cell self-renewal and differentiation is crucial for early development and tissue homeostasis.
Recent reports have suggested that the balance between self-renewal and differentiation is regulated by the cellular oxidation-
reduction (redox) state; therefore, the study of ROS regulation in regenerative medicine has emerged to develop protocols for
regulating appropriate stem cell differentiation and maintenance for clinical applications. In this review, we introduce the
defined roles of oxidative stress in pluripotent stem cells (PSCs) and hematopoietic stem cells (HSCs) and discuss the potential
applications of pharmacological approaches for regulating oxidative stress in regenerative medicine.

1. Introduction

Reactive oxygen species (ROS) are originally thought to be a
harmful byproduct that is produced intracellularly through
aerobic metabolism in the mitochondria [1, 2]. However,
recent studies have suggested that ROS regulate physiologi-
cal and biological functions in cellular processes [3]. ROS
are tightly regulated by antioxidant enzymes and modulators
under normal physiological conditions. Excessive ROS accu-
mulation occurs in certain conditions and thus makes detox-
ification beyond the capacity of the antioxidant cellular
defense system difficult [4, 5]. Oxidative stress resulting
from excessive ROS production and impaired antioxidant
systems can affect proliferation, differentiation, genomic
mutations, aging, and stem cell death [3, 6–8]. The balance
between stem cell self-renewal and differentiation is critical
for tissue homeostasis throughout an organism’s lifespan,

and recent embryonic and adult stem cell reports have
shown that this balance is regulated by ROS [2]. Thus, the
regulation of the redox state is important for maintaining
the function of stem cells and is critical for the fate decision
of stem cells (Figure 1).

In regenerative medicine, stem cells are developed to
replace damaged tissues; therefore, the appropriate differen-
tiation and maintenance of stem cells are crucial processes
for clinical applications. The regulatory mechanisms of oxi-
dative stress and the redox state should be fully defined
before stem cells are used in clinical trials. To regulate oxida-
tive stress in stem cells, many research groups have found
critical signaling pathways and have suggested their own
pharmacologic approaches for mediating them. Therefore,
we will review the function, critical signaling pathways, and
pharmacological regulation of oxidative stress in pluripotent
stem cells (PSCs) and hematopoietic stem cells (HSCs).
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2. Oxidative Stress in Pluripotent Stem Cells

PSCs, including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), have the unique properties
of undergoing infinite self-renewal and retaining pluripo-
tency to differentiate into every cell type in the body; thus,
PSCs represent a valuable source of cells for applications
in regenerative medicine [9]. The balance between stem cell
self-renewal and differentiation is critical for the develop-
mental process and tissue homeostasis [4]. Recent studies
have shown that this manipulation of stem cell fate is
partially regulated by ROS, which mediate the oxidation-
reduction (redox) state of cells as a secondary messenger
[2, 4]. Low ROS levels are necessary for the maintenance of

PSCs, whereas oxidative stress due to increased ROS produc-
tion and damaged ROS scavenging systems can lead to geno-
mic instability, differentiation, death, and/or PSC aging [2].
Here, we introduce the signaling pathways, significant roles
and functions of ROS, and the pharmacological regulation
of oxidative stress in PSC stemness, pluripotency, and repro-
gramming (Figure 2).

2.1. Oxidative Stress in Stemness. At the early embryo
developmental stages, ESCs reside in a hypoxic microenvi-
ronment, where the cells use glycolysis to quickly produce
very low levels of ATP; however, during the differentiation
process, ATP production increases via oxidative phosphory-
lation (OxPhos), which in turn generates ROS [10]. Thus, it is
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Figure 1: The impact of oxidative stress on stem cells. Quiescent and self-renewing stem cells maintain low ROS level and reside in hypoxic
environment. Mild increase of ROS in stem cells causes lineage differentiation; however, acute or excessive ROS cause stem cell senescence or
aging and cell death.
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Figure 2: Pharmacological regulation of oxidative stress in PSCs. Forced transduction of OSKM reprogramming factors increases ROS levels
which causes DNA damage and inhibits somatic cellular reprogramming into iPSCs. Antioxidants are able to improve reprogramming
efficiency and genome stability by quenching ROS levels. During somatic cellular reprogramming, metabolic shift from OxPhos to
glycolysis can be modified by different antioxidants, thereby affects the efficient iPSC generation. PSCs are highly sensitive to oxidative
stress and affected by the fine control of antioxidants for the maintenance and enhancement of PSC functions as well as the differentiation
toward vascular lineage. Oct4, Sox2, Klf4, and c-Myc (OSKM); N-acetyl-L-cysteine (NAC); 2-deoxyglucose (2-DG); fructose 2,6-
bisphosphate (Fru-2,6-P2); fructose 6-phosphate (F6P); 2,4-dinitrophenol (DNP); N-oxaloylglycine (NOG); mitochondria-targeted
ubiquinone (MitoQ).
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not surprising that PSCs have the unique features of only
a few mitochondria with immature morphology, low oxygen
consumption, upregulated glycolytic or antioxidant enzymes,
and a shortened G1 cell cycle phase [2, 5], which allow for
rapid proliferation, DNA replication, and biomass repro-
duction compared with typically quiescent differentiated
cells [11].

PSCs are sensitive to H2O2-induced senescence, and they
enter a transient G2/M cell cycle arrest state with self-renewal
capacity [12]. In addition, PSCs sustain clonal recovery,
genomic integrity [13], and pluripotency [14] when cultured
in hypoxic conditions. Stemness feature of PSCs is especially
sensitive to subtle changes in ROS signaling, originating
from mitochondrial DNA (mtDNA) mutagenesis which
is associated with an increase in mitochondrial H2O2.
Two different antioxidants, N-acetyl-L-cysteine (NAC) and
mitochondria-targeted ubiquinone (MitoQ), efficiently
rescue and improve PSC stemness, indicating that PSC func-
tions are modulated by mitochondrial ROS levels [15, 16].
Interestingly, the low-dose components of an antioxidant
cocktail (ascorbate, glutathione, and α-tocopherol) also affect
the free-radical scavenging activity and in turn improve the
quality and stability of PSCs; however, high-dose antioxi-
dants which result in an extreme suppression of ROS level
downregulate the DNA repair-related kinases and conversely
cause the genomic instability of PSCs [17] (Figure 2). There-
fore, PSCs are highly sensitive to oxidative stress and affected
by the fine control of antioxidants.

2.2. Oxidative Stress in Pluripotency. The metabolic shifts
between glycolysis and OxPhos are accompanied by the dif-
ferentiation of PSCs [4]. The enhancement of glycolysis via
hypoxia and the suppression of OxPhos, which lead to con-
comitantly decreased ROS levels, promote the maintenance
and proliferation of PSCs, thereby repressing differentiation
[14, 18]. Endogenous ROS levels are increased by the sirtuin
1- (SIRT1-) mediated inhibition of p53’s antioxidant func-
tion. SIRT1, a longevity-promoting NAD+-dependent class
III histone deacetylase, is also involved in PSC functions by
regulating the p53-dependent expression of the pluripotency
marker Nanog [19]. SIRT1 is suppressed precisely during
human PSC differentiation, resulting in the reactivation of
developmental genes, such as the neuroretinal morphogene-
sis regulators DLL4, TBX3, and PAX6 [20]. Another cellular
antioxidant regulator, forkhead box O 1 (FoxO1), is essential
for maintaining human ESC pluripotency mediated by the
direct activation of octamer-binding transcription factor 4
(Oct4) and sex-determining region Y-box 2 (Sox2), which
regulate the circuit of pluripotency [21]. Similarly, superox-
ide dismutase 1 (Sod1) is also modulated by Oct4, Sox2,
and Nanog, suggesting a core relationship between redox
homeostasis and pluripotency in PSCs [22].

Conversely, the forced activation of OxPhos led to the
loss of stem cell properties and increased differentiation
changes. For example, uncoupling protein 2 (UCP2),
which is a gatekeeper for the oxidation of carbon substrates,
plays an important role in regulating PSC metabolism and
differentiation [23]. To achieve differentiation into functional
cardiomyocytes, PSCs must be converted to preferentially

use the more efficient mitochondrial-mediated oxidative
metabolism. In particular, mitochondrial-dependent ener-
getic circuits are key regulators of cardiogenesis and heart
regeneration [4, 24]. These marked metabolic differences
between PSCs and cardiomyocytes facilitate the large-scale
purification of cardiomyocytes from PSCs because culture
with glucose-depleted medium containing abundant lactate
results in only cardiomyocyte survival [25]. In addition,
PSC differentiation toward vascular smooth muscle cells
(VSMCs) has been shown to be dependent on the H2O2 sig-
naling induced by the upregulation of NADPH oxidase 4
(Nox4), which contributes to the production of ROS [26].
The redox function of apurinic/apyrimidinic (AP) endonu-
clease 1/redox factor 1 (Ape/Ref1) is also critical for mouse
ESC differentiation towards the hematopoietic lineage [27],
and thioredoxin (Trx) is involved in the regulation of Oct4
activity [28]. Selenium, which enhances antioxidant activities
of the glutathione and Trx systems, is able to reduce
increased ROS production by Nox4 moderately, thereby pro-
moting the vascular differentiation of human ESCs [29]
(Figure 2). Taken together, the decision of PSC fate may be
regulated directly by the cellular redox state, which is influ-
enced by PSC metabolic shifts.

2.3. Oxidative Stress in Somatic Reprogramming. Somatic cel-
lular reprogramming into iPSCs by the forced transduction
of a combination of defined reprogramming factors, namely,
Oct4, Sox2, kruppel-like factor 4 (Klf4), and c-Myc (OSKM,
named as the “Yamanaka factors”), is a major technological
breakthrough in stem cell biology and regenerative medi-
cine; this breakthrough provides a way to produce patient-
specific personalized PSCs [30, 31]. However, concerns
remain regarding technical issues, including the low effi-
ciency and safety of iPSC generation for their application
for therapeutic use.

Similar to the early embryogenesis that occurs in hyp-
oxic niches, hypoxic conditions, which increase glycolysis,
play an important role in somatic cellular reprogramming. In
this way, the efficiency of mouse and human iPSC generation
is higher in hypoxic conditions (1% and 5% O2) than in nor-
moxic (21% O2) conditions. Moreover, iPSC generation is
achieved with only two of the four factors (Oct4 and Klf4)
when cultured in hypoxic conditions [5, 32]. Hypoxia-
inducible factors (HIFs) regulate not only glycolysis-related
genes, such as pyruvate dehydrogenase kinase-1 (PDK1),
lactate dehydrogenase (LDH), and glycogen phosphorylase
liver (PYGL) [33], but also transcriptional networks that
control stemness, such as Oct4, Sox2, and Nanog, which
all are associated with somatic cellular reprogramming
[5]. In particular, HIF-2α, but not HIF-1α, binds directly
to predicted hypoxic response elements (HREs) in the
proximal promoters of Oct4, Sox2, and Nanog in human
PSCs under only hypoxia (5% O2) conditions; in this way,
HIF-2α helps regulate the function of PSCs [34, 35]. These
findings suggest that hypoxic conditions enhance induced
pluripotency, consistent with the responses observed for
PSC phenotypes.

During somatic cellular reprogramming, OSKM repro-
gramming factor-transduced cells have substantially elevated
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ROS and oxidative stress levels both in vitro [36, 37] and
in vivo [38, 39]. ROS are also produced by metabolic stress
and increased ROS levels then lead to cell damage, senes-
cence, and apoptosis. The survival rate of reprogrammed
cells may be decreased by increased ROS levels, as suggested
by the abovementioned observations of enhanced iPSC gen-
eration under hypoxic conditions. In addition, oxidative
stress suppresses the ability to generate or maintain PSCs
[40, 41], suggesting that ROS production induced by the
reprogramming factors is unfavorable for iPSC generation.
Supplementation with antioxidants, such as N-acetyl-
cysteine (NAC) or vitamin C (Vc), prevents this damage,
and iPSC generation is enhanced with significantly fewer de
novo copy number variations (CNVs) [42] (Figure 2). Para-
doxically, the depletion of ROS levels by antioxidants or
Nox inhibitors in early reprogramming decreases the effi-
ciency of iPSC generation substantially. However, excessive
ROS production can also impair the efficiency of iPSC gener-
ation, and antioxidant enzyme levels are elevated in late
reprogramming [43]. These data indicate that optimal ROS
levels are necessary to initiate and maintain the process of
efficient in vitro somatic cell reprogramming to pluripotency.

Interestingly, OSKM induces two different cellular
fates in vivo: reprogramming in a subset of cells and senes-
cence in many other neighboring cells [38, 44]. Senescent
cells release paracrine factors such as interleukin-6 (IL6)
to surrounding cells that promote the reprogramming and
dedifferentiation [38, 39]. Thus, biological conditions associ-
ated to cellular senescence such as tissue damage and aging
positively contribute to a permissive microenvironment
for in vivo reprogramming [38, 39, 44], which seems to
be contradictory to in vitro reprogramming. IL6 has been
shown to induce ROS production in cells such as neuron,
monocyte, and neutrophil, inducing a prooxidant environ-
ment [45, 46]. Paradoxically, IL6 can also induce an adap-
tive response to oxidative stress in normal tissues of the
injury models [47, 48]. Therefore, in vivo OSKM-induced
senescence enhances cellular plasticity, which is linked to
tissue regeneration and organismal rejuvenation, although
further studies are needed [49, 50].

The metabolic shift fromOxPhos to glycolysis is also crit-
ical for somatic cellular reprogramming. As mentioned
above, reprogrammed iPSCs have an increased dependence
on glycolysis under aerobic metabolism conditions, with
deliberate OxPhos suppression, similar to the Warburg effect
in cancer cells. Induced pluripotency and tumorigenesis
are stepwise processes that share many similarities to the
immortal transformation of somatic cells [51]. Indeed, the
accumulation of glycolytic intermediates is essential for rapid
proliferation and minimizes ROS-induced damage in both
PSCs and cancer cells [52]. Significantly, the known repro-
gramming factors possess oncogenic potential; for example,
Oct4/Sox2 are correlated to carcinomas, and Klf4/c-Myc
are well-known oncogenes [53, 54]. It has also been reported
that c-Myc increases glycolysis and inhibits OxPhos, and
Lin28, which is also associated with tumorigenesis and
reprogramming, promotes glucose metabolism [55, 56]. In
addition, the inhibition of the p53 tumor suppressor gene,
which increases glycolysis as mentioned above, also enhances

somatic cellular reprogramming. Similarly, PS48, which is
a potent activator of PDK1; fructose 2,6-bisphosphate
(Fru-2,6-P2); fructose 6-phosphate (F6P); 2,4-dinitrophenol
(DNP); N-oxaloylglycine (NOG); quercetin; and mitochon-
drial inhibitors (e.g., antimycin A, rotenone, and KCN),
which are involved in the metabolic transition from OxPhos
to glycolysis, facilitate somatic cellular reprogramming [57–
60], whereas small molecules, such as 2-deoxyglucose (2-DG),
3-bromopyruvic acid (BrPA), 6-aminonicotinamide (6-AN),
oxalate, and dichloroacetate (DCA), which are associated
with OxPhos, decrease the efficiency of iPSC generation
[57, 60, 61] (Figure 2). These data suggest that a metabolic
shift from oxidative catabolism to anaerobic glycolysis is
crucial for efficient iPSC generation.

Human and mouse iPSCs are reprogrammed by the
forced transduction of the same Yamanaka factors, but
the cell status of iPSCs is distinctive between humans and
mice. Human iPSCs are reprogrammed to a primed state
similar to human ESCs, whereas mouse iPSCs are repro-
grammed to a naïve state similar to mouse ESCs. Key differ-
ences between primed and naïve PSCs are in their derivation
of germline competency, epigenetic states, expression pat-
terns for pluripotency and lineage-specific genes, signaling
requirements for self-renewal, and central carbon metabo-
lism [52, 62]. In particular, naïve PSCs utilize OxPhos more
than primed PSCs, which are dependent almost entirely on
glycolysis [62, 63]. It remains unclear whether this difference
is similar to in vivo situations in which embryos first use
mitochondrial OxPhos but then switch to anaerobic gly-
colysis after implantation [52]. Current studies suggest that
the metabolic shift in PSCs relies on the culture conditions
[64] or the pluripotency factors that are involved in regu-
lating the epigenetic machinery to modulate the naïve and
primed pluripotency states [65, 66]. Thus, metabolic repro-
gramming to the pluripotent substates of PSCs may require
a fine balance between the extrinsic environment containing
nutrients and/or oxygen levels and the intrinsic needs medi-
ated by the pluripotency factors [52]; however, the mecha-
nism underlying PSC metabolic reprogramming remains
largely unknown.

3. Oxidative Stress in HSCs

HSCs are a type of adult stem cells that undergo hemato-
poiesis to replenish mature blood lineages throughout an
organism’s lifetime [67]. For many decades, HSCs were used
for treating hematological and immune diseases. However,
their limited number prevents the more reliable and broader
application of HSC-based therapies, and many attempts to
propagate HSCs in vitro have failed, primarily because
self-renewal and in vivo regenerative capacity are lost rapidly
in culture [68]. Thus, genetic analyses using mutant ani-
mal model have identified essential regulators, and tran-
scriptome, epigenome, and proteome studies have provided
important insights into HSC biology [69, 70].

HSCs reside in hypoxic niches in the bone marrow (BM),
and this hypoxic environment presumably ensures that HSCs
are protected from much of the oxidative stress and can
maintain their self-renewal ability [71–73]. HSCs need to be
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protected from high ROS levels to avoid stem cell exhaustion;
however, continuous low ROS production will lead to the
lack of stem cell function. Ultimately, balanced ROS levels
are crucial for maintaining the stem cell pool and host immu-
nity during conditions of both homeostasis and stress [74].
Recent reports have suggested the crucial role of ROS in the
regulation of differentiation, self-renewal, migration, and
quiescence and proliferation balance in HSCs [74, 75]. Here,
we introduce ROS as emerging regulators of HSC fate deci-
sion, motility, and aging and also describe the pharmacologic
approaches in ROS regulation of HSCs (Figure 3).

3.1. Oxidative Stress in HSC Fate Decisions. Quiescent HSCs
rely primarily on glycolysis for energy production, and com-
pared with mitochondrial oxidative phosphorylation, glycol-
ysis is much less efficient for energy production but is good
for maintaining low levels of ROS in HSCs [76, 77]. Oxidative
stress regulators are highly enriched in HSCs, and they acti-
vate robust oxidative stress responses to scavenge ROS [6].
Recently, many stem cell research groups have reported
extensive interactions between HSCs and their niche via a
variety of soluble factors, such as Wnt, BMP, TPO, IL-3,
and IL-6; various adhesion molecules, including CXCL12-
CXCR4 and N-cadherin; and different signaling pathways,
including SCF/c-Kit, Jagged/Notch, and angiopoietin-1/
Tie2 (Ang-1/Tie2); these interactions provide a special envi-
ronment that supports the self-renewal and survival of HSCs
and help them be quiescent [78, 79].

In the hematopoietic system, cellular ROS levels are
considerably lower in HSCs than in differentiated lineage
cells, and HSCs mostly remain in a quiescent state [6, 80].

Quiescent, long-term repopulating HSCs are characterized
by low levels of ROS. Increased ROS levels enhance the
cycling of HSCs and promote the exhaustion of the stem
cell pool [81, 82]. Quiescent HSCs exhibit low metabolic
rates and presumably produce less ROS, which are capable
of causing oxidative damage. Hypoxia-inducible factor-1 α
(HIF-1 α) is activated in HSCs and shifts cellular metabolism
from mitochondrial respiration to glycolysis, thus limiting
ROS production; without HIF-1 α, HSCs lose their ROS reg-
ulation ability and long-term repopulation capacity [74, 83].
The presence of the ataxia telangiectasia mutated (ATM)
protein is required for HSC self-renewal and quiescence
because it limits ROS levels. ATM-deficient mice showed a
defect in HSC function that was associated with elevated
ROS levels, and the repopulating capacity of Atm−/− HSCs
was rescued by N-acetyl-L-cysteine (NAC) treatment [81].
Foxo3a−/− HSCs showed increased ROS levels and p38
MAPK activity and had defective quiescence maintenance;
Foxo3a−/− mice were sensitive to 5-FU-induced myelotoxic
injury [84].

One research group has proven the relationship
between ROS and hematopoietic differentiation. The criti-
cal role of ROS in the lineage decision of myeloid progen-
itors was proven, and high intracellular ROS levels were
observed in granulocyte-monocyte progenitor cells. The
authors also showed that intracellular ROS levels in common
myeloid progenitors (CMPs) were inversely correlated with
their MEP differentiation potential [85]. AKT 1 and AKT 2
double-deficient long-term HSCs (LT-HSCs) showed defects
in repopulation capacity and ROS regulation. Double-
deficient cells were sensitive to pharmacologic increases in
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ROS and showed increased differentiation capacity with
BSO treatment [86]. In response to increasing levels of
ROS, p38 MAPK limits the lifespan of HSCs in vivo, and
the inhibition of p38 MAPK by SB203580 treatment rescued
ROS-induced defects in the HSC repopulating capacity and
HSC quiescence maintenance [82]. Disrupting the CXCR4
receptor in mice led to ROS production, p38 MAPK activa-
tion, DNA double-strand break induction, and apoptosis in
HSCs. Increased ROS levels are directly responsible for the
exhaustion of the HSC pool and repopulating capacity
[64]. G protein-coupled receptor kinases (GRKs) are criti-
cally involved in immune responses through regulating cyto-
kine receptors in mature leukocytes. GRK6−/− mice exhibit
lymphocytopenia, HSC loss, and multiple progenitor popu-
lations, thus leading to compromised lymphoid differentia-
tion largely due to impaired HSC self-renewal. GRK6 is
involved in ROS signaling, and ROS scavenger α-lipoic acid
treatment partially rescued HSC loss [87]. Granulocyte
colony-stimulating factor (G-CSF) is used to treat leukope-
nia induced by radiotherapy or chemotherapy in patients
and can cause sustained low white blood cell counts in
PB. This adverse effect is caused by G-CSF-induced HSC
proliferation and differentiation, which impair HSC self-
renewal and may exhaust the BM’s capacity to exacerbate
IR-induced LT-BM injury. Increased HSC damage was asso-
ciated with increased ROS production, p38 MAPK activa-
tion, and senescence induction in HSCs [88].

Many of radioprotective drugs have been developed to
protect hematopoietic injury from irradiation stress. Melato-
nin (N-acetyl-5-methoxytryptamine, MLT) and α-lipoic acid
(LA) conjugated 5-methoxytryptamine-α-lipoic acid (MLA)
decreased the levels of ROS in hematopoietic cells by inhibit-
ing NOX4 expression under total body irradiation condition.
MLA remarkably prevents radiation-induced hematopoietic
syndrome [89]. Amifostine is a ROS scavenger and radiopro-
tective drug that has been approved by the US Food and Drug
Administration (FDA) and protects primitive hematopoietic
progenitors against chemotherapy cytotoxicity [90, 91]. Xue-
bijing injection (XBJ) was a traditional Chinese medicine and
also protected hematopoietic injury by decreasing ROS pro-
duction via increasing glutathione (GSH) and superoxide
dismutase (SOD) levels in serum [92].

Exposure to air during collection limited the yield of
HSCs from BM and cord blood (CB). HSCs lost their
long-term repopulating capacity, and progenitor cells were
increased in BM and CB cells under nonphysiologic ambient
air. To limit ROS production and HSC differentiation, they
collected and handled HSCs under hypoxia (3% O2) condi-
tion and compared to air-harvested HSCs. Up to 5-fold
greater number of HSCs were recovered by hypoxic harvest
than air harvest. This phenomenon was mediated by ROS
production linked to cyclophilin D (CypD), p53, and the
mitochondrial permeability transition pore (MPTP). Inter-
estingly, inhibition of CypD using cyclosporine A (CSA), a
small molecule inhibitor of CypD, antagonized MPTP induc-
tion, reduced ROS, and enhanced the yield of HSCs and the
efficacy of their transplantation [93].

Recently, many reports have suggested that the function
of neighboring cells was crucial for ROS regulation of HSCs

in BM niches. In particular, endothelial cells (ECs) are com-
ponents of blood vessels and regulate trafficking and mainte-
nance of HSCs in BM. One group has reported that arterial
blood vessels were less permeable and maintained HSCs in
a low ROS state, whereas the more permeable sinusoids
promoted hematopoietic stem and progenitor cell (HSPC)
activation and were used for leukocyte trafficking site.
Increased permeability of blood vessels could increase ROS
levels, migration, and differentiation of HSPCs by penetrat-
ing plasma, carrying ROS-inducing factors [94]. Most HSCs
are present in perivascular locations in close contact with
either sinusoids or arterioles [95]. Arterial ECs in the BM
(aBMECs) created an endosteal vascular niche for nonactive
quiescent HSCs, while sinusoidal ECs (sBMECs) constitute a
leukocyte trafficking site or HSPC activation site. aBMECs
showed lower ROS levels and higher glucose uptake and have
different anatomical structure and metabolic signature as
compared to sBMECs [94, 96]. ECs are exposed to oxygen
in the blood and have developed to scavenge excessive ROS
and rely mainly on glycolysis to avoid ROS production via
oxidative phosphorylation [94, 97, 98]. Glycolysis in ECs
may enable them to regulate ROS levels in cells and their
surroundings and contribute to serve an ideal site for HSC
maintenance in BM. Another neighboring cells including
megakaryocytes (MKs) and nonmyelinating Schwann cells
secrete transforming growth factor β (TGF-β), which is
known as a niche factor to regulate HSC dormancy in
BM niche [99, 100].

Overall, the importance of ROS as a critical regulator of
HSC quiescence and differentiation was revealed by in vitro
and in vivo signaling pathway studies and pharmacological
challenges (Figure 3).

3.2. Oxidative Stress in HSC Motility. HSCs reside in the BM
and can migrate out of the BM to the peripheral blood (PB)
under stress conditions as a part of the host defense and
repair mechanisms [68, 74]. HSC movement from the osteo-
blastic niche to the vascular niche or PB is regulated by the
ROS levels in HSCs. One research group divided HSCs into
ROSlow and ROShigh populations and then analyzed their
functional differences. The ROSlow population showed higher
quiescence, self-renewal potential, and calcium receptor, N-
cadherin, Notch1, and p21 levels and resided in the low-
oxygen osteoblastic niche; however, the ROShigh population
showed significant HSC exhaustion after serial transplanta-
tion and p38 MAPK and mammalian target of rapamycin
(mTOR) activation and resided in the high-oxygenic vascular
niche. Pharmacologic inhibition of the p38 and mTOR path-
ways by SB203580 and rapamycin restored the functions of
ROShigh HSCs [72].

G-CSF could mobilize hematopoietic cells in large num-
bers from the marrow into the circulation, with increased
progenitor cells of all lineages detected in the spleens of
G-CSF-treated mice [101]. Animal studies indicated that
hematopoietic progenitors lacking G-CSFR were mobilized
with an efficiency equivalent to those expressing the recep-
tor. However, in the mice in which all hematopoietic cells
lacked G-CSFR, these cells completely failed to mobilize.
The response of hematopoietic cells to G-CSF is essential
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for HSC mobilization and is indirect; moreover, a specific
response of individual HSCs to G-CSF is not required [101,
102]. One group has reported that G-CSF induces c-Met
expression and mobilization of hematopoietic progenitor
cells. G-CSF administration causes transient upregulation
of stromal cell-derived factor-1 (SDF-1) and subsequently
activates CXC chemokine receptor-4 (CXCR4) signaling
for hepatocyte growth factor (HGF) production. HGF binds
to c-Met and thus activates c-Met signaling to regulate
mTOR/FOXO3a signaling pathway. Ultimately, this signal-
ing causes ROS production and promotes hematopoietic
stem and progenitor cell egress out of the BM [103].

CXCL12 is a cytokine secreted by osteoblasts, endothelial
cells, and reticular mesenchymal stem and progenitor cells;
in addition, CXCL12 induces active stem and progenitor
cell migration and mobilization that is increased by ROS,
JNK, and MMP9. However, cell surface, membrane-bound
CXCL12 is essential for stem cell quiescence, retention, and
self-renewal when presented by the BM stroma [104].
Elevated ROS levels promote CXCL12 secretion and then
induce HSC mobilization [74]. CXCR4 is a major receptor
of CXCL12 and is also regulated by oxidative stress. ROS reg-
ulate nuclear factor- (erythroid-derived 2-) related factor 2
(Nrf2) activity, and Nrf2 induces CXCR4 expression by act-
ing directly on the CXCR4 promoter [105]. Steady-state
CXCL12-CXCR4 interactions are essential for maintaining
the stem cells in a quiescent nonmotile, ROSlow mode, sug-
gesting that CXCL12 signaling can limit ROS levels [74].
The CXCR4 antagonist AMD3100 was first approved in
2008 by the US Food and Drug Administration (FDA) for
use in combination with G-CSF to mobilize HSCs; now,
AMD3100 is commonly used worldwide for this purpose.
CXCR4 antagonists mobilize HSCs by blocking the retentive
activity of CXCL12 [101].

Vascular cell adhesion molecule 1 (VCAM-1) binds to
integrin alpha-4 (VLA-4), which is expressed by osteoblasts,
and VCAM-1 binds to VLA-4 on endothelial cells. ROS are
involved in modulating endothelial cell function to promote
VCAM-1-dependent lymphocyte migration [106]. The
VLA-4/VCAM1 adhesive interaction is disrupted during G-
CSF-induced HSC mobilization [101]. A small molecule
inhibitor of VLA-4 binding, BIO5192, has been developed
and, as anticipated, increases the degree of mobilization
induced by G-CSF in mice [107].

The bioactive lipid sphingosine 1-phosphate (S1P) is a
chemo-attractant for hematopoietic cells, including HSCs,
and this activity is mediated by a series of G-protein-
coupled receptors, S1P1–S1P5, with S1P1 being the principal
receptor on HSCs [108]. S1P is present at high concentra-
tions in plasma and low concentrations in tissues, including
the bone marrow, providing an appropriately directed gradi-
ent. Amplifying the S1P gradient between the blood and the
BM provides a potential mechanism to increase HSC traffick-
ing into the peripheral blood [101, 109]. Altogether, HSC
motility is regulated by the ROS levels in HSCs or the BM
microenvironment (Figure 3).

3.3. Oxidative Stress in HSC Aging. Organ aging is linked to
the aging-associated decline in somatic stem cell function in

various animal model systems. HSC aging is driven by intrin-
sic and extrinsic factors linked to the impaired self-renewal
and regeneration of lineage cells. Defining the mechanisms
regulating the process of aging is important for understand-
ing aging-associated disease and promoting a longer and
healthier lifespan [110–112]. Recent advances in HSC aging
studies have reached a consensus in the phenotypes of aged
HSCs. The number of HSCs increases in both mice and
humans, and there are two- to tenfold more HSCs present
in aged BM than in young BM [113, 114]. In serial transplan-
tation assays, aged HSCs exhibit decreased repopulation
capacity as a consequence of lower long-term self-renewal
capacity and heightened replicative stress on cell cycling
and decreased ribosomal biogenesis [115]. Additionally, aged
HSCs lose their homing ability to the BM, and young and
aged HSCs occupy distinct niches within the BM. Aged HSCs
exhibit impaired adhesion to stromal cells and can then bet-
ter mobilize into the PB [114, 116]. Myeloid genes are upreg-
ulated in aged HSCs, which is consistent with their myeloid
bias [114]. Recently, numerous studies have aimed to prove
the causal roles of ROS in HSC aging in various model sys-
tems. HSCs are relatively sensitive to oxidative stress because
they reside in a hypoxic niche and are maintained in a quies-
cent state. A moderate increase in ROS levels can induce self-
renewal and differentiation defects in HSCs via inducing
HSC senescence, which causes premature HSC aging [117].
Therefore, the induction of HSC senescence resulting from
increased ROS production has been implicated in the
pathogenesis of BM suppression under various pathological
conditions [79, 118].

In particular, DNA damage responses and increased ROS
levels have been causatively attributed to HSC aging [110].
DNA damage constantly arises from DNA replication errors,
spontaneous chemical reactions, and assaults from external
or metabolism-derived agents. Endogenous sources of DNA
damage include replication and recombination errors, spon-
taneous hydrolysis, and reactive metabolites, such as ROS,
created as by-products of cellular metabolism [81, 114].
ATM is involved in a DNA damage checkpoint and regulates
HSC self-renewal. ATM-deficient mice showed bone marrow
failure after 24 weeks of age due to a functional decrease in
HSCs resulting from increased ROS levels. The increase in
ROS levels led to the activation of p38 mitogen-activated pro-
tein kinase (MAPK), which in turn caused the upregulation
of the cyclin-dependent kinase (CDK) inhibitors p16Ink4a
and p19Arf. NAC treatment restored the repopulation capac-
ity of Atm−/− HSCs, resulting in the prevention of bone mar-
row failure. Inducing p16INK4a and p19Arf in response to
increased ROS levels might lead to cellular senescence in
Atm−/− HSCs. The self-renewal capacity and cellular senes-
cence of HSCs may depend on the ATM-mediated inhibition
of oxidative stress [81, 119].

Mice with conditional Foxo1, Foxo3a, and Foxo4 knock-
out showed myeloid lineage expansion and lymphoid devel-
opmental abnormalities, as well as a marked decrease in the
lineage-negative Sca-1+, c-Kit+ (LSK) compartment, and
defective long-term repopulating activity that correlated with
increased cell cycling and apoptosis in HSCs. FoxO-deficient
HSCs also showed a marked increase in ROS levels compared
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with wild-type HSCs. In vivo treatment with NAC resulted in
the reversion of the FoxO-deficient HSC phenotypes [120].
Total body irradiation (TBI) induces long-term BM suppres-
sion in part by inducing HSC senescence through NADPH
oxidase 4- (NOX4-) derived ROS. Treatment with 3,5,4′
-trihydroxy-trans-stilbene (resveratrol), a potent antioxidant
and putative activator of SIRT1, significantly inhibited the
TBI-induced increase in ROS production in HSCs and ame-
liorated TBI-induced long-term BM injury by inhibiting
radiation-induced chronic oxidative stress and senescence
in HSCs [118]. SIRT3 is a mammalian sirtuin that regulates
the global acetylation of mitochondrial proteins and reduces
oxidative stress. SIRT3 is highly enriched in HSCs and is sup-
pressed in differentiated hematopoietic cells. SIRT3 is dis-
pensable for HSC maintenance and tissue homeostasis at a
young age and under homeostatic conditions, but it is essen-
tial under stress and at an old age. Upregulating SIRT3
improves the regenerative capacity of aged HSCs. It has been
suggested that SIRT3 regulates mitochondrial metabolic
homeostasis and reduces ROS in HSCs; additionally, aging-
associated degeneration can be reversed by sirtuins [121].

Aged HSCs showed an increase in intracellular superox-
ide anion (1.4-fold), hydrogen peroxide (2-fold), nitric oxide
(1.6-fold), and peroxynitrite/hidroxil (2.6-fold) levels com-
pared with young cells. Mitochondria and NADPHox were
the major sources of ROS production. CYP450 contributed
in middle and aged mice, and only xanthine oxidase contrib-
uted in aged mice; DNA damage and apoptosis were
increased in the middle (4.2- and 2-fold, respectively) and
aged (6- and 4-fold, respectively) mice, and aged mice exhib-
ited significantly shorter telomere lengths [122]. We have
found that thioredoxin-interacting protein (TXNIP) regu-
lates intracellular ROS in HSCs by regulating p53 activity
via direct interaction. TXNIP-deficient old mice exhibited
elevated ROS levels in HSCs and showed a reduction in
the hematopoietic cell population. TXNIP-deficient mice
were more sensitive to oxidative stress. TXNIP interacted
with the p53 protein and induced p53 transcriptional activ-
ity to upregulate antioxidant genes. Transducing TXNIP or
p53 into Txnip−/− bone marrow cells rescued the HSC fre-
quency and greatly increased survival in mice following
oxidative stress [123].

Recently, HSC aging studies have reported the concept of
rejuvenation in animal models. One report has shown that
prolonged fasting regulates IGF-1/PKA signaling and rejuve-
nates the aging-associated phenotypes including myeloid
bias, reducing long-term repopulation capacity of aged HSCs
[110, 124]. Mammalian target of rapamycin (mTOR) activity
is increased in aged HSCs. To induce mTOR signaling, they
deleted Tsc1, which encodes tuberous sclerosis complex
(TSC) protein 1, leading to constitutive activation of mTOR
in HSCs. TSC−/− HSCs showed higher expression of aging-
associated genes including p16, p19, and p21 and the reduc-
tions in hematopoiesis and in lymphopoiesis. Inhibition of
mTOR activity by rapamycin enhances the lifespan of aged
mice and the repopulation capacity of aged HSCs [125].
Mohrin et al. have reported the interaction between sirtuin
7 (SIRT7) and nuclear respiratory factor 1 (NRF1). NRF1
recruited SIRT7 to the proximal promoters of genes encoding

mitochondrial ribosomal proteins (mRPs) and mitochon-
drial translation factors (mTFs). SIRT7 repressed the expres-
sion of mRPs and mTFs. SIRT7−/− HSCs showed an increase
in proliferation and displayed a 40% reduction in their ability
to reconstitute the hematopoietic system of recipient mice
and showed myeloid-biased differentiation. SIRT7 upregula-
tion improved the regenerative capacity of aged HSCs [126].
Another groups have reported that aged HSCs showed higher
expression of Wnt5a and they have showed the rejuvenation
of aged HSCs by inhibiting Cdc42 activity using a specific
inhibitor of Cdc42 (CASIN) [127].

Recently, we have found that TXNIP regulates the aging
of HSCs by inhibiting p38 MAPK activity via direct interac-
tion. In addition, a TXNIP-derived peptide inhibits p38
MAPK activity and rejuvenates aged HSCs by reducing
ROS levels. The TXNIP/p38 MAPK axis regulated the aging
of HSCs by causing a higher frequency of long-term HSCs,
lineage skewing, a decrease in engraftment, an increase in
ROS levels, and a loss of Cdc42 polarity. A cell-penetrating
peptide- (CPP-) conjugated peptide (TN13) derived from
the TXNIP-p38 interaction motif inhibited p38 activity in
HSCs in vitro and in vivo, rescued homing ability, and rejuve-
nated aged HSCs. We have suggested that the TXNIP-p38
axis regulates HSC aging and have proven the pharmacologic
potential of TN13 to rejuvenate aged HSCs [128].

From HSC aging studies, we could find that the increased
ROS levels induced HSC aging; however, it could be revers-
ible by reducing ROS using rejuvenating agents (Figure 3).

4. Conclusion

Here, we have introduced that oxidative stress plays a critical
role as a regulator of stem cell fate decision and have
described the defined mechanisms of oxidative stress regula-
tion in stem cells. ROS regulate physiological and biological
functions in cellular processes and are tightly regulated by
antioxidant enzymes and modulators under normal physio-
logical conditions. These reports have shown that the bal-
ance between stem cell self-renewal and differentiation is
critical for tissue homeostasis throughout an organism’s
lifespan, and this balance is regulated by ROS in embryonic
and adult stem cells. Oxidative stress is regulated by intrin-
sic or extrinsic pathways and regulates proliferation, differ-
entiation, genomic mutation, aging, and apoptosis of stem
cells. Interestingly, many of the dysregulated functions of
stem cells under oxidative stress were reversible or rescued
by targeting critical signaling pathways using pharmacolog-
ical approaches or overexpression of specific genes. In this
review, we have discussed the sources and regulation mech-
anisms of oxidative stress and have suggested the possibility
or impact of pharmacological regulation of ROS in stem cells
for regenerative medicine or clinical trials. However, stem
cell research is faced with ethical and political controversies
and limitations for human or animal model studies. There-
fore, we need to develop new model systems to replace ani-
mal models or human primary cells. Recently, iPSCs and
organoid-based three dimensional (3D) cell culture and
ESC-derived HSCs are developed to replace animals or
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primary cells. In the future, stem cell research will be replaced
by these kinds of model systems.
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Biocompatibility of dental materials (DM) can be evaluated by gingival crevicular fluid (GCF) oxidative stress (OS) status. The goal
of the study was to ascertain influence of dental caries degree, teeth position, and type and amount of applied DM on GCF OS
profile. For this purpose, we tested six DMs that were sealed in one session: amalgam (Amg), composites: Tetric EvoCeram and
Beautifil (BF), phosphate cement—zinc phosphate and polycarboxylate cements—zinc polycarboxylate cements, and glass
ionomer cement (GIC). The study included 88 dental outpatients. Follow-up was scheduled at 7th and 30th day. Oxidative
stress parameters (malondialdehyde (MDA) and glutathione (GSH) levels and total superoxide dismutase (tSOD) activity) were
measured before (0th day) and after the treatment (7th and 30th day) in GCF. Control teeth were mirror-positioned healthy
teeth. The DM accomplished the following effects (listed in descending order): increase of GSH in GCF was realized by
ZPoC>BF>GIC>Amg; tSOD activity increase by ZPoC>BF>Amg; and MDA decrease by ZPoC>ZPhC>Amg>TEC.
Dental caries provokes insignificant rise of OS in GCF. ZPoC and ZPhC showed the highest antioxidant effect, contrary to GIC.
Restorations with antioxidant properties may reduce gum diseases initiated by caries lesion, what is of great clinical relevance
in dentistry.

1. Introduction

Convincing evidence concerning oxidative stress- (OS-)
associated dental pathologies (parodontopathy, oral cavity
cancer, etc.) has been reported during recent decades [1–3].
Up-to-date studies on redox status in oral environment have
referred mainly to peroxidase activity in saliva [2, 4–7].
Reports in 2017 turned researchers’ attention to gingival
crevicular fluid (GCF) as a diagnostic tool for oral diseases
analysis and treatment outcome. The impact of oral envi-
ronmental stressors (hygienic food and eating habits, smok-
ing, etc.) on saliva is much more intense than on GCF,

though it was reported that smoking instantly increases
GCF flow [8, 9].

Leading by the fact that GCF is a very specific oral cavity
fluid (a transudate of blood plasma placed in the gingival
sulcus), less exposed to oral environmental stressors com-
pared to saliva, which requires noninvasive sampling, we
chose GCF as an appropriate oral matrix for this kind of
testing [8]. Herein, we tested the influence of dental caries
(a bacterial disease of the dental hard tissues, also defined
as a final stage of local teeth immune response to oral path-
ogen invasion) as well as six dental fillings on GCF redox
homeostasis [10].
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Recently, it was documented that cell redox activity, that
is, antioxidant defense against environmental stressors
(including smoking, i.e., nicotine) has important implica-
tions on periodontal disease and is important [9]. It is well
acknowledged that OS (or other type of stress) is an inability
of antioxidative defense system in living organisms to cope
with free radicals (FRs) overproduction that results in
oxidative injury of all classes of biomolecules, including
proteins, lipids, phospholipids, and deoxyribonucleic acid.
Different classes of FRs (reactive oxygen, nitrogen, sulfur,
or carbon species (ROS, RNS, RSC, or RCC)) can initiate
corresponding type of stress, oxidative, nitrosative, thiyl, or
carbonyl stress (OS, NS, TS, and CS), respectively [11]. Along
with changed cell signalization and energy breakdown, the
overall occurrences finally end up with a cell death, by
apoptosis [12].

Overproduction of ROS (including superoxide anion
(O2

•−), hydrogen peroxide (H2O2), hydroxyl radical (HO•),
and hypochlorous acid (HOCl)) occurs in dental lesions
(caries) during phagocytosis. Reactive species injure sub-
cellular and/or cellular membranes of phagolysosomes
and/or neutrophils during respiratory burst. Over time,
oxidation products of polyunsaturated fatty acids (cell mem-
brane ingredients) become converted into carbonyls, such
as malondialdehyde (MDA), a reliable marker of lipid
peroxidation (LPO) [13]. Together with myeloperoxidase
and NADH-oxidase, they leak out of phagolysosomes into
phagocyte cytosol and further at a site of infection or
inflammation and damage phagocytes and injure tissue.
Reports on exogenously present myeloperoxidase assume
that it enhances bacterial phagocytosis and intracellular kill-
ing by macrophages.

Accordingly, total superoxide dismutase (SOD) (covers
cytosolic and extracellular form (Cu/Zn-SOD) and mito-
chondrial (Mn-SOD), as well) converts O2

•− into H2O2,
which further becomes converted into H2O, by catalase. These
biochemical reactions can attenuate myeloperoxidase-induced
bactericidal activity within or out of phagocytes and reduce
myeloperoxidase-associated lipid peroxidation (LPO) [11,
14]. The role of SOD in dental pathologies has not been
investigated until now.

In support of the possible redox interactions of the tested
dental restoratives is the fact that some xenobiotics undergo
redox metabolism and contribute to O2

•− production [15].
Hitherto, testing of dental materials’ pro or antioxidant activ-
ity has not been implemented in biocompatibility type of
analysis in vitro and in vivo.

By measuring GSH, MDA, and tSOD in GCF, we studied
its redox response to dental caries and six dental restorations,
considering the dental lesion degree, teeth position, and
placed amount into teeth.

2. Material and Methods

The study was carried out on dental outpatient from the
Clinic for Stomatology at the Military Medical Academy,
Belgrade, Serbia, for 30 days, in accordance with the Inter-
national Ethical Guidelines and Declaration of Helsinki
(1964/1975) and was approved by the Ethical Committee

of the Military Medical Academy, Ministry of Defense, Serbia
(Preference number VMA/10-12/A.1). The participants were
introduced with the essence of the study and planned proce-
dures, filled out a questionnaire dental record form related to
general and oral health, and gave written consent to partici-
pate in this study.

2.1. Patients. The 88 dental outpatients, aged 18–70, were
recruited by the tabular specified criteria (Table 1).

Table 1: Patients’ recruited criteria.

The inclusion
criteria

Criteria related to teeth condition

(i) The proximal caries on anterior and
posterior teeth

(ii) The existence of the same type of
antagonistic teeth (“mirror”-positioned
healthy teeth) used controls

(iii) An absence of fresh postextractional or
traumatic wounds in the restoration area
or the area of restored surfaces

(iv) An absence of infection in the area of
restored surfaces

Other influencing criteria

(i) Patients with no bone-associated diseases
or treatments

(ii) Satisfactory oral hygiene

(iii) Reliable and cooperative patients

The exclusion
criteria

Criteria related to teeth condition

(i) Endodontic and/or periodontal infections
in the area of cervical filling

(ii) Parodontopathy

(iii) Prominent periodontal pockets

(iv) Subgingival caries

(v) Fillings that were prominent outside the
cavity

Other influencing criteria

(i) Patients on radiation immunosuppressive
therapy

(ii) Patients bone-associated diseases and
malignant diseases

(iii) Addictive patients on drug/alcohol/cigarettes
(>20 cigarettes per day)

(iv) Bad oral hygiene

(v) Unreliable and uncooperative patients

Inclusion criteria: criteria related to teeth condition. The proximal caries on
the anterior and posterior teeth. The existence of the same type of
antagonistic teeth (“mirror”-positioned healthy teeth) used controls. An
absence of fresh postextractional or traumatic wounds in the restoration
area or the area of restored surfaces. An absence of infection in the area of
restored surfaces. Other influencing criteria. Patients with no bone-
associated diseases or treatments. Satisfactory oral hygiene. Reliable and
cooperative patients. Exclusion criteria: criteria related to teeth condition.
Endodontic and/or periodontal infections in the area of cervical filling.
Parodontopathy. Prominent periodontal pockets. Subgingival caries. Fillings
that were prominent outside the cavity. Other influencing criteria. Patients
on radiation immunosuppressive therapy. Patients’ bone-associated diseases
and malignant diseases. Addictive patients on drug/alcohol/cigarettes (>20
cigarettes per day). Bad oral hygiene. Unreliable and uncooperative patients.
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In respect to Black’s Classification Criteria, patients were
classified into four groups (K2–K5), and according to the
type of the applied dental fillings, patients were divided into
six groups: Amg, TEC, BF, ZPhC, ZPoC, and GIC. Position
of the treated teeth were also presented (Table 2) [16, 17].

2.2. GCF Sampling Procedure. The GCF sampling was per-
formed by the filter paper technique. After removing supra-
gingival biofilm, the sampling area (with sterile cotton rolls)
was gently air dried 1min before the sampling procedure. A
paper strip (Perio-paper, Pro Flow, Amityville, NY, USA)
was inserted into the gingival/periodontal sulcus/pocket until
mild resistance and left for 30 seconds [18]. Strips contami-
nated with blood or saliva were discarded. The volume of
taken GCF was measured by Periotron 6000 (Interstate Drug
Exchange, Amityville, NY, USA), previously calibrated.
The GCF sampling paper strips were placed into microcen-
trifuge plastic tubes. Elution of GCF was performed with
500μL phosphate-buffered saline by vortexing for 10 seconds
and centrifugation at 3000 g for 5min, to remove plaque and
cellular elements. The supernatants were transferred into
Eppendorfs and stored at −70°C until OS analysis.

The sampling of GCF adjacent to treated teeth was per-
formed three times (prior and two times after the treatment
(0th, 7th, and 30th day)), while GCF sampling from the cor-
responding healthy mirror-positioned, that is, antagonistic
healthy teeth was done, once, at 0th day (Scheme 1).

2.3. Dental Restorations. Dental fillings (temporary and per-
manent) were sealed in one session, and placed mass refers
to the range 0.07–2.03 g (Table 3).

Used dental fillings referred to temporary restorations:
ZPhC (Cegal NV, Galenika, R Serbia) and ZPoC (Harvard,
USA); permanent restorations: Amg (Extracap D caps, Gale-
nika, R Serbia); and two nanohybrid composites that require

UV light for binding in cavity: BF (the mixture of bisphenol-
A-diglycidyl-dimethacrylate (BisGMA) 15–25%, triethylene-
glycol-dimethacrylate (TEGDMA) 12–14%, aluminofluoro-
borosilicate glass 50–60%, aluminium trioxide (Al2O3)

Table 2: Distribution of patients according to Black’s Classification
Criteria with defined teeth position and applied type of restoratives.

Dental restoratives
K2

n = 58
K3

n = 10
K4
n = 6

K5
n = 14

TEC
12 (21)
6/6

— —
5 (36)
4/1

Amg
8 (14)
8/0

— —
6 (43)
6/0

ZPoC
5 (8)
3/2

4 (40)
4/0

5 (83)
5/0

—

BF
15 (26)
8/7

— — —

GIC
11 (19)
9/2

2 (20)
2/0

—
1 (7)
1/0

ZPhC
7 (12)
5/2

4 (40)
3/1

1 (17)
1/0

2 (14)
2/0

The number of patients within the K groups were given in respect to the type
of applied restoration and in bracket (the percentage of the patients treated
with the certain restoration in respect to all patients within the appropriate
K group). Also, the number of patients with posterior/anterior positioned
teeth was indicated (P/A).

Bicuspid/premolar
(Single/multirooted)

Molar
(Multirooted)

Right Left

Control

Control

Caries

Caries

Bicuspid/premolar
(Single/multirooted)

Anterior
(Single rooted)

Molar
(Multirooted)

Anterior
(Single rooted)

1

2

3

4
5

6
7 8 9 10

11
12
13

14

15

16

32

31

30

29
28
27

2625 2423
22

21
20

19

18

17

Scheme 1: Teeth diagram. Scheme taken form https://www.
pinterest.com/pin/290763719669177256/ is modified by the
illustration of teeth with caries and corresponding controls.

Table 3: The amount of sealed restoratives in regard to teeth
position.

Type of restoration Posterior Anterior

Number of patients (P/A)
(Number of
patients)

(Number of
patients)

Amg, n = 14 (P/A 14/0)
1.32± 0.71

/
n = 14

ZPoC, n = 14 (P/A 12/2)
0.23± 0.167 0.04± 0.025

n = 12 n = 2

TEC, n = 17 (P/A 10/7)
0.15± 0.159 0.03± 0.023

n = 10 n = 7

BF, n = 15 (P/A 8/7)
0.06± 0.042 0.03± 0.014

n = 8 n = 7

GIC, n = 14 (P/A 12/2)
0.17± 0.153 0.04± 0.015

n = 12 n = 2

ZPhC, n = 14 (P/A 11/3)
0.24± 0.145 0.08± 0.081

n = 11 n = 3
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1-2%, and DL-Camphorquinone) (Shofu, Japan)) and TEC
(the mixture of 2.5–10% of BisGMA and 2.5–10% of
urethane-dimethacrylate (UEDMA) and nonhazardous
additions (Ivoclar Vivadent, USA)); GIC (GC Fuji PLUS®,
Green Circle, USA) was used for both settings, stand-
alone restorations and the base for nanohybrid composites
(BF and TEC).

2.4. Measurement of Oxidative Stress Markers in GCF

2.4.1. Malondialdehyde Measurements. Malondialdehyde,
LPO biomarker was measured spectrophotometrically by
thiobarbituric acid reactive substances (TBARS) produc-
tion method. In brief, MDA forms red-colored com-
pound with TBA reagent (15% TCA and 0.375% TBA,
water solution, pH3.5) during the incubation at 95°C, mea-
sured at 532nm. Data were expressed as nmol MDA/mg pro-
teins [19].

2.4.2. Superoxide Dismutase Measurements. Superoxide dis-
mutase (EC 1.15.1.1.; SOD) activity was measured spectro-
photometrically, as an inhibition of epinephrine oxidation
to colored product adrenochrome by O2

•−. Kinetics of SOD
activity was measured at 480nm after the addition of
10mmol epinephrine into samples prepared in carbonate
buffer (50mmol, pH10.2), containing 0.1mmol EDTA
[20]. Data were expressed as U SOD/mg proteins.

2.4.3. Glutathione Measurements. The reduced form of gluta-
thione (GSH) reduces Elman’s reagent [5,5′-dithiobis (2-
nitrobenzoic acid), DTNB] (36.9mg DTNB in 10ml of
methanol) in TRIS-HCl buffer (0.4M, pH −8.9) into yellow
colored 5-thio-2-nitrobenzoic acid (TNB) [21]. Produced
TNB is proportional to the amount of depleted GSH (on
the account of its oxidation) and was determined spectro-
photometrically (at 412 nm), by the enzymatic recycling
assay. The results were expressed as nmol TNB/mg proteins.

2.5. Protein Measurements. Total protein concentrations
were estimated in supernatants of GCF samples according
to Lowry et al. method [22].

2.6. Statistical Analysis. The appropriate statistical analysis
for this type of results after determining the normality of
data distribution is the analysis of covariance ANCOVA,
since we compare teeth with the corresponding control.
The ANOVA test is inappropriate since it excludes the indi-
viduality (the corresponding matches for single patient) and
implies overall values.

In more details, the one-sample Kolmogorov-Smirnov
normality test followed by nonparametric Wilcoxon signed-
rank test for two related samples and two-tailed independent
t-test were used to analyze the differences between OS
parameters in GCF adjacent to control healthy teeth (healthy
teeth mirror positioned) and untreated teeth with caries (K2–
K5, 0th day). The impact of six applied restorations on the
OS parameters was tested when data were analyzed in respect
to both independent variables, degree of caries (K groups)
and/or type of applied restorations, 2× 2 between-group

analysis of covariance (ANCOVA), and post hoc compari-
sons (least-significant difference (LSD)) were used.

The influence of filling mass on OS parameter was esti-
mated by nonparametric Spearman’s correlation analysis,
while association between teeth position and filling mass
was analyzed by Pearson correlation 2-tailed test.

In all performed analyses, dependent variables were OS
parameters in GCF from 7th to 30th day, while those on
0th day were used as a covariate to control individual differ-
ences in therapy outcome (A-set of analyses). Value p ≤ 0 05
was considered statistically significant.

Two statistical programs SPSS 17.0 were used for the
above analyses and Excel Microsoft program, version 2016,
for graphical data presentation.

3. Results

Since we did not have enough patients within some of
the formed groups (referring to the degree of dental car-
ies—groups K2-K5, and the applied restorations—6 groups:
Amg, TEC, BF, ZPhC, ZPoC, and GIC), we cross-examined
GCF OS status before and after the applied treatments.

The number of patients treated with certain dental fillings
within the K groups and opposite were presented in Figure 1.
Percentages of that distribution (extracted from Table 2)
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Figure 1: Distribution of patients across the groups obtained on the
basis of two criteria: K2–K5 groups and six restoration groups. The
representation of certain groups within the groups obtained on the
basis of the other criteria. Suffixes a and p in the K groups’
nomenclature indicate teeth position, anterior and posterior,
respectively. Data corresponds to the data given in Table 2.
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were mentioned in descending order, where is appropriate,
within this section.

Multiple estimation approaches were performed to test
the influence of caries (four K categories) and restorations
(six types of dental fillings) on OS status (tSOD, GSH, and
TBARS) in GCF.

Initially, we determined differences of OS markers within
the healthy controls (to reveal if teeth position affects GCF
OS status) and then compared pretreated teeth (0th day) with
corresponding health control teeth (to test if caries by itself
affects redox status in tooth decay degree dependent manner)
(Figure 2(a)). No significance was observed, except that GSH
and tSOD activities were lower (p = 0 043, in both cases)
within K4 group, compared to control teeth. Data were pre-
sented as histograms in Figure 2(b).

GCF OS status of pre- (0th day) and posttreatment
period (7th and 30th day) within K2–K5 groups was pre-
sented in Figures 3 and 4(a)–4(f). The highest GSH and
tSOD activities were documented in the K3 group, at 30th
day: (K3: ZPhC 40%, ZPoC 40%, and GIC 20%); GSH was
significantly higher in K3 than in K2 (∗∗p = 0 001) and K5
(∗∗p = 0 001), at 30th day) (K2: BF 26%, TEC 21%, GIC
19%, Amg 14%, ZPhC 12%, and ZPoC 8% and K5: Amg
43%, TEC 36%, ZPhC 14%, and GIC 7%). The lowest
MDA was obtained in K4 group (K4 group: ZPoC 83%
and ZPhC 17%) on 30th day, and it was significantly lower
compared to K2 (p = 0 026), at 30th day for MDA (Figure 3).

Data were presented as histograms in Figures 4(a)–4(f).
Significant beneficial influence of the applied restorations

on the certain OS markers in GCF mainly occurred at 30th

Paired
samples

tGSH
(nM/mg proteins) p

C / K20th 21.6 ± 1.7/20.6 ± 1.6 0.386

C / K30th 24.7 ± 5.3/17.9 ± 4.7 0.285

C / K40th 30.3 ± 5.0/23.4 ± 4.2 0.043

C / K50th 10.8 ± 1.4/11.6 ± 1.5 0.646

C / All0th 21.1 ± 1.5/18.9 ± 1.3 0.161
−8 −6 −4 −2 0 2

All
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tGSH
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tSOD
(U/mg proteins) p

C / K20th 797.3 ± 65.1/750.4 ± 65.4 0.373

C / K30th 502.2 ± 96.1/417.0 ± 97.9 0.386

C / K40th 712.6 ± 82.1/544.0 ± 76.1 0.043

C / K50th 640.0 ± 78.6/628.8 ± 67.6 0.799

C / All0th 733.5 ± 48.4/678.9 ± 48.4 0.188
−200 −150 −100 −50 0

All
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Paired
samples

TBARS
(nM/mg proteins) p

C / K20th 21.9 ± 3.1/19.1 ± 2.7 0.707

C / K30th 17.9 ± 10.7/16.4 ± 8.1 0.678

C / K40th 14.4 ± 7.3/19.0 ± 6.9 0.345

C / K50th 6.8 ± 1.5/10.2 ± 2.5 0.074

C / All0th 21.1 ± 3.1/17.6 ± 2.1 0.715
−4 −2 0 2 4 6

All
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Figure 2: (a) The impact of caries degree on OS parameters. Differences in OS markers in GCF between controls and untreated teeth
with caries (0th day) in respect to Black’s classification (K2–K5): GSH was expressed as nmol TNB/mg proteins; LPO, that is, TBARS as
nmol MDA/mg proteins and tSOD activity as U SOD/mg proteins. Zero line represents mean of the controls. Tables on the right show
mean± standard error of OS parameters obtained in two related samples and differences between them (p) from all patients. The
number of patients within the K groups (0th day) was as follows: K2–58, K3–10, K4–6, and K5–14 (in Table 2). Nonparametric Wilcoxon
signed-rank test for two related samples was used. p ≤ 0 05 value was considered statistically significant. (b) GCF redox status in
anterior and posterior controls and pretreated teeth within the K2–K5 categories. Groups K2–K follow the Black’s Classification. Teeth
position: separated posterior and anterior teeth. GSH was expressed as nmol TNB/mg proteins; LPO, that is, TBARS as nmol MDA/mg
proteins and tSOD activity as U SOD/mg proteins. Controls: corresponding antagonistic “mirror”- positioned teeth; 0th day: pretreated
teeth with caries.
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day and are listed in descending order: elevated GSH was
obtained by ZPoC>BF>GIC>Amg and tSOD activity by
ZPoC>BF>Amg; while decreased MDA was gained by
ZPoC>ZPhC>Amg>TEC (Figure 5).

Higher tSOD activity was accomplished in anterior, com-
pared with posterior teeth, on 30th day (p = 0 018).

No association was confirmed for filling mass and OS
parameters. Significant correlation was obtained between fill-
ing mass and teeth position (Table 3) (Pearson correlation:
0.307, p = 0 004).

4. Discussion

Current reports on OS-associated dental/periodontal
pathologies have mainly been related to peroxidase activity
in saliva. Redox profile differs across oral environmental
compartments including hard dental tissue, saliva, and GCF
[1, 23]. Herein, we tested the influence of dental caries and

six dental fillings on GCF OS homeostasis, which recently
has been recognized as reliable diagnostic fluids for peri-
odontal diseases and drug analysis [8].

Hence, physiology of GCF depends on teeth position
(anterior includes incisors and canines versus posterior
includes premolars and molars), size, shape, root charac-
teristics, function related to pressure at bite, and so on;
herein, we compared OS status of GCF across controls
and teeth with caries, before (0th day) and after the treat-
ments (7th and 30th day) individually, for each patients,
by using ANCOVA statistics [24, 25]. Adhering to the
inclusion criteria (that also cover smokers that smoke less
than one pack of cigarettes/day) (Table 1) and comparing
individually the obtained results for the treated teeth with the
control teeth (for each patient), the study was carefully
designed to minimize bias.

We ascertained that OS status of GCF is not associated
with teeth position, except that GSH was insignificantly
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Figure 3: GCF redox status of pre- and posttreatment period within the K2–K5 groups. Estimated marginal means for OS parameters at 7th
and 30th day were evaluated with 0th day, in regard to Black’s classification (K2–K5): (a) GSH covariates at the 0th day was 18.4 nmol
TNB/mg proteins; significant difference was found in 30th day between K2-K3 (p = 0 001) and K3–K5 (p = 0 001); (b) tSOD covariate at the
0th day was 675.8 U SOD/mg protein; (c) TBARS covariate at the 0th day was 18.1 nmol MDA/mg proteins; significant difference was
found in 30th day between K2 and K4 (p = 0 026). The patients’ distribution across the 4 K groups is tabulated (Table 2). 7th and
30th days were presented with a dash and solid line, respectively. 2× 2 between-group analysis of covariance (ANCOVA) and post hoc
comparisons (least-significant difference (LSD)) was used. p ≤ 0 05 value was considered statistically significant.
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elevated in posterior teeth, though we should recall that the
posterior teeth prevailed over the anterior in our patients
(Table 2, Figures 2(a) and (b)). Contrary to the reports of
Davis et al., we showed insignificant OS development with
dental degree, from K2–K4, but accordingly, we obtained
slightly lower OS in K5 group, what was probably a conse-
quence of reduced central blood supply and teeth metabolic
processes, thus diminished local antioxidant defense [26].
According to the literature, we showed that the lowest
GSH and tSOD activities were in K4 group (∗p = 0 043)

[17, 19, 27]. Slightly higher GSH level in K5 group may be
explained by reduced metabolic activities, due to insufficient
blood supply (Figure 2(a)).

The reason of reduced tSOD activity in K4 group (∗p =
0 043) (Figure 2(a) and 2(b)) may be prescribed to the lack
of the substrate, O2

•−. Also, O2
•− reacts easily with nitrogen

monoxide to form harmful peroxynitrite anion (this reaction
is three times faster than dismutation catalyzed by SOD).
This last mentioned reaction is involved in the acetylation
of amino acids, accomplished by gram-negative anaerobes
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Figure 4: (a–f) The influence of tested restorations on GCF redox status of dental patients. OS parameters (GSH, MDA, and SOD) in GCF
were presented in respect to teeth position (anterior and posterior) with given number of patients per posterior and anterior treated teeth. (a)
The influence of Amg on GCF redox status of dental patients. Amg group: patients with posterior treated teeth only (n = 14 patients): 8 were
from K2 and 6 from K5 group. The amount of sealed Amg: 1.318571± 0.71267 g. (b) The influence of ZPoC on GCF redox status of
dental patients. Patients with posterior and anterior treated teeth (n = 14 patients): 12 patients with posterior treated teeth (3 from K2,
4 from K3, and 5 form K4 group) and 2 patients with anterior treated teeth (2 from K2 group). The amount of sealed ZPoC for
anterior was 0.035± 0.025 g and posterior was 0.229± 0.167 g. (c) The influence of Tetric EvoCeram on GCF redox status of dental
patients. Patients with posterior and anterior treated teeth (n = 17 patients): 10 patients with posterior treated teeth (6 from K2 and 4
from K5 group) and 7 patients with anterior treated teeth (6 from K2 and 1 from K5 group). The amount of sealed TEC for anterior
was 0.029± 0.02253 g and posterior was 0.152± 0.159 g. (d) The influence of BF on GCF redox status of dental patients. Patients with
posterior and anterior treated teeth (n = 15 patients): 8 patients with posterior and 7 with anterior treated teeth (all from K2 group). The
amount of sealed BF for anterior: 0.029± 0.014 g and posterior 0.064± 0.042 g. (e) The influence of GIC on GCF redox status of dental
patients. Patients with posterior and anterior treated teeth (n = 14 patients): 12 patients with posterior treated teeth (9 from K2, 2
from K3, and 1 from K5 group) and 2 patients with anterior treated teeth, from K2 group. The amount of sealed GIC for anterior was
0.035± 0.015 g and posterior was 0.168± 0.153 g. (f) The influence of ZPhC on GCF redox status of dental patients. Patients with
posterior and anterior treated teeth (n = 14 patients): 11 patients with posterior treated teeth (5 from K2, 3 from K3, 1from K4, and 2
from K5 group) and 3 patients with anterior treated teeth (2 from K2 and 1 from K3 group). The amount of sealed ZPhC for anterior was
0.08± 0.081 g and posterior was 0.235± 0.145 g.
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Figure 5: The influence of the restorations on OS parameters before and after the treatments. Estimated marginal means for OS parameters in
GCF at 7th and 30th day were evaluated with 0th day (horizontal line: long dash dot dot). In regard to the applied restorative, (a) GSH
covariate at the 0th day was 19.3 nmol TNB/mg proteins; (b) tSOD covariate at the 0th day was 665.6U/mg proteins; (c) TBARS covariate
at the 0th day was 17.8 nmol MDA/mg proteins. The patients’ distribution across the K groups and restorative groups is tabulated
(Table 2). 7th and 30th days were presented with a dash and solid line, respectively. Tables on the right show differences (p values) in OS
parameters between restoratives’ treatment groups. pes: partial eta squared. 2× 2 between-group analysis of covariance (ANCOVA) and
post hoc comparisons (least-significant difference, (LSD)) was used. p ≤ 0 05 value was considered statistically significant.
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(Porphyromonas gingivalis, Prevotella nigrescens, etc.) [28].
In accordance with the literature, we showed slightly increase
of LPO in advanced dental lesion, confirming OS develop-
ment with caries progression (Figure 2(a)). This notion is
supported by ROS overproduction via NADPH oxidase and
myeloperoxidase during phagocytosis of bacterial pathogens
and their interactions with two main targets in membrane
phospholipids, double bond between C-atoms and the
ester linkage between glycerol and fatty acids [1, 29, 30].
Stick to dental caries is a bacterial inflammation accompa-
nying with local immune response [10]. Placed within
lysosomes (the azurophilic granules of phagocytes) of neu-
trophils, NADPH oxidase and myeloperoxidase produce
ROS during so-called “respiratory burst.” NADPH oxidase
catalyzes superoxide anion (O2

•−) production through a large
oxygen (O2) consumption (when >80–90% of O2 becomes
converted into O2

•−), while myeloperoxidase catalyzes pro-
duction of several reactive species, such as hypohaloge-
nated acids (including hypochlorous acid (HOCl)) in
reactions of hydrogen peroxide (H2O2) and halide ions
(Cl−, Br−, and I−); hypothiocyanous acid (HOSCN) from
H2O2 and halide and pseudohalide ions; hydroxyl radical
(HO•), via non-Fenton reaction between O2

•− and HOCl;
and nitrating intermediates, in vivo [31–34]. After being
fused with lysosomes, phagosome (a vesicle formed around
engulfed bacteria) matures into phagolysosomes, within the
neutrophils. That is the point when intracellular killing
of pathogens starts by ROS. Although ROS effects occur
intracellularly, within phagolysosomes, they are diffusible
and can react outside of phagolysosomes, within the neu-
trophils and surrounding tissues (for instance with GCF, in
case of dental caries) [19]. The reactive species produced by
myeloperoxidase are responsible for the oxidation, chlorina-
tion, and nitration of cytosolic proteins, glycoproteins, and
lipoproteins in neutrophils or in nearby tissues (i.e., HOCl
chlorinates amines and produces toxic chloramine, or
HOSCN inhibits glycolysis and energy supply, etc.) and are
responsible for the side effect of inflammation (death of
phagocytes and tissue damage) [34–36].

Development of OS in GCF of teeth with caries was antic-
ipated since immunoinflammatory-associated occurrences,
such as caries, are characterized by ROS overproduction,
depletion of reducing equivalent sources, such as NAD (P)
H and GSH, and oxidative injure of biomolecules, including
lipids (Figures 2(b)).

As to the effect of the restorations on OS profile of
GCF, ANCOVA analysis of the data sorted by the Black’s
Classification Criteria (Figures 1 and 3) showed that the
highest GSH and tSOD activities were documented in
the K3 group (ZPhC=ZPoC>GIC), at 30th day, what was
significant for GSH compared to K2 (BF>TEC>GIC>
Amg>ZPhC>ZPoC) (∗∗p = 0 001) and K5 (Amg>TEC>
ZPhC>GIC) (∗∗p = 0 001) and reduced LPO in K4 group
(ZPoC>>ZPhC), what was significantly lower compared to
K2 (∗p = 0 026), at 30th day for MDA. From this, we con-
cluded that ZPoC and ZPhC, within the K3 group, have more
(and equal) supportive role in increasing tSOD activity and
GSH. To emphasize that, ZPoC notably reduced LPO within
the K4 group.

Accordingly, ANCOVA analysis of the data arranged in
respect to the applied restorations showed significant GSH
increase by the following restorations listed in descending
order: ZPoC>BF>GIC>Amg; and tSOD activity increase
by ZPoC>BF>Amg; while MDA decrease was gained by
ZPoC>ZPhC>Amg>TEC (Figures 4(a)–4(f) and 5). Con-
sistent with the literature, we confirmed that ZPoC and ZPhC
demonstrated profound antioxidant effect in comparison to
the other used dental fillings, in terms of suppressed LPO
and GSH regaining, contrary to GIC which demonstrated
completely opposite, prooxidant effect, while composites,
BF and TEC did not show noticeable effects on GCF OS
status [37, 38].

According to the literature, the most profound antiox-
idant effect of ZPoC and ZPhC can be prescribed to
hydrolysis of their acid components (itaconic and maleic
acids versus phosphoric acid, resp.) [37, 39]. Dicarboxylic
acids, such as itaconic and maleic acids, are used as mono-
mers for biopolymers (resins or synthetic fibers). Lampro-
poulou et al. acclaimed itaconate as a major physiological
regulator of the global metabolic rewiring and effector
functions of inflammatory macrophages. It regulates succi-
nate levels and function, mitochondrial respiration, and
inflammatory cytokine production during macrophage acti-
vation [39]. Adhering to this, accomplished antioxidant role
of ZPoC (especially in the suppression of LPO within GCF)
probably comes from itaconic acid. On the other hand, phos-
phoric acid binds many divalent cations, including transient
metals (iron, cooper, etc.). It is well known that transient
metals (in low valent states) participate in Fenton reaction
to produce the most potent ROS, HO• (no enzymatic system
exists in living organisms to scavenge it) [40]. It is used in
dentistry as an etching, that is, corrosive solution. Corrosives
kill pathogens and prevent locally bacterial diseases, includ-
ing dental caries. The antioxidant effect of ZPhC was con-
firmed by all three OS markers.

From all applied restorations, only GIC accomplished
prooxidant property (suppressed tSOD activity and ele-
vated LPO). According to the literature, the explanation
for such occurrences lies in fluoride anion (released from
GIC) interactions with metal cations embedded in antiox-
idant metalloenzymes, such as SOD, catalase, and peroxi-
dase. The obtained results are consistent with Yamaguti
et al.’s study in which it was shown that low-dose fluo-
ride treatment affects antioxidant enzymes, including
SOD and catalase (CAT), and rises LPO in parotid and
submandibular salivary glands of rats. Explicitly, they
demonstrated that fluoride intoxication caused more pro-
nounced OS in submandibular than in parotid salivary
glands [38].

It is well known that prolonged leaching of small amount
of unbound monomers (1.5–5%), such as TEGDMA for
instance, is blamed for cytotoxic and other systemic effects
of composites. The leaching of methacrylate monomers
occurs because of the incomplete UV polymerizations of
composites during sealing process [41]. Herein, the amount
of the TEGDMA, present in the sealed composites (BF and
TEC), was almost >300 times lower than its subtoxic dose
(<4mM), reported by Gul et al., thus adverse/toxic effects
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(including disruption of redox homeostasis in GCF) were
completely avoided [41–43]. Individual sensitivity of the
patients with polymorphism of GSH to TEGDMA molecule
was reported [44]. Additionally, low GSH levels in GCF of
dental patients treated with TEC contrary to BF may relate
to monomer UEDMA [45].

The low levels of GSH, tSOD activity, and MDA mea-
sured in K5 group before and after the dental restoration
strengthening depraved influence of insufficient blood supply
and metabolism on GCF profile.

Positive correlation between filling mass (0.07–2.03 g)
and teeth position (Pearson correlation: 0.307, p = 0 004)
was anticipated concerning the size of the anterior and the
posterior teeth.

5. Conclusion

Taking into consideration the influential factors such as den-
tal lesion degree, type of applied dental fillings, and teeth
position, we made the following conclusions: (i) GCF OS sta-
tus does not depend on teeth position and does not differ
between healthy teeth; (ii) untreated teeth with caries do
not differ significantly from corresponding controls (exclu-
sion: elevated GSH in posterior teeth); (iii) reduced GSH
and MDA were recognized as a more reliable and sensitive
OS marker than tSOD; (iv) ZPoC and ZPhC achieved pro-
found antioxidant effect; (v) none of the applied restorations
accomplished complete antioxidant effect, while GIC realized
prooxidant effect; and (vi) restorations with antioxidant
properties may reduce gum diseases initiated by caries lesion.

To our knowledge, this is the first paper on this topic and
performed with dental patient. Restorations with antioxidant
properties may reduce gum diseases initiated by caries lesion,
what is of great clinical relevance in dentistry. We showed
and recognized that redox interactions may influence dental
material biocompatibility; thus, evaluation of GCF OS status
may be considered as a useful tool in biocompatibility testing
of dental fillings.
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The introduction of intracameral anaesthesia by injection of lidocaine has become popular in cataract surgery for its inherent
potency, rapid onset, tissue penetration, and efficiency. However, intracameral lidocaine causes corneal thickening, opacification,
and corneal endothelial cell loss. Herein, we investigated the effects of lidocaine combined with sodium ferulate, an antioxidant
with antiapoptotic and anti-inflammatory properties, on lidocaine-induced damage of corneal endothelia with in vitro
experiment of morphological changes and cell viability of cultured human corneal endothelial cells and in vivo investigation of
corneal endothelial cell density and central corneal thickness of cat eyes. Our finding indicates that sodium ferulate from 25 to
200mg/L significantly reduced 2 g/L lidocaine-induced toxicity to human corneal endothelial cells, and 50mg/L sodium ferulate
recovered the damaged human corneal endothelial cells to normal growth status. Furthermore, 100mg/L sodium ferulate
significantly inhibited lidocaine-induced corneal endothelial cell loss and corneal thickening in cat eyes. In conclusion, sodium
ferulate protects human corneal endothelial cells from lidocaine-induced cytotoxicity and attenuates corneal endothelial cell loss
and central corneal thickening of cat eyes after intracameral injection with lidocaine. It is likely that the antioxidant effect of
sodium ferulate reduces the cytotoxic and inflammatory corneal reaction during intracameral anaesthesia.

1. Introduction

In cataract surgery, traditional retrobulbar and peribulbar
anaesthesia is associated with dangerous complications such
as globe perforation, retrobulbar hemorrhage, optic nerve
trauma, brainstem anaesthesia, and extraocular muscle
injury [1, 2]. Topical anaesthesia has limitations, such as
inadequate motor and sensory anaesthesia, insufficient anal-
gesia, and increased intraoperative pain [3–5]. Intracameral
anaesthesia acts directly on the iris and ciliary body, provid-
ing a significant decrease in pain and discomfort during
intraocular procedures of cataract surgery [4]. Therefore,
intracameral and topical anaesthesia when used in combi-
nation avoids the risks associated with retrobulbar and
peribulbar blocks and provides another option for analgesia
in ocular surgery [3–7].

Lidocaine (LD) has become a commonly used anaesthetic
agent because of its inherent potency, rapid onset, tissue

penetration, and efficiency [4]. However, intracameral LD
causes adverse events such as corneal thickening, opacifi-
cation, and significant corneal endothelial cell loss [8, 9].
In addition, increasing evidence shows that LD exerts
cytotoxicity to corneal endothelial cells in a time- and
dosage-dependent manner [9–13]. For example, higher con-
centrations cause necrosis by disruption of membranes, and
lower concentrations induce apoptosis mainly by excessive
reactive oxygen species (ROS) production via the mitochon-
drial pathway [10–17]. Methods to reduce the cytotoxicity,
especially to relieve oxidative stress of LD, are important to
protect the corneal endothelium and guarantee clinically safe
administration during cataract surgery.

Sodium ferulate (SF), a sodium salt of ferulic acid
(3-methoxy-4-hydroxy-cinnamate sodium), acts as a potent
antioxidant by scavenging ROS and enhancing the cell stress
response through the upregulation of cytoprotective systems,
such as heme oxygenase-1, superoxide dismutase, catalase,
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and Hsp70 [18]. Furthermore, SF inhibits the expression
and/or activity of enzymes, including inducible nitric oxide
synthase, caspases, and cyclooxygenase-2, as well as the
activation of JNK [18–23].

In the present study, both in vitro and in vivo experi-
ments were designed to investigate the cytoprotective effects
of SF on LD-induced corneal endothelial dysfunction and
to determine if the clinical intracameral SF administration
protects the corneal endothelia during anaesthesia.

2. Materials and Methods

2.1. Reagents. LD, dimethyl sulfoxide (DMSO), and 3-
[4,5-dimethylthiazol-2-yl]-2,5-dipheny-l tetrazolium bro-
mide (MTT) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). SF was the product of Qufu Hongly
Chemical Industry Co. Ltd. (Shandong, China). Fetal
bovine serum (FBS) was from Hyclone (Logan, Utah,
USA). Dulbecco’s modified Eagle media :Ham’s nutrient
mixture F-12 (1 : 1) medium (DMEM/F12) was obtained
from Invitrogen (Carlsbad, CA, USA).

2.2. Cell Culture. Human corneal endothelial (HCE) cells at
120 passages established in our laboratory were maintained
and cultured in DMEM/F12 media containing 10% FBS
(10% FBS-DMEM/F12) at 37°C and 5% CO2 [24].

2.3. Morphological Observation of HCE Cells. HCE cells were
seeded onto a 24-well culture plate at a density of 5× 104 cells
per well and cultured in 10% FBS-DMEM/F12 at 37°C and
5% CO2. To evaluate the effects of SF on LD-induced cyto-
toxicity, the HCE cells at a logarithmic phase were divided
into seven groups and treated with LD and SF dissolved in
10% FBS-DMEM/F12 medium during which cell morphol-
ogy was monitored for 24h (Table 1). Subsequently, the
growth medium was replaced with 10% FBS-DMEM/F12
containing 50mg/L SF, and the HCE cells were observed
48 h later to determine if damaged cells can be recovered
(Table 1). HCE cells at a logarithmic phase were also divided
into three groups and treated with different combinations
of LD and SF in 10% FBS-DMEM/F12 medium for 4 h
(Table 2). Then, the growth medium was removed entirely,
and 10% FBS-DMEM/F12 was supplemented (Table 2).
The HCE cells were observed after 24 h to determine if 10%
FBS-DMEM/F12 medium without SF allows the recovery of
the damaged cells. Cell morphology and growth were moni-
tored under an Eclipse TS100 inverted light microscope
(Nikon, Tokyo, Japan).

2.4. Determination of Cell Viability by the MTT Assay. HCE
cell viability was measured after treatment with LD and SF
by using the MTT assay. Cells were seeded onto a 96-well cell
plate at a density of 1× 104 cells per well and cultured 48h
prior to treatments as described above. The growth medium
was then removed, and 100μL fresh medium containing
1.1mM MTT was added prior to incubation for 4 h at 37°C
in the dark. The medium was discarded, and 100μL DMSO
was added. Cell viability was determined by measuring the
optical density values of samples using a microplate reader
(Multiskan GO; Thermo Scientific, Waltham, MA, USA) at
an absorption wavelength of 590nm.

2.5. In Vivo Experimental Procedure. All of the animals in the
present study were 5-year-old male domestic cats (Felis
catus) weighing 3.6± 0.5 kg. Fifteen cats were acclimatized
to the laboratory environment for 7 days; then, the health
of their corneal endothelia was determined by ophthal-
mic examination including corneal endothelial cell density
(CECD), mean cell area, coefficient of variation in cell
size, percentage hexagonality, and central corneal thickness
(CCT). Nine cats with healthy corneal endothelia were cho-
sen and divided randomly into 3 groups. The anterior cham-
ber of the eye was entered using a 30-gauge needle from the
supero-temporal limbal area, and 150μL of aqueous humor
was aspirated and replaced with 150μL of sterile solutions
containing LD in combination with SF at the concentrations
shown in Table 3. The drugs were prepared in fortified
balanced salt solution (BSS) and BSS without drugs as con-
trol. CECD and CCT for each group were assayed at days 0,
5, 9, and 12 after injection of drugs. Before ophthalmic exam-
ination and intracameral injection, the cats were anaesthe-
tized using Zoletil (Virbac France, 10mg/kg, consisting of

Table 1: HCE cells were treated with LD in combination with SF and recovered by SF (n = 3).

Groups Control I II III IV V VI VII RSF I–V

LD con. (g/L) 0 2 0

SF con. (mg/L) 0 0 25 50 100 200 200 50 50

Time of observation (h) 0, 4, 8, 12, 16, 20, 24 48

Medium 10% FBS-DEME/F12

Note: the HCE cells in groups I–V were treated with 2 g/L LD in combination with different concentrations of SF for 24 hours, respectively, and subsequently
were recovered by 50mg/L SF correspondently for 24 hours. RSF I–V: the HCE cells in groups I–V were recovered by SF 50mg/L.

Table 2: HCE cells were treated with LD in combination with SF
and recovered by medium (n = 3).

Groups Control VIII IX X RSF VIII–X

LD con. (g/L) 0 2 0

SF con. (mg/L) 0 0 50 100 0

Time of observation (h) 0, 4 24

Medium 10% FBS-DEME/F12

Note: the HCE cells in groups VIII–X were treated with 2 g/L LD in
combination with different concentrations of SF for 4 hours, respectively,
and subsequently were recovered by 10% FBS-DEME/F12 correspondently
for 24 hours. RSF VIII–X: the HCE cells in groups VIII–X were cultured in
10% FBS-DEME/F12 without SF.
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tiletamine and zolazepam) intramuscularly. Ophthalmic
examination was carried out with noncontact specular
microscopy (SP-3000P: Topcon Corporation, Tokyo, Japan).
The individual differences in CECD and CCT amongst
the cats were determined as percentage of CECD and
percentage of CCT. The percentage of CECD was calcu-
lated as “CECD % = CECDof experimental group/CECD
of the same eye before exposure to drugs × 100,” and the
percentage of CCT was calculated as “CCT % = CCT
of experimental group/CCTof the same eye before exposure
to drugs × 100.” All procedures described in this study were
conducted according to the guidelines in the Association for
Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research
and were approved by the institutional Ethics Committee
of Animal Care and Experimentation (approval number
SD-SYKY-2014-021).

2.6. Statistical Analysis. The results were presented as mean
± standard deviation (SD) from three independent experi-
ments and analyzed by one-way analysis of variance
(ANOVA) followed by post hoc test of Student’s t-test with
Bonferroni’s correction. P values less than 0.05 were consid-
ered statistically significant (∗P < 0 05, ∗∗P < 0 01).

3. Results

3.1. Drug-Induced Morphological Changes of HCE Cells. The
use of LD at 2 g/L was determined previously [10]. Morpho-
logical changes evaluated were cell shrinkage, cell rounding,
cytoplasmic vacuolization, and detachment from the culture
matrix, which are all similar to changes that occur in apopto-
tic cells [10, 25–28]. The HCE cells in group I (Table 1) began
shrinking at 4 h whereas group II, group III, group IV, and
group V cells exhibited no obvious morphological changes
(Figure 1(a)). At 16 h, HCE cells in group I exhibited clearer
apoptotic characteristics than those in groups II–V. In
addition, the cell density in group III and group IV was
higher than that in groups I, II, and V (Figure 1(a)). At
24 h, most of the HCE cells in groups II–V became rounding
and showed cytoplasmic vacuolization, whereas cells in
group I which were at low density began to detach and float
in the medium (Figure 1(a)). Twenty-four hours after the
medium was replaced with 10% FBS-DMEM/F12 containing
50mg/L SF, cells in groups II–V recovered to normal
morphology and formed confluent monolayers. However,
almost all of the cells in group I were floating in the medium

(Figure 1(a)). 10% FBS-DMEM/F12 without SF did not pre-
vent LD-induced apoptosis (Figure 1(b)). The cells in group
VI, group VII, and control remained in a confluent mono-
layer, and their appearance was normal throughout the
experiment indicating that SF concentrations of 200mg/L
and less were not toxic to HCE cells (not shown).

3.2. HCE Cell Viability. The viability of HCE cells in groups I
to V treated with LD and SF was examined by MTT. From 0
to 4h, variations in the viability of cells in groups I–V were
not significant (Figure 2) (P > 0 05). However, the cell viabil-
ity in groups I, II, IV, and V decreased significantly at 8 h
postexposure (P < 0 05) but not in group III (Figure 2). From
16 to 24 h, the viability of cells in groups II, III, IV, and V was
significantly higher than that in group I (Figure 2) (P < 0 01).
At 24 h, the viability of cells in group I was significantly less
than the viability of cells in groups II, III, IV, and V
(Figure 2) (P < 0 01). At 48h, which was 24 h after growth
medium was replaced with 10% FBS-DMEM/F12 containing
50mg/L SF, the viability of cells in groups II–V increased
significantly (P < 0 01), but the cell viability in group I
decreased significantly (P < 0 01) (Figure 2). During the
experiment, the cell viability values in group VI, group VII,
and control did not change significantly (not shown).

3.3. Variations of CECD and CCT of the Cat Cornea after
Intracameral Injection. After intracameral injection of 2%
LD, the percentages of CECD of the cat cornea decreased
significantly from 100± 0.4% at day 0 to 94.2± 0.2% at day
12 (P < 0 01) (Figure 3(a)). In group XI, 2% LD treatment
decreased the percentages of CECD significantly from day 0
to day 9 after which the percentages of CECD were stable
from day 9 to day 12 (Figure 3(a)). The percentages of CECD
of the left eye in group XII after intracameral injection of
2% LD combined with 100mg/L SF and in group XIII after
intracameral injection of 100mg/L SF remained stable from
day 0 to day 12 (P > 0 05), which were significantly higher
than those of the right eye intracamerally injected with
2% LD at day 9 and day 12, respectively (P < 0 01)
(Figures 3(b) and 3(c)).

After intracameral injection of 2% LD, the percentages of
CCT in the right eye of group XI increased at day 5, decreased
significantly at day 9 (P < 0 01), and then remained stable
from day 9 to day 12 (P > 0 05) (Figure 4(a)). The percent-
ages of CCT of the left eye in group XII after intracameral
coinjection of 2% LD combined with 100mg/L SF and in
group XIII after intracameral injection of 100mg/L SF
remained stable from day 0 to day 12 (P > 0 05); these values
were significantly lower than those of the right eye intracam-
erally injected with 2% LD at day 5 (P < 0 01) (Figures 4(b)
and 4(c)).

4. Discussion

LD triggers apoptosis in several cellular models by impair-
ment of respiratory chain functions resulting in reduced
ATP production, depolarization of the mitochondria, loss
of mitochondrial membrane potential (ΔΨ), and overpro-
duction of intracellular ROS [10, 17, 29–34]. The increased

Table 3: Cat eyes were intracamerally injected with LD and SF
(n = 3).

Groups XI XII XIII
Eye Right Left Right Left Right Left

LD con. (%) 2 0 2 2 2 0

SF con. (mg/L) 0 0 0 100 0 100

Note: this table shows the concentrations of LD and SF. For example, in
group XII, the left eye was intracamerally injected with 150 μL of sterile
solution containing 2% LD and 100mg/L SF. 2% LD is the clinical
concentration of intracameral anaesthesia.
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Group I 0 h Group I 4 h Group I 16 h Group I 24 h RSFI 24 h

RSFII 24 h

RSFIII 24 h

RSFIV 24 h

RSFV 24 h

Group II 24 h

Group III 24 h

Group IV 24 h

Group V 24 h

Group II 16 h

Group III 16 h

Group IV 16 h

Group V 16 h

Group II 4 h

Group III 4 h

Group IV 4 h

Group V 4 h

Group II 0 h

Group III 0 h

Group IV 0 h

Group V 0 h

(a)

Group VIII 0 h Group VIII 4 h RFVIII 24 h

RFIX 24 h

RFX 24 h

Group IX 4 h

Group X 4 h

Group IX 0 h

Group X 0 h

(b)

Figure 1: (a) Morphological changes in HCE cells after treatment with LD and SF for 24 h followed by incubation with 50mg/L SF. The
treatments and observation times are shown at the top left of each photograph. One representative photograph from three independent
experiments is shown. Groups I–V: HCE cells were treated with 2 g/L LD in combination with 0, 25, 50, 100, and 200mg/L SF,
respectively. RSFI–RSFV: incubation of groups I–V for 24 h followed by treatment with 50mg/L SF. Typical morphological features of
HCE cells are shrinkage, rounding, cytoplasmic vacuolization, and detachment from substratum. Scale bar: 50 μm. (b) Morphological
changes in HCE cells after LD and SF treatment for 4 h followed by incubation in 10% FBS-DMEM/F12. The treatment and observation
times are shown in the top left of each photograph. One representative photograph from three independent experiments is shown. Groups
VIII–X: HCE cells were treated, respectively, with 2 g/L LD in combination with 0, 50, and 100mg/L SF in 10% FBS-DMEM/F12.
RSFVIII–RSFX: treatment of GVIII–GX for 4 h followed by treatment with 10% FBS-DMEM/F12. Scale bar: 50μm.
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production of ROS correlates with decreased cell viability
after exposure to LD, and ROS plays a vital role in inducing
apoptosis of corneal cells and corneal endothelial dys-
function [34–37]. Our previous studies indicated that LD
exposure to HCE cells activates caspase-3, caspase-8, and
caspase-9, suggesting that the LD-induced caspase-8/9/3
pathway is influenced by the production of ROS which
involves the activation of caspase-8 [10, 38, 39].

Previously, the cell morphological changes and MTT
were employed to determine the apoptosis of in vitro cul-
tured HCE cells, and Halilovic et al. reported the relations
of the morphology of the HCE cell with its apoptotic degree
[10, 25–28]. Our present study showed that 2 g/L LD initiated
damage in HCE cells at 4 h postexposure which is similar to

the results of previous studies [10]. Therefore, in the present
study, the antioxidant SF was tested for its ability to protect
corneal endothelial cells from oxidative damage caused by
LD. SF has a high antioxidant potential as it donates electrons
to quench free radicals and induces upregulation of many
phase-2 detoxifying and antioxidant enzymes which are
mediated by the NF-E2-related factor (Nrf2) signaling path-
way [18, 22, 40, 41]. Furthermore, SF binds to cytochrome c
to prevent assembly of the apoptosome and downregulates
caspase-8 and caspase-3 [22, 42]. The present study indicates
that SF delays LD-induced shrinkage of HCE cells and limits
LD-induced downregulation of HCE cell viability. Upon
incubation with SF after LD exposure, cells recovered and
formed confluent monolayers but this did not occur with
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Figure 2: Viability of HCE cells cultured in vitro after treatment with LD and/or SF. ♦: group I: HCE cells were treated with 2 g/L LD
alone for 24 h followed by treatment with 50mg/L SF in 10% FBS-DMEM/F12 from 24 to 48 h; ■: group II: HCE cells were treated
with 2 g/L LD in combination with 25mg/L SF followed by treatment with 50mg/L SF in 10% FBS-DMEM/F12 for 24 h followed by
treatment with 50mg/L SF in 10% FBS-DMEM/F12 from 24 to 48 h; ▲: group IIII: HCE cells were treated with 2 g/L LD in combination
with 50mg/L SF for 24 h followed by treatment with 50mg/L SF in 10% FBS-DMEM/F12 from 24 to 48 h; ●: group IV: HCE cells were
treated with 2 g/L LD in combination with 100mg/L SF for 24 h followed by treatment with 50mg/L SF in 10% FBS-DMEM/F12 from 24
to 48 h; ✳: group V: HCE cells were treated with 2 g/L LD in combination with 200mg/L SF for 24 h followed by treatment with 50mg/L
SF in 10% FBS-DMEM/F12 from 24 to 48 h. ∗∗P < 0 01, ∗P < 0 05.
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Figure 3: Variation in CECD of cat eyes after intracameral injection with LD and/or SF. (a) Comparison of CECD in group XI between
the left eye intracamerally injected with BSS and the right eye intracamerally injected with 2% LD. (b) Comparison of CECD in group
XII between the left eye intracamerally injected with 2% LD and 100mg/mL SF and the right eye intracamerally injected with 2% LD.
(c) Comparison of CECD in group XIII between the left eye intracamerally injected with 100mg/L SF and the right eye intracamerally
injected with 2% LD. ∗∗P < 0 01.
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cells exposed to LD alone. Moreover, incubation in growth
medium without SF did not allow recovery of HCE cells
exposed to either LD or LD and SF (Figure 1(b)). The results
suggest that SF reduces the LD-induced damage in HCE cells
thereby allowing time for cell recovery, growth, and mono-
layer formation. SF at 100mg/L significantly reduced the
cytotoxic effects of LD at 2 g/L on HCE cells in vitro. These
in vitro data lead to the assumption that LD has similar
effects in vivo. LD induces excessive ROS generation in the
hippocampus and amygdala of adult rats and apoptosis in
rabbit corneal endothelial cells after intracameral injections
[9, 12, 33]. The in vivo studies in cat eyes described herein
demonstrated that the endothelial cell densities of the cat
cornea decreased significantly after intracameral injection
of 2% LD. On the basis of these findings, 100mg/L SF in
combination with 2% LD was selected as a clinically relevant
dosage for intracameral injection of cat eyes. The endothelial
cell densities of the cat cornea after intracameral injection of
LD and SF were significantly higher than those treated with
LD alone, and SF had no adverse effect on cat corneal endo-
thelial cells. Therefore, SF is likely to reduce LD-induced
cytotoxicity in corneal endothelial cells because it offsets
ROS generation. Additionally, SF probably employs its
ROS-scavenging systems to inhibit the activation of cas-
pase-8-, caspase-3-, and cytochrome c-induced apoptosis by
binding and enhancing the stability of cytochrome to prevent
assembly of the apoptosome.

CCT evaluation is becoming increasingly important in
ophthalmic practice, providing information on eyes affected
by corneal ectasia [43]. There were no significant differences
in corneal thickness in dogs and New Zealand white rabbits
after intracameral injection of preservative-free LD at 2%
[44, 45]. Moreover, a preservative-free 0.5% solution of LD
has no adverse effect on the corneal thickness of human eyes
[46]. However, there is increasing evidence for a relationship
between intracameral injection of LD and corneal thickening.
For example, anterior chamber injection of unpreserved LD
causes thickening of the cornea and opacification of eyes in
pigmented rabbits [47, 48].

LD-induced CCT thickening is dose-dependent and
differs with species. LD-induced CCT thickening is caused

by oxidative stress arising from corneal edema inflammation
by excessive generation of ROS. Schellini et al. demonstrated
that intracameral injection of 2% LD caused rabbit corneal
edema, and Kim et al. showed that LD causes a transient
endothelial cell edema in the in vitro perfused endothelia of
human and rabbit corneas [11, 49]. In the present study,
LD significantly increased CCT of the cat eye after intracam-
eral injection and then it gradually returned to normal. SF
inhibits LD-induced corneal thickening in cat eyes, which
may be due to the antioxidant activity of SF. Multiple studies
have shown that SF relieves inflammation caused by oxida-
tive stress through inhibiting the activity of NF-κB, the
expressions of cyclooxygenase-2 and iNOS, and the contents
of prostaglandin E2 and NO [22, 50]. In further study, we will
firstly investigate the role of SF in the inhibition of the pro-
duction of ROS, activation of caspases, and activation of
NF-κB in LD-impaired HCE cells to explore the mechanism
of SF rescuing the oxidative-damaged HCE by antiapoptosis
and anti-inflammation.

5. Conclusion

This study demonstrated that SF prevents LD-induced
cytotoxicity in in vitro cultured HCE cells and attenuates
the loss of corneal endothelial cell and CCT thickening of
the cat eye after intracameral injection with LD. Antioxi-
dant therapy using SF may be effective in reducing the
cytotoxic and inflammatory corneal reaction during topical
and intracameral anaesthesia with LD.
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Figure 4: Central corneal thicknesses (CCT) of the cat eye after intracameral injection with LD and/or SF. (a) Comparison of CCT in group
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