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A general disregard by industries and big corporations for the
environment has meant that the natural environment has
repeatedly been polluted, jeopardizing the well-being of all
living organisms. The toxic effects of metals and metalloids
have been recognized for quite some time to generate several
free radicals and other reactive species that lead to cellular
oxidative stress. Metals and metalloids are toxic elements at
the top of the priority list of hazardous substances of the
Agency for Toxic Substances and Disease Registry (ATSDR).
Gaps of knowledge still exist that are related to their toxicity,
mainly concerning the mechanisms of action. Due to their
extreme potential to cause oxidative damage, the structural,
functional, biochemical, and molecular effects of metals and
metalloids on oxidative stress need description, and the iden-
tification of new potential competitive-protective agents is
imperative. This special issue brings together the results of
six papers covering several aspects of the toxicology of metals
and metalloids in in vitro and in vivo experimental models.
They provide a deeper understanding of the mechanisms
involved in metal and metalloid toxicity and highlight the
need to develop strategies to decrease exposure to metals,
as well as identify substances that may help overcome the
hazardous effects within the living body.

Carnosic acid, a natural benzenediol abietane diterpene
found in rosemary (Rosmarinus officinalis), was explored to
rescue the arsenite-induced oxidative stress in hepatic cells
in in vitro and in vivo models in the study of S. Das et al.
Carnosic acid was able to significantly rescue the activation
of MAPK, NF-κB, p53, and intrinsic and extrinsic apoptotic
signaling seen in arsenite-exposed hepatic cells. Carnosic acid
could also significantly counteract with redox stress and ROS-
mediated signaling, thereby attenuating arsenite-mediated
hepatotoxicity. Other effects, such as arsenic bioaccumula-
tion, DNA fragmentation, and hematological changes, were
also reverted in models after coadministration with carnosic
acid. The authors attributed the rescue to the antioxidant
potential of carnosic acid which in their view had the poten-
tial to be a new therapeutic agent to counteract with
arsenite-mediated toxic manifestations. In the same way,
the study of A. Officioso et al. compared the beneficial effects
of olive oil phenol hydroxytyrosol (HT) and 5-S-lipoylhy-
droxytyrosol (Lipo-HT) on oxidative alterations of human
erythrocytes induced by exposure to inorganic mercury.
Both HT and Lipo-HT decreased Hg-induced generation of
ROS, hemolysis, and the depletion of intracellular GSH
levels. At all doses tested, Lipo-HT exhibited a higher ability
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to counteract Hg-induced cytotoxicity compared to HT. To
explain that, the authors propose a model where Lipo-HT
is more effective to chelate mercury ions and encourage the
use of Lipo-HT in nutraceutical strategies to counteract
heavy metal toxicity in humans.

Obesity- or diabetes-induced oxidative stress is dis-
cussed as a major risk factor for DNA damage. What has
not been addressed yet is how vitamin E and many poly-
phenols exhibit antioxidative activities with consequences
on epigenetic regulation of inflammation and DNA repair.
To shed light on that, the study of K. Zappe et al. investi-
gated the counteraction of oxidative stress by vitamin E in
the colorectal cancer cell line Caco-2 under normal- and
high-glucose cell culture condition. Results revealed a
dose-dependent counteracting effect of vitamin E on malon-
dialdehyde levels. Also, an induction in the expression of
the genes of DNA repair MutL homolog (MLH1) and the
DNA methyltransferase 1 (DNMT1) was noticed, accompa-
nied by an increase in global methylation by LINE-1. The
authors suggest that vitamin E supplementation has a high
potential for treatment and might even be used as a possible
approach in the prevention of diseases caused by obesity
and diabetes.

Cadmium is one of the most poisonous environmental
chemicals, causing toxicity in humans and experimental ani-
mals. The study of M. C. Cupertino et al. investigated the
relationship between germ and Leydig cell death, testoster-
one, and adiponectin levels in cadmium-mediated acute tox-
icity. Dose-dependent cadmium accumulation in testes was
identified. At the highest doses of exposure, animals exhib-
ited marked inflammatory infiltrate and disorganization of
the seminiferous epithelium. Although Leydig cells were
morphologically resistant to Cd toxicity, massive germ cell
death, DNA oxidation, and fragmentation were observed.
Also, testosterone and adiponectin levels were significantly
decreased by cadmium. The authors discuss the mechanisms
behind the findings, but why germ cells are a primary target
of cadmium-induced toxicity while Leydig cells remain resis-
tant to death even when exposed to higher doses of this metal
is still unclear.

Despite the undoubted advantages of titanium bone fixa-
tions such as high biotolerance, favorable mechanical proper-
ties, and osseointegration ability, their negative impact on the
human body, both at the implant site and at the systemic
level, is still debated. To contribute to the toxicological back-
ground in this emergent area, the study of J. Borys et al. eval-
uated the influence of Ti6Al4V titanium alloy on redox
balance and oxidative damage in the periosteum surrounding
the titanium miniplates and screws as well as in plasma and
erythrocytes of patients with mandibular fractures. The
occurrence of a redox imbalance as well as oxidative damage
in the periosteum surrounding the Ti6Al4V titanium alloy
was demonstrated. Changes in antioxidant potential in the
patients treated with titanium implants were also observed
in the plasma/erythrocytes. Results indicate the need to
improve the miniplates and screws used for osteosynthesis
by increasing the thickness of the passive TiO2 layer or using
new, biodegradable, and more biocompatible materials. The
authors also suggest that supplementation with antioxidants

could be tested as a therapeutic procedure in patients treated
with titanium fixations.

Finally, S. R. Lee critically reviewed the role of zinc as
either an antioxidant or a prooxidant. For instance, it func-
tions as an antioxidant through the catalytic action of cop-
per/zinc-superoxide dismutase, stabilization of membrane
structure, protection of the protein sulfhydryl groups, and
upregulation of the expression of metallothionein, which pos-
sesses a metal-binding capacity and exhibits antioxidant func-
tions. Also, zinc can suppress anti-inflammatory responses
that would otherwise augment oxidative stress. On the other
hand, zinc deficiency and zinc excess cause cellular oxidative
stress. The conditions behind the dual actions of zinc and the
oxidative imbalance that occurs in zinc deficiency and zinc
overload in conjunction with the intracellular regulation of
free zinc are summarized in this review.

We hope that the new findings on the toxicity of metals
and metalloids as well as on the identification of protective
agents presented in this special edition can contribute to
the development of science, to the environmental and health
regulatory agency policies, and to more effective strategies to
rescue toxicity.
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Due to the high biotolerance, favourable mechanical properties, and osseointegration ability, titanium is the basic biomaterial used
in maxillofacial surgery. The passive layer of titanium dioxide on the surface of the implant effectively provides anticorrosive
properties, but it can be damaged, resulting in the release of titanium ions to the surrounding tissues. The aim of our work was
to evaluate the influence of Ti6Al4V titanium alloy on redox balance and oxidative damage in the periosteum surrounding the
titanium miniplates and screws as well as in plasma and erythrocytes of patients with mandibular fractures. The study included
31 previously implanted patients (aged 21–29) treated for mandibular fractures and 31 healthy controls. We have demonstrated
increased activity/concentration of antioxidants both in the mandibular periosteum and plasma/erythrocytes of patients with
titanium mandibular fixations. However, increased concentrations of the products of oxidative protein and lipid modifications
were only observed in the periosteum of the study group patients. The correlation between the products of oxidative
modification of the mandible and antioxidants in plasma/erythrocytes suggests a relationship between the increase of oxidative
damage at the implantation site and central redox disorders in patients with titanium miniplates and screws.

1. Introduction

Jaw bone fractures are a frequent and significant problem in
clinical practice. The most common types of injuries are
mandibular fractures that lead to morphological and func-
tional disorders of the stomatognathic system as well as
aesthetic defects of the facial skeleton. The treatment of man-
dibular fractures is aimed at reconstructing the anatomical
shape of the bones and occlusion from before the injury
and restoring normal functions of the chewing organ and

facial aesthetics [1]. The use of internal bone fixation systems
with miniplates and screws allows not only to avoid long-
term intermaxillary immobilization and dental splint inser-
tion, which are troublesome for the patient, but also to cure
fractures in case of contraindications for inoperative ortho-
paedic treatment [1]. Miniplates and screws made of tita-
nium, due to the high biocompatibility of this metal and its
alloys used in the production of such fixations, are com-
monly used in traumatology, maxillofacial oncology, and
orthognathic surgery. Despite the undoubted advantages of
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titanium bone fixations, their negative impact on the human
body, both at the implant site and at the systemic level, is still
debated [1, 2]. During the removal of titanium bone fixa-
tions, the presence of discoloured gray tissues surrounding
the miniplates and screws was often observed [3, 4]. Some
patients have also suffered from inflammatory symptoms
around the anastomosis sites reported postoperatively both
after several months and even years after osteosynthesis of
the fractured mandible. Therefore, it is important to explore
the impact of titanium miniplates and screws on the sur-
rounding tissues [2]. The results of recent studies indicate
that the cause of chronic inflammation around titanium
bone fixations may be the increased production of oxygen-
free radicals and reactive nitrogen species (RNS) [3, 5–7]. It
is believed that overproduction of reactive oxygen species
(ROS) and RNS can lead to the damage of cellular compo-
nents by oxidation, thereby impairing normal cell function-
ing as a result of increased synthesis of proinflammatory
mediators and affecting growth, differentiation, and apopto-
sis processes in the cells [8].

Although oxidative stress is one of the mechanisms of
titanium toxicity [9], the kind (and extent) of oxidative dam-
age it can cause is still unknown. What is more, the literature
on the subject so far has not offered any study evaluating the
effect of titanium bone fixation systems in patients with man-
dibular fractures on the redox balance both at the implant
site and at the systemic level. Therefore, the aim of our work
was to evaluate enzymatic and nonenzymatic antioxidant
systems and oxidative damage of proteins, lipids, and DNA
in the periosteum surrounding the bone fixations as well as
in plasma and erythrocytes of patients treated for mandible
fractures, compared to the control group.

2. Materials and Methods

2.1. Patients. The protocol of the study was approved by the
Bioethics Committee of the Medical University of Bialystok,
Poland (permission number R-I-002/3/2-16).

62 patients operated at the Department of Maxillofacial
and Plastic Surgery, Medical University in Bialystok, Poland,
were enrolled in the study. The study group included 31
previously implanted patients (11 women and 20 men aged
21–29, mean age: 24 years and 7 months) treated for man-
dibular fractures. The causes of the fractures in patients
were beating (61.2%), sports (19.4%), traffic accident
(12.9%), and fall from the stairs (6.5%). All patients were
treated for bilateral fracture of the mandibular body. The
fractured bone fragments in the mandible were fixed with
two 4- or 6-hole miniplates and 4–6 screws (on the right
and left side): in total 4 miniplates and 16–24 screws (MED-
GAL Sp. z o.o., Księżyno, Poland).

Two months after implantation (every 2 weeks), and
then, every month until the fixations were removed, the
patients went to the hospital for follow-up examinations
performed by one qualified surgeon (J.B.). In all patients
from the study group, there were no signs of acute and
chronic inflammation such as edema, inflammatory infil-
tration, purulent fistula, and redness of the mucous mem-
brane or skin around the titanium fixations. In the physical

examination, no enlargement of regional lymph nodes was
also observed, which did not require specialized diagnostics
in these group of patients. In the study group, there were
also no clinical allergy signs like edema, changes on the
skin, and mucous membranes.

The control group, selected by sex and age to match
the study group, consisted of 31 generally healthy patients
(11 women and 20 men aged 21–29, mean age: 24 years and
2 months) operated due to dentofacial deformities, whose
periosteum and blood samples were taken immediately prior
to the insertion of titanium implants.

2.1.1. Inclusion Criteria: Study Group

(i) Maxillary bone fixations after treatment for fractures
of the mandibular body.

2.1.2. Inclusion Criteria: Control Group

(i) Generally healthy patients with dentofacial deformi-
ties before surgical treatment.

2.1.3. Inclusion Criteria: Study and Control Group

(i) Written informed consent for participation in the
study,

(ii) Age 21–29,

(iii) 18.5≤BMI≥ 24.5,

(iv) No former treatment for bone fracture or jaw
osteotomies performed with titanium fixations,

(v) A noninflammation-induced healing process from
insertion of fixations until their removal,

(vi) No craniocerebral traumas (hematomas),

(vii) Normal results of complete blood count (WBC
4.5–8.5×103/μL; RBC 3.6–5.4×1012/L; HGB 12.0–
16.0 g/dL; PLT 100–450×109/L; hematocrit 36–
54%) and biochemical blood tests (CRP 0.1–5mg/
L; Na+ 135.0–145.0mmol/L; K+ 3.8–5.0mmol/L;
international normalized ratio (INR), 0.9–1.3; acti-
vated partial thromboplastin time (APTT), 37.0–
46.0 sec; prothrombin time (PT), 12.0–18.0 sec),

(viii) No systemic (insulin resistance, diabetes, hyperten-
sion, and coronary heart disease) and autoimmune
disorders (psoriasis, multiple sclerosis, and rheu-
matoid arthritis), hyperlipidemia, liver, kidney, thy-
roid, lung, gastrointestinal and infectious (HCV
and HIV infection) diseases, or gingivitis, peri-
odontitis, and active odontogenic infection foci,

(ix) Nonsmokers,

(x) Nonalcohol drinkers,

(xi) No intake of antibiotics, nonsteroidal anti-
inflammatory drugs (NSAIDs), glucocorticoster-
oids, dietary supplements, and vitamins.

2 Oxidative Medicine and Cellular Longevity



2.1.4. Exclusion Criteria: Study and Control Group

(i) Another type of mandibular fracture (singular
fracture, fracture of mandibular ramus or condyle),

(ii) Wounds of soft tissues, injury of the skull, brain,
chest, abdomen, and extremities,

(iii) Inflammatory complications and jaw synostosis
disorders after implantation,

(iv) Operations due to bone fractures in the past and for
other reasons during the last year.

The clinical parameters of patients and control group are
presented in Table 1.

2.2. Surgical Procedure. All patients were operated by the
same qualified maxillofacial surgeon (J.B.). Two months
before the surgery, patients in both groups were on a diet
(2000 kcal, including 55% carbohydrates, 30% fat, and 15%
protein) determined by a dietician. Miniplates and screws
were removed under local anaesthesia of 2% lignocaine and
epinephrine (Polfa, Warsaw, Poland) from 3 to 8 months
(approx. 5 months) after the surgery. The research material
was a gray-pigmented periosteum adhering to the titanium
miniplates excised as a standard procedure during the
removal of mandibular bone fixations. In the control group,
healthy periosteum was taken separately from the mandible
during bimaxillary osteotomy before implantation of the
miniplates and screws. Gray-pigmented periosteum was
aseptic (data not shown). The tissues were immediately fro-
zen upon collection in liquid nitrogen and stored at −80°C
until assayed.

2.3. Blood (Plasma and Erythrocytes). Before the surgery and
after an overnight fast, 9mL of venous blood samples were
collected in plastic EDTA tubes (S-Monovette® K3 EDTA
blood collection system, Sarstedt). To separate plasma sam-
ples and erythrocytes, the samples were centrifuged at
1500×g (4°C, 10min; MPW 351, MPW Med. Instruments,
Warsaw, Poland). Erythrocytes were washed three times in
cold solution of 0.9%NaCl (w : v) andhaemolysed by the addi-
tion of cold 50mM phosphate buffer (pH7.4) 1 : 9 (v : v) [10].
In order to prevent sample oxidation, 0.5M butylated
hydroxytoluene (Sigma-Aldrich, Germany; 100 μL/10mL
sample) was added [11]. All samples were stored at –80°C
until use.

2.4. Tissue Homogenates. Before the biochemical determina-
tions, fragments of periosteum were rinsed in ice-cold PBS
(20mM, pH7.0), weighed and milled into small pieces that
were homogenized on ice (Omni TH, Omni International,
Kennesaw, GA, USA) in ice-cold PBS (1 : 15, w : v). 0.5M
butylated hydroxytoluene (10 μL/1mL PBS) and the protease
inhibitor (Complete Mini Roche, France; 1 tablet/10mL PBS)
were added to all the samples [12]. The tissue suspensions
were sonicated on ice with an ultrasonic cell disrupter (UP
400S, Hielscher, Teltow, Germany; 1800 J/sample, 20 s x 3)
and centrifuged (3500×g, 4°C, 20min), and the resulting
supernatants were analyzed on the same day.

2.5. Antioxidant Assays. Antioxidant enzymes (glutathione
peroxidase (GPx), catalase (CAT), and superoxide
dismutase-1 (SOD)) and total protein were analyzed in
erythrocytes and tissue homogenates, while nonenzymatic
antioxidants (reduced glutathione (GSH) and uric acid
(UA)) and total protein were estimated both in plasma and
tissue homogenates. The absorbance in all assays was mea-
sured with Infinite M200 PRO Multimode Microplate
Reader, Tecan. The assays were performed in duplicates,
except for the CAT (triplicate samples). Reagents for all the
assays were obtained from Sigma-Aldrich, Germany (unless
noted otherwise).

The activity of GPx (EC 1.11.1.9) was assessed colorimet-
rically by measuring the decrease in absorbance at 340nm
wavelength as a result of NADPH (chemically reduced form
of nicotinamide adenine dinucleotide phosphate) oxidation.
One unit of GPx activity was defined as the amount of the
enzyme needed to catalyze the oxidation of 1mmol NADPH
per minute [13]. The results were expressed in units per mg
of total protein.

The activity of CAT (EC 1.11.1.6) was determined color-
imetrically by measuring the rate of hydrogen peroxide
(H2O2) degradation at 240nm [14]. One unit of CAT activity
was defined as the amount of the enzyme needed to catalyze
the decomposition of 1mmol H2O2 per minute. CAT deter-
mination was performed in triplicate samples and the results
were expressed in nmol H2O2 per mg of total protein.

The activity of SOD (EC 1.15.1.1) was analyzed colori-
metrically by measuring the inhibition of adrenaline oxida-
tion at 480nm. One unit of SOD activity was defined as the
amount of the enzyme needed to inhibit adrenaline oxidation
by 50% [15]. The results were expressed as mU per mg of
total protein.

The concentration of GSH was estimated colorimetrically
by reaction with DTNB [5,5′-dithiobis-(2-nitrobenzoic acid)]
to obtain a product with absorption maximum at 412nm
[16]. The results were expressed as μg per mg of total protein.

The concentration of UA was measured colorimetrically
at 490 nm by reaction with 2,4,6-tripyridyl-s-triazine using
the commercial kit QuantiChromTM Uric Acid Assay Kit
DIUA-250 (BioAssay Systems, Hayward, CA, USA). The
results were expressed as μg per mg of total protein.

The concentration of total protein was determined color-
imetrically using the commercial kit Thermo Scientific
PIERCE BCA Protein Assay (Rockford, IL, USA) with bovine
serum album as a standard.

2.6. Total Antioxidant/Oxidant Status. Total antioxidant/
oxidant status (total antioxidant capacity (TAC), ferric
reducing ability of plasma (FRAP), and total oxidant status
(TOS)) and total protein content were analyzed both in
the plasma and tissue homogenates. The absorbance in all
assays was measured with Infinite M200 PRO Multimode
Microplate Reader, Tecan. All assays were performed in
duplicate samples, excluding the TAC and TOS determina-
tion (triplicate samples).

The concentration of TAC was estimated at 660 nm by
ABTS+ [2,2′-azino-bis-(3-ethylbenzo-thiazoline-6-sulfonate)]-
based colorimetric micromethod [17]. TAC determination
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was performed in triplicate samples, and the results were
expressed as μmol Trolox equivalent per mg of total protein.

The concentration of TOS was estimated bichromati-
cally (560/800 nm) based on the ferrous ion oxidation to fer-
ric ion in the presence of oxidants in the sample [18]. TOS
determination was performed in triplicate samples, and the
results were expressed in μmol H2O2 equivalent per mg of
total protein.

Oxidative stress index (OSI) was expressed in % accord-
ing to the formula: OSI=TOS/TAC× 100% [19].

The concentration of FRAP was analyzed colorimetri-
cally at 593nm, measuring the ferric reducing ability of the
sample by reaction with 2,4,6-tripyridyl-s-triazine [20]. The
results were expressed in μmol per mg of total protein.

2.7. Oxidative Damage Determination. Oxidative damage
products (advanced glycation endproducts (AGEs), advanced
oxidation protein products (AOPP), 4-hydroxynonenal (4-
HNE) protein adducts, and 8-hydroxydeoxyguanosine (8-
OHdG)) and total protein content were analyzed both in
plasma and tissue homogenates. The absorbance/fluores-
cence in all assays was measured with Infinite M200 PRO
Multimode Microplate Reader, Tecan. All the assays were
performed in duplicate samples.

The levels of AOPP were assessed colorimetrically at
340nm by measuring the total iodide ion oxidizing capacity
of the sample [21]. The results were expressed in μmol per
mg of total protein.

The content of AGE was determined fluorimetrically at
350/440 nm in 1 : 5 diluted plasma samples and tissue
homogenates [21]. The results were expressed in fluorescence
per mg of total protein.

The concentration of 4-HNE protein adducts as well as 8-
OHdG was measured with the commercial ELISA kit accord-
ing to the manufacturer’s instructions (OxiSelect™ HNE
Adduct Competitive ELISA, Cell Biolabs Inc., San Diego,

CA, USA; USCN Life Science, Wuhan, China, resp.). The
results were expressed in μg/pg per mg of total protein.

2.8. Statistical Analysis. Statistical analysis was performed
using the Statistica 10.0 system (StatSoft, Cracow, Poland)
and GraphPad Prism (GraphPad Software, La Jolla, USA).
The D’Agostino-Pearson test and Shapiro-Wilk test were
used to examine normal distribution. Since most of the data
were normally distributed, the results were presented as a
mean, standard deviations, geometric mean, and 95th confi-
dence intervals of mean. In the case of normal distribution of
the results, a Student’s t-test was used. In the lack of normal
distribution of the results, the Mann–Whitney U test was
used. The associations between the measured parameters
were analyzed by Pearson’s correlation. The results were
assumed to be statistically significant when p < 0 05.

3. Results

3.1. Antioxidant Defence. CAT activity was significantly
lower in mandibular periosteum and considerably higher in
erythrocytes of the study group compared to the control
group. SOD activity was significantly higher in patients with
a mandibular fracture compared to the controls, while no sta-
tistically relevant changes were observed in erythrocytes. The
concentration of UA was significantly higher both in man-
dibular periosteum and plasma of the study group patients
than in the controls. The activity of GPx in mandibular peri-
osteum and erythrocytes and GSH concentration in mandib-
ular periosteum and plasma showed similar values in patients
in the study and control groups (Tables 2 and 3).

3.2. Total Antioxidant/Oxidant Status. There was a statisti-
cally significant increase in TAC level in the mandibular peri-
osteum of patients in the study group compared to healthy
controls. There was also a considerable increase in TOS in
the posttraumatic mandibular periosteum of study group

Table 1: Clinical characteristics of patients with titanium mandibular fixations and healthy controls.

Serum/plasma
Control group Study group

Mean SD
Geometric
mean

Lower 95%CI
of mean

Upper 95%
CI of mean

Mean SD
Geometric
mean

Lower 95%CI
of mean

Upper 95%
CI of mean

WBC ×103/μL 7.530 1.958 7.278 6.841 8.219 6.917 1.709 6.756 6.315 13.232

RBC ×106/μL 5.207 0.411 5.193 5.062 5.352 5.070 0.264 5.064 4.977 10.047

HGB g/dL 15.270 1.027 15.240 14.908 15.632 15.320 0.720 15.300 15.067 30.387

HCT % 45.230 2.630 45.160 44.304 46.156 45.550 2.123 45.510 44.803 90.353

MCV fL 87.140 3.817 87.070 85.796 88.484 89.630 3.549 89.570 88.381 178.011

MCHC g/dL 33.760 0.918 33.750 33.437 34.083 33.650 1.524 33.620 33.114 66.764

PLT ×103/μL 230.700 43.800 227.100 215.282 246.118 228.300 23.380 227.300 220.070 448.370

PT s 12.230 0.624 12.220 12.010 12.450 11.660 0.699 11.640 11.414 23.074

INR 0.935 0.077 0.933 0.908 0.962 0.908 0.072 0.906 0.883 1.791

APTT s 27.640 1.468 27.610 27.123 28.157 26.780 3.809 26.550 25.439 52.219

Na+ mmol/L 140.700 1.890 140.700 140.035 141.365 139.800 1.184 139.800 139.383 279.183

K+ mmol/L 4.363 0.317 4.353 4.251 4.475 4.390 0.215 4.386 4.314 8.704

CRP mg/L 1.050 0.370 1.002 0.920 1.180 1.000 0.548 0.880 0.807 1.807
∗Statistical significance p < 0 05, study group versus control.
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Table 2: Enzymatic and nonenzymatic antioxidants, antioxidant/oxidant status, and oxidative damage in the mandible (Man) of patients
with titanium mandibular fixations and healthy controls.

Man

Control group Study group

Mean SD
Geometric
mean

Lower
95% CI of
mean

Upper
95% CI of
mean

Mean SD
Geometric
mean

Lower
95% CI of
mean

Upper
95% CI of
mean

CAT nmol H2O2/min/
mg protein

1.435 0.349 0.973 1.312 2.747 0.605∗ 0.139 0.272 0.556 1.160

SOD mU/mg protein 136.500 20.240 119.400 129.375 265.875 282.000∗ 44.750 175.200 266.247 548.247

GPx IU/mg protein 0.024 0.003 0.022 0.022 0.046 0.027 0.006 0.025 0.025 0.052

UA μg/mg protein 0.155 0.024 0.125 0.146 0.301 0.285∗ 0.040 0.234 0.271 0.556

GSH μg/mg protein 1.496 0.299 1.178 1.391 2.887 1.121 0.242 0.810 1.036 2.157

TAC μmol/mg protein 67.420 9.123 57.140 64.209 131.629 252.700∗ 35.150 204.000 240.327 493.027

TOS μmol H2O2 Equiv./
mg protein

1.088 0.186 0.895 1.023 2.111 1.953 0.632 1.202 1.730 3.683

OSI % 1.956 0.406 1.441 1.813 3.769 1.188 0.337 1.340 1.069 2.257

FRAP μg/mg protein 20.100 3.496 11.540 18.869 38.969 28.660∗ 4.034 22.820 27.240 55.900

AGE fluorescence/mg
protein

91.410 13.390 77.730 86.697 178.107 197.500∗ 22.010 174.400 189.752 387.252

AOPP μmol/mg protein 1.911 0.242 1.743 1.826 3.737 2.607∗ 0.246 2.318 2.521 5.128

4-HNE μg/mg protein 234.900 43.450 210.700 219.605 454.505 405.000∗ 42.540 377.300 390.025 795.025

8-OHdG pg/mg protein 52.340 8.200 46.890 49.454 101.794 71.160 11.740 64.010 67.027 138.187

Total protein mg/mL 3094.000 288.400 2964.000 2992.480 6086.480 1948.000∗ 210.000 1145.000 1874.078 3822.078

4-HNE: 4-hydroxynonenal protein adducts; 8-OHdG: 8-hydroxydeoxyguanosine; AGE: advanced glycation end products; AOPP: advanced oxidation protein
products; CAT: catalase; FRAP: ferric reducing ability of plasma; GPx: glutathione peroxidase; GSH: reduced glutathione; Man: mandible; OSI: oxidative stress
index; SOD: superoxide dismutase-1; TAC: total antioxidant status; TOS: total oxidant status; UA: uric acid; ∗statistical significance p < 0 05, study group
versus control.

Table 3: Enzymatic and nonenzymatic antioxidants, antioxidant/oxidant status, and oxidative damage in the erythrocytes/plasma of patients
with titanium mandibular fixations and healthy controls.

Erythrocytes/plasma

Control group Study group

Mean SD
Geometric
mean

Lower
95% CI of
mean

Upper
95% CI of
mean

Mean SD
Geometric
mean

Lower
95% CI of
mean

Upper
95% CI of
mean

CAT nmol H2O2/min/
mg protein

6.900 1.047 5.127 6.531 13.431 48.830∗ 5.823 39.510 46.780 95.610

SOD mU/mg protein 153.600 7.930 149.600 150.809 304.409 154.800 11.270 145.500 150.833 305.633

GPx IU/mg protein 0.020 0.002 0.019 0.019 0.039 0.020 0.001 0.019 0.019 0.039

UA μg/mg protein 0.658 0.011 0.656 0.654 1.312 0.733∗ 0.012 0.730 0.729 1.462

GSH μg/mg protein 0.687 0.178 0.517 0.625 1.312 0.463 0.044 0.410 0.447 0.910

TAC μmol/mg protein 49.570 7.384 44.020 46.971 96.541 37.680 6.483 26.780 35.398 73.078

TOS μmol H2O2 Equiv./
mg protein

0.629 0.186 0.508 0.564 1.193 0.382 0.055 0.316 0.363 0.745

OSI % 1.318 0.282 1.128 1.219 2.537 1.902 0.551 1.181 1.708 3.610

FRAP μg/mg protein 13.580 3.186 11.750 12.458 26.038 10.990 3.239 6.285 9.850 20.840

AGE fluorescence/mg
protein

526.000 30.420 507.700 515.292 1041.292 603.500 180.100 365.200 540.103 1143.603

AOPP umol/mg protein 0.497 0.049 0.452 0.479 0.976 0.506 0.054 0.439 0.487 0.994

4-HNE μg/mg protein 80.890 12.860 70.980 76.363 157.253 108.500 17.570 93.980 102.315 210.815

8-OHdG pg/mg protein 27.350 4.247 21.110 25.855 53.205 32.750∗ 5.534 27.510 30.802 63.552

Total protein mg/mL 4444.000 109.400 4416.000 4405.490 8849.490 3445.000∗ 213.300 2712.000 3369.916 6814.916

4-HNE: 4-hydroxynonenal protein adducts; 8-OHdG: 8-hydroxydeoxyguanosine; AGE: advanced glycation end products; AOPP: advanced oxidation protein
products; CAT: catalase; FRAP: ferric reducing ability of plasma; GPx: glutathione peroxidase; GSH: reduced glutathione; OSI: oxidative stress index; SOD:
superoxide dismutase-1; TAC: total antioxidant status; TOS: total oxidant status; UA: uric acid; ∗statistical significance p < 0 05, study group versus control.
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patients compared to the controls. The decreased OSI value
in patients with mandibular fracture compared to the control
group was also observed. The FRAP level in the mandibular
periosteum of the study group patients was significantly
higher than in the control group. No statistically relevant
changes in plasma TAC, TOS, OSI, and FRAP between the
groups were demonstrated (Tables 2 and 3).

3.3. Oxidative Damage Products. There was a statistically sig-
nificant increase in AGE fluorescence in the mandibular peri-
osteum of the study group compared to AGE fluorescence in
the control group. AOPP concentration in the mandibular
periosteum of the study group was considerably higher than
in the control group. There was a statistically relevant
increase in the level of 4-HNE in the mandibular periosteum
of patients with mandibular fracture compared to healthy
controls. The content of AGE, AOPP, 4-HNE, and 8-
OHdG in plasma of the study and control group was similar.
The concentration of 8-OHdG in the mandibular periosteum
of the traumatic patients yielded similar values to those
obtained in mandibular periosteum in the control group
(Tables 2 and 3).

3.4. Correlations. The results of all statistically significant cor-
relations are presented in Table 4. Importantly, we have dem-
onstrated a positive correlation between TAC concentration
in the mandibular periosteum and UA level in plasma of
patients in the study group. In this group, TOS concentration
in the mandibular periosteum was positively correlated with
CAT activity in erythrocytes as well as 8-OHdG level in the
mandibular periosteum with GPx activity in erythrocytes.

4. Discussion

Our findings point to an increased occurrence of redox
homeostasis disorders and oxidative stress in patients with
mandible fractures treated surgically with titanium mini-
plates and screws. Although exposure to Ti6Al4V titanium
alloy does not alter the clinical picture, the periosteum that
contacted the titanium fixations of the mandible showed sig-
nificantly higher concentrations of oxidation protein prod-
ucts and more extensive lipid modification compared to the
control group. We also observed significant changes in the
activity/concentration of enzymatic and nonenzymatic anti-
oxidants in the periosteum as well as in the plasma and eryth-
rocytes of the study group.

Titanium is widely used in many fields of medicine and
dentistry due to its good biotolerance (biocompatibility)
and its osseointegration ability to foster the contact thicken-
ing of bones [22]. Titanium and its alloys are used in the pro-
duction of joint implants and external stabilizers as well as
other metal components such as plates, clamps, screws, clips,
dental implants, artificial valves, and vascular stents [22].
Their unique advantage is that they do not require removal
for at least 20 years. Titanium miniplates and screws are also
basic biomaterials used in the surgical treatment of mandib-
ular fractures. One of the most commonly used titanium
fixations in maxillofacial surgery is the Ti6Al4V alloy con-
taining, in addition to titanium, 6% aluminium (Al) and 4%

vanadium (V) [23]. Ti6Al4V demonstrates high mechanical
strength and corrosion resistance due to the presence of a
tight protective passive layer of titanium dioxide (TiO2) on
the surface of the alloy [9, 24]. It is believed that the passive
layer effectively protects the surface of the implant from the
effects of corrosive agents present in the environment of body
fluids [25]. However, there are reports stating that in the
period from the implantation to the exploitation of the bio-
material, the TiO2 layer may be damaged, resulting in the
release of metal ions (such as titanium, aluminium, or vana-
dium) into the surrounding tissues and organs [9]. In physi-
ological conditions, the body content of these trace elements
is very low. Corrosion of the implant, however, raises their
concentration and may thus interfere with the process of
their natural degradation. The local interaction of metal ions
or products of the corrosion of metallic materials with the
body tissues is referred to as metallosis [26].

The mandible is the only moving bone of the facial part of
the skull. In patients with titanium implants, mandibular
movements triggered by strong muscles cause micromove-
ments of the fixed bone fragments, which increases the
friction between the miniplates and the screws. This

Table 4: Correlations of redox biomarkers in control group and
patients with titanium mandibular fixations.

r p

Control group

TOS Man OSI Man 0.551 0.033

TAC Man UA plasma 0.425 0.043

GPx erythrocytes FRAP plasma 0.737 0.037

TAC plasma GSH plasma 0.608 0.003

8-OHdG plasma AOPP plasma 0.559 0.047

Study group

UA Man FRAP Man 0.519 0.019

TAC Man AGE Man 0.450 0.031

4-HNE Man OSI Man 0.592 0.043

8-OHdG Man AGE Man 0.883 0.000

TOS Man OSI Man 0.567 0.034

AGE Man GPx erythrocytes 0.574 0.025

TOS Man CAT erythrocytes 0.515 0.043

8-OHdG Man GPx erythrocytes 0.781 0.002

TAC Man UA plasma 0.425 0.043

4-HNE Man GSH plasma 0.662 0.019

GSH Man GSH plasma 0.417 0.048

SOD erythrocytes AGE plasma 0.470 0.020

TAC plasma AOPP plasma 0.695 0.000

TOS plasma AOPP plasma 0.529 0.000

TOS plasma GSH plasma 0.645 0.002

8-OHdG plasma GSH plasma 0.589 0.044

4-HNE: 4-hydroxynonenal protein adducts; 8-OHdG: 8-
hydroxydeoxyguanosine; AGE: advanced glycation end products; AOPP:
advanced oxidation protein products; CAT: catalase; FRAP: ferric reducing
ability of plasma; GPx: glutathione peroxidase; GSH: reduced glutathione;
Man: mandible; OSI: oxidative stress index; SOD: superoxide dismutase-1;
TAC: total antioxidant status; TOS: total oxidant status; UA: uric acid.
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phenomenon is responsible for the corrosion of titanium fix-
ations and the release of titanium ions to the tissues/organs
surrounding the implants [3]. In our investigation, the depo-
sition of titanium particles in the study group was observed
in the form of gray periosteal discolourations adjacent to
the titaniumminiplates and screws (data not shown). Impor-
tantly, none of the patients had any symptoms of chronic and
acute inflammation or healing disorders at the site of the
fracture. All patients had their metal implants removed
exclusively for reasons not connected to a health risk. Indeed,
the most common reason for the removal of miniplates and
screws (14 patients) was the desire to get rid of nonfunctional
implants in order to avoid future reactions to a foreign body
and to eliminate the risk of artefacts causing problems in the
interpretation of CT and MRI.

Titanium belongs to the group of biocompatible elements
that usually do not cause negative bodily reactions. However,
in some people, titanium triggers allergic symptoms (local
eczema, rush, and pruritus) [27] and is responsible for the
periapical reaction (in the implant-tissue interlayer), which
may lead to the destabilization of implants [28]. However,
the mechanisms of titanium toxicity in the body are still
not well known. Titanium is believed to be responsible for
an increased production of oxygen-free radicals and RNS
[9, 29]. This element may thus contribute to the induction
of oxidative stress as well as structural and functional damage
of the cells by the oxidation reaction. Oxidative stress results
from overproduction of ROS and/or inadequate activity of
the body’s antioxidant systems [8, 30]. The products of the
oxidative modification of proteins, lipids, and nucleic acids
that emerge due to oxidative stress are directly responsible
for the damage to the tissues and organs of the body [8]. A
significant role in the prevention of oxidative stress is attrib-
uted to enzymatic (CAT, SOD, and GPx) and nonenzymatic
antioxidants (e.g., UA, reduced glutathione, and vitamin C).
These compounds inhibit the formation of free oxygen radi-
cals and/or participate in their conversion into nonreactive
derivatives [31]. The antioxidant enzymes are characterized
by a greater selectivity of action, while the remaining antiox-
idants scavenge free radicals in a nonselective manner and/or
interrupt the oxidation reaction in the cell [32]. Additionally,
nonenzymatic antioxidants may affect the activity of antiox-
idant enzymes so that the action of one group of antioxidants
depends on the other and vice versa [33]. SOD is responsible
for the dismutation of the superoxide anion to hydrogen per-
oxide, which is then broken down by CAT and GPx enzymes.
An important role in the defence against free radical overpro-
duction is also carried out by UA, the main blood antioxi-
dant, which constitutes 70–80% of the total antioxidant
capacity [34].

The increased activity/concentration of antioxidants
(↑SOD, ↑UA, ↑TAC, and ↑FRAP) in the mandibular perios-
teum of patients with titanium mandibular fixations, com-
pared to the controls, suggests an adaptive reaction of the
body in response to excessive ROS production (↑TOS) due
to exposure to Ti6Al4V titanium alloy and its wear prod-
ucts. As Wang et al. [25] demonstrated, titanium ions
released from implants may stimulate phagocytes (mainly
macrophages) and osteoclasts to produce increased amounts

of ROS and RNS. By participating in phagocytosis, they can
also increase the activity of NADPH oxidase (NOX) [35]
which is the main source of free radicals in the cell. High
concentrations of ROS can initiate inflammation at the
implantation site (by increasing the production of proin-
flammatory cytokines), which additionally (by positive feed-
back) increases the production of free oxygen radicals [5, 9,
29]. In our study, the induction of antioxidant defence
mechanisms was observed not only in the periosteum but
also in the plasma (↑UA) and erythrocytes (↑CAT) of the
patients in the study group. These changes point not only
to redox imbalances in the implantation site (mandibular
periosteum) but also to systemic disorders (blood). A posi-
tive correlation found between TAC levels in the mandibu-
lar periosteum and the UA concentration in the plasma in
the patients from the study group may indicate a relation-
ship between the local and the central antioxidant response.
These observations, however, require further research, espe-
cially on a larger number of patients with titanium mandib-
ular fixations. The assessment of white cell populations and
cytokines produced by oxidative stress may also be helpful
for clarifying the systemic etiology of redox imbalance in
these patients.

Interestingly, we have observed a significantly lower CAT
activity in the periosteum of the patients in the study group
versus healthy controls. The decrease in CAT activity may
be explained by the exhaustion of the ability to neutralize
hydrogen peroxide in the conditions of an overproduction
of this tissue. In patients with titanium fixations of the man-
dible, a higher production of H2O2 may occur as the direct
effect of titanium on the periosteal cells [5, 6, 33] or due to
an increase in SOD activity that produces a large amount
of hydrogen peroxide as a by-product of the dismutation
reaction. This is confirmed by the results of our study
(↑SOD in the mandible of the patients in the study group)
and may be partially explained by the lack of changes in
GPx specific activity.

Despite the increased defence capacity of the antioxidant
systems (↑SOD, ↑UA, ↑TAC, and ↑FRAP), we can observe an
increased oxidative damage of proteins (↑AGE and ↑AOPP)
and lipids (↑4-HNE) in the mandibular periosteum contact-
ing Ti6Al4V titanium alloy. These changes suggest that the
body is not able to protect itself effectively against oxidative
stress and free radical damage of cells at the site of implanta-
tion of miniplates and screws. Importantly, the observed
increase in oxidative stress biomarkers did not depend on
the time span between osteosynthesis and the removal of
the mandibular fixations.

Redox balance disorders as well as products of oxidative
damage to the cell components can have a negative impact
on the bone remodelling process in patients with mandibu-
lar fractures [9, 36]. The proper healing of a fracture
depends on the recruitment and differentiation of osteopro-
genitor cells towards osteoblasts and osteoclasts. Therefore,
this process depends on the production of components of
the extracellular matrix of the bone, particularly collagen
proteins [37]. It is well known that bone tissue, periosteum,
bone marrow, and surrounding soft tissues are involved in
the healing of bone fractures; however, a particular role is
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attributed to the periosteum [38, 39]. Microscopically, the
periosteum consists of two layers: the external fibrous
layer and the inner layer adhering to the bone (cambium)
[40, 41]. In the outer fibrous layer, two sublayers can be dis-
tinguished: a superficial layer containing mainly collagen
fibers with fibroblasts, which is rich in blood vessels and
nerve fibers, and a deeper layer containing a lot of elastic
fibers and collagen, a small number of cells and blood vessels.
The outer fibrous layer provides elasticity and flexibility [40,
41]. The cambial layer (cambium) is composed of 3-4 cell
layers of mainly osteoblasts and preosteoblastic cells and
has osteogenic properties. This layer is responsible for the
appearance of lamellar bone during growth and creation of
woven bone after a fracture [40–42]. In our investigation,
all the patients in the study group were treated surgically
using an anatomical setting of bone fragments with mini-
plates and screws. In the case of surgical treatment of frac-
tures, little or no periosteal response is observed [38, 39].
Therefore, it may be assumed that the observed periosteal
changes are mainly caused by exposure to titanium implants
after fractures.

Oxidative damage to proteins and lipids that occurs due
to the overproduction of ROS is responsible for the structural
and functional changes of these biomolecules, and this in
turn disrupts normal cellular and tissue homeostasis [36,
43]. Titanium ions and cytokines released by macrophages
under the influence of the products of titanium implants deg-
radation cause the generation and activation of fibroblasts
and osteoclasts, stimulating osteolysis processes [44, 45].
They may also induce genomic instability in human fibro-
blast cells, which is of particular importance in young people
[26], and can inhibit type I collagen synthesis by osteoblasts
[46]. In the case of fracture healing, this condition may lead
to an inadequate formation of the organic matrix of the bone
and thus impair its biomechanical properties. As shown by
Sheikhi et al. [47], oxidized lipids lead to osteoblastogenesis
and simultaneously stimulate osteoclast activity.

We did not detect oxidative damage to the cell compo-
nents in the plasma and erythrocytes of the study group
patients, which indicates that, excluding the implantation
site, the body is capable of preventing free radical damage
caused by oxidative stress. A positive correlation between
TOS Man and CAT erythrocytes as well as 8-OHdG Man
and GPx erythrocytes proves that there is a correlation
between the increased oxidative damage in the mandibular
periosteum and the central redox disorders in patients with
titanium miniplates and screws.

In conclusion, we have demonstrated the occurrence of
redox imbalance as well as oxidative damage in the perios-
teum surrounding the Ti6Al4V titanium alloy. Changes in
antioxidant efficiency in the patients treated with titanium
implants were also observed in the plasma/erythrocytes,
which proves both local and systemic influence of titanium
on the human body. The obtained results indicate the need
to improve the miniplates and screws used for osteosynthesis
by increasing the thickness of the passive TiO2 layer or
using new, biodegradable, and biocompatible materials (for
instance based on magnesium and its alloys). Supplementa-
tion with antioxidants would also be helpful in patients

treated with titanium fixations; however, further research is
needed in this area.

Our work, apart from the undoubted advantages (careful
selection of the group of young people (aged 21–29) with
similar types of jaw fractures), also had some limitations.
We evaluated only the most commonly used biomarkers of
oxidative stress; therefore, the assessment of other parame-
ters may lead to different observations and conclusions. It
should also be borne in mind that changes in antioxidant
defence as well as increased generation of the products of oxi-
dative damage of proteins and lipids may indicate not only
the body’s response to the introduction of titanium mini-
plates and screws but also an ongoing callus remodelling in
the course of mandibular fracture healing and the related
increased protein metabolism.
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The present studies have been executed to explore the protective mechanism of carnosic acid (CA) against NaAsO2-induced hepatic
injury. CA exhibited a concentration dependent (1–4μM) increase in cell viability against NaAsO2 (12 μM) in murine hepatocytes.
NaAsO2 treatment significantly enhanced the ROS-mediated oxidative stress in the hepatic cells both in in vitro and in vivo systems.
Significant activation of MAPK, NF-κB, p53, and intrinsic and extrinsic apoptotic signaling was observed in NaAsO2-exposed
hepatic cells. CA could significantly counteract with redox stress and ROS-mediated signaling and thereby attenuated NaAsO2-
mediated hepatotoxicity. NaAsO2 (10mg/kg) treatment caused significant increment in the As bioaccumulation, cytosolic ATP
level, DNA fragmentation, and oxidation in the liver of experimental mice (n = 6). The serum biochemical and haematological
parameters were significantly altered in the NaAsO2-exposed mice (n = 6). Simultaneous treatment with CA (10 and 20mg/kg)
could significantly reinstate the NaAsO2-mediated toxicological effects in the liver. Molecular docking and dynamics predicted
the possible interaction patterns and the stability of interactions between CA and signal proteins. ADME prediction anticipated
the drug-likeness characteristics of CA. Hence, there would be an option to employ CA as a new therapeutic agent against
As-mediated toxic manifestations in future.

1. Introduction

Arsenic (As) is a toxic metalloid, which raises much disquiet
in the health standpoints for human and animals [1]. The
primary natural pools of As are rocks, from which As is
mobilized through natural different processes [2]. Besides
the natural sources, industrial outcomes can also cause the
release and mobilization of As to soil, water, and air in vari-
ous forms [2, 3]. Organic As compounds are not the concern
for health risks [4]. Inorganic trivalent arsenicals (arsenites,
AsO2

−) are most potent toxicants [5]. Drinking water

contaminated with arsenites is thought to be the major root
of As calamity affecting >140 million people in ∼70 countries
[4]. Following ingestion, As is absorbed through the gastroin-
testinal tract and bioaccumulated into various organs [6]. It
can also enter into the body through the respiratory system
and dermis [7]. Intake of arsenites> 30μg per day has been
reported to exert arsenicosis to the critical organs [4, 6, 8].
Earlier investigations revealed that As reduces mitochondrial
integrity, resulting in random formation of superoxide
radical which subsequently potentiates a cascade of radical
reactions and enhances the secondary generation of other

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 1421438, 24 pages
https://doi.org/10.1155/2018/1421438

http://orcid.org/0000-0002-4094-1257
http://orcid.org/0000-0002-8379-8286
http://orcid.org/0000-0002-1070-3207
http://orcid.org/0000-0001-9085-4226
https://doi.org/10.1155/2018/1421438


ROS [6, 7, 9, 10]. On the other hand, As further promotes
oxidative stress by reacting with -SH group and thereby deac-
tivates the defense mechanism of several antioxidant
enzymes and glutathione system [5]. The excess of ROS trig-
gers wide ranges of pathological occurrences including dam-
ages to the structural components of cells, alteration in the
expressions of genes, DNA damage, and apoptosis [6, 7].
Despite As is a major threat to the global health, the develop-
ment of a suitable therapy is still underway. The primary
therapeutic strategy includes the treatment with chelating
agents; however, the adverse effects like removal of essential
metals and redistribution of As largely restricted their clinical
usefulness [6]. The biological half-life of inorganic As is
∼10 h [11], which also argues against the employment of che-
lating agent as therapeutic negotiator. As-mediated aug-
mented oxidative stress has been considered to be the
principle etiology of arsenicosis. Therefore, it would be wor-
thy to exploit the role of natural antioxidants to counteract
As-mediated toxic manifestations.

Carnosic acid (CA), (4aR,10aS)-5,6-dihydroxy-1,1-
dimethyl-7-propan-2-yl-2,3,4,9,10,10a-hexahydrophenan-
threne-4a-carboxylic acid, is a naturally occurring phenolic
diterpene (Figure 1). CA is commonly found in Rosmarinus
officinalis and Salvia officinalis [12, 13]. CA has been reported
to possess antioxidant [14, 15], neuroprotective [16], antiobe-
sity [17], and anti-inflammatory [18] activities. Considering
the antioxidant and radical scavenging effects of CA, the
present studies have been undertaken to evaluate the possible
therapeutic role of CA against As-induced hepatotoxicity.

2. Material and Methods

2.1. Chemicals. CA, bovine serum albumin (BSA), Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), Bradford reagent, and collagenase type I were pro-
cured from Sigma-Aldrich Chemical Company, MO, USA.
Antibodies for immunoblotting were bought from Novus
Biologicals, CO, USA. The solvents (HPLC grade) were
obtained from Merck, Mumbai, India. Kits for the measure-
ment of different biochemical parameters were procured
from Span Diagnostics Ltd., India. 1-Chloro-2,4-dinitroben-
zene, (NH4)2SO4, NaAsO2, 2,4-dinitrophenylhydrazine, eth-
ylenediaminetetraacetic acid, 5,5-dithiobis(2-nitrobenzoic
acid), N-Ethylmaleimide, nitro blue tetrazolium, NADH,
KH2PO4, phenazine methosulphate, Na4P2O7, GSH, NaN3,
thiobarbituric acid, 5-thio-2-nitrobenzoic acid, and CCl3
COOH were obtained from Sisco Research Laboratory,
Mumbai, India.

2.2. Animals. Healthy Swiss albino mice (♂, ∼2 month old,
25± 5 g) were procured from Chakraborty Enterprise,
Kolkata, India and were housed in standard polypropylene
cages (29× 22× 14 cm) in the animal house of theDepartment
of Pharmaceutical Technology, Jadavpur University, India.
The mice were maintained with temperature (22± 2°C),
humidity (40± 10%), and 12 h light–dark cycle [19]. Themice
were fed standard diet andwater ad libitum.The in vivo exper-
iment has been permitted (Ref number AEC/PHARM/1701/
09/2017) by the animal ethical committee, Jadavpur Univer-
sity (Reg. number: 0367/01/C/CPCSEA, UGC, India), and
the principles of laboratory animal care were followed during
the experiment [20]. The animals were acclimatized for a
period of 2 weeks before the execution of the in vivo
experiment.

2.3. In Vitro Assays

2.3.1. Determination of Cytotoxic Effect of NaAsO2. Hepato-
cytes were isolated from the liver of immediately sacrificed
albino mice by two-step in situ collagenase perfusion as
described by Dua et al. [6]. The hepatocytes were passaged
at least a couple of times before the execution of in vitro exper-
iment. Concentration-dependent cytotoxic effect of NaAsO2
was determined. Briefly, hepatocytes (~2× 106 cells/well)
were seeded in tissue culture plate and incubated at 37°C
and 5% CO2 for 24h to form uniform monolayer of hepato-
cytes in the wells of culture plate. The cells were exposed to
different concentrations of NaAsO2 for 2 h, and the cell viabil-
ity was determined employing MTT (3-(4,5-dimethylthiazo-
lyl-2)-2, 5-diphenyltetrazolium bromide) assay [6]. The
experiments were performed in triplicate. NaAsO2 exhibited
IC50 value of ∼12μM in murine hepatocytes.

2.3.2. Determination of Effect of CA on Murine Hepatocytes.
To determine the effect of CA on hepatocytes, hepatocytes
(~2× 106 cells/set) were exposed to CA (1, 2, 4, 6, and
10μM). The experiments were performed in triplicate. The
cell viability was measured employing MTT assay at different
intervals up to 4 h [6].

2.3.3. Assessment of Cytoprotective Role of CA. To determine
the cytoprotective effect of CA, hepatocytes (~2× 106 cells/
set) were exposed to NaAsO2 (12μM) along with CA
(1, 2, 4, 6 and 10μM). The experiments were performed in
triplicate. The cell viability was measured employing MTT
assay at different intervals up to 4 h [6]. One set of hepato-
cytes exposed to NaAsO2 (12μM) was kept as toxic control,
while an untreated set of hepatocytes was maintained as
untreated control.

2.3.4. Hoechst Staining. Hoechst 33258 nuclear staining has
been executed to study the cytotoxic events [21]. Briefly,
hepatocytes (~2000 cells/well) were exposed to NaAsO2
(12μM) and NaAsO2 (12μM) along with CA (4μM) for
2 h at 37°C and 5% CO2. One set of hepatocytes without
any treatment was kept as normal control. After 4 h, hepato-
cytes were fixed with paraformaldehyde (4%) in phosphate
buffer saline (PBS) of pH7.4 for 20min. The fixed hepato-
cytes were exposed to Hoechst 33258 (5μg/ml in PBS) for
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Figure 1: Structure of carnosic acid.
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15min followed by washing with PBS. Fluorescent nuclei and
nuclear pattern were recorded. The experiments were per-
formed in triplicate.

2.3.5. Flow Cytometric Analysis. The flow cytometric study
has been performed to accomplish the nature of cell death.
Briefly, hepatocytes were exposed to NaAsO2 (12μM) and
NaAsO2 (12μM) along with CA (4μM) for 2 h at 37°C and
5% CO2. One set of hepatocytes without any treatment was
kept as normal control. After 2 h, different sets of hepatocytes
were treated with propidium iodide (PI) and FITC-labeled
annexin V for 30min at 37°C [21]. The excess of PI and
annexin V was washed out, and the cells were fixed for
analyzing in a flow cytometer using FACSCalibur (Becton
Dickinson, Mountain View, USA) equipped with 488nm
argon laser light source; 515 nm band pass filter for FITC
fluorescence and 623nm band pass filter for PI fluorescence
using CellQuest software, USA. The scatter plots of PI
fluorescence (y-axis) versus FITC fluorescence (x-axis) were
prepared for different sets of hepatocytes. The experiments
were performed in triplicate.

2.3.6. Assays for Redox Markers.Different sets of hepatocytes,
each containing 1ml of suspension (~2× 106 cells/ml), were
used in experiments. The prophylactic role of CA against
NaAsO2 intoxication was analyzed by incubating hepato-
cytes with CA (4μM) and NaAsO2 (12μM) together for 2 h
at 37°C. One set of hepatocytes incubated with NaAsO2
(12μM) served as toxic control. One set of hepatocytes with-
out any treatment was kept as normal control. The intracel-
lular ROS production was estimated by measuring the
fluorescence of 2,7-dichlorofluorescein diacetate (DCF) in a
fluorescence spectrometer (Olympus 1X70, Japan) following
the method as described by Manna and Jain [22]. The levels
of lipid peroxidation, protein carbonylation, reduced glutathi-
one (GSH), and the levels of endogenous antioxidant enzymes,
namely superoxide dismutase (SOD), catalase (CAT), gluta-
thione peroxidase (GPx), glutathione-S-transferase (GST),
and glutathione reductase (GR), were quantified employing
reputable protocols [23]. The experiments were performed
in triplicate.

2.3.7. Western Blotting of Signal Proteins in the Hepatocytes.
The protein samples of hepatocytes for specific cellular com-
ponents namely whole cell, cytosolic, and mitochondrial
fractions were separated following standard sequential
fractionation procedure as described by Baghirova and
coworkers [24]. The sample proteins (20μg) were resolved
in 12% SDS-PAGE gel electrophoresis and transferred into
nitrocellulose membrane [25, 26]. The membrane was
blocked by blocking buffer (containing 5% nonfat dry milk)
for 1 h and subsequently incubated with primary antibody
at 4°C overnight. After primary antibody treatment, the
membrane was washed with tris-buffered saline (TBST;
containing 0.1% tween 20). The membrane was then
treated with suitable HRP-conjugated secondary antibody
at room temperature for 1 h. The blots were developed
by ECL substrate (Millipore, MA, USA) to detect the
expressions of proteins in a ChemiDoc Touch Imaging

System (Bio-Rad, USA). The densitometric analysis was
performed using Image Lab software (Bio-Rad, USA).
Normalization of expression was done employing β-actin
as a loading protein. The membranes were then subjected
to mild stripping using stripping buffer containing 1% SDS
(pH2.0) and glycine (25mM), followed by treatments with
respective primary and secondary antibodies for detecting
the expressions of other proteins in the same membrane.
The expressions of Bcl-2, Bax, cytochrome C, Apaf-1,
cleaved caspase 9, cleaved caspase 3, Bid, Fas, cleaved cas-
pase 8, total JNK, phospho-JNK (Tyr 183/Tyr 185), total-
p38, phospho-p38 (Tyr 180/Tyr 182), p53, phospho-IκBα
(Ser 32), and total IκBα, phospho-NF-κB (p65) (Ser 536)
were estimated. The experiments were performed in
triplicate.

2.4. In Vivo Bioassay

2.4.1. Experimental Setup. The in vivo experiment was per-
formed following established protocol by our group [6.7].
Twenty-four Swiss albino mice (♂) were divided into four
groups (n = 6) and were treated as follows:

Gr I: normal control, mice received only 1% tween 80 in
distilled water (1ml, p.o., once daily) for 15 days.

Gr II: toxic control, mice were treated with NaAsO2
(10mg/kg body weight, p.o., once daily) for 10 days.

Gr III: animals were treated with CA (10mg/kg body
weight, p.o., once daily for 15 days) began 5 days prior to
the beginning of exposure to NaAsO2 (10mg/kg body
weight, p.o., once daily for 10 days), totalizing 15 days
treatment period.

Gr IV: animals were treated with CA (20mg/kg body
weight, p.o., once daily for 15 days) began 5 days prior to
the beginning of exposure to NaAsO2 (10mg/kg body
weight, p.o., once daily for 10 days), totalizing 15 days
treatment period.

The doses of CA were selected on the basis of in vitro
observation, subacute toxicity studies, preliminary in vivo
study (with limited number of animals). In subacute toxicity
studies, CA (10 and 20mg/kg body weight, p.o., once daily
for 30 days) did not show any significant change in haemato-
logical, biochemical, and histological parameters when
compared with normal mice (Supplementary Table 2 and
Supplementary Figure 2).

The food intake and water intake were monitored on a
daily basis. After 15 days, the mice were fasted overnight
and were sacrificed by cervical dislocation under CO2 anes-
thesia. Before sacrificing the mice, body weight was recorded.
For measurements of haematological parameters and bio-
chemical markers in the sera, blood samples were collected
from retro-orbital venous plexus after applying tetracaine
(0.5%, one drop) ophthalmic anesthetic drop to the eyes.
The livers were excised and cleaned with PBS. The weight
of liver was recorded. The organs were homogenized imme-
diately in Tris–HCl (0.01M)+EDTA (0.001M) buffers of
pH7.4 and centrifuged (12,000g) at 4°C for 30min to obtain
tissue homogenate. Urine samples were collected from the
bladder and immediately stored at −80°C [27]. A schematic
overview of the in vivo assay has been depicted in Figure 2.
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2.4.2. Estimation of Haematological and Serum Biochemical
Parameters. Total erythrocyte count was measured using a
haemocytometer and haemoglobin content was estimated
using a haemoglobinometer. The levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), creatine
kinase (CK), and lactate dehydrogenase (LDH) in the sera
were estimated by commercially available kits (SpanDiagnos-
tics Limited, India) following manufacturer’s protocol.

2.4.3. Assays for Hepatic and Urinary As. The As contents in
liver and urine of experimental animals were analyzed
following the method of Das et al. [28], using hydride
generation system in atomic absorption spectrophotometer
(Perkin Elmer model number 3100, USA).

2.4.4. Assays for Biochemical and Redox Markers in Liver.
Cytosolic fractions from livers of experimental mice were iso-
lated following subcellular fractionation protocol employing
centrifugation methods mentioned by Abcam, Cambridge,
MA, USA. Cytosolic ATP level in the hepatic tissue was
estimated by the commercially available assay kit (Abcam,
Cambridge, MA, USA) following manufacturer’s protocol.
The extent of DNA fragmentation was measured by the
diphenylamine reaction as described by Lin et al. [29].
Briefly, the hepatic tissue was lysed with hypotonic lysing
buffer (10mM Tris, pH8.0, 1mM EDTA, 0.5% triton X-
100), and the lysates were centrifuged to separate intact and
fragmented fractions. Then the pellet and the supernatant
were separately precipitated with 12.5% trichloroacetic acid.
The DNA precipitates were heated to 90°C for 10min in

5% trichloroacetic acid and quantitatively estimated by color-
imetric reaction with diphenylamine [29]. DNA oxidation
was evaluated by RP-HPLC analysis and was represented as
7,8-hydroxy-2′-deoxyguaosine/2′-deoxyguaosine (8-OHdG/
2-dG) ratio [30, 31]. Briefly, DNA was isolated from hepatic
tissue by pronase-ethanol method followed by enzymatic
digestion as the protocol by Chepelev et al. [31]. 8-OHdG
stock solution (35mmol/l) was prepared in water, while 2-
dG stock solution (37mmol/l) was prepared in 0.5mol/l
NH4OH [30]. The aliquots of 8-OHdG and 2-dG stock
solutions were adequately diluted first in water and finally
in digested DNA samples to obtain working spiked
solutions. Quantitative estimation was done in Dionex
UltiMate 3000 HPLC system (Dionex, Germany), using
a C-18 column (250× 4.6mm, particle size 5μ) and elec-
trochemical detector. The columns were preconditioned
with 1ml acetonitrile, followed by 1ml water, and 1ml
100mMNaH2PO4 (pH6.0). For 8-OHdG analysis, the mobile
phase (pH3.0) contained formic acid (0.1mol/l), citric acid
(1.0mmol/l), NaN3 (7.7mmol/l), EDTA (0.5mmol/l), diethy-
lamine (24.0mmol/l), and 4% acetonitrile. For 2-dG analysis,
the mobile phase comprised NaH2PO4 (50.0mmol/l) (pH4.5)
and 4% acetonitrile. A flow rate of 1.0ml/min was used. The
applied potentials at the first and second electrodes for
8-OHdG were 0.0 and+0.5 volts, respectively. While the
applied potentials for 2-dG were +0.4 and +0.8 volts at
the first and second electrodes, respectively. The intercellu-
lar ROS, TBARS level, protein carbonylation, endogenous
antioxidant enzymes, and GSH levels were assayed following
established protocols [23].

Gr II: toxic

(n  = 6)

NaAsO2(10 mg/kg, p.o., daily)

NaAsO2(10 mg/kg, p.o., daily)

NaAsO2(10 mg/kg, p.o., daily)

Vehicle

CA (10
mg/kg, p.o.,

daily)

Gr I:
normal
control
(n = 6)

16

Sacrifice

Haematological
and serum

biochemical
parameters

Biochemical,
redox, and
histological

parameters of
tissues

Experimental schedule (days)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Gr III: test
group
(n  = 6)

Gr IV: test
group
(n  = 6)

CA (10 mg/kg, p.o., daily)

CA (10 mg/kg, p.o., daily)

CA (20
mg/kg, p.o.,

daily)
+

+

control

Figure 2: A schematic outline of in vivo experimental protocol.

4 Oxidative Medicine and Cellular Longevity



2.4.5. Western Blotting of Signaling Proteins in Liver. The
protein samples of liver for specific cellular components,
namely cytosolic, mitochondrial, and nuclear fractions, were
separated, employing sequential fractionation process [24].
The sample proteins (20μg) were resolved in 12% SDS-
PAGE gel electrophoresis and immunoblotted as mentioned
in the earlier section. The expressions of Bcl-2, Bax, cyto-
chrome C, Apaf-1, cleaved caspase 9, cleaved caspase 3, Bid,
Fas, cleaved caspase 8, total JNK, phospho-JNK (Tyr 183/
Tyr 185), total-p38, phospho-p38 (Tyr 180/Tyr 182), p53,
phospho-IκBα (Ser 32), total IκBα, and phospho-NF-κB
(p65) (Ser 536) were estimated.

2.4.6. Histological Studies. The livers from the experimental
mice were immediately fixed in 10% buffered formalin and
were processed for paraffin sectioning. Sections (~5μm) were
stained with hematoxylin and eosin (H & E) for studying the
histology of hepatic tissues [32].

2.4.7. Statistical Analysis. The experimental data were
denoted as mean± SD. The data were statistically examined
by one-way ANOVA followed by Dunnett’s t-test using com-
puterized GraphPad InStat (version 3.05), GraphPad soft-
ware, USA. The values were considered significant when
p < 0 05 or 0.01.

2.5. In Silico Prediction

2.5.1. Absorption, Distribution, Metabolism, and Excretion
(ADME) Prediction. In silico ADME properties of CA were
predicted using QikProp module of Maestro Schrödinger
software [33]. Lipinski’s rule of five (molecular weight< 500,
number of hydrogen bond donors< 5, number of hydrogen
bond acceptors< 10, logP < 5) was also assessed, which
helped in distinguishing between drug-like or non-drug-like
profiles of a candidate molecule. Furthermore, some impor-
tant ADME profiles, like oral absorptions, cell permeability,
blood brain barrier, and so on of CA, were predicted in silico.

2.5.2. Molecular Docking and Postdocking Simulation
Analysis. The high-resolution X-ray crystallographic struc-
tures of proteins were retrieved from Protein Data Bank
(PDB) accessed on June 2017 [34]. The protein crystal struc-
tures for Bax (PDB ID: 4BD2), Bcl-2 (PDB: 4LXD), cyto-
chrome C (PDB: 3ZCF), Apaf-1 (PDB: 1Z6T), caspase 9
(PDB: 2AR9), caspase 3 (PDB: 5I9B), Fas (PDB: 3EZQ), cas-
pase 8 (PDB: 4PRZ), Bid (PDB: 4QVE), IκB (PDB: 4KIK),
JNK (PDB: 4E73), NF-κB (PDB: 4IDV), p53 (PDB: 2XWR),
and p38 (PDB: 3S3I) were downloaded in PDB format. To
perform molecular docking, all proteins were prepared in
Protein Preparation Wizard using Maestro in the Schrödin-
ger suite [33] for addition of hydrogen atoms and to repair
the faults like missing loops and steric clashes. Hence, pro-
tonation state was selected to be consistent in physiological
pH. To obtain the minimum energy structure, system was
subjected to a restrained minimization using the OPLS2005
force field in Impact Refinement module (Impref). The
ligand, CA, was processed in LigPrep module of Schrödinger
[33]. Using the Receptor Grid generation panel, the receptor
grid was generated. During the grid generation step, the

binding site was defined by a rectangular box surrounding
the cocrystallized ligand. The position and size of the active
site were also determined. Molecular docking was performed
using standard precision (SP) method of docking using Glide
module [33] to evaluate the binding affinity between protein
and ligand.

Followingmolecular docking, the protein-ligand complex
was subjected to molecular dynamics (MD) simulation study
using the Desmond program (Desmond Molecular Dynam-
ics System and Maestro-Desmond Interoperability Tools,
Schrödinger) [33]. The complex was neutralized by appropri-
ate number of ions and surrounded by an orthorhombic shape
of water box solvated by TIP3P (transferable intermolecular
potential 3P) water model [35]. By adopting the SHAKE algo-
rithm, bond lengths toH atoms and internal geometry ofH2O
molecules were constrained [36]. The simulation was carried
out for each complex in equilibrated system of NPT ensemble
at maximum 40ns using the Nose-Hoover chain thermostat
temperature at 300K and Martyna-Tobias-Klein barostat
bar pressure at 1.013 with a relaxation time of 1.0 ps and
2.0 ps, respectively. Energy of system and atomic coordinate
data were recorded in every 1.2 ps time intervals.

3. Results

3.1. Effect of CA against NaAsO2 Intoxication In Vitro

3.1.1. Dose-Dependent Effect of NaAsO2-Induced Cytotoxicity.
Reduction of cell viability is the index of cytotoxicity. In
search of the cytotoxic effect of NaAsO2, hepatocytes were
incubated with NaAsO2 at different concentrations for
2 h. The cell viability was reduced by NaAsO2 in a
concentration-dependent manner (Figure 3(a)). The IC50
value has been found to be 11.6μM (~12μM). Based on
the observed IC50 value, subsequent in vitro experiments
were executed using NaAsO2 (12μM) as a toxic control.

3.1.2. Effect of CA on Murine Hepatocytes. The hepatocytes
incubated with CA (1–6μM) did not show any significant
change in the cell viability up to 4 h of experimental duration
when compared with normal/untreated hepatocytes (∼95.2%
at 4 h). However, cell viability was slightly/insignificantly
reduced (∼89.2% at 4 h) with CA (10μM). The data were
included as supplementary Figure 1.

3.1.3. Concentration-Dependent Cytoprotective Role of CA
against NaAsO2-Induced Cytotoxicity. NaAsO2 (12μM,
~IC50) exposed hepatocytes exhibited significant (p < 0 01)
reduction in cell viability up to 4 h (Figure 3(b)). Simulta-
neous treatment of hepatocytes with CA (1–10μM) and
NaAsO2 (12μM) significantly (p < 0 05–0.01) prevented the
reduction in cell viability in a concentration-dependent man-
ner up to 4μM.However, cytoprotective effect of CA was fur-
ther reduced >4μM concentration when compared with CA
(4μM). Based on the observation, the concentration of CA
and the incubation time have been standardized to 4μM
and 2h, respectively, for subsequent in vitro experiments.
The CA (4μM) alone did not show any significant differ-
ence in redox parameters in isolated murine hepatocytes
(Supplementary Table 1).

5Oxidative Medicine and Cellular Longevity



3.1.4. Effect on Hoechst Staining. The cytoprotective effect
of CA has been estimated by Hoechst staining following
visualization through fluorescence microscope (Figure 3(c))
of hepatocytes under different treatments. NaAsO2 (12μM)

treated hepatocytes exhibited significant reduction of visible
nuclei; however, the visible nuclei exhibited explicit patterns
of morphological changes, condensation, fragmentation of
the nuclei, and chromatin condensation. Simultaneous
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Figure 3: The cell viability, image, and flow cytometric assays in the absence (NaAsO2) and presence of CA (NaAsO2 +CA) in vitro
employing isolated murine hepatocytes. (a) Effect of NaAsO2 at different concentrations on cell viability in isolated murine hepatocytes.
Values are represented as mean± SD (n = 3). (b) Effect on cell viability in the absence (NaAsO2) and presence of CA (NaAsO2 +CA).
Values are represented as mean± SD (n = 3). #Values significantly (p < 0 01) differ from normal control. ∗Values significantly (p < 0 05)
differ from toxic control. ∗∗Values significantly (p < 0 01) differ from toxic control. (c) Hoechst staining of hepatocytes in the absence
(NaAsO2) and presence of CA (NaAsO2 +CA). (d) Percentage distribution of apoptotic and necrotic cells in the absence (NaAsO2) and
presence of CA (NaAsO2 +CA) analyzed by flow cytometric assay.
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incubation of hepatocytes with CA (4μM) and NaAsO2
(12μM) could significantly attenuate the cytotoxic effect of
NaAsO2 (12μM) and could restore nuclear morphology to
near-normal status.

3.1.5. Flow Cytometric Analysis. To investigate the nature
of cell death, hepatocytes under different treatments were
assessed by flow cytometric analysis. Flow cytometric
data (Figure 3(d)) revealed that NaAsO2 (12μM) treated
hepatocytes exhibited very low PI staining (~0.5%) with
very high annexin V-FITC binding (~54.1%) indicating
majority of apoptotic cells. Simultaneous treatment of
hepatocytes with CA (4μM) and NaAsO2 (12μM) resulted
significant reduction in the count of the apoptotic cells
(~18.3%) indicating a possible cytoprotective effect of CA
against NaAsO2 (12μM) induced cytotoxicity. The control

group showed very little apoptotic (~0.3%) and necrotic
(~0.2%) cells as compared with viable cells (~99.5%).

3.1.6. Effects on NaAsO2-Induced Alteration in Redox Status
in Hepatocytes. The prophylactic effects of CA on NaAsO2-
induced oxidative stress in isolated murine hepatocyte have
been depicted in Figure 4. Overproduction of ROS is an index
of redox-challenged cellular atmosphere. In this study,
NaAsO2 (12μM) incubated hepatocytes revealed significant
(p < 0 01) enhance in ROS production in the hepatocytes as
ostensible from fluorescence of DCF measured in fluores-
cence microscope. CA (4μM) could significantly (p < 0 01)
reduce the NaAsO2 (12μM) mediated ROS production
in the hepatocytes. Overproduction of ROS causes oxida-
tive damage of cellular macromolecules. In this study,
NaAsO2 (12μM) exposed hepatocytes exhibited significantly
(p < 0 01) high level of thiobarbituric acid reactive substances

Figure 4: The effect on ROS accumulation, lipid peroxidation, protein carbonylation, and endogenous redox systems in the absence
(NaAsO2) and presence of CA (NaAsO2 +CA) in isolated murine hepatocytes. Values are represented as mean± SD (n = 3). #Values
significantly (p < 0 01) differ from normal control. ∗Values significantly (p < 0 05) differ from toxic control. ∗∗Values significantly
(p < 0 01) differ from toxic control. SOD unit, “U” is defined as inhibition (μ moles) of NBT-reduction/min. CAT unit “U” is
defined as H2O2 consumption/min. Gr I: normal control; Gr II: toxic control; Gr III: hepatocytes incubated with NaAsO2 (12 μM)
along with CA (4 μM).
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(TBARS) level. TBARS, a by-product of lipid peroxidation, is
used as a marker to estimate the extent of lipid peroxidation.
NaAsO2 (12μM) exposed hepatocytes showed significant (p
< 0 01) escalation in the level of carbonylated protein. How-
ever, simultaneous treatment with CA (4μM) could signifi-
cantly attenuate NaAsO2 mediated the lipid peroxidation
(<0.01) and protein carbonylation (<0.01). NaAsO2 (12μM)
intoxication concomitantly creates a redox-challenged cellu-
lar environment via significant (<0.01) depletion in the
levels of endogenous antioxidant enzymes (SOD, CAT,
GPx, GST, and GR) and GSH. However, treatment with
CA (4μM) along with NaAsO2 (12μM) could significantly
reverse the NaAsO2-mediated changes in the levels of anti-
oxidant enzymes (p < 0 05–0.01) and GSH (p < 0 01) in the
murine hepatocytes.

3.1.7. Effects on Apoptotic Events in Hepatocytes. The prophy-
lactic effects of CA on NaAsO2-induced intrinsic and extrin-
sic apoptotic signaling have been shown in Figure 5.
Oxidative stress further promotes apoptosis via downregula-
tion and upregulation in the transcriptions of antiapoptotic
and proapoptotic signal proteins, respectively. In this study,
the Western blot analysis revealed that NaAsO2 (12μM)
caused significant upregulation in the expression of the Bax
(proapoptotic) protein in mitochondria with concomitant
downregulation in the expression of Bcl-2 (antiapoptotic)

protein, resulting a significant (p < 0 01) increase in Bax/
Bcl-2 ratio in the hepatocytes. NaAsO2 (12μM) exposure
further promoted the release of cytochrome C to the cytosol
evidenced from significant upregulation (p < 0 01) in the
expression of cytosolic cytochrome C in murine hepatocytes.
NaAsO2 (12μM) treatment significantly (p < 0 01) activated
Apaf-1 expression in the cytosol of murine hepatocytes,
which further endorsed the cleavage of procaspases. Signif-
icant upregulations (p < 0 01) in the expressions of cleaved
caspase 9 and cleaved caspase 3 were observed in NaAsO2
(12μM) exposed hepatocytes. However, CA (4μM) cotreat-
ment could significantly (p < 0 05–0.01) reinstate the
expressions of aforementioned intrinsic apoptotic proteins
to near-normal status. In search of the effect on extrinsic
pathway of apoptosis (mitochondria independent), Western
blot analysis of FAS, cleaved caspase 8, and Bid were per-
formed. NaAsO2 (12μM) exposed hepatocytes exhibited
significant (p < 0 01) upregulations in the expressions of
FAS, cleaved caspase 8, and Bid. CA (4μM) cotreatment
could significantly restore the expressions of FAS (p < 0 05)
and cleaved caspase 8 (p < 0 01) to near-normal status. How-
ever, CA (4μM) was not found to be effective against Bid.

To investigate the proapoptotic effect of NF-κB, the sig-
nal proteins were immunoblotted (Figure 6). NaAsO2
(12μM) treatment could significantly (p < 0 01) stimulate
the phosphorylation of cytosolic IκBκ and thereby could
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Figure 5: The effect on intrinsic and extrinsic apoptotic signaling in the absence (NaAsO2) and presence of CA (NaAsO2 +CA) in vitro. The
relative band intensities were assessed and the normal control band was allotted a random value of 1. β-actin served as loading control. Values
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toxic control. ∗∗Values significantly (p < 0 01) differ from toxic control. Gr I: normal control; Gr II: toxic control; Gr III: hepatocytes
incubated with NaAsO2 (12 μM) along with CA (4 μM).
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activate NF-κB (p65) signaling. A significant (p < 0 01)
translocation of NF-κB (p65) to the nucleus was visualized in
NaAsO2 (12μM) exposed hepatocytes. However, CA (4μM)
could significantly (p < 0 01) attenuate the aforementioned
NF-κB signaling pathway within the hepatocytes. ROS can also
trigger the mitogen-activated protein kinases (MAPK). In this
study, NaAsO2 (12μM) could significantly (p < 0 01) stimulate
the phosphorylation of JNK and p38 (Figure 6). However,
CA (4μM) could significantly (p < 0 01) downregulate the
NaAsO2 (12μM) mediated phosphorylation of JNK and p38.
On the other hand, NaAsO2 (12μM) could significantly
(p < 0 01) upregulate p53 signaling, while CA (4μM) was
not found to be effective against p53.

3.2. Effects of CA against NaAsO2 Intoxication In Vivo

3.2.1. Effect on Body Weight, Liver Weight, Hepatic As
Content, and Urinary As Content. During the tenure of

experiment, no significant change in food and water intake
was recorded in the animals of either of experimental
group. NaAsO2 (10mg/kg) treated mice exhibited signifi-
cant (p < 0 01) reduction in the body weight; however,
simultaneous administration of CA (10 and 20mg/kg)
along with NaAsO2 (10mg/kg) could significantly (p <
0 05) restore the body weight to near-normal status
(Table 1). No significant difference in liver weight was
observed in the experimental mice of either group.
NaAsO2 (10mg/kg) exposed mice exhibited significant
(p < 0 01) increase in the accumulation of As in the liver
coupled with significantly (p < 0 01) poor urinary clearance
of As when compared with normal mice. On the other hand,
simultaneous administration of CA (10 and 20mg/kg) along
with NaAsO2 (10mg/kg) could significantly (p < 0 05–0.01)
promote the As clearance resulting significantly (p < 0 05)
low hepatic As content.
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Figure 6: The effect on IκBα, NF-κB, JNK, p38, and p53 signaling in the absence (NaAsO2) and presence of CA (NaAsO2 +CA) in vitro. The
relative band intensities were assessed and the normal control band was allotted a random value of 1. β-actin served as loading control. Values
are expressed as mean± SD (n = 3). #Values significantly (p < 0 01) differ from normal control. ∗Values significantly (p < 0 05) differ from
toxic control. ∗∗Values significantly (p < 0 01) differ from toxic control. Gr I: normal control; Gr II: toxic control; Gr III: hepatocytes
incubated with NaAsO2 (12 μM) along with CA (4 μM).

Table 1: Effects on body weight, liver weight, hepatic As content, and urinary As content in the absence (NaAsO2) and presence of CA
(CA+NaAsO2) in mice.

Parameters Gr I Gr II Gr III Gr IV

Body weight (g) 28.16± 3.11 21.77± 2.08# 26.08± 3.01∗ 26.92± 3.33∗

Liver weight (g) 1.24± 0.21 1.15± 7.29 1.17± 0.13 1.22± 0.25
Liver As (μg/g of tissue) 0.06± .0001 0.51± 0.04# 0.35± 0.04∗ 0.32± 0.02∗

Urinary As (μg/g of creatinine) 2.34± 0.31 19.65± 2.17# 23.67± 2.98∗ 26.01± 3.22∗∗

Values are expressed as mean ± SD (n = 6). #Values differ significantly from normal control (p < 0 01). ∗Values differ significantly from NaAsO2 control
(p < 0 05). ∗∗Values differ significantly from NaAsO2 control (p < 0 01). Gr I: normal control; Gr II: toxic control; Gr III: CA (10mg/kg) + NaAsO2

(10mg/kg); Gr IV: CA (20mg/kg) + NaAsO2 (10mg/kg).
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3.2.2. Effects on Blood Parameters. Blood parameters give
crucial impression of pathological state within the system.
The effects of CA on blood parameters of experimental mice
were reported in Table 2. NaAsO2 (10mg/kg) treated mice
exhibited significant (p < 0 01) reduction in erythrocyte
counts and haemoglobin level. However, simultaneous
administration of CA (10 and 20mg/kg) along with NaAsO2
(10mg/kg) could significantly (p < 0 05–0.01) restore the
erythrocyte counts and haemoglobin level (p < 0 01) to
near-normal status. NaAsO2 (10mg/kg) treatment caused
significant (p < 0 01) increase in ALT, AST, LDH, and CK
levels in the sera of experimental mice. However, concurrent
administration of CA (10 and 20mg/kg) along with NaAsO2
(10mg/kg) could significantly (p < 0 05–0.01) revert the
serum biochemical parameters to near-normal status.

3.2.3. Effects on Redox Status in Liver. In in vivo assay,
NaAsO2 (10mg/kg) treated mice exhibited significant
(p < 0 01) elevation in the level of intracellular ROS within
the hepatic tissue (Figure 7). However, simultaneous admin-
istration of CA (10 and 20mg/kg) along with NaAsO2
(10mg/kg) could significantly (p < 0 01) attenuate intra-
cellular ROS production in the liver (Figure 6). Significant
(p < 0 01) upregulations in lipid peroxidation and protein
carbonylation were observed in the liver of NaAsO2
(10mg/kg) exposed mice. On the other hand, CA (10 and
20mg/kg) treatment could significantly (p < 0 05–0.01) rein-
state lipid peroxidation and protein carbonylation in the
hepatic tissue of the experimental mice to near-normal status
(Figure 7). NaAsO2 (10mg/kg) further potentiated oxidative
stress via significant (p < 0 01) depletion in the levels of GSH
and endogenous antioxidant enzymes (SOD, CAT, GPx, GR,
and GST) in the hepatic tissue (Figure 7). However, simulta-
neous administration of CA (10 and 20mg/kg) along with
NaAsO2 (10mg/kg) could significantly (p < 0 05–0.01) revert
GSH and endogenous antioxidant enzymes to near-normal
status (Figure 7).

3.2.4. Effects in the Expressions of Signal Proteins in the Liver.
In this study, the expressions of different apoptotic proteins
in the liver of experimental mice were assessed by Western
blotting (Figure 8). Significant upregulations (p < 0 01) in
the expressions of proapoptotic Bax protein in the

mitochondria and concomitant downregulations (p <
0 01) in the expressions of antiapoptotic-Bcl-2 protein in
the cellular fraction were observed in the liver of NaAsO2
(10mg/kg) treated mice. In this study, significant (p < 0 01)
high mitochondrial Bax/Bcl-2 ratio was observed in the
hepatic tissue of NaAsO2 (10mg/kg) treated mice. However,
treatment with CA (10 and 20mg/kg) along with NaAsO2
(10mg/kg) could significantly (p < 0 05–0.01) reciprocate
As-mediated alteration of Bax/Bcl-2 ratio in the liver of
experimental animals. NaAsO2 (10mg/kg) treated mice
revealed significant (p < 0 01) upregulation of cytosolic
cytochrome C in the hepatic tissue, which suggested the
release of cytochrome C into cytosol from mitochondria.
On other hand, treatment with CA (10 and 20mg/kg) along
with NaAsO2 (10mg/kg) could significantly (p < 0 05)
attenuate As-provoked cytochrome C release to cytosol.
Significant upregulations (p < 0 01) in the expressions of
Apaf-1 were recorded in the liver of NaAsO2-exposed
mice. CA (20mg/kg) treatment along with NaAsO2
(10mg/kg) could significantly (p < 0 05) downregulate the
expression of Apaf-1 in the hepatic tissue of experimental
mice. NaAsO2 (10mg/kg) treated mice exhibited signifi-
cant (p < 0 01) upregulation in the expressions of cleaved
caspases 3 and 9 in the liver of experimental mice. How-
ever, treatment with CA (10 and 20mg/kg) along with
NaAsO2 (10mg/kg) could significantly reciprocate the
expressions of cleaved caspases 3 (p < 0 05–0.01) and 9
(p < 0 01) in the liver of experimental mice. To study
the effect of NaAsO2 on death receptor-mediated apopto-
sis, immunoblot analysis of FAS, Bid and cleaved caspase
8 was performed. NaAsO2 (10mg/kg) treated mice exhib-
ited significant (p < 0 01) upregulation in the expressions
of the FAS, Bid, and cleaved caspase 8 in the hepatic tis-
sue, which advocated simultaneous engrossment of the
extrinsic pathway of apoptosis. Treatment with CA (10
and 20mg/kg) along with NaAsO2 (10mg/kg) could signifi-
cantly reciprocate the As-mediated alteration in the expres-
sions of FAS (p < 0 05) and cleaved caspase 8 (p < 0 01).
However, CA (10 and 20mg/kg) treatment did not exhibit
any significant change in As-provoked Bid expression in
the liver of experimental animals.

To investigate the effect on NF-κB, the signaling, NaAsO2
(10mg/kg) treatment could significantly (p < 0 01) stimulate

Table 2: Effects on haematological and serum biochemical parameters in the absence (NaAsO2) and presence of CA (CA+NaAsO2) in mice.

Parameters Gr I Gr II Gr III Gr IV

Total erythrocyte count (×106/mm3) 6.28± 0.42 3.22± 0.34# 4.04± 0.25∗ 5.19± 0.67∗∗

Haemoglobin (g/dl) 8.76± 0.72 4.89± 0.43# 6.12± 0.48∗ 6.88± 0.87∗∗

ALT (IU/I) 68.54± 5.81 112.98± 9.63# 89.85± 7.62∗∗ 82.17± 6.15∗∗

AST (IU/I) 58.12± 4.63 82.91± 7.29# 73.62± 5.82∗ 64.57± 5.51∗∗

CK (IU/mg protein) 10.87± 1.05 18.65± 1.24# 14.22± 0.98∗∗ 13.78± 1.33∗∗

LDH (U/l) 171.34± 13.42 252.67± 21.50# 198.33± 20.12∗∗ 187.54± 17.72∗∗

Values are expressed as mean ± SD (n = 6). #Values differ significantly from normal control (p < 0 01). ∗Values differ significantly from NaAsO2 control
(p < 0 05). ∗∗Values differ significantly from NaAsO2 control (p < 0 01). Gr I: normal control; Gr II: toxic control; Gr III: CA (10mg/kg) + NaAsO2

(10mg/kg); Gr IV: CA (20mg/kg) + NaAsO2 (10mg/kg).
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the phosphorylation of cytosolic IκBα and thereby could sig-
nificantly trigger the translocation of phosphorylated NF-κB
(p 65) (p < 0 01) to the nucleus (Figure 9). However, CA (10
and 20mg/kg) along with NaAsO2 (10mg/kg) could signifi-
cantly (p < 0 05–0.01) attenuate the aforementioned NF-κB
signaling pathway in the liver of experimental mice
(Figure 9). In this study, NaAsO2 (10mg/kg) could signif-
icantly (p < 0 01) upregulate the phosphorylation of JNK
and p38 (Figure 9). The treatment with CA (10 and
20mg/kg) along with NaAsO2 (10mg/kg) could signifi-
cantly (p < 0 01) reciprocate the phosphorylation of JNK
and p38 in the hepatic tissue of experimental mice
(Figure 9). However, CA (10 and 20mg/kg) could not
counteract with the NaAsO2 (10mg/kg) mediated p53
upregulation in the liver of experimental mice (Figure 9).

3.2.5. Effects on ATP Levels, DNA Fragmentation, and DNA
Oxidation in the Liver. In this study, NaAsO2 (10mg/kg)
treatment caused significant (p < 0 01) elevation in the level
of cytosolic ATP in the hepatic tissue of experimental mice

(Figure 10). The experimental observation could be substan-
tiated with the establishment of apoptotic incidence within
the liver. NaAsO2 (10mg/kg) mediated significant (p < 0 01)
upregulations of DNA fragmentation and oxidation further
confirmed the establishment of As-mediated cytotoxic
events within the hepatic tissue of mice (Figure 10). On
the other hand, concomitant treatment with CA (10 and
20mg/kg) along with NaAsO2 (10mg/kg) could significantly
(p < 0 05–0.01) reduce cytosolic ATP level, DNA fragmenta-
tion, and DNA oxidation in the hepatic tissue of experimen-
tal mice close to the normal status (Figure 10).

3.2.6. Effects on the Histology of the Liver. The histological
sections of livers of experimental mice were depicted in
Figures 11(a) and (b). The liver section of NaAsO2
(10mg/kg) exposed mice exhibited diffused portal veins
(red arrows), damaged hepatocytes with infiltrating leuko-
cytes (green arrows), vacuolated cytoplasm (blue arrows),
and induction of apoptosis (yellow arrows) when com-
pared with the liver section of normal mice. However,

Figure 7: The effect on ROS accumulation, lipid peroxidation, protein carbonylation, and endogenous redox systems in the absence
(NaAsO2) and presence of CA (NaAsO2 +CA) in vivo in the liver of experimental mice. Values are represented as mean± SD (n = 6).
#Values significantly (p < 0 01) differ from normal control. #Values significantly (p < 0 01) differ from normal control. ∗Values
significantly (p < 0 05) differ from toxic control. ∗∗Values significantly (p < 0 01) differ from toxic control. SOD unit “U” is defined as
inhibition (μ moles) of NBT-reduction/min. CAT unit “U” is defined as H2O2 consumption/min. Gr I: normal control; Gr II: toxic
control; Gr III: CA (10mg/kg) +NaAsO2 (10mg/kg), Gr IV: CA (20mg/kg) +NaAsO2 (10mg/kg).
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Figure 8: The effect on intrinsic and extrinsic apoptotic signaling in the absence (NaAsO2) and presence of CA (NaAsO2 +CA) in vivo in the
liver of experimental mice. The relative band intensities were assessed and the normal control band was allotted a random value of 1. β-actin
served as loading control. Values are expressed as mean± SD (n = 6). #Values significantly (p < 0 01) differ from normal control. ∗Values
significantly (p < 0 05) differed from toxic control. ∗∗Values significantly (p < 0 01) differed from toxic control. Gr I: normal control; Gr II:
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Figure 9: The effect on IκBα, NF-κB, JNK, p38, and p53 signaling in the absence (NaAsO2) and presence of CA (NaAsO2 +CA) in vivo in the
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CA (10 and 20mg/kg) treatment could reinstate NaAsO2
(10mg/kg) mediated the aforementioned pathological
changes and restored the histology of liver to near-
normal status.

3.3. In Silico Studies

3.3.1. ADME Analysis. The drug-likeness and pharmacoki-
netic properties of CA was evaluated using QikProp module
of Schrödinger. Drug-likeness and physicochemical proper-
ties were found to be as molecular weight = 332.4, H-bond
donor =3, H-bond acceptor = 3.5, predicted water partition
coefficient = 3.7, aqueous solubility =−4.4, and total solvent
accessible surface area = 575.8. The pharmacokinetic profiles,
such as predicted brain/blood partition coefficient =−0.7,
predicted apparent Caco-2 cell permeability = 182.7, number
of likely metabolic reactions = 4, and human oral absorp-
tion=89.3%, are significantly compliant with recommended
values of drug-likeness. In Table 3, some other important
predicted ADME parameters of CA were presented. The
better drug-likeness with acceptable biopharmaceutical
properties clearly indicated that CA may be a potential
drug candidate.

3.3.2. Molecular Docking. Molecular docking analysis was
attempted to dig into the possible binding patterns and inter-
actions of CA with the selective signal proteins. Generated
docking poses were ranked on the basis of Glide score. The
lowest scored conformer was considered to be the best dock-
ing pose. Glide score represents the most capable best fit for a
ligand in the active site of the target protein. In this study,
Apaf-1 (PDB: 1Z6T), cytochrome C (PDB: 3ZCF), Bid
(PDB: 4QVE), Fas (PDB: 3EZQ), and p53 (PDB: 2XWR)
did not demonstrate significant docked pose after docking
with CA; therefore, these proteins were discarded for further
in silico analysis. Hydrogen bond (H-bond) interactions with
the catalytic amino acid residues along with Glide score and
Emodel values of other proteins were presented in Table 4.
Molecular docking of Bax protein with the CA revealed three
types of molecular interactions, namely H-bond, cation-π,
and π-π stacking (Figure 12(a)). It was observed that
H-bond interactions are fit into the Bax hydrophobic groove
of Leu 122 residue and with the side chain of positively
charged Arg 37 residue. The cation-π and π-π stacking

interactions were also found with the same charged Arg 37
residue. In case of Bcl-2 protein, no single H-bond interac-
tion was found to be formed with the catalytic residues. How-
ever, H-bond was predicted into ligand itself in the presence
of H2Omolecule through intramolecular H-bond interaction
(Figure 12(b)). This intramolecular H-bond formation was
also highlighted in the cocrystal structure of Bcl-2 (PDB:
4LXD). Docking analysis of caspase 9 revealed that Arg 355
residue participates to form H-bond with CA along with
the formation of π-π stacking and salt bridge (Figure 12(c)).
Since H-bond interaction with Arg 355 was also found with
the ligand of X-ray crystal structure of caspase 9 (PDB:
2AR9), therefore, this interaction may be considered as a
constraint to play a dynamic role in the biological phenome-
non. The binding interactions of caspase 3 revealed that Thr
62 and Arg 207 residues are involved in H-bond formation
with CA (Figure 12(d)). However, Thr 62 residue interacted
through H2O-bridge formation. Caspase 8 was found to
interact with two amino acid residues, Glu 396 and Thr
467, to form H-bond interaction with CA (Figure 12(e)).
The same Glu 396 residue has been found to participate
in H-bond formation in cocrystallized ligand of the
PDB (4PRZ).

The binding interactions of CA with IκB showed involve-
ment of two residues, backbone atom of Leu 21 and side
chain atom of Asp 103 in H-bond formation (Figure 13(a)).
When comparing interaction with the cocrystallized struc-
ture of IκB (PDB: 4KIK), it has been found that different
amino acid residues (Glu 149, Glu 97, and Cys 99) were
involved in H-bond formation. The docking analysis also
revealed the predicted interaction for IκB with negatively
charged Asp 103 residue that might be important for the
activation of the receptor. The H-bond interaction with
two amino acids, Arg 416 (side chain) and Leu 472 (back-
bone), was observed between NF-κB protein and CA
along with π-π stacking interaction with Arg 408 resi-
due (Figure 13(b)). The cocrystallized structure of NF-
κB (PDB: 4IDV) exhibited that Leu 472 residue is
found to participate in H-bond interaction. Docking
analysis of JNK exhibited a single H-bond interaction
between Asn 114 and CA; however, the crystal struc-
ture of JNK (PDB: 4E73) specified the involvement of
Met 111 in the interaction (Figure 13(c)). The interac-
tion with Asn 114 might highlight that JNK has

Figure 10: The effect onATP,DNA fragmentation andDNAoxidation in the absence (NaAsO2) and presence of CA (NaAsO2 +CA) in vivo in
the liver of experimental mice. Values are expressed as mean± SD (n = 6). #Values significantly (p < 0 01) differ from normal control. ∗Values
significantly (p < 0 05) differ from toxic control. ∗∗Values significantly (p < 0 01) differ from toxic control. Gr I: normal control; Gr II: toxic
control; Gr III: CA (10mg/kg) +NaAsO2 (10mg/kg), Gr IV: CA (20mg/kg) +NaAsO2 (10mg/kg).
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another binding site where CA interacted to form H-bond.
For the protein p38, no H-bond interaction was observed
but possessed moderate dock score of −5.608 kcal/mol in
docking. Although, a number of lofty hydrophobic amino
acids (Val 38, Ala 51, Val 52, Leu 75, Leu 104, Val 105, Leu
108, etc.) have been found to interact between CA and p38
(Figure 13(d)).

3.3.3. Molecular Dynamics. The MD simulation was carried
out for further refinement and stabilization of the docked
complexes in dynamic environment to evaluate the most
energetically stable binding conformation. The simulation
time range of 20–40 ns was used to allow and permit reorga-
nization of the interaction configuration of protein-ligand
complex. In the simulation study, the compactness of each

(a)

(b)

Figure 11: Histological sections 100x (a) and 400x (b) of the livers of experimental mice in the absence (NaAsO2) and presence of CA
(NaAsO2 +CA). The liver sections of normal mice revealed normal portal vein and hepatocytes. NaAsO2-exposed liver section exhibited
dilated portal vein (red arrow), vacuolated cytoplasm (blue arrows), apoptosis (yellow arrows), and leucocytes infiltration (green arrows)
when compared with the section of normal control liver. CA treatment could reinstate NaAsO2 mediated the aforementioned pathological
changed. Gr I: normal control; Gr II: toxic control; Gr III: CA (10mg/kg) +NaAsO2 (10mg/kg), Gr IV: CA (20mg/kg) +NaAsO2 (10mg/kg).

Table 3: Prediction of drug-likeness and ADME profiles of CA.

Sl. number Descriptors Predicted values for CA
Recommended values

(based on properties of 95% of known drugs)

1. Molecular weight 332.4 130.0 to 725.0

2. SASA 575.8 300.0 to 1000.0

3. WPSA 0.0 0.0 to 175.0

4. H-bond donor 3.0 0.0 to 6.0

5. H-bond acceptor 3.5 2.0 to 20.0

6. glob 0.8 0.75 to 0.95

7. QPlogPo/w 3.7 −2.0 to 6.5

8. QPlogS −4.4 −6.5 to 0.5

9. QPlogHERG −1.9 Concern below −5
10. QPPCaco 182.7 25 poor; >500 great
11. QPlogBB −0.7 −3.0 to 1.2

12. QPPMDCK 100.2 <25 poor, >500 great
13. QPlogKp −3.2 −8.0 to −1.0
14. #metab 4.0 1.0 to 8.0

15. QPlogKhsa 0.3 −1.5 to 1.5

16. % of human oral absorption 89.3 >80% is high; <25% is poor

SASA: total solvent accessible surface area; WPSA: weakly polar component of the SASA; glob: globularity descriptor; QPlogPo/w: predicted octanol/water
partition coefficient; QPlogS: predicted aqueous solubility; QPlogHERG: predicted IC50 value for blockage of HERG K+ channels; QPPCaco: predicted
apparent Caco-2 cell permeability; QPlogBB: predicted brain/blood partition coefficient; QPPMDCK: predicted apparent MDCK cell permeability in
nm/sec; QPlogKp: predicted skin permeability; #metab: number of likely metabolic reactions; QPlogKhsa: prediction of binding to human serum albumin.
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simulated complex has been analyzed through root-mean-
square deviation (RMSD), root-mean-square fluctuation
(RMSF), radius of gyration, and the secondary structure

elements (SSE) of CA ligand interactions with the selective
protein along with stable H-bond and hydrophobic interac-
tions. The RMSD plot of Bax-CA complex showed that there

Table 4: Dock score, Emodel value, and interacting residues in molecular docking analysis.

Sl. number Proteins
Glide scores
(Kcal/mol)

Glide Emodel values
Interacting residues in
H-bond interaction

Other interactions

1. Bax −3.115 −15.341 Arg 37, Leu 122 Cation-π, π-π stacking with Arg 37

2. Bcl-2 −4.986 −29.586 — H-bond with H2O

3. Caspase 9 −3.596 −23.725 Arg 355 π-π stacking, salt bridge with Arg 355

4. Caspase 3 −4.263 −30.352 Arg 207, Thr 62 —

5. Caspase 8 −4.060 −19.905 Glu 396, Thr 467 —

6. IκB −6.524 −33.382 Asp 103, Leu 21 —

7. NF-κB −6.042 −36.121 Arg 416, Leu 472 π-π stacking with Arg 408

8. JNK −4.642 −17.079 Asn 114 —

9. p38 −5.608 −30.359 — —

Charged (negative)

Charged (positive)

Glycine

Hydrophobic

Metal

Polar

Unspecified residue

Water

Hydration site

Hydration site (displaced)

Distance

H-bond (backbone)

H-bond (side chain)

Metal coordination

Pi-Pi stacking

Pi-cation

(a) (b)

Salt bridge

Solvent exposure

(c) (d) (e)

Figure 12: Docking interactions of CA with Bax (a), Bcl-2 (b), caspase 9 (c), caspase 3 (d), and caspase 8 (e) proteins.
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is significant deviation till 30 ns of run. However, the com-
plex was thereafter found to be appropriately stable and con-
sistent until reaching to the end of the run (Figure 14(a)). The
modeling analysis clearly appeared that the regions compris-
ing catalytic amino acids of Bax protein interacting with CA
exhibited adequate conformational stabilities. During the
simulation run of Bcl-2-CA complex, the dynamic nature
of interaction has been witnessed at 20 ns. The protein-
ligand RMSD plot for Bcl-2-CA complex showed equili-
brated simulation complex and stabilized at RMSD value of
around 3Å for protein backbone (Figure 14(b)). However,
when the protein-ligand complex was first aligned on the
protein backbone, the rearrangement of conformation
explained a high deviation in RMSD of ligand with respect

to time. Analysis of MD features of caspase 9-CA complex
revealed the RMSD plot of MD complex with high fluctua-
tion at the initial stage; however, after 32 ns, the complex
become stabilizes gradually (Figure 14(c)). Analysis of the
protein SSE, it has been noticed that a total of around
40.74% SSE contributed to the overall protein stability for
caspase 9-CA complex. To realize the behavior of caspase
3-CA complex in dynamic environment, the MD simulation
was carried out at 40 ns to study the molecular interaction
pattern of the simulated complex. It has been observed in
the RMSD plot (Figure 14(d)) that most stable time period
for caspase 3-CA complex is 30–40 ns of the simulation
run. For the production of binding orientation of caspase
8-CA complex in MD-simulated state, the simulation was
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Figure 13: Docking interactions of CA with IκB (a), NF-κB (b), JNK (c), and p38 (d) proteins.

16 Oxidative Medicine and Cellular Longevity



Time (nsec)

Pr
ot

ei
n 

RM
SD

 (Å
)

Li
ga

nd
 R

M
SD

 (Å
) 

13.5

12.0

10.5

9.0

7.5

6.0

4.5

3.0

1.5

13.5

12.0

10.5

9.0

7.5

6.0

4.5

3.0

1.5

0 5 10 15 20 25 30 35 40

Backbone

(Lig) fit on Port

(a)

Pr
ot

ei
n 

RM
SD

 (Å
) 

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4

50
45
40
35
30
25
20
15
10
5

Li
ga

nd
 R

M
SD

 (Å
) 

Time (nsec)
0 5 10 15 20

Backbone

(Lig) fit on Port

(b)

Pr
ot

ei
n 

RM
SD

 (Å
)

Li
ga

nd
 R

M
SD

 (Å
) 

Time (nsec)
0 5 10 15 20 25 30 35 40

9
8
7
6
5
4
3
2
1

3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4

Backbone

(Lig) fit on Port

(c)

Pr
ot

ei
n 

RM
SD

 (Å
) 

Li
ga

nd
 R

M
SD

 (Å
) 

Time (nsec)
0 5 10 15 20 25 30 35 40

6.0
5.4
4.8
4.2
3.6
3.0
2.4
1.8
1.2
0.6

3.6
4.0

3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4

Backbone

(Lig) fit on Port

(d)

Backbone

(Lig) fit on Port

Pr
ot

ei
n 

RM
SD

 (Å
)

Li
ga

nd
 R

M
SD

 (Å
) 

Time (nsec)
0 5 10 15 20 25 30 35 40

4.0
3.6
3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4

4.0
3.6
3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4

(e)

Figure 14: MD-simulated RMSD plot of Bax (a), Bcl-2 (b), caspase 9 (c), caspase 3 (d), and caspase 8 (e) backbones and CA ligand complex.
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executed at 40ns. It has been noted that the complex is
sufficiently stable in the long run (7–40 ns). It was exhibited
by RMSDs of about 3.2 and 2.0Å for protein backbone and
ligand, respectively (Figure 14(e)). The MD simulation of
IκB-CA ligand bound complex was performed up to 40ns.
The RMSD plot (Figure 15(a)) showed minimal fluctuations
during simulation run; however, a consistent interaction has
been observed across the MD simulation trajectory after
25 ns. In protein SSE, α-helices (45.15%) and β-strands
(7.41%) were monitored throughout the simulation. An
interaction pattern at different time points of MD simulation
for NF-κB and CA complex has been recorded for 40 ns
(Figure 15(b)). Although fluctuation in the RMSDs plot has
been observed up to 30ns of run, but the fluctuation was
reduced during the run at 30–40ns. It suggested that com-
plex is undergoing a large conformational change and it leads
to the equilibrated state during the simulation. The MD sim-
ulation run at 40 ns for the JNK-CA complex has not shown

the consistent interaction across the MD simulation trajec-
tory, as depicted in RMSD plot (Figure 15(c)). To evaluate
the dynamic stability of p38-CA complex subjected to
MD simulation for 40ns, the RMSD plot showed higher
congeneric fluctuation followed by small and large peaks
in between (Figure 15(d)). The fluctuation-differentiate
extended throughout the conformational arrangement as
supported by docked complex which has not generated
any bond interaction.

4. Discussion

Arsenites-contaminated drinking water has been regarded as
a major hazard over 70 countries in the world [4]. Inorganic
arsenicals have been shown to induce cytotoxic effect to the
various organs through generation of excess of intracellular
ROS coupled with downregulation of endogenous redox
defense [4]. Therefore, employing an antioxidant would be

(a) (b)

(c) (d)

Figure 15: MD-simulated RMSD plot of IκB (a), NF-κB (b), JNK (c), and p38 (d) backbones and CA ligand complex.

18 Oxidative Medicine and Cellular Longevity



a therapeutic strategy to counteract with As-mediated toxic
exhibitions. CA, a naturally occurring phenolic diterpene,
has been reported to possess significant ROS scavenging
and antioxidant activities [14, 15]. It is one of the antioxidant
food additives. Dried rosemary is used as a food compo-
nent in various recipes. Dried rosemary (0.4–2.5 g/serving)
corresponds to 0.05–0.4mg/kg of CA [37]. Rosemary
extract (0.01–2 g/kg) is also used as flavouring in proc-
essed foods. Rosemary extract containing variable amount
of CA (5–20%) was classified as a food additive by the
European Commission [37, 38]. Through various rosemary
supplements up to 1-2mg/kg of CA is consumed by human
per day [37].

Present studies have been executed to evaluate the prob-
able prophylactic role of CA against As intoxication in the
liver of experimental mice employing established in vitro
and in vivo preclinical assays. Despite the mouse has a higher
metabolic turnover than human, the mouse has similar
metabolite profile as human adults [39]. The absorption, dis-
tribution, and excretion of trivalent As follow similar pat-
terns in both mouse and human. Trivalent As follow
similar metabolic pattern like arsenite → monomethylarso-
nate → dimethylarsenite in both human and mouse [40].
Besides, As-mediated dysfunction in hepatic endothelial cells
follows similar redox signaling in both mouse and human
[41]. Considering the association in phenotypic anchors
namely adsorption, arsenic burden in tissues, metabolism,
excretion, and altered gene expression between the As-
exposed human and mouse [41], mouse model has been
employed in this study.

Haematological and serum biochemical status give pri-
mary indications of toxicological proceedings within the
body and/or in the precise organs. In this study, NaAsO2
exposure significantly reduced erythrocyte count and thereby
exhibited a significant reduction in haemoglobin level in
mice. As-induced oxidative haematotoxicity has been
reported in earlier literatures [6, 42]. As experiences bio-
transformation in the hepatic tissues through binding with
thiol group of proteins and thereby interferes with the integ-
rity of the membrane of hepatocytes following leakage of
AST and ALT into the sera [6]. Therefore, AST and ALT
are accepted to be the markers for hepatotoxicity [6]. In this
study, significant raise in the AST and ALT levels was
observed in the sera of NaAsO2-exposed mice. Similarly,
the high levels of LDH and CK in the sera confirmed the loss
of membrane integrity due to NaAsO2 intoxication. The high
levels of aforementioned tissue-specific enzymes confirmed
the induction of hepatotoxicity by NaAsO2. On the other
hand, CA treatment could significantly reinstate the levels
of aforementioned tissue-specific enzymes in the sera, which
primarily gave an impression of hepatoprotective effect of
the compound.

The earlier explanations revealed that NaAsO2 expo-
sure significantly promoted intracellular ROS generation
in both in vitro and in vivo systems [7, 15, 43]. ROS have
multiple targets to initiate and propagate toxicological
events namely oxidative destruction of cellular macromole-
cules, assuaging the endogenous redox defense and endors-
ing the apoptotic event via transformation in the normal

transcriptions of different signaling proteins [26]. In this
study, NaAsO2 exposure caused significant production
and accumulation of intracellular ROS, which finally
exerted significant extent of cytotoxic effect. The ROS in
excess directly expose peroxidative injury to the membrane
lipids, carbonylation of cellular proteins, and oxidation of
nucleic acids [21]. However, CA could significantly attenuate
the ROS-mediated toxicosis to the cellular biomolecules.
The experimental observation would be correlated to the
restriction of ROS production and/or ROS scavenging
effect by CA.

Cellular redox defense systems play an imperative role to
neutralize oxidative stress [44]. Cellular antioxidant enzymes
and GSH constitute endogenous redox defense reservoir
[44]. NaAsO2 exposure further endorse redox stress through
significant inhibition of endogenous redox defense systems,
which was in accordance to the previous observations
[1, 6, 7]. Decrease in the levels of SOD and CAT could be
accounted to an overproduction of superoxide anion during
As metabolism [45]. Arsenites have high affinity toward thiol
group [46], which would be corroborated to the depletion of
cellular GSH levels. GSH acts as the substrate for the
enzymes, specifically GR, GPx, and GST. The downregula-
tion in the activities of GR, GPx, and GST would be corre-
lated to the strong affinity of arsenites toward thiol group.
Besides, GSH is also known to be a key intracellular reductant
for As methylation and transport and thereby facilitate the
removal of As from the body [47]. GSH-As complexes act
as substrates for the ATP-binding cassette membrane trans-
porters, which facilitate active efflux of As from the cells
[48]. Depletion of hepatic GSH helps accumulation of As in
the liver and promotes oxidative stress. On the other hand,
CA along with NaAsO2 could significantly improve the cellu-
lar redox defense via augmenting the levels of endogenous
antioxidant enzymes and GSH. CA treatment also promoted
As clearance from hepatic tissue, which would be correlated
with the CA-mediated upregulation of hepatic GSH level.
The probable mechanism of CA has been proposed to be
the conversion of catechol type-CA to quinone type-CA
through donation of a pair of electrons to oxygen radicals
to become electrophilic [49]. This quinone type-CA has been
reported to form adducts with the -SH of GSH and/or other
protein/enzymes and thereby activate antioxidant-responsive
element. This antioxidant-responsive element further induces
phase 2 enzymes and increases GSH level [49].

ROS has been reported to endorse apoptosis via alter-
ation in the expressions of different signal proteins from their
normal transcriptional levels [26]. ATP supplies the required
energy for this programmed cell death [26]. In this study, a
significantly high level of cytosolic ATP in the hepatic tissue
followed by NaAsO2 exposure revealed the favorable cellular
atmosphere for the cleavages of caspases in the cytosol. The
augmentation of cytosolic ATP may be correlated to that of
NaAsO2-mediated downregulation of microsomal ATPases
in the liver [50]. Apoptosis is usually governed by the
complex reciprocity between the pro- and antiapoptotic
events via the transcription of respective signal proteins.
Bax is a proapoptotic member of Bcl-2 family, which regu-
lates apoptosis through mitochondrial stress. Translocation
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of Bax protein into mitochondria from cytosol initiates
intrinsic apoptotic signaling [51]. In this study, NaAsO2
intoxication caused activation of proapoptotic signaling and
mitigation, which was apparent from significant upregula-
tion of Bax protein in mitochondria. Besides, NaAsO2 could
significantly inhibit the expression of Bcl-2 in cytosol, which
is a member of antiapoptotic protein [21]. The Bax transloca-
tion further opens the transition pores in the mitochondrial
membranes resulting with the release of cytochrome C into
the cytosol [26]. Cytochrome C release would be further
potentiated through the downregulation of Bcl-2 in the cyto-
sol [52]. In this study, a significant upregulation in the
expression of cytochrome C in the cytosol was observed in
NaAsO2-exposed hepatic cells. The release of cytochrome C
into cytosol provides a key signal for the intrinsic pathway
of apoptosis [52]. Through the interaction with Apaf-1, cyto-
chrome C potentiates the downstream apoptotic signaling
cascades via cleavages of caspases 9 and 3 into their respective
cleaved/active forms in cytosol [52, 53]. It has been regarded
that cytochrome C release is distal to caspase 8 activation in
Fas-mediated apoptosis [52]. Earlier investigation revealed
that, ROS can potentiate the death-receptor mediated apo-
ptosis through receptor clustering and establishment of lipid
raft-derived signaling platforms [54]. The Fas signaling is one
of the key processes in extrinsic/death receptor-mediated
apoptosis. In the extrinsic pathway of apoptosis, the activa-
tion of FAS resulted in the cleavage of procaspase 8 into its
cleaved/active form followed by activation of Bid signaling
[55]. In this study, significant upregulation in the expressions
of FAS, cleaved caspase 8, and Bid were observed in NaAsO2-
exposed hepatic cells. CA treatment could significantly atten-
uate the intrinsic and extrinsic pathways of apoptosis via
reciprocating the expression of the involved transcription
factors except Bid. NF-κB is one of the redox-sensitive tran-
scription proteins. ROS significantly contributes in signal-
transduction pathways of NF-κB [21]. The NF-κB signaling
is initiated with the phosphorylation of IκBα on Ser 32
followed by translocation of phospho-NF-κB (Ser 536) to
the nucleus [56]. Nuclear translocation of phospho-NF-κB
can trigger proapoptotic event via promotion of Bax translo-
cation to mitochondria. NF-κB can also potentiate the
expression of Fas-ligand and thereby exert a proapoptotic
role [57]. In this study, NaAsO2 significantly upregulated
NF-kB signaling and that could be attenuated by CA
treatment. Among the many signaling pathways, mitogen-
activated protein kinase (MAPK) family proteins are crucial
for the maintenance of cells. C-Jun N-terminal kinase
(JNK) and p38 are stress responsive signal proteins involved
in apoptosis [58]. MAPK member proteins are also redox
sensitive [21]. Strong functional interactions exist between
the p53 and MAPK [59]. The activation of p53 can lead to
cell cycle arrest [60]. Earlier observation revealed that, p38,
JNK, and p53 significantly contribute in arsenite-induced
apoptosis via activation of proapoptotic signaling in the
mitochondria [60, 61]. In this study, significant upregulation
in the p38, JNK, and p53 signaling was observed in NaAsO2-
exposed hepatic cells. CA could significantly attenuate
NaAsO2-mediated p38 and JNK signaling via preventing
their phosphorylation. However, CA did not show significant

control on p53 signaling in the hepatic cells of mice.
Experimental observation revealed that CA exerted antia-
poptotic effect through inhibition of MAPK activation,
imbalance of pro- and antiapoptotic factors, and inhibition
of caspase cleavage.

Utilizing chemometric analysis, valuable information on
molecular basis has been elucidated for different protein-
ligand complex structures in silico. In this study, Bax, Bcl-2,
caspase 9, caspase 3, caspase 8, IκB, NF-κB, JNK, and p38
demonstrated significant interactions with CA in silico,
which were in accordance to our observation in in vitro and
in vivo studies. On the other hand, Apaf-1, cytochrome C,
Bid, Fas, and p53 did not demonstrate significant docked
pose. In our experiment, we did not observe any effect of
CA on Bid and p53 expressions. However, CA has been
found to regulate the expressions of Apaf-1, cytochrome C,
and Fas in vitro and in vivo. The H-bond formation which
is a key interaction to explicate the stability of the CA inside
the binding pocket has been observed for most of the pro-
teins, except Bcl-2 and p38. The π-π stacking, a noncovalent
interaction, has been observed with Bax, caspase 9, and
NF-κB proteins. It might play vital roles in stabilization of
protein structures and therefore important in many aspects
of macromolecular study. The π-π stacking arrangement
has been previously observed in many protein crystal struc-
tures as this arrangement is conserved in some families of
enzymes. The occurrence of cation-π interaction, another
type of noncovalent bonding, has been identified with
positively charged residue in Bax protein. This interaction
has been regarded as the most important interaction in
structural biology. It plays a vital role in molecular recog-
nition and signaling. MD simulations for all the complexes
indicate that most interactions appeared in docking analy-
sis are stable during MD simulation except JNK and p38.
Thus, CA may be considered as a potential drug candi-
date having a wide range of bioactivity and may provide
multitherapeutic benefits.

5. Conclusion

NaAsO2-mediated production and accumulation of oxida-
tive free radicals play significant role in the As-induced
hepatotoxicity. The present study demonstrated that
NaAsO2 can elicit hepatocellular apoptosis by triggering
NF-κB, MAPK, p53, and intrinsic and extrinsic apoptotic
signaling. On the other hand, treatment with the CA could
significantly attenuate NaAsO2-mediated hepatotoxicity by
counteracting with oxidative stress, promoting endogenous
redox defense, accelerating As clearance and downstream
regulation of apoptotic signaling cascades as observed in
in vitro and in vivo preclinical assays (Figure 16). In silico
molecular docking studies predicted the possible interac-
tions between CA and the active sites of signal proteins.
In silico ADME prediction revealed that CA supports the
drug-likeness character ostensible from Lipinski’s rule of
five. Therefore, CA would have a good possibility to be a
new therapeutic agent to counteract with As-mediated
toxic manifestations.
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Oxidative stress is one of the underlying mechanisms of the toxic effects exerted by mercury (Hg) on human health. Several
antioxidant compounds, including the olive oil phenol hydroxytyrosol (HT), were investigated for their protective action.
Recently, we have reported that 5-S-lipoylhydroxytyrosol (Lipo-HT) has shown increased antioxidant activities compared to HT
and exerted potent protective effects against reactive oxygen species (ROS) generation and oxidative damage in human
hepatocellular carcinoma HepG2 cell lines. In this study, the effects of Lipo-HT and HT on oxidative alterations of human
erythrocytes induced by exposure to 40 μM HgCl2 were comparatively evaluated. When administered to the cells, Lipo-HT
(5–20μM) proved nontoxic and it decreased the Hg-induced generation of ROS, the hemolysis, and the depletion of
intracellular GSH levels. At all tested concentrations, Lipo-HT exhibited higher ability to counteract Hg-induced cytotoxicity
compared to HT. Model studies indicated the formation of a mercury complex at the SH group of Lipo-HT followed by a redox
reaction that would spare intracellular GSH. Thus, the enhanced erythrocyte protective action of Lipo-HT from Hg-induced
damage with respect to HT is likely due to an effective chelating and reducing ability toward mercury ions. These findings
encourage the use of Lipo-HT in nutraceutical strategies to contrast heavy metal toxicity in humans.

1. Introduction

Hydroxytyrosol (HT) is a dietary phenolic antioxidant
compound, naturally present in virgin olive oil, contribut-
ing to its great oxidative stability and prolonged shelf life
[1]. HT is endowed with several pharmacological proper-
ties [2–4], including anti-inflammatory [5], antiatherogenic
[6], and anticancer activities [7]. Mechanisms underlying
HT biological effects include both radical scavenging prop-
erties and metal chelating activity [8–11]. Cytoprotective
effects of HT against xenobiotic compounds have been
reported, including protection from acrolein-induced
DNA damage [12], acrylamide-induced mitochondrial

dysfunction [13], and carbon tetrachloride-induced oxida-
tive stress [14].

Mercury (Hg) is a highly toxic, redox-active heavy
metal which represents one of the main agents responsible
for environmental pollution [15, 16]. The health conse-
quences of human exposure to Hg can be severe [17, 18]
and include renal injury [19] and neuronal disorders
[20]. In this respect, Hg is considered a potential contrib-
uting factor to Alzheimer’s and Parkinson’s diseases [21].
Red blood cells (RBC) may also represent an important target
of Hg toxicity. This metal, indeed, preferentially accumulates
in these cells and induces morphological changes which
increase their procoagulant activity [22–24]. Finally, an
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increasing body of data suggests a positive correlation
between Hg exposure and the onset of cardiovascular
diseases [25].

The increased formation of reactive oxygen species
(ROS) is generally agreed to be one of the key mechanisms
responsible for Hg-induced toxicity [26–28]. Mercury is
endowed with high affinity for sulfhydryl groups, and it is
therefore able to react with low-molecular-weight thiols,
including glutathione (GSH) [29, 30].

Indeed, the cellular levels of GSH have been shown to
significantly decrease following Hg exposure, with conse-
quent impairment of the antioxidant defence system [31].
Following the oxidative stress hypothesis of Hg toxicity,
a number of antioxidants [32, 33], including phenolic
compounds [34–36], have been proposed and tested for
their protective action. In this connection, we recently pro-
vided experimental evidence that HT has the potential to
modulate cytotoxicity and the oxidative stress induced in
human RBC by Hg treatment [37, 38]. Using the scanning
electron microscopy technique, we also showed that HT
treatment significantly reduces echinocyte formation [37],
a morphological RBC alteration reported to correlate with
increased coagulability of these cells [39]. Furthermore, a
recent study by Mohan et al. highlighted the efficacy of
HT in preventing methylmercury-induced genotoxicity
and apoptosis in IMR-32 human neuroblastoma cells.
HT was shown to inhibit methylmercury-induced neuro-
nal cell dysfunction as highlighted by the decrease in
ROS formation and maintenance of an efficient endoge-
nous defence system, including GSH levels and superoxide
dismutase and catalase activities [40].

In the last few years, several HT derivatives with enhanced
antioxidant and pharmacological properties have been
described [41–46]. Among these, 5-S-lipoylhydroxytyrosol
(Lipo-HT), synthesized by conjugation ofHTwith the biolog-
ically relevant thiol dihydrolipoic acid, showed increased anti-
oxidant activities compared to HT in several chemical assays
and exerted potent protective effects against ROS generation
and oxidative cell damage in human hepatocellular carci-
noma HepG2 cell lines (Figure 1) [47, 48]. Insertion of
the sulfur-containing chain was found to exert a crucial
influence on the reactivity of the adjacent catechol system
conferring a more pronounced lipophilic character on the
core system and resulting in an overall potentiation of the
antioxidant activity of HT. This effect was also demon-
strated in the case of other naturally occurring catechols
[49, 50]. Because of the peculiar combination in its molec-
ular scaffold of a number of redox-active groups, Lipo-HT
exerts a multidefence antioxidant action through different
mechanisms, including H-atom release, ferric and cupric
ion reduction, and OH radical scavenging [48].

The aim of this study was to test the ability of Lipo-HT to
prevent human RBC from the oxidative alterations induced
by Hg treatment in comparison with the parent HT. These
cells are a unique cellular model for in vitro studies which
investigate oxidative stress-related alterations as well as Hg
toxicity [23, 24, 37, 38]. Mercury(II)chloride (HgCl2) was
selected for running the experiments since mercury is a
well-known oxidative stress inducer [51].

The rationale of testing Lipo-HT in this toxicity model
system stems from the possibility of exploiting, in addition
to the antioxidant power of the catechol moiety activated
by the adjacent thioalkyl group, the free SH group of
dihydrolipoic acids capable of effectively chelating Hg.
Cytoprotective effects were indeed observed in the case
of this conjugate, whose mechanisms were initially investi-
gated at the molecular level by model experiments.

2. Materials and Methods

2.1. Chemicals. 2′,7′-Dichlorodihydrofluorescein diacetate
(DCFH-DA), mercuric chloride (HgCl2), tyrosol, lipoic
acid, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) (Ellman’s
reagent), and HT were from Sigma Chemical Co. All other
chemicals used were of the highest purity grade available.

2.2. Methods.UV/Vis spectra were recorded on a Jasco V-730
spectrophotometer. HPLC analysis was carried out on an
Agilent instrument equipped with a UV detector set at
254 nm. The chromatographic separation was achieved on a
Phenomenex SphereClone ODS column (250mm× 4.6mm,
5μm) using binary gradient elution conditions as follows:
0.1% trifluoroacetic acid (solvent A) and acetonitrile (solvent
B), from 5% to 90% B, 0–45min, and flow rate 0.7mL/min.
LC/MS analyses were run on a LC/MS ESI-TOF 1260/
6230DA Agilent instrument operating in positive ionization
mode in the following conditions: nebulizer pressure 35 psig;
drying gas (nitrogen) 8 L/min, 325°C; capillary voltage
3500V; and fragmentor voltage 175V. An Eclipse Plus C18
column, 150× 4.6mm, 5μm, at a flow rate of 0.4mL/min
was used, with the same mobile phase as above.

2.3. Synthesis of 5-S-Lipoylhydroxytyrosol (Lipo-HT). The
procedure previously described was adopted [48]. The reac-
tion was carried out on tyrosol (1.0 g) affording Lipo-HT in
about 30% yield. The purity of the compound was evaluated
(>95%) by HPLC and 1H NMR analysis.

2.4. Preparation of RBC and Treatment with Hg. The RBC
fraction was obtained from whole blood obtained from
human healthy volunteers deprived of leucocytes and
platelets by filtration on a nylon net, washed twice with
isotonic saline solution (0.9% NaCl), and finally resus-
pended with buffer A (5mM Tris-HCl containing 0.9%
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NaCl, 1mM MgCl2, and 2.8mM glucose, pH7.4) to obtain
a 10% hematocrit. Intact RBC were incubated at 37°C with
40μM HgCl2 for 4 h. For the experiments with Lipo-HT
or HT, stock solutions (100mM) were prepared in DMSO.
Just before the experiments, these solutions were diluted to
1mM with the isotonic saline solution and added to the
incubation medium to obtain the desired concentration
5min before addition of Hg. As a control, the effects of
the highest volume of DMSO used on RBC in the pres-
ence of Hg were also evaluated and found to be negligible.
RBC from each donor were used for a single assay in trip-
licate. Each experiment was repeated on RBC obtained
from three different donors.

2.5. Determination of Hemolysis. The extent of hemolysis was
determined spectrophotometrically, according to Taglia-
fierro et al. [37]. At the end of the incubation, the reaction
mixture was centrifuged at 1100g for 5min and the hemoglo-
bin (Hb) released was evaluated by measuring the absorption
of the supernatant at 540 nm. Packed RBC were hemolyzed
with ice-cold distilled water at 40 : 1 v/v, the lysate was centri-
fuged at 1500g for 10 minutes, and the supernatant (B) was
absorbed at 540 nm. The percentage of hemolysis was calcu-
lated as the ratio of the readings (A/B)× 100.

2.6. Determination of ROS. To quantify ROS generation, the
dichlorofluorescein (DCF) assay was used according to
Tagliafierro et al. [37]. Intact RBC were incubated with
DCFH-DA at 10μM final concentration for 15min at 37°C.
After centrifugation at 1200g for 5min, the supernatant
was removed and the hematocrit value was adjusted to 10%
with buffer A. RBC were then treated with HgCl2 in the dark.
At the end of incubation, 20μL of RBC were diluted in 2mL
of water and the fluorescence intensity of the oxidized
derivative DCF was recorded (λex 502 nm; λem 520nm).
The results were expressed as fluorescent intensity/mg
of Hb.

2.7. Quantification of Intracellular GSH. The intracellular
GSH content was determined spectrophotometrically by
reaction with DTNB reagent, according to van den Berg
et al. [52]. The samples (0.25mL) described above were cen-
trifuged, the supernatants were removed, and RBC were lysed
by the addition of 0.6mL of ice-cold water. Proteins were
precipitated by the addition of 0.6mL ice-cold metaphospho-
ric acid solution (1.67 g metaphosphoric acid, 0.2 g EDTA,
and 30 g NaCl in 100mL of water). After incubation at 4°C
for 5min, the protein precipitate was removed by centrifuga-
tion at 18000g for 10min and 0.45mL of the supernatant was
mixed with an equal volume of 0.3M Na2HPO4. 100μL of
DTNB solution (20mg DTNB plus 1% of sodium citrate in
100mL of water) was then added to the sample, and after a
10min incubation at room temperature, the absorbance of
the sample was read against the blank at 412 nm.

2.8. Reaction of Lipo-HT or HT with Hg2+ Ions. 5μL of a
100mM HgCl2 solution was added to 5mL of buffer
(pH7.4), followed by 5μL of a 50mM DMSO solution of
Lipo-HT or HT (100μM and 50μM final concentrations
for Hg2+ and Lipo-HT or HT, resp.). The reaction mixture

was taken under stirring and periodically analyzed by HPLC,
LC/MS, and UV/Vis spectroscopy. When required, the reac-
tion mixture was taken to pH3 with 4MHCl before analysis.
In other experiments, aliquots (1.5mL) of the reaction mix-
ture of Lipo-HT were periodically withdrawn, added with
11μL of a 10mM Ellman’s reagent solution in 0.1M phos-
phate buffer (pH7.4), and after 15min the absorbance at
412 nm was read. In other experiments, the reaction was
run: (i) in the absence of HgCl2 and (ii) under an argon atmo-
sphere. Methanooxocinobenzodioxinone derivatives were
obtained by tyrosinase-catalyzed oxidation of HT as previ-
ously described [53].

2.9. Statistical Analysis. Data are shown as means ± SE. The
significance of differences was determined by one-way
ANOVA followed by a post hoc Dunnett multiple compari-
son test with significance set at p < 0 05. GraphPad Prism 5
was used for statistical analysis.

3. Results and Discussion

3.1. Cytoprotective Effects of Lipo-HT and HT on Hg-Induced
Oxidative Alterations in RBC. The ability of natural and
biobased phenolic antioxidants to counteract Hg-induced
cytotoxicity was investigated using olive oil HT and its conju-
gate with dihydrolipoic acid, Lipo-HT, which in in vitro tests
proved highly efficient in counteracting the action of ROS
and associated cellular damage [48]. Lipo-HT was prepared
from tyrosol and dihydrolipoic acid according to a procedure
previously developed [48].

Intact RBC were exposed in vitro to 40μM HgCl2. Based
on our previous results [37] on the dose-dependency of Hg
toxic effects in RBC, the concentration of 40μM was taken
as the optimal dose to study the oxidative stress-mediated
cytotoxicity in our in vitro model. Moreover, it is worth not-
ing that comparable concentrations have been found in the
blood of individuals exposed to peculiar working environ-
ments like gold mines [16]. Cellular lysis, ROS formation,
and intracellular GSH levels were evaluated in RBC following
4h incubation.

Prolonged Hg treatment is associated with severe
hemolysis; therefore, cell lysis was evaluated by measuring
hemoglobin release in the medium upon cell exposure to
HgCl2. Data in Figure 2 show a dramatic increase in the
hemolytic process confirming the cytotoxicity resulting
from exposure of cells to HgCl2. Both compound Lipo-
HT and HT are effective in preventing the toxic effect of
the heavy metal as highlighted by the decrease in hemolysis.
At all tested concentrations, Lipo-HT shows an enhanced
ability over HT on Hg-induced cytotoxicity. Comparable
protective effects are provided by Lipo-HT at concentra-
tions halved with respect to those of HT in a statistically
significant mode.

Figure 3 reports ROS production in the presence of Hg2+

and varying amounts of Lipo-HT or HT in the concentration
range 5–20μM as determined by DCF fluorescence assay.
The Hg-induced ROS generation is dose-dependently pre-
vented in the presence of increasing concentrations of either
Lipo-HT or HT, a significant effect being observable starting
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from a concentration as low as 5μM. Interestingly, Lipo-HT
appears more effective than HT, producing a 57% decrease of
ROS production with respect to the basal level at 5μM versus
an only 34% decrease for HT at the same concentration.

To confirm the observed markedly protective action of
Lipo-HT on the specific events that ultimately result in Hg
toxicity, the effect of the compounds under study on GSH
intracellular concentrations was evaluated. Hg2+ specifically

binds to biological thiols, including GSH, and is able to
induce their oxidation with consequent depletion of the
intracellular levels. This is generally regarded as a most criti-
cal corollary of Hg toxicity, resulting in the impairment of the
antioxidant defence system. Data in Figure 4 refer to the
levels of GSH in RBC as determined spectrophotometrically
by Ellman’s assay. Following cell exposure to Hg2+, the
GSH level is significantly reduced with respect to the control
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Figure 2: Effect of HT and Lipo-HT on Hg-induced hemolysis. Cells were treated with HgCl2 at 40 μM for 24 h in the presence of increasing
concentrations of the selected compounds. Data are the means ± SE (n = 9). Statistical analysis was performed with one-way ANOVA
followed by Dunnett’s test (p < 0 05). Means with different letters are significantly different.
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Figure 3: Effect of HT and Lipo-HT onHg-induced ROS production in RBC. Cells were treated with HgCl2 at 40 μM for 4 h in the presence of
increasing concentrations of the selected compounds. ROS production was evaluated by means of the fluorescent probe DCF. Data are the
means ± SE (n = 9). Statistical analysis was performed with one-way ANOVA followed by Dunnett’s test (p < 0 05). Means with different
letters are significantly different.
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RBC. Also in this case, coincubation with Lipo-HT at 5μM
prevents GSH depletion by about 30%, an effect that is
obtained with 10μM HT.

To assess the role of the lipoyl side chain in the observed
protective action of Lipo-HT, in other experiments the effects
of lipoic acid on Hg-induced toxicity in RBC were investi-
gated. It is clear that this compound could not fully model
dihydrolipoic acid that, however, was not possible to include
in the controls due to its high instability. Lipoic acid proved
to be quite efficient in controlling the Hg-induced increase
of ROS levels with effects at 20μM statistically comparable
to those of HT at the same concentration and those exerted
by Lipo-HT at 10μM. On the other hand, at 5 and 10μM,
lipoic acid did not restore the levels of GSH compared to
the control in a statistically significant manner and only at
the highest dose tested (20μM) did it produce effects statisti-
cally comparable to those obtained with HT at 5μM.

3.2. Analysis of the Reaction of Lipo-HT and HT with Hg2+

Ions at pH7.4. In order to obtain information about the
mechanisms responsible for the protective effect of Lipo-
HT against the damage induced to RBC by Hg ions, in other
experiments the course of the reaction of Lipo-HT (50μM)
with Hg2+ (100μM) at pH7.4 was followed by HPLC and
LC/MS. An almost complete consumption of Lipo-HT was
observed after 5min, with concomitant formation of two
major products eluted at about 22 and 25min (Figure 5(a)).
This latter showed pseudomolecular ion peaks [M+H]+, [M
+Na]+, and [M+K]+ at m/z 921, 943, and 959, in that order,
suggestive of a 2 : 1 complex of Lipo-HT with Hg. Consis-
tently with the presence of the seven stable isotopes of Hg

(with 202Hg being the most abundant at 29.86%), these peaks
showed a distinct isotopic pattern (Figure 5(b)), which pro-
vided further evidence for the formation of the complex
[54]. Ellman’s assay [55] indicated a more than 90% abate-
ment of sulfhydryl groups in the reaction mixture after
5min, pointing to the involvement of the thiolate moiety
rather than the catechol unit in Hg-complex formation.

The MS spectrum of the compound eluted at 22min was
characterized by pseudomolecular ion peaks [M+Na]+ and
[M+K]+ at m/z 381 and 397, respectively. A [M-H2O+H]+

at m/z 341 together with [2M+Na]+ and [3M+K]+ at m/z
739 and 1113, respectively, were also present (Figure 5(c)).
These data were suggestive of an oxidation product of
Lipo-HT, likely a thioketone as shown in Figure 6. HPLC
and LC/MS analysis of the mixture at 1 h reaction time
revealed that the Lipo-HT/Hg complex had disappeared,
and it also revealed the presence of thioketone as the only
residual product.

In control experiments run in the absence of Hg, only a
20% consumption of Lipo-HT was observed after 1 h, and
no other product could be detected, apart from traces of thio-
ketone and of the disulfide of Lipo-HT [48]. Moreover, a
complete consumption of Lipo-HT, together with the forma-
tion of the products eluted at 22 and 25min, was observed
even when the reaction was run under an argon atmosphere,
ruling out a possible role of oxygen in the oxidation reaction.

Based on all these observations, a mechanism for the
reaction of Lipo-HT with Hg2+ was proposed as depicted in
Figure 6. This involves the rapid formation of the Lipo-HT/
Hg2+ complex, followed by oxidation with formation of a
thioketone, likely coupled with the reduction of Hg2+. Hence,
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Figure 4: Effect of HT and Lipo-HT on Hg-induced GSH decrease in RBC. Cells were treated with 40μM HgCl2 for 4 h in the presence of
increasing concentrations of the selected compounds. Data are the means ± SE (n = 9). Statistical analysis was performed with one-way
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Lipo-HT would act as both a chelating and a reducing agent
toward Hg ions, thus limiting their capacity to induce oxida-
tive damage in biological compartments. Notably, under the
same reaction conditions, HT underwent about 30% con-
sumption after 1 h, giving rise to the methanooxocinobenzo-
dioxinone derivatives identified by comparison of the
chromatographic behavior and mass spectra with those of
authentic samples [53]. LC/MS analysis of the mixture in
the early stages of the reaction revealed the formation of an
oxidation product of HT, likely o-quinone; accordingly, the

UV/Vis spectrum of the reaction mixture at the same time
showed an absorption maximum at 390nm, in close agree-
ment with that reported for the o-quinone of HT [49]. No
Hg complex formation could be observed, either by UV/Vis
or by LC/MS analysis.

As to the relevance of the results of this model experi-
ment to the effects observed in RBC, it should be noted that
both Hg2+ and Lipo-HT and HT concentrations used were
higher but comparable to those chosen for the cellular assays.
This however does not allow us to extend tout court these
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Figure 5: Analysis of the reaction mixture of Lipo-HT with Hg2+ ions at pH 7.4. (a) Total ion current (TIC) chromatograms of the reaction
mixture of Lipo-HT (50 μM) with Hg2+ (100μM) at pH7.4 (top: before addition of Hg2+, bottom: 5min after addition of Hg2+). (b) Top: MS
spectrum of the product eluted at 25min; bottom: inset showing the Hg isotopic signatures of the complex. (c) MS spectrum of the product
eluted at 22min.

6 Oxidative Medicine and Cellular Longevity



findings to the in vivo environment where other species
occurring at higher levels may compete with Lipo-HT for
Hg binding.

4. Conclusion

The use of natural compounds of plant origin with a potential
to control the oxidative cellular alterations associated with
Hg exposure is a strategy that is gaining increasing interest
to counteract the toxicity of this and other heavy metal pol-
lutants [56]. In this connection, the present investigation
provides a significant contribution showing the potency of
a derivative of the olive oil polyphenol HT, which contains
the active sulfhydryl moiety of dihydrolipoic acid in the
molecular scaffold, in controlling the oxidation events trig-
gered by Hg ions and in protecting the intracellular homeo-
stasis warranted by GSH levels. The effects observed can be
ascribed to formation of a Hg complex involving the free sec-
ondary SH group followed by a redox reaction that would
spare intracellular GSH. It can therefore be concluded that
the greater ability of Lipo-HT to protect RBC from Hg-
induced damage compared to HT is likely due to the more
effective chelating and reducing capacity toward Hg ions, in
agreement with the higher reducing power toward iron and
copper ions previously reported [48]. Although the catechol

moiety of Lipo-HT does not seem to be involved in the Hg
complex formation, it may play a role as a scavenger of
ROS generated following Hg2+-induced metabolic alterations
in the cell. Finally, it should be emphasized that the concen-
trations of HT and its derivative used in this study (5–
20μM) are in the range of plasma concentrations of HT
in individuals who adhere to the Mediterranean dietary
habit and consume moderate quantities of extra virgin
olive oil (25mL/day). Although further experiments on ani-
mal models are clearly needed before the therapeutic use of
Lipo-HT against mercury toxicity may be considered, and
additional data concerning its absorption, plasma-half-life,
and metabolism should be obtained, the results of the present
work will expectedly stimulate further studies towards
exploitation of this compound in nutraceutical strategies.
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Obesity- or diabetes-induced oxidative stress is discussed as a major risk factor for DNA damage. Vitamin E and many polyphenols
exhibit antioxidative activities with consequences on epigenetic regulation of inflammation and DNA repair. The present study
investigated the counteraction of oxidative stress by vitamin E in the colorectal cancer cell line Caco-2 under normal (1 g/l) and
high (4.5 g/l) glucose cell culture condition. Malondialdehyde (MDA) as a surrogate marker of lipid peroxidation and reactive
oxygen species (ROS) was analyzed. Gene expression and promoter methylation of the DNA repair gene MutL homolog 1
(MLH1) and the DNA methyltransferase 1 (DNMT1) as well as global methylation by LINE-1 were investigated. Results revealed
a dose-dependent counteracting effect of vitamin E on H2O2-induced oxidative stress. Thereby, 10μM vitamin E proved to be
more efficient than did 50 μM in reducing MDA. Further, an induction of MLH1 and DNMT1 gene expression was noticed,
accompanied by an increase in global methylation. Whether LINE-1 hypomethylation is a cause or effect of oxidative stress is
still unclear. In conclusion, supplementation of exogenous antioxidants like vitamin E in vitro exhibits beneficial effects
concerning oxidative stress as well as epigenetic regulation involved in DNA repair.

1. Introduction

Lifestyle-associated diseases, such as cancer and cardiovascu-
lar, respiratory, and metabolic diseases, comprise most of the
noncommunicable diseases and account for more than two-
thirds of the worldwide deaths [1]. Natural bioactive nutri-
tional compounds like vitamin E play a major role in
nutrition-based disease improvements as well as in its pre-
vention [2].

Vitamin E is a collective term including α, β, γ, and δ
isomers of saturated tocopherols [3] and unsaturated toco-
trienols [4]. Beneficial and harmful effects on human health
by vitamin E were observed, and therefore usefulness of

vitamin E is highly controversial. Intervention studies showed
anti-inflammatory effects, a delay of the aging process [5, 6],
anticancer properties [7, 8], antidiabetic and eye disease
protective potential [9], and cardiovascular protective [10]
features. Adjuvant vitamin E treatment of patients suffer-
ing from different cancer types led to controversial effects
[11, 12]. Ameta-analysis revealed an increased all-causemor-
tality by a high dose of vitamin E [13], while other studies
found promising synergistic effects between vitamin E and
administered drugs, especially anticancerous effects [14, 15].
Most studies are based on different isoforms of vitamin E or
mixture ratios, or synthetic racemic or natural R-, E-configu-
rated isomers, all leading to different biological effective doses.
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One important mechanism of all vitamin E forms is the
nonenzymatic antioxidative, radical scavenging potential by
donating hydrogen from the phenolic group on the chroma-
nol ring [16]. Reactive oxygen species (ROS), a group of
reactive metabolic by-products affecting the redox balance,
are essential for signaling pathways, detoxification, and host
defense [17, 18]. Furthermore, they are known for modulat-
ing gene expression and regulating growth signals and
therefore having a significant impact on the sustained prolif-
eration of cancer. High levels of ROS occurring as a
response to oxidative stressors such as exogenous agents
including tobacco smoke, alcohol consumption, and infec-
tions or various inflammatory processes damage DNA,
lipids, and proteins were found to upregulate oncogenes.
Inflammation processes and aging per se are fueled by
ROS [17, 18].

The major initial endogenous ROS is superoxide (O∙−
2 ),

which is generated from oxygen under NADH consumption
or by NADPH oxidases (NOX) and xanthine oxidase (XO)
[19]. It reacts spontaneously with nitric oxide (NO∙) to per-
oxynitrite (ONOO−) or is disproportionated by superoxide
dismutase (SOD) to hydrogen peroxide (H2O2) [19]. In
vitro studies showed that exogenous H2O2 is linked with
increased cell proliferation attended by moderate ROS con-
centrations [20]. Downstream ROS deriving as singlet oxy-
gen 1O2 are able to oxidize aliphatic chains to fatty acids,
which are substrates for the hydroxyl radical to generate
fatty acid peroxide radicals [21]. Peroxidation of polyunsat-
urated fatty acids (PUFAs) leads to the formation of small
aldehydes such as malondialdehyde (MDA) and trans-4-
hydroxy-2-nonenal (4-HNE) [22]. Both are considerably
involved in cellular signaling, affecting chromatin modifica-
tions [23].

Long-term oxidative stress leads to chronic changes in
enzymatic, transcriptional, epigenetic, and genomic regula-
tion by inducing a new steady-state level of oxidants and
antioxidants [18]. In cancer development, ROS-generating
processes are generally upregulated and promote cell prolif-
eration by altering metabolism and cell control mechanisms,
consequently sustaining DNA damage, genomic instability,
and inflammation [24].

Emerging studies reveal that only 5–10% of cancer inci-
dences are exclusively caused by genetic factors [25]. In most
other cases, epigenetic alterations play an important part
[26]. Linkages of epigenetics with oxidative stress, nutritional
effects, and cell signaling underline its importance [27].
Among epigenetic mechanisms, DNA methylation at the 5-
position of cytosines in cytosine-guanine sequences (CpGs)
in promoter regions is a key control mechanism of gene
expression [28]. A global surrogate marker for estimating
the genomic DNA methylation constitutes mobile element
long interspersed nuclear element-1 (LINE-1) with a fre-
quency of 17% of the human genome and an estimated total
genomic methylation content of 1/3 [29, 30]. Genome-wide
loss of DNA methylation leads to genomic instability and
results in a higher chance of mitotic recombination [31].
Therefore, LINE-1 is suggested as an indicator of genomic
stability [32]. The key enzymes involved in DNAmethylation
constitute the family of DNA methyltransferases (DNMTs)

mediating the transfer of methyl groups to cytosines. DNMT
overexpression or activation participates in tumor suppres-
sor silencing [33, 34]. Tumors also often show aberrant high
promoter methylation of the mismatch repair (MMR) gene
MutL homolog 1 (MLH1), which further boosts genomic
instability [35]. Moreover, synergistic oxidative DNA dam-
age repair plays a crucial role to protect the genome and to
ensure its stability. It further reveals the complex interplay
of the individual repair systems [36]. MMR was reported to
contribute to base excision repair (BER) of 8-oxo-2′-deoxy-
guanosine (8-oxo-dG) [37] as well as to nucleotide excision
repair (NER) of the MDA adduct with deoxyguanosine
(M1dG) [38, 39]. MMR proteins, especially MLH1, were
found to interact with DNMTs, the NAD-dependent deace-
tylase sirtuin-1 (SIRT1) and poly(ADP-ribose) polymerase 1
(PARP1) to prevent altered gene transcripts from the dam-
aged site and induce cell death, when damage exceeds the
repair capacity [40, 41].

The focus of this study was to investigate epigenetic
effects of vitamin E in counteracting H2O2-induced ROS
production and lipid peroxidation. Therefore, colorectal ade-
nocarcinoma Caco-2 cells in normoglycemic and hyperglyce-
mic media were treated with a mixture of tocopherols and
tocotrienols in combination with different doses of H2O2 as
well as ROS inhibitor N-acetylcysteine (NAC) [42] and
NOX inhibitor VAS2870 [43]. Our aim was to identify con-
centrations of H2O2 and vitamin E, which are worth further
investigation in higher repetition. Thus, total ROS, superoxide
level, and MDA levels were assessed. To evaluate epigenetic
alterations in genes linkedwith oxidative stress, chromosomal
integrity, andDNA repair, global methylation by LINE-1 pro-
moter methylation as well as promoter methylation and
expression ofMLH1 and DNMT1 were determined.

2. Material and Methods

2.1. Cell Culture. The adherent human colorectal adenocarci-
noma cell line Caco-2 (DSMZ, Germany) was cultured as
monolayer in Dulbecco’s modified Eagle medium (DMEM)
high glucose (4.5 g/l) supplemented with 0.584 g/l L-gluta-
mine, 5% (w/v) penicillin/streptomycin, and 10% (v/v) FBS
at 37°C in a humidified atmosphere of 95% air and 5%
CO2. Cells were passaged before reaching confluency, using
1x PBS and Accutase® solution. A fraction of these cells
was adjusted by stepwise reduction of D-glucose through
addition of DMEM normal glucose (1.0 g/l, supplemented
like the high glucose DMEM) to, finally, 1.0 g/l D-glucose.
In the first step, D-glucose concentration was reduced by
1.75 g/l and cultivated for 14 days. The second and third
reductions were by 0.875 g/l with cultivation for 8 and at least
23 days, respectively. Cultivation after each reduction was
performed to give the cells time to adapt to the new condi-
tion, especially before the analyses (all chemicals from
Sigma-Aldrich, Vienna).

2.2. Cell Treatments. Cells were seeded in 6-well plates in
media with respective glucose concentration. The untreated
control was incubated 72 h to reach 90% confluency. For
treatment, after 24 h of growth, cells were treated for 48h
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with 0, 25, 50, 250, or 500μMH2O2 (Sigma-Aldrich, Vienna)
and cotreated with 0, 10, or 50μM vitamin E (Aqua-E® sup-
plement YASOO Health Inc., Nicosia) in all combinations.
Vitamin E comprised a mixture of micellized d-α-tocopherol
20 IU/ml, other tocopherols 15mg/ml, and tocotrienols
2mg/ml from natural origin. Media without phenol red were
used to avoid interference in treatments for ROS/superoxide
and MDA detection. To investigate the contribution of ROS
as a potential modulator of epigenetic alterations, cells were
treated with 1mM NAC (Enzo Life Science, Lausen) dis-
solved in sterile deionized water (QIAGEN, Hilden) or
2μMVAS2870 (Sigma-Aldrich, Vienna) dissolved in DMSO
(Sigma-Aldrich, Vienna). Further, after 1 h pretreatment
with either NAC or VAS2870, 250μM H2O2 was applied.
Controls were treated with the corresponding solvent only.
For analyzing the impact of the treatments, cells were har-
vested using 1x PBS and Accutase solution.

2.3. MDA as Marker for Lipid Peroxidation. Harvested cells
were counted, and MDA levels were determined via HPLC
with fluorescent detection at 533nm as previously described
[44, 45]. All chemicals were purchased from Sigma-Aldrich,
Vienna, and all organic solvents used were of HPLC grade
and purchased from Rathburn Chemicals Ltd., Walkerburn.
Resulting MDA levels were expressed in MDA concentration
per cell number. For run comparison, MDA levels were
related to high glucose untreated control and corresponding
media control for analysis of treatment impact.

2.4. Total ROS and Superoxide Level. 1× 105 treated cells per
well of a 96-well plate with black walls and transparent flat
bottom were seeded by centrifugation at 40×g, 3min with
lowest acceleration (acc. 1) and second lowest deceleration
(dcl. 2) (Jouan BR4i Multifunction Centrifuge, Thermo
Fisher Scientific). All other steps were performed according
to ROS/superoxide detection kit ENZ-51010 (Enzo Life
Science, Lausen) manufacturers’ instructions except after
adding 1x wash buffer, an additional centrifugation step
(same conditions as described above) was conducted to bring
loosened cells down to the bottom. For the 60min staining, a
1 : 2500 dilution of each dye in respective (glucose) DMEM
was used. The negative assay control was generated by
ROS scavenging activity for 60min with 5mM NAC and
the positive assay control by ROS induction with 400μM
pyocyanin for 20min of untreated cells. Plates were read
at 37°C with FLUOstar Optima microplate reader (BMG
Labtech, Ortenberg) using 4mm orbital averaging, 6 cycles
with 10 flashes per well, and cycle and fluorescence filters
with ex 485nm/em 520nm and ex 544nm/em 612nm.
Fluorescence levels were calculated over the same measure-
ment time for all plates. Corresponding ROS/superoxide
levels were related to high glucose untreated control for
run comparisons and corresponding media control for anal-
ysis of treatment impact.

2.5. RNA/gDNA Extraction and Bisulfite Conversion. RNA
and gDNA were extracted simultaneously from treated cells
using RNAprotect® Cell Reagent, AllPrep DNA/RNA Mini
Kit with additional reagent DX for lysis and proteinase K,

and RNase-free DNase for cleanup (all QIAGEN, Hilden)
according to manufacturer’s protocols for cell culture.
Homogenization step was performed using stainless steel
beads (QIAGEN, Hilden) with Precellys® 24 (Bertin Tech-
nologies, Montigny-le-Bretonneux) at 1600×g (5000 rpm),
2x 15 s with a 10 s break in between. Bisulfite conversion of
unmethylated cytosines in DNA was performed according
to EpiTect® Fast Bisulfite Conversion Kit (QIAGEN, Hilden)
manufacturer’s instructions using bisulfite reaction setup for
high-concentration samples and extension of both 60°C
incubation times to 20min. RNA and DNA concentrations
were determined with Pico100 UV/Vis spectrophotometer
(Picodrop Limited, Hinxton).

2.6. Gene Expression Analysis. Reverse transcription and
cDNA amplification were done either with 1μg RNA using
the RT2 First Strand Kit (QIAGEN, Hilden) or with the fol-
lowing modifications for the RT2 HT First Strand Kit for 96
samples (QIAGEN, Hilden). GE2 buffer and RT mix were
immediately aliquoted and stored for later use at −20°C.
8μl of RNA solution was mixed with 6μl GE2 buffer in a
PCR tube and incubated in the thermocycler with preheated
lid for 15min at 42°C and then 5min at 95°C. 6μl RTmix was
added and incubated in the thermocycler with preheated lid
for 5min at 37°C. After mixing with 91μl nuclease-free dis-
tilled water, the cDNA was stored at −20°C.

Real-Time PCR was performed using GAPDH as house-
keeping gene and DNMT1 and MLH1 as genes of interest
according to RT2 qPCR Primer Assays and RT2 SYBR Green
ROX qPCR Mastermix manufacturer’s protocol (all QIA-
GEN, Hilden) in the real-time thermocycler StepOnePlus™
(Applied Biosystems, Vienna). PCR conditions were an ini-
tial PCR activation step of 10min at 95°C and a 40x repeated
2-step cycling of 15 s denaturation at 95°C, and 1min anneal-
ing and extension at 60°C followed by a melt curve analysis
from 60°C to 95°C in 0.3°C steps. For comparisons of runs,
an untreated control of each culture media was used on every
plate. Relative expression was calculated using ΔΔCT method
and was expressed as 2−ΔΔCT .

2.7. Standard Synthesis for Methylation-Sensitive High-
ResolutionMelting (MS-HRM).For synthesis of unmethylated
DNA standards, purified gDNA from untreated Caco-2 (high
glucose media) was amplified according to the REPLI-g®
Mini Kit (QIAGEN, Hilden) handbook using 5μl template
DNA and 16h incubation with Master Mix at 30°C. Ampli-
fied gDNA was purified by precipitation with sodium acetate
according to QIAGEN FAQ ID-305. Therefore, 1/10 volume
of 3M sodium acetate (Sigma-Aldrich, Vienna), pH5.2, and
2–2.5 volumes ice-cold 96% ethanol (analysis grade, VWR
Chemicals, Vienna) were mixed with the gDNA and precip-
itated for 1 h at −20°C. After centrifugation at 4°C for 20min
with 21200×g, the alcohol was pipetted off, and the pellet was
washed twice at room temperature with 70% ethanol and was
air dried. The purified DNA was dissolved according to pellet
size in about 50–100μl sterile TE buffer (AppliChem, Darm-
stadt). A part of the unmethylated standard was methylated
according to the manufacturer’s protocol for CpG Methyl-
transferase M.SssI 20U/μl using 640μM S-adenosyl-L-
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methionine (SAM) and 10x NEBuffer 2 (all NEB, Frankfurt).
Methylation at 37°C was performed for 4 h with addition of
fresh SAM in between. The methylated standard was purified
with sodium acetate as the unmethylated one. Unmethylated
cytosines in standard DNA were bisulfite converted accord-
ing to EpiTect Bisulfite Kit handbook (QIAGEN, Hilden)
using 0.63–2μg DNA.

2.8. DNA Methylation Analysis by MS-HRM. MS-HRM was
performed according to the EpiTect HRM™ PCR handbook
(QIAGEN, Hilden) using the Rotor-Gene® Q (QIAGEN,
Hilden). The 10μl reaction mix for PCR contained 5μl 2x
EpiTect HRM PCR Master Mix (QIAGEN, Hilden), 5 ng
bisulfite converted DNA, and RNase-free water (QIAGEN,
Hilden). Further PCR conditions were optimized for every
primer set (http://biomers.net GmbH, Ulm). For MLH1,
500 nM of each primer (Table 1) was used. Initial PCR activa-
tion step 5min at 95°C was followed by 40x repeated 3-step
cycling of 15 s denaturation at 95°C, 30 s annealing at 50°C,
and 20 s extension at 72°C. After 1min denaturation at
95°C and 1min heteroduplex formation at 40°C, HRM anal-
ysis was performed from 55°C to 95°C in 0.2°C steps. For
DNMT1, 750 nM of each primer (Table 1) and 0.29mM
additional MgCl2 were used. Initial PCR activation step
5min at 95°C was followed by 40x repeated 3-step cycling
of 15 s denaturation at 95°C, 30 s annealing at 50°C, and
20 s extension at 72°C. After 1min at 95°C and 1min at
40°C, HRM analysis was performed from 55°C to 95°C in
0.2°C steps. For LINE-1, 750 nM of each primer was used
(Table 1). The initial hot-start polymerase activation step
5min at 95°C was followed by 45x repeated 3-step cycling
of 30 s denaturation at 95°C, 45 s annealing at 54°C, and
30 s extension at 72°C. After 1min at 95°C and 1min at
45°C, HRM analysis was performed from 60°C to 95°C in
0.1°C steps. DNA methylation standards were checked for
every primer pair for either complete demethylation or meth-
ylation by comparison to EpiTect PCR Control DNA set
standards (QIAGEN, Hilden). For comparison of all MS-
HRM runs, unmethylated and methylated standards were
mixed and used from the same mixture aliquots to generate
the calibration curves at each run.

MS-HRM data were analyzed with Rotor-Gene Q Series
Software version 2.3.1 according to Rotor-Gene Q User Man-
ual (QIAGEN, Hilden). Normalized curves were analyzed
based on curve interpolation as published by Spitzwieser
et al. [46] based on Migheli et al. [47] and via the standard-
ized fluorescence (SF) for the maximal temperature span in
which the curves still differ. Calibration curve fitting was per-
formed using TableCurve 2D and SigmaPlot (both Systat
Software Inc.) for identifying the most suitable simple equa-
tion for each gene.

2.9. Statistical Analysis. Data are represented as mean± stan-
dard deviation (SD). All experiments were performed in
duplicates, if not indicated otherwise. Data presentation
and statistical analysis were performed with SPSS® Statistics
version 23 (IBM). Two-tailed Student’s t-test for indepen-
dent samples (CI = 0.95) without Welch correction was used
for comparison with the untreated control (c) or respective

H2O2 treatment (h). Two-way ANOVA was used for com-
parison of the different treatments (t) in the context of dif-
ferent glucose concentrations (g). Pearson correlation was
performed between the measured parameters. Differences
were considered statistically significant at a p value ≤ 0.05.

3. Results

3.1. Effects of Glucose Concentration. Cells were grown in
normoglycemic media (1 g/l) as well as hyperglycemic condi-
tions (4.5 g/l D-glucose), reflecting severe diabetic blood level
[48], to elucidate the influence of the glucose concentration.
Glucose concentration significantly (p ≤ 0 01) increased
MDA levels in cells grown under hyperglycemic compared
to those in normoglycemic conditions (Figure 1). ROS levels
were significantly decreased in relation to normoglycemic
untreated control (p ≤ 0 001). However, superoxide level
was not affected by the hyperglycemic condition.

MLH1 expression as well as its mean promotor methyla-
tion was not affected by the glucose concentration alone
(Figures 1 and 2). DNMT1 expression was significantly
increased by glucose in treated cells (p ≤ 0 001) (Figure 1).
LINE-1 promoter methylation was not affected by different
glucose concentrations (Figure 2).

Consequently, for analysis of the treatment effects in
the following sections, relative comparison to respective
untreated glucose control was used to minimize the effects
of the glucose level. Furthermore, it would be of interest to
investigate these observed changes by glucose reduction.
Further investigation by measuring ROS, MDA levels, and
DNMT1 expression during smaller reductions steps based
on these findings might reveal the mechanisms behind in
more detail.

3.2. Effects of Vitamin E on Oxidative Stress

3.2.1. MDA. Incubation with 250μM as well as 500μMH2O2
provoked a significant increase in MDA levels at both glyce-
mic conditions (p ≤ 0 01) (Figure 3). Addition of 10μM or
50μM vitamin E could alleviate this effect. Interestingly, a
dose of 10μM vitamin E was more effective and completely
prevents H2O2-induced MDA. In the normoglycemic condi-
tion, significant higher MDA levels compared to those in the
untreated controls were measured after incubation with
250μM H2O2+ 50μM vitamin E (p ≤ 0 05), whereas both
vitamin E concentrations at high glucose levels in combina-
tion with 250μM H2O2 led to the equal MDA levels.

The ROS scavenger NAC as well as the NOX inhibitor
VAS2870 was able to reduce the MDA levels following
250μM H2O2 treatments. A single treatment with NAC or
VAS2870 had no significant effect on the MDA level.

Treatment with 10μM or 50μM vitamin E alone led to
increased MDA levels under normoglycemic conditions
(Figure 3(a)). Under hyperglycemic conditions, 10μM or
50μM vitamin E alone led to reduced MDA levels
(Figure 3(b)). However, the latter was not significant.

3.2.2. ROS/Superoxide. Treatment with the assay controls
pyocyanin or NAC resulted in the expected ROS/superoxide
alterations. 48 h incubation with H2O2, vitamin E, or ROS/
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NOX inhibitors had no significant impact on ROS or super-
oxide levels at both glycemic conditions (Figure 4), indicating
that no stable changes were generated.

3.3. Treatment on MLH1 and DNMT1 Gene Regulation and
LINE-1 Methylation

3.3.1. MLH1 Expression. There was no significant effect on
MLH1 expression after an exclusive treatment with H2O2 at
various concentrations under both glycemic conditions
(Figure 5). Incubation with solely 10μM (not significant) or
50μM (p ≤ 0 05) vitamin E resulted in an elevated expression
of MLH1.

Furthermore, a combined treatment of vitamin E and
H2O2 in normoglycemic media significantly increased
MLH1. A similar enhancing effect could be observed under
hyperglycemic conditions, where combinations of 10 or
50μM vitamin E with 25 to 500μMH2O2 resulted in a signif-
icantly higher expression of MLH1 (p ≤ 0 05). Concerning
treatment with 500 H2O2+ 50μM vitamin E only, data from

one sample could be obtained as this concentration was
highly cytotoxic.

Inhibitor studies with NAC or VAS2870 combined with
H2O2 performed in the hyperglycemic condition both
showed a significant increase of MLH1 expression.

3.3.2. DNMT1 Expression. In cells grown under normoglyce-
mic conditions, 10μM vitamin E increased DNMT1 expres-
sion, while 50μM showed no effect (Figure 6(a)). At
hyperglycemic conditions, both vitamin E concentrations
increased DNMT1 expression, which was significant for
10μM (p ≤ 0 05) (Figure 6(b)). In contrast, H2O2 alone
scarcely affected DNMT1 expression level.

Combined incubation of vitamin E and H2O2 increased
DNMT1 expression under both glycemic conditions and
was significant under hyperglycemic conditions (p ≤ 0 05).
Thereby, high H2O2 concentrations (250μM, 500μM)
increased DNMT1 expression less than did moderate ones
(25μM, 50μM).

Table 1: Primer sequences used for MS-HRM analysis. LINE-1-rv contains an additional 5′ biotin residue for possible pyrosequencing use.
Primer sequences were taken from literature as indicated. Amplicon length and CpG content were determined using BiSearch version 2.53
[65] and Ensembl release 86 database [66].

Primer Sequence (5′-3′) for MS-HRM Reference Amplicon (bp) CpGs

MLH1-fw TTTTTTTAGGAGTGAAGGAGG [67] 123 13

MLH1-rv AACRCCACTACRAAACTAAA

DNMT1-fw GGTATCGTGTTTATTTTTTAGTAA [68] 115 6

DNMT1-rv ACGAAACCAACCATACCCAA

LINE-1-fw TTTTGAGTTAGGTGTGGGATATA [69] ~143–148 ~1–10
LINE-1-rv AAAATCAAAAAATTCCCTTTC
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Figure 1: Impact of glucose level and shared 48 h treatments (Table 2) in Caco-2 on lipid peroxidation (MDA level) n = 52, ROS n = 39, and
superoxide n = 39 formation and onMLH1n = 36 andDNMT1n = 36 gene expression. Data are displayed as ratio to normal glucose untreated
control and grouped by normal and high glucose growing conditions. Differences between groups are statistically analyzed by two-way
ANOVA on ratios except for gene expression, where analysis is based on ΔΔCT to normal glucose untreated control. Significance by
glucose (g) is marked with ∗∗∗ for p ≤ 0 001.
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A significant increase to the corresponding H2O2 treat-
ment control was also detected for combinations of 10μM
vitamin E with 50μM and 250μM H2O2 (p ≤ 0 05) and for
250μM H2O2+50μM vitamin E (p ≤ 0 01).

NAC and VAS2870, when incubated with 250μMH2O2,
both showed a trend towards an upregulation compared to
untreated and H2O2 treatment controls, which was more
pronounced and significant with NAC (p ≤ 0 05).

3.3.3. Promoter Methylation of MLH1, DNMT1, and LINE-1.
Promoters ofMLH1 andDNMT1 were both unmethylated in
all treatments within a range of 0.4%–2.7% and 0.8%–1.2%
methylation degree, respectively (Figure 7).

Consistently for both genes, no correlations between gene
expression and methylation level were found. However, both
gene expression levels themselves correlated positively (r =
0 488, p ≤ 0 01, n = 28). Furthermore, a positive correlation
was observed for MDA level and MLH1 methylation (r =
0 514, p ≤ 0 05, n = 16).

Caco-2 featured higher genomic instability as seen by low
LINE-1 promoter methylation level in the normoglycemic
(62.4%) and hyperglycemic (64.7%) untreated controls
(Figure 8). Treatment of 25μM H2O2 under normoglycemic
conditions led to a significant increase in LINE-1methylation
(p ≤ 0 05), which was reduced by a combined treatment with
50μM vitamin E (p ≤ 0 05) (Figure 7(a)). Under hyperglyce-
mic conditions, H2O2 tended to reduce LINE-1 methylation
with a concentration of 500μM causing a clear decrease
(p ≤ 0 05). The combination of 25μM or 500μM H2O2
with 10μM vitamin E caused a significant increase in global
methylation compared to corresponding H2O2 treatment
(p ≤ 0 05).

Incubation with NAC or VAS2870 under hyperglycemic
conditions showed a trend to further decrease LINE-1
methylation. However, when combined with H2O2, LINE-1

methylation was higher compared to respective treatments
of inhibitors alone.

4. Discussion

Obesity is one of the leading causes of type 2 diabetes, clini-
cally characterized by chronic hyperglycemia. Both medical
conditions often entail numerous comorbidities including
cancer, metabolic syndrome, and cardiovascular and neuro-
degenerative diseases, resulting in an increased mortality risk
[49]. Obesity and diabetes have been consistently associated
with higher levels of oxidative stress, with hyperglycemia as
one primary discussed contributor. Accumulation of ROS is
a central mediator of cellular damage and intracellular signal-
ing pathways, playing a pivotal role in the progression of dia-
betes and development of complications [50, 51].

Plants can synthesize a wide range of nonenzymatic anti-
oxidants such as polyphenols or vitamins to scavenge ROS.
Supplementation of exogenous antioxidants constitutes a
potential means to counteract ROS-induced oxidative dam-
age [16, 17]. Despite already discussed possible adverse
effects, vitamin E exhibits strong antioxidative activities and
impacts multiple regulatory pathways with consequences
on epigenetic regulation of genes involved in the processes
of inflammation and DNA repair [18, 52].

4.1. Effect of Glucose Level. The comparison of Caco-2 cells
grown under normoglycemic media or under the frequently
used hyperglycemic cell culture media in this study eluci-
dated potential effects of severe diabetic glucose blood level
[48] and further revealed possible influence of glucose level
on treatments with H2O2 and/or vitamin E. A previous
study has already remarked on the effects of high glucose
on multiple signaling pathways targeting cell growth and
maintenance, cell cycle, and cell proliferation in human
hepatocellular carcinoma cell lines [53]. In our study, we
could observe glucose-induced elevated DNMT1 expression
as well as an increase in lipid peroxidation assessed by MDA
level during treatments (Figure 1). In contrast to studies on
rats and diabetic patients [54], in our study on Caco-2 cells,
increased MDA levels were accompanied by a reduction of
ROS. One possible explanation for this finding might be
the Warburg effect, an altered metabolism in cancer cells.
This mechanism is characterized by an increased demand
of glucose by higher glycolysis and pentose-phosphate path-
way (PPP) rate, resulting in increased NADPH levels, which
in turn drive down ROS levels to prevent oxidative stress-
induced cell death [24, 55].

4.2. Treatment Effects on Lipid Peroxidation.We could dem-
onstrate that vitamin E was able to reduce H2O2-induced
lipid peroxidation dose dependently in both glucose condi-
tions with 10 μM vitamin E being more potent than 50 μM.
The difference in effects between vitamin E concentrations
could be explained by the prooxidative potential of vitamin
E in higher doses as reported previously [13]. When applied
alone under hyperglycemic conditions, vitamin E was able to
decrease MDA levels. These were still higher than those of
the normoglycemic untreated control. In contrast, under
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Figure 2: Impact of glucose levels and shared 48 h treatments
(Table 2) in Caco-2 cells on the mean MLH1 promoter n = 36
and global methylation (LINE-1 promoter region) n = 36 grouped
by normal and high glucose conditions. Differences between
groups were statistically analyzed on mean promoter methylation
by two-way ANOVA. No significance by glucose (g) was found.
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normoglycemic conditions, vitamin E slightly increased
MDA levels. Assuming that normoglycemic conditions led
to low absolute ROS levels, addition of vitamin E might cause
a redox misbalance by an excess of antioxidants.

4.3. Treatment Effects on DNA Damage Repair. MDA is not
merely a by-product of lipid peroxidation but is also
responsible for signaling and forms DNA adducts, such as
M1dG, which, if not repaired, becomes mutagenic [23].
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Figure 3: Impact of 48 h treatments on lipid peroxidation in Caco-2 cells grown in (a) normal and (b) high glucose media. Bar charts display
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control in relation to high glucose untreated control. Differences to the respective controls are statistically analyzed by Student’s t-test.
Significance to untreated control (c) and respective H2O2 treatment (h) is marked with ∗ for p ≤ 0 05, ∗∗ for p ≤ 0 01, and ∗∗∗ for
p ≤ 0 001. Untreated controls are n = 5 due to assay controls.

RO
S 

ra
tio

(to
 h

ig
h 

gl
uc

os
e c

on
tro

l)

High glucose
1.2

1.0
1 1 1 1

0.8

0.6

0.4

0.2

0.0

C
on

tro
l

25
0 
�휇

M
 H

2O
2

50
0 
�휇

M
 H

2O
2

1m
M

 N
AC

25
0 
�휇

M
 H

2O
2

+
1 

m
M

 N
AC

25
0 
�휇

M
 H

2O
2

+
10

 �휇
M

 v
ita

m
in

 E

50
0 
�휇

M
 H

2O
2

+
10

 �휇
M

 v
ita

m
in

 E
25

0 
�휇

M
 H

2O
2

+
50

 �휇
M

 v
ita

m
in

 E

25
0 
�휇

M
 H

2O
2

+
2 
�휇

M
 V

A
S2

87
0

2 
�휇

M
 V

A
S2

87
0

10
 �휇

M
 v

ita
m

in
 E

50
 �휇

M
 v

ita
m

in
 E

(a)

Su
pe

ro
xi

de
 ra

tio
(to

 h
ig

h 
gl

uc
os

e c
on

tro
l)

High glucose

1
1 1 1

1.2

1.4

1.0

0.8

0.6

0.4

0.2

0.0

C
on

tro
l

25
0 
�휇

M
 H

2O
2

50
0 
�휇

M
 H

2O
2

1 
m

M
 N

AC
25

0 
�휇

M
 H

2O
2 +

 1
 m

M
 N

AC

25
0 
�휇

M
 H

2O
2 +

 1
0 
�휇

M
 v

ita
m

in
 E

50
0 
�휇

M
 H

2O
2 +

 1
0 
�휇

M
 v

ita
m

in
 E

25
0 
�휇

M
 H

2O
2 +

 5
0 
�휇

M
 v

ita
m

in
 E

25
0 
�휇

M
 H

2O
2 +

 2
 �휇

M
 V

A
S2

87
0

2 
�휇

M
 V

A
S2

87
0

10
 �휇

M
 v

ita
m

in
 E

50
 �휇

M
 v

ita
m

in
 E

(b)

Figure 4: Impact of 48 h treatments on (a) ROS and (b) superoxide levels in high glucose grown Caco-2 cells. Bar charts display the mean
ratio± SD to high glucose untreated controls. The gray dashed line represents the level of normal glucose untreated control in relation to
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Figure 5: Impact of 48 h treatments onMLH1 gene expression in (a) normal and (b) high glucose grown Caco-2 cells. Bar charts display the
mean± SD to respective glucose untreated control. The gray dashed line represents the level of normal glucose untreated control in relation to
high glucose untreated control. Differences to respective controls are statistically analyzed on ΔΔCT to normal glucose untreated control by
Student’s t-test. Significance to untreated control (c) and respective H2O2 treatment (h) is marked with ∗ for p ≤ 0 05, ∗∗ for p ≤ 0 01, and
∗∗∗ for p ≤ 0 001. 1 indicates lacking replicate, n = 1.
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Figure 6: Impact of 48 h treatments onDNMT1 gene expression in (a) normal and (b) high glucose grown Caco-2 cells. Bar charts display the
mean± SD to respective glucose untreated control. The gray dashed line represents the level of normal glucose untreated control in relation to
high glucose untreated control. Differences to respective controls are statistically analyzed on ΔΔCT to normal glucose untreated control by
Student’s t-test. Significance to untreated control (c) and respective H2O2 treatment (h) is marked with ∗ for p ≤ 0 05 and ∗∗ for p ≤ 0 01.
1 indicates lacking replicate, n = 1.

8 Oxidative Medicine and Cellular Longevity



Consequently, at higher MDA levels, an increased DNA
repair, for example, via an upregulation of the repair
gene MLH1, is of advantage and might be cancer protec-
tive [38, 39].

Our results showed that such an effect was not caused by
increased oxidative stress induced by the H2O2 treatments,
which did not alter MLH1 expression despite the highest
MDA levels. In contrast, vitamin E was rather effective in this

Table 2: Shared 48 h treatments by both glucose conditions per parameter.

MDA ROS Superoxide
Expression Methylation

MLH1 DNMT1 MLH1 LINE-1

Control + + + + + + +

25 μM H2O2 + + + +

50 μM H2O2 + + + +

250 μM H2O2 + + +

500 μM H2O2 + + +

1mM NAC + + +

250 μM H2O2 + 1mM NAC + + +

2 μM VAS2870 + + +

250 μM H2O2 + 2μM VAS2870 + + +

10 μM vitamin E + + + + + + +

50 μM vitamin E + + + + + + +

25 μM H2O2 + 10μM vitamin E + + + +

25 μM H2O2 + 50μM vitamin E + + + +

50 μM H2O2 + 10μM vitamin E + + + +

50 μM H2O2 + 50μM vitamin E + + + +

250 μM H2O2 + 10μM vitamin E + + +

250 μM H2O2 + 50μM vitamin E + + +

500 μM H2O2 + 10μM vitamin E + + +

500 μM H2O2 + 50μM vitamin E +
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Figure 7: Impact of 48 h treatments with vitamin E on (a)MLH1 and (b)DNMT1mean promoter methylation in high glucose grown Caco-2
cells. Bar charts display the mean ratio± SD to high glucose untreated control. The gray dashed line represents the level of normal glucose
untreated control. Differences to respective controls are statistically analyzed by Student’s t-test. Significance to untreated control (c) is
marked with ∗ for p ≤ 0 05. 1 indicates lacking replicate, n = 1.
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regard, showing a significant induction of MLH1 over all
treatments. It would be of interest to assess oxidative DNA
damage level in further studies, to elucidate if vitamin E-
induced MLH1 expression was solely concentration depen-
dent or stimulated by increased DNA damage.

MLH1 is reported to show aberrant high methylation
patterns in so-called CIMP- (CpG island methylator pheno-
type-) positive tumors, first identified in colorectal cancer.
[35]. CIMP-negative Caco-2 cells [56] displayed very low
methylation rates (0.4%–2.7%) over all treatments, suggest-
ing that regulation ofMLH1 expression in non-CIMP cancer
types rather lies beyond DNA methylation. Consequently,
our results showed no correlation between gene expression
and methylation level of MLH1 as previously also reported
[57]. Moreover, MLH1 promoter methylation was not
affected by increased DNMT1 expression. However, a pos-
itive correlation was observed for MDA level and MLH1
methylation. This could indicate that high amounts of
damage and induced ROS might provoke development
towards CIMP.

4.4. Treatment Effects on DNMT1. We could demonstrate
that H2O2 treatment combined with inhibitors as well as
vitamin E led to an elevated DNMT1 expression, though
exclusive treatment with H2O2 scarcely affected DNMT1
expression. These effects were more pronounced under
hyperglycemic conditions, suggesting a significant glucose-
induced impact.

Our results further showed a positive correlation
between DNMT1 and MLH1 expression. Their proteins
are reported to interact with each other [40, 41] and these
genes to be controlled in a cell cycle-dependent manner

with a gene expression restricted to S-phase for DNMT1
[58] and an upregulated one for MLH1 [59]. Furthermore,
vitamin E compounds are known to be potent cell cycle
modulators [15, 60].

These studies support our findings that the modulation of
DNMT1 and MLH1 in Caco-2 by vitamin E might be based
on a S-phase block. Cell cycle arrest with increased expres-
sion of DNA repair genes following DNA damage responses
is thereby of particular advantage [61].

Consistently, the additional incubation with high H2O2
concentrations that enhanced MLH1 expression more and
DNMT1 expression less than did moderate concentrations
could be observed. ROS, triggering proliferation by the redox
regulated cell cycle [24, 62], might promote S-phase transit
despite the increased damage. Further experiments could
clarify our assumptions on the cell cycle arrest in S-phase
as causing a cell cycle arrest in the mutant p53 Caco-2 cells
[63] by an independent mechanism provides a potential
treatment to combat p53-defective cancer types.

4.5. Treatment Effects on LINE-1. DNAmethylation of repet-
itive elements such as LINE-1 can serve as a surrogate marker
for global genomic DNA methylation, as it occurs with a fre-
quency of at least 17% [29] in the human genome. Global
DNA hypomethylation is reported to play a crucial role in
genomic instability and, consequently, carcinogenic pro-
cesses [31, 32]. However, our results could not show any cor-
relation between LINE-1 methylation andMLH1 or DNMT1
expression, respectively. Previously, it was demonstrated in
bladder cancer cells that LINE-1 methylation was signifi-
cantly decreased after treatment with H2O2 and reestablished
after pretreatment with tocopherol acetate [64]. Similar
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Figure 8: Impact of 48 h treatments on global methylation in (a) normal and (b) high glucose grown Caco-2 cells. Bar charts display the
mean± SD of LINE-1 methylation levels. The gray dashed line represents the level of normal glucose untreated control in relation to
high glucose untreated control. Differences to respective controls are statistically analyzed by Student’s t-test. Significance to untreated
control (c) and respective H2O2 treatment (h) is marked with ∗ for p ≤ 0 05.
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effects could also be observed in our study under hyperglyce-
mic conditions, whereH2O2 tended to reduce LINE-1methyl-
ation provoking chromosomal instability. Though exclusive
treatments with vitamin E could not reveal significant alter-
ations, the combination of 25μM or 500μM H2O2 with
10μM vitamin E resulted in a significant increase in global
methylation as compared to H2O2 treatment control. In line
with our results on reduction of H2O2-induced MDA, these
findings underline the exciting beneficial effects of the lower
vitamin E concentration in counteracting oxidative stress,
while acting cancer protective. However, whether LINE-1
hypomethylation is a cause or effect of oxidative stress is
surely a worthwhile focus for future research. Additional
studies with other immortalized but also primary cell lines
treated with further natural substances bearing antioxidative
potential such as (−)-epigallocatechin gallate (Pointner et al.
2017, submitted for publication) are of great interest to assess
cell line and substance-specific characteristics.

Taken together, we could demonstrate that vitamin E
reduced H2O2-induced lipid peroxidation in a dose-
dependent manner as well as caused lower increase of the
DNA repair gene MLH1. Furthermore, DNMT1 expression
and global methylation were positively affected, all of them
underlining the exciting beneficial effects of the lower con-
centration of vitamin E in counteracting oxidative stress.
Moreover, our study revealed an influence by glucose con-
centration on MDA and ROS level as well asDNMT1 expres-
sion, which is suggested to be linked to metabolic pathways.
Thereby neither NAC nor the NOX inhibitor was able to alter
all investigated parameters in the same way as vitamin E did.
However, the assumed ROS induction and scavenging effect
through one-time treatment was very likely to act in the short
term. Furthermore, the highly reactive exogenous redox
active compounds were neutralized after 48 h.

5. Conclusions

Antioxidative processes clearly affect main epigenetic
enzymes regulation and presumably chromatin modifica-
tion. Different impacts of glucose concentration indicate
that physiological glucose levels need to be respected when
analyzing interactions between antioxidative mechanisms
and epigenetics. Vitamin E, especially in low concentrations,
showed beneficial effects in vitro concerning oxidative stress
as well as epigenetic alterations, revealing its cancer protec-
tive potential. Supplementation of exogenous antioxidants
like vitamin E constitutes an effective means to counteract
hyperglycemia-induced oxidative damage. Therefore, it bears
a great potential for treatment and might even be used as
possible approach in prevention of diseases such as obesity
and diabetes.
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Zinc is recognized as an essential trace metal required for human health; its deficiency is strongly associated with neuronal and
immune system defects. Although zinc is a redox-inert metal, it functions as an antioxidant through the catalytic action of
copper/zinc-superoxide dismutase, stabilization of membrane structure, protection of the protein sulfhydryl groups, and
upregulation of the expression of metallothionein, which possesses a metal-binding capacity and also exhibits antioxidant
functions. In addition, zinc suppresses anti-inflammatory responses that would otherwise augment oxidative stress. The actions
of zinc are not straightforward owing to its numerous roles in biological systems. It has been shown that zinc deficiency and
zinc excess cause cellular oxidative stress. To gain insights into the dual action of zinc, as either an antioxidant or a prooxidant,
and the conditions under which each role is performed, the oxidative stresses that occur in zinc deficiency and zinc overload in
conjunction with the intracellular regulation of free zinc are summarized. Additionally, the regulatory role of zinc in
mitochondrial homeostasis and its impact on oxidative stress are briefly addressed.

1. Introduction

Oxidative stress can be defined as an excessive production
of reactive oxygen/nitrogen species (ROS/RNS), known as
prooxidants, and/or a deficiency of enzymatic and nonen-
zymatic antioxidants, which are involved in the detoxifica-
tion of ROS/RNS [1]. The occurrence of oxidative species
is normal in a cell, but excess production occurs when
the discharge of oxidants becomes too large for the cellular
antioxidant defense mechanisms to detoxify or when the
functioning of the antioxidant defense mechanisms is per-
turbed. Excessive oxidants cause alterations to the normal
structure and function of DNA, lipids, and proteins, which
trigger mutagenesis and oxidative damage in the cell. There-
fore, excessive oxidative stress can generally be considered
both a cause and an effect of numerous pathological con-
ditions, such as cancer, neurodegeneration, cardiovascular
diseases, diabetes, and kidney diseases, as discussed else-
where [2–4]. It has been suggested that increased oxidative
stress is involved in aging [5]. To combat excessive oxida-
tive stress, various natural or synthetic antioxidants have

been evaluated to prevent or attenuate the pathological
transition [2, 6–8].

In living systems, various metals are involved in a wide
variety of biological processes through their action as cata-
lytic and structural components, as discussed elsewhere
[7, 9]. Redox-active metals (e.g., copper and iron) participate
in cycling reactions through the transfer of electrons between
metals and as substrates to perform redox homeostasis in
cellular biochemical reactions. Even these essential metals
can cause uncontrolled oxidative stress when their regulation
is disturbed [6, 10]. Toxic metals, such as arsenic and cad-
mium, which have no apparent biological function, can
interact strongly with proteins and DNA [6, 7] and cause
site-specific damage that results in the conformational
change of the proteins and DNA and the excessive produc-
tion of metal-mediated ROS and RNS [11]. Given the
abundant anthropogenic influences in the environment,
people may be exposed to these metals via the inhalation of
contaminated air, the dietary intake of plant-derived food,
and drinking water [12]. Industrial zinc use has increased
over time; currently, it is used in galvanization, zinc-based
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alloys, brass, and bronze [13]. Zinc is also used for dental,
medical, and household purposes [13]. Previously, the
importance of zinc in health and disease has been largely
studied from the perspective of severe deficiency with
obvious clinical signs [14, 15]. In contrast with iron, copper,
mercury, cadmium, and other metals that accumulate in
tissues and produce toxic effects [16], there are fewer disor-
ders associated with the excessive accumulation of zinc
[14]. In the long-term high-dose supplementation of zinc,
many of the toxic effects associated with zinc are a result of
copper deficiency [17, 18]. Zinc possesses bactericidal prop-
erties at low concentrations. This is known as the oligody-
namic effect and was identified by Karl Wilhelm von Nägeli
through the mechanisms of oxidation-reduction reactions
and the intracellular accumulation of ions in bacteria [19].
Moreover, clinical evidence has emphasized the importance
of zinc in autodebridement, anti-infective action, and the
promotion of epithelialization [20]. It has also been proven
that topical administration of zinc in ointments or in ban-
dages was better for disinfection and stimulation of wound
healing than oral administration [20].

Zinc belongs to the divalent metals in group 12 of the
periodic table and is normally colorless. Unlike other bioac-
tive metals such as iron (ferric state (Fe3+) or ferrous state
(Fe2+)) and copper (cuprous state (Cu+) and cupric state
(Cu2+)), zinc is stable as a divalent cation (Zn2+) and does
not directly undergo redox reactions owing to its filled d shell
[21]. Compounds containing Zn1+ are rare and require bulky
ligands to stabilize the low oxidation state. Zn2+ cannot
donate or receive a free electron and it is therefore redox
inert; it is not considered an antioxidant in the traditional
sense. Instead, Zn2+ can function as an efficient Lewis acid
and is often integrated with four ligands into a tetrahedral
array with side chains of amino acids such as aspartic acid,
glutamic acid, cysteine, and histidine [21, 22]. As indicated
by reviews of chronological research events in zinc biology
[23, 24], the reported biological roles of zinc in health and
disease have rapidly increased. Adults have approximately
1.4–2.3 g of zinc in their body and its content varies signifi-
cantly between tissues. In this review, Zn2+ refers to the reac-
tive pool of zinc, but “zinc” refers to the total zinc content,
which encompasses all forms of zinc including the protein-
bound pool (54%), the exchangeable reactive pool (44.7%),
and Zn2+ [25]. Numerous findings have linked the induction
of the enzymes involved in antioxidant defenses and with
antioxidant potentials to the action of free or labile forms of
Zn2+ [22, 26]. However, it is not easily discriminable whether
the identified actions are derived from zinc or Zn2+. The
antioxidant function of zinc was suggested previously [26]
and the anti-inflammatory effects of zinc were thereafter
rapidly discovered [27, 28]. Paradoxically, the oxidative stress
mediated by zinc deficiency and Zn2+ overload has been
suggested to be closely linked to neurodegeneration in Alz-
heimer’s disease [29] and neuronal cultures [30, 31]. Neuro-
nal death that results from excess Zn2+ did not occur because
of exogenous zinc, but because of intracellular Zn2+ overload,
which was mobilized and redistributed in the brain [32].

The role of zinc as either an antioxidant (Figure 1)
or prooxidant (Figure 2) is not straightforward owing

to the diversity and complexity of Zn2+ activity. The pur-
pose of this review is to provide an insight into the dual
action of zinc, which acts as either an antioxidant or a
prooxidant, and the circumstances in which each function
is active. First, we have briefly addressed the biochemical
and nutritional aspects of zinc. Second, the underlying
mechanisms of zinc homeostasis are outlined and the
redox involvement of zinc is addressed in conjunction with
metallothionein (MT), which is a low-molecular weight
cysteine-rich protein with Zn2+-binding capacity [33–35].
Third, the oxidative stresses that occur in zinc deficiency
and zinc overload are summarized. Fourth, the regulatory
role of zinc in mitochondrial homeostasis and its impact
on the oxidative stress have been discussed. Finally, we
discussed the role of zinc as either an antioxidant or a
prooxidant in conjunction with the intracellular regulation
of free zinc.

2. Biochemical and Nutritional
Properties of Zinc

Zn2+ is an essential heavy metal required by approximately
2800 macromolecules and more than 300 enzymes to build
their proper structure and develop their function [36, 37].
In prokaryotes, approximately 83% of zinc proteins conduct
enzymatic catalysis [38]. Eukaryotes use Zn2+ in diverse bio-
logical functions: zinc-related proteins in catalytic reactions
(47%), DNA transcription (44%), protein transport systems
(5%), and signaling pathways (3%) [38]. Zn2+ is also involved
in stabilization of the membrane structure [39–41], and its
deficiency impairs the plasma membrane functions required
for platelet aggregation, osmotic protection, and various
other processes [41]. Therefore, the widespread deficiency
of Zn2+ is likely to result in major health consequences such
as severe defects in growth, development, and proper func-
tioning of the reproductive, immune, and neurosensory sys-
tems and in behavior, as discussed elsewhere [15, 24, 42].
According to the TOXNET database of the US National
Library of Medicine, the oral 50% lethal dose for zinc is
approximately 3 g/kg body weight, which is over 10-fold
higher than that for cadmium and 50-fold higher than that
for mercury [43]. There are three major routes of entry by
which zinc may reach a toxic level in the human body:
through the inhalation of zinc oxide as dust or fume, through
the skin, or by ingestion. Several studies have demonstrated
that exposure to high concentrations of zinc (up to several
millimolar) or industrial exposure did not produce severe
health concerns [7, 44]. Excessive oral zinc intake (over
150mg/day) for long periods may induce copper (Cu)
deficiency-like symptoms owing to the resulting inhibition
of Cu uptake [45].

Zn2+ is hydrophilic and cannot permeate across the
cytoplasmic plasma membrane and the membranes of
intracellular compartments. Cellular and whole-body Zn2+

levels are controlled by MTs, Zn2+ transporters (solute car-
rier family 30A, ZnTs), and Zn2+ importers (solute carrier
family 39A, ZIPs) [46, 47]. The ZnT family facilitates the
mobilization of Zn2+ in the opposite direction of ZIP (as
discussed elsewhere [48]). In addition to the ZIP family,
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other membrane transporter proteins, including some types
of voltage-gated calcium channels, the glutamate receptor,
the acetylcholine receptor, and the transient receptor poten-
tial (TRP) channel are involved in mobilization of Zn2+

across the cellular membrane (as discussed elsewhere [49]).
In the wound healing process, extracellular Zn2+ released
from cellular injuries can be sensed by ZnR/GPR39, which
can be triggered by nanomolar concentrations of Zn2+, and
promotes signaling that leads to epithelial repair [50]. The
increased Zn2+ level in the cytosol will be recognized by the
Zn2+-sensitive transcription factor, MTF-1 [51]; once Zn2+

has been bound, MTF-1 translocates to the nucleus to upreg-
ulate the expression of MT and ZnTs, such as ZnT1 [52, 53].
Differently, Zn2+ can be buffered within a “zinc muffler” via a
still unidentified Zn2+ transporter and is then translocated
into an intracellular zinc store, such as the endoplasmic
reticulum (ER), Golgi apparatus, lysosomes [54, 55], or mito-
chondria [55, 56]. However, there is no clearly identified
mechanism through which the intracellular or extracellular
level of Zn2+ is exactly sensed.

3. MT and Its Involvement in the Zinc-Mediated
Redox Switch

MTs have four isoforms (MT I–IV), which show tissue-
specific expression. MT I and MT II are ubiquitously
expressed but are transcriptionally regulated by the metal-
response element-binding transcription factor-1 (MTF-1);

MT III is predominantly expressed in neurons; and MT IV
is dominant in the brain and epithelial tissue (as discussed
elsewhere [33, 57]). In contrast to MT I/MT II, both MT III
and MT IV are not inducible. MT is located in various
cellular compartments, such as the nucleus, cytosol, and
cellular organelles [58–60]. MT binds Zn2+ more tightly
and at a higher concentration in comparison with other zinc
proteins [34]. Four and three zinc ions are captured via their
formation of α and β clusters with different affinity in MT,
respectively [35, 61, 62]. It has been suggested that the
specific coordination of the zinc/thiolate clusters in MT
[62] will react sensitively to the redox state and thus render
flexibility either in cellular availability of Zn2+ or the redistri-
bution of Zn2+ [35]. By contrast, MT can participate in redox
chemistry that does not originally result from Zn2+ itself,
but rather from its coordination of Zn(II)-thiolate moiety
[62–64]. MT is able to scavenge the hydroxyl radical
(OH−) with 300-fold greater efficacy than glutathione
[65, 66]. Moreover, the inherent activity of MT as an antiox-
idant may be involved in the protection against oxidative
damage, such as radiation injury [66] or central nervous sys-
tem pathology [67]. One of the pathways of MT degradation
is its cleavage by lysosomal enzymes, such as cathepsin B, in
lysosomes in vivo [52]. Compared with apo-MT, metal-
bound MT species, such as Zn-MT and cadmium-MT, are
extremely resistant to degradation. Metals protect MT
against proteolysis, and the degradation of MT and metal
release are likely to occur concomitantly [68].
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Figure 1: Involvement of zinc as an antioxidant. AP-1: activator protein 1; Cu: copper; Fe: iron; MT: metallothionein; MTF-1: metal-
responsive transcription factor-1; NF-κB: nuclear factor kappa-B; p53: tumor suppressor p53; SOD: superoxide dismutase.
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4. Impact of Zn2+ on Mitochondrial
Homeostasis and Its Involvement in
Oxidative Stress

Mitochondria are the major source of ROS production
[69, 70]. Therefore, it is valuable to elucidate the role of
Zn2+ in mitochondrial functions to obtain further insight
into the role of Zn2+ as either an antioxidant or a prooxidant.
In the model of ischemia/reperfusion (I/R) injury, the effect
of Zn2+ differs between tissues. For example, brain damage
during I/R can be attenuated by Zn2+ scavenging [71],
but cardioprotectants require Zn2+, as discussed elsewhere
[28, 72]. Mitochondria are semiautonomous organelles
capable of transcription and translation, and thus, the timely
supply of Zn2+ must be supplied for these processes. A
reduced content of Zn2+ can affect mitochondrial biogenesis,
as matrix-localized metalloproteases that proteolytically
cleave newly arrived proteins during their mitochondrial
maturation require Zn2+ as a cofactor [73]. Zn2+ is a powerful
inhibitor of the redox-regulated Mia40/Erv1 pathway, an
essential component of the import pathway used by the small
Tim proteins [74]. Thus, an aberrant level of cytosolic
Zn2+ could suppress the correct positioning of the mito-
chondrial proteins required for mitochondrial biogenesis.
In addition, zinc deficiency also induces ER stress response
owing to accumulation of misfolded proteins that induce a
vicious cycle of ER stress and oxidative stress [75, 76].
Improper supply of Zn2+ into mitochondria, for example,

an insufficient level of ZnT6 [77] or alcoholic liver disease
[78], may compromise many mitochondrial enzymes and
proteins involved in mitochondrial protein processing,
and thus mitochondrial ROS production can be enhanced
owing to mitochondrial dysfunction.

4.1. Glycolysis and TCA Cycle. As shown in Figure 2, several
Zn2+-regulated enzymes involved in glycolysis have been
identified [79–81]. In addition to zinc deficiency, a high level
of Zn2+ can inhibit glycolysis via its inhibitory effects on
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [79],
phosphofructokinase [80], and muscle pyruvate kinase [81];
however, these effects can be reversed by a high level of
histidine. A high Zn2+ concentration will interrupt the
Krebs cycle and mitochondrial ATP production through
a decrease in the production of a reduced form of nicotin-
amide adenine dinucleotide (NADH) [32]. The activity of
GAPDH can be inhibited indirectly, because Zn2+ causes
a reduction in nicotinamide-adenine dinucleotide (NAD+)
levels [82]. It should be noted that the Zn2+-mediated
inhibition of glycolysis is prominent only in cultured neu-
rons because of their heavy reliance on glycolysis for ATP
production compared with the brain [83]. In the tricar-
boxylic acid (TCA) cycle, the α-ketoglutarate dehydroge-
nase complex, which is an upstream of the bc1 complex
(complex III), can be suppressed in the presence of a high
Zn2+ level [84]. Mitochondrial lipoamide dehydrogenase
(LADH), which catalyzes NADH oxidation by oxygen,
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produces hydrogen peroxide as the major product and the
superoxide radical as the minor product. As high Zn2+ level
does not only activate LADH oxidase but also inhibits both
the forward and reverse mode of LADH thiol oxidoreductase
activity, abundant ROS production will occur [85].

4.2. Mitochondrial Respiratory Complexes. Zn2+ can bind
slowly and progressively to the active state of complex I
(NADH:ubiquinone oxidoreductase), whereas it binds rap-
idly and tightly to the resting state(s) [86]. At micromolar
concentrations, Zn2+ inhibits complex I more strongly
than Mg2+, Ca2+, Ba2+, and Mn2+ to Cu2+ or Cd2+ through
blocking of the proton transfer to bound quinone or pro-
ton translocation. Complex II (succinate dehydrogenase
(SDH)), during both the forward and reverse electron trans-
fers, will be suppressed by exposure to low micromolar con-
centrations of manganese (Mn), and this suppression results
in the production of mitochondrial H2O2 in rat microglial
cells, but not astroglial cells [87]. However, Zn2+ does not
suppress complex II activity. The electron bifurcation at
complex III (cytochrome bc1 complex) is believed to be the
most critical electron transfer steps in the respiratory chain
[88]. The Zn2+ binding to the bc1 complex does not interfere
with the binding of either of the substrates, hydroquinone or
cytochrome c, but at 100–200 nM, Zn2+ can bind to the
hydroquinone center (QP Center) of Fe-S-depleted mito-
chondrial bc1 complexes with high affinity and in a reversible
mode; thus, Zn binding can block a protonatable group in the
bc1 complex [89]. Complex IV (cytochrome c oxidase) is a
membrane-bound enzyme that catalyzes the reduction of
O2 to H2O and uses part of the energy released in this
reaction to pump protons across the membrane. Zn2+ could
inhibit complex IV (cytochrome c oxidase) activity in a
biphasic manner [90]. There is less evidence to suggest that
Zn2+ is directly involved in changes in complex V (the F0F1
ATP synthase complex) [91].

The inhibition of ETC by high Zn2+ levels may lead to
cellular death either via the dissipation of the mitochondrial
transmembrane potential [83, 92, 93], reduced cellular ATP
levels [94], or increased ROS production [92]. The mitochon-
drial permeability transition pore (MPTP) is sensitive to
changes in thiol redox status, and thus, Zn2+ can stimulate
MPTP opening via interference in thiol recycling [95]. How-
ever, it is controversial as to whether Zn2+ can directly induce
MPTP opening. Mitochondrial dysfunction is not the sole
source of Zn2+-induced cell death, as neuronal cells can be
damaged not only by compromised mitochondrial function
but also by PI3K-mediated inhibition of mitochondrial
movement [96]. In contrast, neuronal cell death was also
mediated by H2O2-induced lysosomal membrane perme-
abilization owing to the intolerable accumulation of Zn2+ in
the lysosome [97].

5. Role of Zinc as Either an Antioxidant or a
Prooxidant in Conjunction with
Regulation of Intracellular Free Zinc

Harmful effects of ROS/RNS can be prevented or slowed by
nonenzymatic antioxidants (e.g., alpha-tocopherol, ascorbate,

glutathione, and MT) and antioxidant enzymes (e.g., super-
oxide dismutase (SOD), catalase, and glutathione peroxidase)
[98, 99]. The action of zinc as an antioxidant (Figure 1) is
linked to zinc deficiency and disease. However, involve-
ment of cellular zinc decreases in increased levels of ROS
and that of RNS is still poorly understood. There is mini-
mal evidence that excessive oxidation/peroxidation primar-
ily occurs in vivo in tissues from zinc-deficient animals [26].
Indeed, a zinc-deficient diet will cause a reduction of food
intake in rats [100, 101] and thus, multinutritional defects
that result from low food intake will be included in the effects
of pure zinc deficiency. Unexpectedly, dietary Zn deficiency
does not impair the overall antioxidant defense capabilities
in any tissue [102] and an uncompromised free radical
defense system remains operational [26]. Zinc itself is not
redox active, and thus, Zn2+ does not interact directly with
ROS or with carbon-centered free radicals [26]. The possible
sources of ROS in low zinc levels could be connected to
(1) decreased activity of key antioxidant enzymes such as
Cu/Zn-specific SOD. It is known that there is no positive
correlation between Cu/Zn-SOD activity and dietary Zn
intake or tissue zinc concentration. The decreased activity
of SOD in zinc deficiency might not be a critical factor
for oxidative stress, as the overexpression of SOD in yeast
did not rescue the oxidative stress levels [103]. In conditions
of nutritional stress, the change in Cu/Zn-SOD activity
occurs not only through the concentration of Zn2+ but also
through the concentration of Cu [102]. Alternatively,
mismetallation in the absence of Zn2+ may be deleterious
and yield either an inactive protein or a misfolded state prone
to aggregation; (2) disturbance in the induction of MT by
Zn2+; (3) lower protection of the free sulfhydryl groups in
proteins. Zn2+ can protect the sulfhydryl groups in proteins
against oxidation, as shown in δ-aminolevulinate dehydra-
tase, dihydroorotase, the cytoskeletal protein tubulin, and
Zn finger DNA-binding proteins [26]. The interaction of
Zn2+ with sulfhydryl groups can be involved in the regulation
of enzymatic activity through the prevention of intramolecu-
lar disulfide formation, which causes steric hindrance and
conformational changes [26]. It is noteworthy that Zn-MT
does not protect all sulfhydryl groups against oxidative stress
as since Zn2+ will be lost from Zn2+-MT after reaction with
OH− and O2

− [26]; (4) less competition with redox-active
metal ions involved in oxidative reaction. The protein struc-
ture of MT can be modified by the reaction with L-homo-
cysteine, and homocysteinylated-MT was reported to lose
function and cause increased production of ROS, chronic
inflammation, and atherothrombotic disease [104]. Zn2+

can compete with copper or iron for certain types of binding
sites, owing to the similarities in their coordination chemistry
[105], and thereby suppress their ability to transfer electrons
in a particular environment and cause ROS production. For
example, competition of Zn2+ with iron and copper in the cell
membrane leads to an inhibition of the NADPH oxidase
enzyme, another source of O2

− and H2O2 production [106],
and attenuates chronic inflammation and hyperglycemia
[11, 12]; (5) dysfunction of the mitochondria and/or ER
owing to an insufficiency of zinc; and (6) indirect involve-
ment in oxidative reactions. Zn2+ binds selectively to
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NADPH, but not to NADH. Therefore, Zn2+ can inhibit the
NADPH-mediated drug-oxidizing system [107]. Zn2+ can
impede the formation of Fe-oxygen-enoic acid complexes,
which initiates lipid peroxidation [107]. In addition, Zn2+

can suppress the propagation step of lipid peroxidation at
phosphatidylserine, which is where aluminum and related
nonredox metals (Sc3+, Ga3+, In3+, Be2+, and Y3+) bind
preferentially [39]. Hence, Zn2+ performs the role of a stabi-
lizer of macromolecules and biological membranes and
minimizes their oxidative/peroxidative damage [40, 41];
although, there are some exceptions [108, 109]. The phar-
macological intake of zinc can confer antioxidant-like func-
tions, as shown in its alimentary effects against acute ethanol
toxicity [110], whole-body radiation [111], isoproterenol-
induced cardiac oxidative injury [112], and transition
metal-mediated site-specific oxidative injury [113, 114]. It
is assumed that zinc participates as an antioxidant [23], as
several transcription factors [27, 115] can be upregulated
by Zn2+ and the antioxidant, detoxifying molecules (gluta-
thione, SOD, glutathione S-transferase, hemeoxygenase-1)
and nuclear factor erythroid 2-related factor 2 (Nrf2) can
be induced (Figure 1).

In addition to the antioxidant role of zinc (Figure 1),
several prooxidant effects mediated by Zn2+ also exist and
are highly associated with aberrant increases in Zn2+ levels
(Figure 2). With the aberrant expression and function of
Zn2+ influx and/or efflux system in conjunction with MT,
intracellular Zn2+ overload or Zn2+ deficiency can occur as
discussed elsewhere [48, 116–118]. In this type of Zn2+ over-
load, it will take some time until the detoxifying mechanisms
in the cytosol and organelles (e.g., lysosomes and mito-
chondria) are compromised [119]. In the case of ischemia/
reperfusion or the prevalence of oxidants such as peroxyni-
trite and methylisothiazolinone, the released Zn2+ from
MT or other Zn2+-bound proteins render Zn2+ as a proox-
idant as a result of protein misfolding and the subsequent
accumulation of these proteins that induces oxidative stress
[35, 120]. Exogenous nitric oxide (NO) or N-methyl-D-
aspartate (NMDA), which increase the production of endog-
enous NO via receptor activation leads to peroxynitrite
(ONOO−) formation and then Zn2+ release from intracellu-
lar stores, as shown in cerebrocortical neurons [121]. In car-
diomyocytes, ROS and/or RNS provide major contributions
to a rapid increase in intracellular Zn2+ levels, as a result of
the mobilization of Zn2+ from intracellular stores. Moreover,
during oxidative stress, including ultraviolet A irradiation,
Zn2+ is released from MTs, either by nitrosylation or oxida-
tion of the thiol ligands. Surgical injury or tissue damage,
which releases Zn2+ from damaged cells, leads to a local
increase in Zn2+ concentration in the neighboring cells. Cer-
tain drugs or metabolites can release Zn2+ from proteins,
which will then cause cytotoxic effects. For example, ebselen,
a selenium-containing redox drug that mimics the gluta-
thione peroxidase, releases Zn2+ through the oxidation of
Zn2+-thiolate clusters in MTs [122]. It should be mentioned
that release of Zn2+ from Keap1 by phase II inducers, such
as oxidants and electrophiles, dissociates NRF2 from
keap1; thus, this mechanism can function as a sensor for
the induction of antioxidant responses [123].

Excessive Zn2+ stimulates mitochondrial ROS produc-
tion, as described in Section 4. Zn2+-ROS generation (pro-
duced by mitochondria, NADPH-oxidase (Nox), and other
sources) can trigger further intracellular Zn2+ mobilization.
Zn2+ appears to have other metabolic effects that are
largely independent of the direct effects on mitochondria
(Figure 2). In endothelial cells, aberrant increase in Zn2+

may lead to an increase in Nox1 expression, which contrib-
utes to the progression of vascular senescence [124]. Notably,
senescent endothelial cells are labile to excess Zn2+ but are
resistant to Zn2+ deficiency [125]. Considering the proapop-
totic [126] or antiapoptotic role of Zn2+ [127–129], the
prosenescence and proapoptotic effects of Zn2+ involved in
vascular aging should be further elucidated in the future. In
cultured neurons, Zn2+ has been found to trigger the activa-
tion of PKC, which results in the induction and activation
of Nox1 [130] and also to induce nitric oxide synthase
[131], with the resulting generation of O2−, NO, and peroxy-
nitrite [131]. In contrast, Zn2+ itself can induce protein
kinase C- (PKC-) dependent MT phosphorylation, which
results in the amplification of acute Zn2+ increases during
in vitro brain ischemia [132]. Excessive Zn2+ distorts the sig-
naling pathways, and this effect may lead to disruption of cel-
lular homeostasis (Figure 2). For example, Zn2+ can inhibit
the protein tyrosine phosphatase 1B (PTP 1B) and conse-
quently activate the numerous kinases targeted by PTP 1B.
This uncontrolled activation of kinases results in mitochon-
drial dysfunction and the activation of transcription factors
such as Egr-1 or Elk-1, which leads to caspase-independent
cell death [133].

6. Conclusion

Zn2+ performs versatile functions involved in the structural
development and catalysis of enzymes and in signal media-
tion in biological system. One of these functions is that the
important component of Zn2+ in redox regulation works as
an essential component in Cu/Zn SOD and antioxidant via
the control of cellular signal transduction, such as gene regu-
lation (e.g., p53, NF-κB, and AP-1) and enzymatic activities.
Numerous trials of Zn2+ supplements and topical delivery
were indicated to provide beneficial impacts on health and
the amelioration of pathological conditions. An adequate
supply of zinc is considered essential in slowing the aging
process, which in turn leads to improved cognitive functions,
immune functions, stress response, and age-related neurode-
generative disorders [11]. In addition to alcoholism, zinc
chelators were shown to facilitate some opioid-withdrawal
signs in animals. Zinc deficiency, which affects more than
15% of the world’s population, is also common among opioid
consumers, and opioid-treated animals exhibit imbalances in
zinc distribution [134]. As shown clinically, Zn2+ overload
occurs in rare cases but its increase causes oxidative stress
via the suppression of metabolism and mitochondrial func-
tions. Several causes that lead to the increase of Zn2+ were
addressed in the previous sections. Aberrant release from
binding sites, such as MT, and/or from deposits in the
organelles, such as mitochondria and lysosomes [55], will
cause secondary oxidative stress initiated by mitochondrial
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and oxidant-producing enzymes. Numerous findings have
suggested that excessive Zn2+ caused oxidative stress owing
to its role as a prooxidant and eventually caused cellular
death. However, it should be mentioned that numerous bio-
medical studies have employed irrelevant Zn2+ conditions,
including the use of the supraphysiological concentrations
of zinc, and various forms of zinc [97]. In addition, when
high levels of Zn are administered orally or by injection, there
may be numerous differences in the tissue distribution,
metabolism, excretion, interaction, and overall homeostasis
of Zn in the whole animal system [26]. In understanding of
the role of Zn2+ as either an antioxidant or a prooxidant,
the time window of Zn2+ effects presents another concern,
as the enzymatic antioxidant systems will have a lag time
for their induction whereas nonenzymatic antioxidant sys-
tems are not largely affected by Zn2+. In addition, an abrupt
increase of Zn2+ will be caused either by highly oxidative
conditions or by failure of Zn2+ homeostasis; therefore, its
direct role in the antioxidant defense responses is unclear.
When considering the inhibitory effect of Zn2+ on metabolic
and mitochondrial function, augmentation of ROS produc-
tion by Zn2+ will be more prominent. Many signaling path-
ways can be activated or inhibited by Zn2+ [24, 135, 136].
Currently, it is hard to predict where Zn2+ will drive a cellular
response. The exclusive role of Zn2+ as a prooxidant cannot
be separated from the innate oxidative stresses caused by
other factors, as the existence of excessive oxidants exag-
gerates the increased Zn2+ in any given system. The puta-
tive effects of zinc supplementation or deficiency may be
significantly affected by the concomitant changes in MT I/II
expression. In addition to zinc transporters, the status of
aberrant expression or mutation of MTs [48] will influence
the expected antioxidant roles of Zn2+, because various bio-
logical functions of Zn2+ are cooperated with MTs, which
aid in controlling the concentration of Zn2+ at critical sites.
Indeed, the optimal amount of free Zn2+ and the deleterious
impact of Zn2+ on the cellular system are complex and fre-
quently seem to be less responsive to nutritional supplement
with zinc [7]. The precise measurement of total zinc and free
zinc levels in either healthy or pathological conditions allows
the decision of the dose and duration of optimal zinc supple-
mentation and maintenance. Recently, the examination of
metal ionophores (e.g., dithiocarbamates and pyrithione) is
in progress in cancer cell biology for their potential clinical
use [137]. Metal chelators, such as desferrioxamine and tetra-
thiomolybdate, will suppress the availability of Zn2+, even at
normal zinc levels. It is reasonable that more attention should
be paid to the specific effects of Zn2+-chelator or ionophores
involved in the oxidative responses in conjunction with the
behavior of Zn2+.

In this review, we have briefly outlined why both Zn2+

deficiency and Zn2+ overload could contribute to oxidative
stress. Zinc, an essential metal for life, plays important roles
as an antioxidant to combat and suppress oxidative stress.
In contrast, the excessive presence of Zn2+ triggers harmful
oxidative stress. Therefore, strategies to enhance the anti-
oxidant activity of Zn2+ while minimizing the induction
of prooxidant effects should be the subject of future stud-
ies. Despite the numerous technical hurdles, the targeted

and controlled delivery of Zn2+ and/or chelators to specific
areas or tissues should be established for both clinical and
scientific purposes.
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This study investigated the relationship between germ and Leydig cell death, testosterone, and adiponectin levels in cadmium-
mediated acute toxicity. Cadmium chloride was administered in a single dose to five groups of rats: G1 (0.9% NaCl) and G2 to
G5 (0.67, 0.74, 0.86, and 1.1mg Cd/kg). After 7 days, the animals were euthanized, and the testosterone and testes were
analyzed. Dose-dependent Cd accumulation in the testes was identified. At 0.86 and 1.1mg/kg, animals exhibited marked
inflammatory infiltrate and disorganization of the seminiferous epithelium. While Leydig cells were morphologically resistant to
Cd toxicity, massive germ cell death and DNA oxidation and fragmentation were observed. Although numerical density of
Leydig cells was unchanged, testosterone levels were significantly impaired in animals exposed to 0.86 and 1.1mg Cd/kg,
occurring in parallel with the reduction in total adiponectins and the increase in high-molecular weight adiponectin levels. Our
findings indicated that Leydig and germ cells exhibit differential microstructural resistance to Cd toxicity. While germ cells are a
primary target of Cd-induced toxicity, Leydig cells remain resistant to death even when exposed to high doses of Cd. Despite
morphological resistance, steroidogenesis was drastically impaired by Cd exposure, an event potentially related to the imbalance
in adiponectin production.

1. Introduction

As life-threatening inorganic pollutants are widely distrib-
uted in soil, water, and food, heavy metal poisoning is a
serious public health problem worldwide [1]. Due to the long
half-life (20–40 years) and low rate of excretion by organ-
isms, cadmium (Cd) is an environmental toxicant with great
potential to induce irreversible injuries in multiple organs,
especially the liver, kidney, brain, lungs, and testes [2–4].

In the testes, besides inducing microstructural fragility
(e.g., endothelial damage, vascular congestion, edema,

hemorrhage, and testis calcification) [5, 6], Cd also disturbs
the redox balance, eliciting proinflammatory and prooxidant
events linked to genotoxicity, carcinogenesis, and cell death
[1, 2]. Cadmium-mediated toxicity has also been associated
with inhibition of expression of important regulatory mole-
cules, such as focal adhesion kinase, Src kinases, and tyrosine
phosphatase SHP2; these are essential for maintaining the
morphofunctional integrity of the germinative epithelium,
especially the Sertoli cell barrier and Sertoli-germ cell
interactions [7–10]. These changes are related to molecular
imbalance of the testis microenvironment and have a
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negative impact on steroidogenesis and spermatogenesis; this
results in severe consequences such as hypogonadal
syndromes and disturbance of male fertility [11, 12].

There is consistent evidence relating oxidative stress and
the inflammatory process to the microstructural and func-
tional testis disturbances triggered by exposure to heavy
metals [6, 13, 14]. Although poorly understood, adiponectins
have been suggested to be immunomodulator molecules with
important effects on testicular homeostasis [15–17]. Adipo-
nectins are a class of hormones primarily produced by adi-
pose tissue; their testis mRNA expression and protein levels
have been associated with interstitial Leydig cells [15–17].
By interacting directly with Leydig cell receptors (Adipo-R1
andAdipo-R2), adiponectins act as potential endogenous reg-
ulators of steroidogenesis in animals and humans [17, 18]. As
potent anti-inflammatory mediators, adiponectins also
protect Leydig cells against cytokine-mediated cytotoxicity,
acting as a testicular defense mechanism to attenuate the
negative impact of proinflammatory molecules, particularly
those released by macrophages (e.g., interleukin 1 [IL-1],
tumor necrosis factor alpha [TNF-α], and interferon
gamma [IFN-γ]), on steroidogenesis [19, 20]. To the best
of our knowledge, the role of adiponectins in Cd-mediated
toxicity of reproductive organs remains unexplored. Thus,
investigation of the relationship between adiponectins, testis
structure, and function can introduce a new perspective on
the regulatory mechanisms activated in the testes in response
to Cd toxicity.

Although the impact of Cd on the testis microstructure
has been investigated [10, 21], the mechanisms related to
the pathological reorganization of testis parenchyma and
stroma remain poorly understood. Given that fertility distur-
bances have been reported after exposure to heavy metals,
germ and Leydig cells have been considered the main testic-
ular targets of Cd-mediated toxicity [12, 22]. However, it
remains unclear if the heterogeneous distribution of germ
and Leydig cells is also related to differential morphofunc-
tional resistance or susceptibility to Cd toxicity. Thus,
given the hypothesis that Cd acts as an endocrine disrup-
tor [22, 23], this study investigated the relationship between
testicular microstructural remodeling, cell death, steroido-
genesis, and adiponectin levels in an experimental model of
acute Cd-mediated toxicity.

2. Materials and Methods

2.1. Groups and Model of Cd-Induced Testicular Damage.
Thirty male Wistar rats (9 weeks old) weighting 287.9
± 14.14 g were maintained in animal facilities with controlled
relative air humidity (60–70%), temperature (22± 2°C), and
photoperiod (12/12 h). The animals received food and water
ad libitum. The experimental protocol was approved by the
Institutional Ethics Committee (protocol 030/2010).

The animals were randomized into five groups of six
animals each: control (CT), 0.9% NaCl; Cd1, 0.67mg Cd/kg
(1.1mg/kg CdCl2); Cd2, 0.74mg Cd/kg (1.2mg/kg CdCl2);
Cd3, 0.86mg Cd/kg (1.4mg/kg CdCl2); and Cd4, 1.1mg
Cd/kg (1.8mg/kg CdCl2). Cadmium chloride (CdCl2,
Sigma-Aldrich, MO, USA) was dissolved in distilled water

and administered in a single intraperitoneal injection.
Cadmium doses were determined considering the minimal
dose (1.2mg/kg CdCl2) effective to induce testicular damage
[24]. As low Cd doses are more realistic and consistent with
environmental contaminations, we used one dose lower and
two doses higher than minimally necessary to cause testicular
effects [6].

2.2. Euthanasia and Organ Collection. Seven days after Cd
exposure, the animals were weighed and euthanized under
deep anesthesia (5mg/kg xylazine and 45mg/kg ketamine,
i.p.). Blood samples (5mL) were collected by cardiac punc-
ture in glass test tubes, and testosterone plasma levels were
quantified. The testes were removed and weighed. The right
testis was used for the measurement of testicular Cd accumu-
lation, genomic DNA extraction, analysis of oxidative
damage, and adiponectin quantification. The left testis was
immersed in histological fixative (1M paraformaldehyde
and 1M glutaraldehyde in 0.1M phosphate buffer, 1 : 1, v/v)
for 24h [6]. The tunica albuginea was excised by using a
scalpel and surgical tweezers and weighed, and its weight
was subtracted from the total testicle weight, providing the
gonadal parenchyma weight [7]. Then, the testes were used
for histopathological and stereological analyses in bright-
field microscopy [6].

2.3. Testicular Cadmium Content. Testicular cadmium
content was determined by atomic absorption spectropho-
tometry and by energy-dispersive X-ray spectroscopy (EDS)
[6, 25]. Testis samples were weighed and dried at 70°C until
a constant dry weight was achieved. Dried samples were
digested (30min) in Erlenmeyer flasks with 1.5mL concen-
trated HNO3 and 0.5mL HClO4 (70%) using a plate heater,
where the temperature was gradually increased from 70°C
to 90°C. After digestion, the samples were diluted in deion-
ized water (25mL) and filtered. Cadmium concentration
in each sample was determined using an atomic absorption
spectrophotometer (Varian 220FS SpectrAA, Palo Alto,
California, USA).

Relative Cd dose-dependent testicular accumulation
was investigated by EDS using a scanning electron micro-
scope (Leo 1430VP, Carl Zeiss, Jena, Thuringia, Germany)
with an attached X-ray detector system (Tracor TN5502,
Middleton, Wisconsin, USA) [26]. Small pieces of the testis
from each animal were dehydrated at 60°C and coated with
a thin film of evaporated carbon (Quorum Q150 T, East
Grinstead, West Sussex, England, UK). The EDS micro-
analysis was performed at ×1000 magnification, with an
accelerating voltage of 20 kV and a working distance of
19mm [6]. Cadmium distribution was normalized consid-
ering the mean distribution of reference minerals (Na, Ca,
K, P, Mg, Fe, and S) [27, 28].

2.4. Histopathological and Stereological Analyses. After albu-
ginea removal, fixed testis samples were dehydrated in
ethanol and embedded in glycol methacrylate (Leica Micro-
systems, Wetzlar, Germany). Three-micrometer-thick semi-
serial sections were obtained in a rotary microtome. To
avoid analyzing the same histologic area, one out of every
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20 sections was collected and used. Testis slices were stained
with 1% toluidine blue/sodium borate [6]. Stereological
estimations were obtained from digital images captured at
different magnifications using a light microscope (Olympus
BX-60, Tokyo, Japan) equipped with a digital camera (Olym-
pus QColor-3; Tokyo, Japan) [29]. Stereological principles
[30] were applied to investigate the general testis microstruc-
ture. The volume densities (Vv) (%) of seminiferous tubules,
intertubules, blood vessels, lymphatic vessels, and connective
tissue were estimated in 10 histological fields per animal
(200x magnification) using a point counting method and
the equation Vv = Pp/Pt, where Pp is the number of test
points hitting the structure of interest and Pt is the total
points in the test system (Pt= 266).

2.5. Leydig Cell Histomorphometry and Stereology. Testicular
number and volume distribution of Leydig cells (LC) were
estimated from point counting, direct measures of nuclear
volume, and the proportions between the nucleus and cyto-
plasm. The mean diameter of the LC nucleus was obtained
by computational planimetry for 50 cells per animal. Only
cells with evident nucleoli were used as the reference in all
quantifications. The nuclear volume (LCnv) was obtained
by calculating the mean nuclear diameter using the notation
4/3 πR3, where R=nuclear diameter/2. Using ×100 objective
lens (×1000 magnification), volume densities of the LC cyto-
plasm (Vvcy) (%) and nuclei (Vvnu) (%) were estimated by
point counting, using the same formula previously described.
Leydig cell cytoplasmic volume (LCcyv) was estimated as
follows: LCcyv = Vvcy × LCnv /Vvnu. These parameters
were used to calculate the nucleus/cytoplasm ratio, which
was estimated as LCnv/LCcyv. In addition, individual LC
volume (LCV) was estimated as LCnv+LCcyv. Leydig cell
volume was used to estimate the LC number per testis
unity and testis mass. Leydig cell number per testis was
estimated as LCV/gonadal volume, and LC number per
mass unity was calculated as LCV/gonadal mass. All
microstructural parameters were measured using the image
analysis software Image-Pro Plus (Media Cybernetics,
Rockville, Maryland, USA) [30].

2.6. In Situ Apoptosis Assay. Apoptosis was detected by the
TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labeling) assay (Calbiochem, Merck KGaA, Darmstadt,
Germany). Testis samples were included in paraffin, and
five-micrometer-thick sections were deparaffinized, rehy-
drated, and incubated with proteinase K for 20min at room
temperature. Sections were washed in distilled water and
incubated with H2O2 plus methanol (5min) to stop endoge-
nous peroxidase activity. Preparations were incubated in a
humid chamber with terminal transferase (Tdt) equilibrium
buffer, at room temperature, for 20min, followed by Tdt
mix enzyme and dithiothreitol (DTT) for 60min at 37°C.
Apoptotic cells were detected from the formation of brown
precipitate after incubation with 3,3-diaminobenzidine tetra-
hydrochloride (DAB) and H2O2 for 13min. The terminal
transferase enzyme was omitted for the negative control.
Positive controls were incubated with 1.00U/mL DNase I
(Invitrogen, Waltham, Massachusetts, USA) in DNase buffer

for 10min. Tissue distribution of apoptotic cells was evalu-
ated by computational analysis (Image-Pro Plus, Media
Cybernetics, Rockville, Maryland, USA) determining the
optical density of brown pixels in all images submitted to
the TUNEL assay.

2.7.DNAFragmentationAssay.GenomicDNAextractionwas
carried out according to [31]. Briefly, testis samples (100mg)
were macerated and treated with DNA extraction solution
(100mM Tris-HCl (pH8.0), 50mM EDTA, 500mM NaCl,
30μL20%sodiumdodecyl sulfate (SDS), and 20μLproteinase
K) at 65°C for 24 h. After inactivation in a dry bath at 95°C,
1.5μL 20mg/mL of RNAse was added and incubated at 37°C
for 30min. Proteins and cellular debris were precipitated with
300μL 6M NaCl at 4°C for 15min. After centrifugation
(25,000×g, 20min), an equal volume of phenol : chlorofor-
m : isoamyl alcohol (25 : 24 : 1) was added and centrifuged,
and the upper aqueous layer containing the nucleic acid was
collected. Nucleic acid was precipitated with absolute ethanol
and10Mammoniumacetate solution (pH5.2) at−20°C. Sam-
ples were washedwith 70% ethanol, centrifuged at 3000×g for
15min, dried, and then suspended in 50μL Milli-Q water.
DNA damage was evaluated in agarose gel electrophoresis
[27]. Briefly, genomic DNA quantity and purity were deter-
mined in a NanoDrop system (Thermo Fisher Scientific,
NanoDropProducts,Waltham,Massachusetts, USA). Finally,
1000 ng/μL DNA and molecular marker (1000 bp DNA
ladder, New England BioLabs Inc., Ipswich, USA) was
subjected to 1.5% agarose gel (containing 0.5μg/mL gel red)
electrophoresis (Advance, Tokyo, Japan). DNA ladder forma-
tion was visualized under a UV transilluminator (Vilber
Lourmat, Cedex, France). The optical density of the agarose
gels was determined by computational analysis (Image-Pro
Plus, Media Cybernetics, Rockville, Maryland, USA).

2.8. Serum Testosterone Quantification. Plasma testoster-
one concentrations were obtained by chemiluminescence
using a commercial diagnostic biochemical kit (Access
Testosterone, Beckman Coulter, Brea, California, USA)
and the instructions provided by the manufacturer. The
measurements were obtained on Access II equipment
(Beckman Coulter, Brea, California, USA). The results
were expressed in ng/dL.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA) for
Adiponectins. Fragments of testicular tissue (100mg) were
homogenized (LabGEN YO 0427-09, Cole-Parmer, Vernon
Hills, IL, USA) in a protease inhibitor (Sigma-Aldrich,
USA) and centrifuged at 3000×g for 10min. The supernatant
was collected for the cytokine assay. The concentration of
cytokines was measured by the sandwich ELISA [32]. Adipo-
nectin and high-molecular weight (HMW) adiponectin were
measured using commercial kits, according to the manufac-
turer’s instructions (USCN Life Science Inc., Wuhan, China).

2.10. Statistical Analysis. Results were expressed as means
and standard deviations (SD). Biochemical and molecular
data were submitted to unifactorial one-way analysis of
variance followed by the Tukey post hoc test for multiple
comparisons. Morphological data were compared using the
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Kruskal-Wallis test. All results with p < 0 05 were considered
statistically significant.

3. Results

The mean weight of the animals was similar (p > 0 05) in all
groups (CT: 304.1± 21.2 g; Cd1: 300.2± 10.3 g; Cd2: 285.5
± 40.0 g; Cd3: 279.7± 19.3 g; and Cd4: 270.2± 22.6 g). All
groups treated with CdCl2 presented with increased testicular
Cd concentration compared to CT animals (p < 0 05). The
highest Cd concentration was identified in Cd4 animals,
compared to all other groups (p < 0 05). After normalization
by reference minerals, Cd accumulation showed a dose-
dependent behavior, with the highest relative distribution of
this metal in Cd4 animals (p < 0 05) (see Figure 1).

The testes fromCT animals presented with well-delimited
tubular and intertubular compartments (Figure 2). In these
animals, regular seminiferous tubule profiles were observed
and a thick andorganized seminiferous epithelium, structured
by well-defined and juxtaposed germ cells, was also noted.
Animals treated with CdCl2 showed dose-dependent histo-
pathological manifestations. The tubular compartment,
nuclear hyperchromasia, cytoplasmic vacuolization, inflam-
matory infiltrate, epithelial dissociation, and germ cell frag-
mentation were the main histopathological findings observed
inall intoxicatedanimals, especially inCd3andCd4(Figure 2).

The testes exhibited reduced mass in all Cd-exposed
animals, compared to the CT group (p < 0 05). Albuginea
mass was similar in all groups (p > 0 05). No statistically
significant differences in tubular and intertubular stereologi-
cal parameters were identified among the groups (p > 0 05)
(see Table 1).

The TUNEL assay revealed germ cell death in all Cd-
intoxicated groups (Figure 3). Positive cells were clearly
identified from a well-defined brown marking, considering
the negative and positive internal controls applied in this
technique. Diffuse and massive distribution of TUNEL-
positive germ cells was evident in all groups exposed to
Cd, especially in Cd3 and Cd4. All intertubular cells were
negative in the TUNEL method (Figure 3).

From computational analysis, dose-dependent cell death
was clearly observed in all groups exposed to Cd, especially
in Cd3 and Cd4 animals (p < 0 05), which also presented
marked DNA fragmentation compared to the other groups
(p < 0 05) (Figure 4).

The testes from CT animals presented with well-
delimited intertubular space, evident blood and lymphatic
vessel profiles, homogeneous connective tissue distribution,
reduced cellularity, and well-defined Leydig cells. Mononu-
clear and polymorphonuclear inflammatory infiltrate,
vascular congestion, hemorrhage, and increased mast cell
distribution were the main types of microstructural intertub-
ular damage identified in Cd-intoxicated groups, especially in
Cd3 and Cd4 (Figure 5).

Quantitative analysis indicated minor microstructural
changes in Leydig cells. Only Cd3 and Cd4 animals
presented with reduced nuclear diameter as well as
reduced nuclear, cytoplasmic, and general cell volume,
compared to the other groups (p < 0 05). The other

microstructural variables presented similar results among
the groups (p > 0 05) (see Table 2).

The groups CT, Cd1, and Cd2 presented with similar tes-
tosterone serum levels (p > 0 05). Testosterone was markedly
reduced in Cd3 and Cd4 animals, compared to the other
groups (p < 0 05) (see Figure 6).

While total adiponectin testicular levels were reduced
(p < 0 05), high-molecular weight adiponectin was increased
in all Cd-intoxicated groups, compared to CT animals
(p < 0 05). These findings were also replicated when compar-
ing Cd2, Cd3, and Cd4 groups with Cd1 animals (p < 0 05)
(see Figure 7).

4. Discussion

Taken together, our findings indicate that the experimental
model of Cd-mediated toxicity was effective in inducing
morphological, biochemical, and molecular abnormalities
in the testes. Consistent with an acute model, marked testis
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Figure 1: Cadmium (Cd) concentration (mg/g dry mass) and
testicular dose-dependent accumulation (%) in rats. Cadmium
accumulation was based on proportional distribution compared to
the mean distribution of reference minerals (Na, Ca, K, P, Mg, S,
Zn, Cu, and Se). Control (CT): 0.9% saline; Cd1: 0.67mg Cd/kg;
Cd2: 0.74mg Cd/kg; Cd3: 0.86mg Cd/kg; and Cd4: 1.1mg Cd/kg.
Statistical difference (∗p < 0 05 versus CT; †p < 0 05 versus Cd1;
‡p < 0 05 versus CT, Cd1, and Cd2; and #p < 0 05 versus CT,
Cd1, Cd2, and Cd3).
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damage was observed, particularly vascular congestion,
intense inflammation, disorganization of the seminiferous
epithelium, nuclear pleomorphism, cytoplasm vacuolization,
and death of germ cells. Although reorganization of testis
compartments was not achieved, the period of Cd exposure
was enough to induce Cd accumulation and trigger genomic
DNA fragmentation, antagonistic profiles of total adiponec-
tin, andHMDadiponectin production, as well as disturbances

in testosterone levels, which were associated with volumetric
rather than numerical changes in Leydig cells.

As a typical model of heavy metal toxicity, Cd accumula-
tion occurred in a dose-dependent manner [6]; this was
consistent with morphological damage and molecular abnor-
malities in the testis (most severe in the groups Cd3 and
Cd4). Although all groups exhibited testis hypotrophy, the
proportions of tubular and intertubular components

CT Cd1 Cd2

Cd3 Cd4a Cd4b

Figure 2: Representative microscopic images of the tubular compartment in the testis from control rats and those exposed to cadmium (Cd).
Control (CT): 0.9% saline; Cd1: 0.67mg Cd/kg; Cd2: 0.74mg Cd/kg; Cd3: 0.86mg Cd/kg; and Cd4: 1.1mg Cd/kg. In CT, well-defined tubular
structure with the preserved seminiferous epithelium is observed. In Cd1 to Cd4, dose-dependent epithelial damage is observed, with intense
germ cell dissociation and reduced distribution. In Cd1, germ cells with abnormal nuclear morphology are highlighted. Marked inflammatory
infiltrate is observed in intertubular compartment (star), especially in Cd2 to Cd4.

Table 1: Biometric and stereological testicular parameters in control rats and those exposed to cadmium (Cd).

Parameters CT Cd1 Cd2 Cd3 Cd4

Testis (g) 1.53± 0.09 0.89± 0.22∗ 0.83± 0.21∗ 1.0± 0.11∗ 0.94± 0.20∗

Albuginea (g) 0.07± 0.01 0.05± 0.01 0.07± 0.03 0.1± 0.05 0.1± 0.07
Tubule (%) 92.9± 0.17 88.9± 7.5 79.7± 11.5 88.5± 7.6 85.8± 8.4
Intertubule (%) 7.1± 0.2 11.1± 7.5 20.4± 11.5 11.5± 7.6 14.2± 8.4
Blood vessels (%) 4.6± 2.9 5.6± 4.9 4.5± 2.1 3.4± 2.2 2.9± 0.7
Lymphatic vessels (%) 46.4± 2.6 39.2± 20.0 28.5± 19.6 54.9± 6.9 33.4± 22.4
Connective tissue (%) 14.1± 5.2 16.2± 9.0 47.3± 30.0 30.7± 32.3 40.3± 35.9
Control (CT): 0.9% saline; Cd1: 0.67mg Cd/kg; Cd2: 0.74mg Cd/kg; Cd3: 0.86mg Cd/kg; and Cd4: 1.1 mg Cd/kg. Data are expressed as mean and standard
deviation (mean ± SD). Statistical difference (∗p < 0 05 versus CT).
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remained unchanged. This indicates that Cd induced similar
volumetric effects on both testicular components, with no
evident change in the relative distribution of testis structures.
Conversely, acute Cd exposure was associated with marked
histopathological damage, especially mononuclear and poly-
morphonuclear inflammatory infiltrate and microstructural
abnormalities in germ cells. Inside the broad spectrum of
heavy metal toxicity [33, 34], the testes seem to be highly
sensitive to divalent metals, especially Cd [35]. There is
evidence that increased susceptibility to Cd is associated
with molecular mimicry and competition with Ca, which
is essential for the maintenance of the integrity of the Sertoli
cell barrier [4, 10]. As Cd and Ca exhibit divergent func-
tional properties, the Sertoli cell barrier becomes unstable
and unable to control the adluminal molecular environ-
ment; this causes germ cell stress, accumulation of free
calcium, and cell death [6, 10]. De Souza Predes et al. [24]
showed that a single dose of cadmium chloride (1 to
1.2mg/kg) is sufficient to cause testicular degeneration,
which was compatible with severe inflammation, diffuse
hemorrhage, and germ cell vacuolization. Beyond these
pathological manifestations, Bekheet [36] pointed out that
disorganization of the seminiferous epithelium and germ
cell death are the most severe pathological manifestations
of Cd-mediated toxicity.

In fact, marked dose-dependent germ cell death was
observed in animals exposed to Cd, which was more evi-
dent and diffused in the groups receiving the highest doses
of Cd (Cd3 and Cd4). Surprisingly, TUNEL marking was
restricted to the seminiferous epithelium, and no positive
intertubular cells were identified. This finding indicates that
heterogeneous distribution of parenchymal cells is associ-
ated with different resistance profiles against aggression
and that germ cells are primary targets of Cd-mediated tox-
icity. As clearly identified, all differentiation stages of germ
cells were susceptible to Cd-induced death. A similar char-
acteristic was reported by Zhou et al. [37] and Marettová
et al. [5] who found that beyond aberrant morphology,
there were reduced spermatogonium and spermatocyte
numbers, as well as abnormal and immature cells in the
tubular lumen.

Although the signaling pathways underlying testis dam-
age are not completely understood, cell death has been asso-
ciated with direct and indirect Cd-mediated cytotoxicity
[35, 38]. In vitro models indicate that in fibroblasts [39] and
human leukemia cells [40], caspase activation is closely corre-
lated with cell death, so that caspase inhibitors are effective in
attenuating Cd-induced cell death. Lemarie et al. [41] and
Shih et al. [42] showed that cells exposed to Cd exhibit
increased gene expression and release of apoptosis-inducing

⁎
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Figure 3: Distribution of apoptotic cells in the testes of control rats and those exposed to cadmium (Cd) (TUNEL technique, bars = 100 μm).
Control (CT): 0.9% saline; CT-p (positive control for the TUNEL technique): 1.00U/mL DNase I; Cd1: 0.67mg Cd/kg; Cd2: 0.74mg Cd/kg;
Cd3: 0.86mg Cd/kg; and Cd4: 1.1mg Cd/kg. Cells with brown nuclei show positivity for apoptosis (arrows). Asterisks: seminiferous tubules;
star: intertubular compartment.
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factor (AIF), which triggers cell death. This mechanism was
also observed in the testes from Cd-exposed rats, in which
germ cell death was associated with nuclear membrane dam-
age [43] and translocation of AIF from mitochondria to the
nucleus [38]. By interacting with cell DNA, AIF induces
chromatin condensation and fragmentation through recruit-
ment of downstream caspase-independent nucleases, causing
an electrophoretic pattern of ladder-like DNA splitting
[38, 44]. In fact, our findings indicate that cell death was
consistent with DNA fragmentation, especially in the groups
Cd3 and Cd4. Beyond direct Cd-induced AIF-DNA interac-
tion, genotoxicity has also been associated with Cd-mediated
redox imbalance [43, 45]. Together with direct inhibition of
antioxidant enzymes (e.g., superoxide dismutase, catalase,
and glutathione-S-transferase), Cd also stimulates inflamma-
tion and the secondary production of reactive oxygen metab-
olites (ROS) from recruited leucocytes (e.g., respiratory
burst), inducing intense lipid, protein, and DNA oxidation
[6, 46]. Although cell death is closely correlated with redox
status, steroidogenesis is also sensitive to oxidative stress,
which is dependent on dose, duration, and frequency of
heavy metal exposure [46, 47].

Beyond low testosterone levels, animals exposed to the
highest doses of Cd (Cd3 and Cd4) also exhibited a reduc-
tion in absolute morphological parameters of Leydig cells.
As this finding was not associated with Leydig cell death,
the impact of these microstructural changes on steroido-
genesis remains poorly understood. However, it has been
reported that downregulation of steroidogenesis can pre-
cede morphological abnormalities, especially in the initial
stages of Cd poisoning [35, 48, 49]. In fact, our findings
indicate that, despite the marked microstructural resistance
of Leydig cells, as compared to germ cells, steroidogenesis
is potentially sensitive to Cd-mediated toxicity. This prop-
osition is corroborated by Laskey and Phelps [50] who
suggested that viability of Leydig cells is achieved at the
expense of inhibition of metabolic pathways not directly
involved in cell survival, including steroidogenesis. In
addition, Cd was proposed as a direct endocrine disruptor,
with negative impacts on testosterone production [23].
Although poorly understood, Cd-induced steroid biosyn-
thesis imbalance is potentially associated with downregula-
tion of steroidogenic acute regulatory proteins (StAR),
which participate in the conversion of cholesterol to
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Figure 4: Genomic DNA oxidation and apoptotic index in the testis from control rats and those exposed to cadmium (Cd). DNA oxidation
was evaluated by a ladder test using electrophoresis in agarose gel (left image). Optical density was computationally evaluated from the third
tercile of agarose gel (dotted area). Apoptosis was evaluated by using microscopic images obtained from testis histological sections submitted
to the TUNEL technique. In the graphics, DNA oxidation and apoptosis results were expressed as the difference in optical density (OD)
compared to those of negative control animals (CT). MM: molecular marker. Control (CT): 0.9% saline; CT-p: 1.00U/mL DNase I
(positive control for the TUNEL technique); Cd1: 0.67mg Cd/kg; Cd2: 0.74mg Cd/kg; Cd3: 0.86mg Cd/kg; and Cd4: 1.1mg Cd/kg.
In the graphics, data are expressed as mean and standard deviation (mean± SD). Statistical difference (∗p < 0 05 versus CT; ‡p < 0 05 versus
CT-p and Cd1; §p < 0 05 versus CT-p, Cd1, and Cd2; #p < 0 05 versus CT, CT-p, Cd1, Cd2, and Cd3; and †p < 0 05 versus Cd1 and Cd2).
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testosterone [51, 52]. It has been suggested that Cd also
impairs the interaction between gonadotrophic luteinizing
hormone (LH) and its receptor in Leydig cells [53].
However, this mechanism is controversial and requires
further investigation.

Although the inhibitory effect of proinflammatory mole-
cules, such as IL-1, IFN-γ, and TNF-α, on steroidogenesis is
well known [15, 19], the testicular function of adiponectins
is still poorly understood [17]. Even more obscure is the role
adiponectins have in heavy metal poisoning. As a protective
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Figure 5: Representative microscopic images of the intertubular compartment in the testis from control rats and those exposed to cadmium
(Cd). Control (CT): 0.9% saline; Cd1: 0.67mg Cd/kg; Cd2: 0.74mg Cd/kg; Cd3: 0.86mg Cd/kg; and Cd4: 1.1mg Cd/kg. In CT, well-defined
intertubular structure with reduced cellularity and evident blood and lymphatic vessels is observed. In Cd1 to Cd4, dose-dependent damage is
evident. In Cd-intoxicated animals, abnormal nuclear morphology in interstitial cells (Cd1, highlighted image), vascular congestion (Cd2 and
Cd3), hemorrhage (Cd4a), and mast cell accumulation (Cd4b) were the main histopathological findings. The images of Cd4a and Cd4b
indicate different and complementary morphological aspects of the same group of animals (Cd4). Arrows: blood vessels; arrowheads:
leucocytes with marginal interaction; asterisk: Leydig cells; Hm: hemorrhagic foci; MØ: macrophages; L: lymphocytes; Ma: mast cells.

Table 2: Leydig cell absolute microstructural parameters obtained from the testis of control and exposed rats to four different
Cd concentrations.

Parameters Control Cd1 Cd2 Cd3 Cd4

Nuclear diameter (μm) 6.4± 0.2 5.88± 0.3 5.6± 0.9 5.5± 0.3∗ 5.2± 0.3∗

Nuclear volume (μm3) 146.2± 20.6 121.1± 19.4 113.2± 26.2 108.3± 10.7 101.1± 9.1∗

Cytoplasm volume (μm3) 500.1± 105.1 394.6± 135.9 306.4± 108.1 268.2± 98.6∗ 201.0± 150.3∗

Cell volume (μm3) 646.3± 103.5 515.7± 149.9 419.6± 132.3 376.5± 105.4∗ 302.1± 152.4∗

Cells per testis (×108) 7.6± 2.2 10.8± 5.9 6.1± 3.6 8.4± 4.4 12.2± 4.7
Cells per testis gram (×108) 6.1± 3.0 11.9± 6.7 7.0± 3.2 7.3± 3.5 13.4± 5.9
Nucleus/cytoplasm ratio 21.4± 1.2 23.98± 5.3 28.5± 10.8 28.4± 11.3 31.7± 12.4
Control (CT): 0.9% saline; Cd1: 0.67mg Cd/kg; Cd2: 0.74mg Cd/kg; Cd3: 0.86mg Cd/kg; and Cd4: 1.1 mg Cd/kg. Data are expressed as mean and standard
deviation (mean ± SD). Statistical difference (∗p < 0 05 versus CT).
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contraregulatory reaction against Cd-induced toxicity, we
expected a consistent increase in adiponectin in the testes
from animals exposed to the highest doses of Cd, especially
Cd3 and Cd4. However, while total adiponectin was reduced,
HMW adiponectin isoform was detected in high levels in all
Cd-exposed animals. Although adiponectins present with
potent immunomodulation and antiapoptotic and antioxi-
dant properties [54, 55], our findings suggest that testicular
adiponectins can have a role other than attenuation of
inflammatory damage and germ cell death. Thus, a potential
relationship between adiponectin and its HMW isoforms
with StAR proteins brings further perspectives for the control
of steroidogenesis and testis functionality [15, 17, 56]. By
regulating StAR expression, Pfaehler et al. [56] suggested that
adiponectin modulates steroidogenesis in Leydig cells by
direct inhibition of gene transcription. In this study, down-
regulation of StAR was associated with reduced adiponectin
levels (10 and 100ng/mL) and low testosterone production
in rats. In fact, adiponectin and its receptors have been iden-
tified in Leydig cells from animals and humans [15, 16]. Con-
sidering the variable profile of total and HMW adiponectins,
it is possible that this molecule acts in different testicular
pathways, an issue that requires further investigation. Con-
versely, there is evidence that testosterone selectively inhibits
gene expression and secretion of HMW adiponectins [57], a
finding potentially related to the high levels of these mole-
cules in the groups receiving the higher doses of Cd, espe-
cially Cd3 and Cd4.

5. Conclusions

Taken together, our findings indicate that Cd-mediated
toxicity is associated with morphological and functional tes-
tis damage. Beyond a heterogeneous distribution, germ and
Leydig cells exhibited divergent profiles of resistance to Cd.
While germ cells are highly susceptible and constitute a pri-
mary target of Cd-induced genotoxicity, Leydig cells are
resistant to cell death. Although Leydig cells are resistant to
Cd-induced cell death, even in high doses of this metal,
steroidogenesis is profoundly impaired. Despite their anti-
inflammatory potential, total and HMW adiponectins are
potentially involved in testis function, including steroidogen-
esis, instead of exerting a protective role against Cd-mediated
microstructural damage and germ cell death.
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Figure 7: Testicular levels of adiponectin and high-molecular
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