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Abstract:  Metabolic  syndrome  (MetS)  is  a  combination  of  several  different  metabolic  disorders  and
considered one of the major public health problems worldwide. The underlying causes of MetS include
being overweight and obesity, physical inactivity, and genetic factors. We aimed to examine the alterations
in  the  levels  of  biomarkers  of  oxidative  stress,  activities  of  antioxidant  defense  enzymes,  and  metal
contents of the liver in rats with MetS. Rats in control and MetS groups were fed with standard rat chow-
drinking water and standard rat chow - 32% sucrose solution (instead of drinking water) ad libitum for 16
weeks,  respectively.  Following  the  confirmation  of  MetS,  antioxidant  enzyme  activities  and
malondialdehyde  (MDA),  3-nitrotyrosine  (3-NT),  phospho-Akt  (pSer473)  levels  were  measured  in  the
homogenates of the liver. Distributions of elements in the liver were also analyzed. The stained hepatic
tissue slides were examined by light microscopy. The activities of catalase and glutathione-S-transferase
were significantly decreased in MetS-group (about 15% and 29%, respectively) compared to the control
group, while the glutathione reductase activity and MDA and 3-NT levels were significantly increased (as
the levels of 78%, 26%, and 67%, respectively) (p<0.05). The hepatocytes in the MetS group showed
mild diffuse microvesicular steatosis. Furthermore, Cu, Fe, and Mn levels were significantly high in MetS-
group while Zn level was significantly low compared to the control group. Our results showed increased
oxidative stress, impaired antioxidant defense enzyme activities, and altered metals’ metabolisms which
may have an important role in the pathogenesis of MetS. 
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INTRODUCTION

Metabolic syndrome (MetS) is a cluster of metabolic
conditions,  such  as  insulin  resistance,  abnormal
glucose tolerance, abdominal obesity, hypertension,
hypertriglyceridemia,  hyperinsulinemia,  hyper  low-
density  lipoproteins,  prothrombotic  and/or  pro-
inflammatory states. Those are accepted risk factors
that  increase  the  incidence  of  type  2  diabetes
mellitus  (T2DM),  non-alcoholic  fatty  liver  disease
(NAFLD),  cardiovascular  disease  (CVD),  and  renal

disease (1). MetS affects a significant percentage of
the population and is increasingly more prevalent in
developing  countries,  such  as  Turkey,  where  the
prevalence was 26.8% in men and 38.3% in women
in 2018 (2).

The pathogenesis of MetS is very complex and the
underlying mechanisms of how the risk factors are
affecting are not known very well yet. Imbalance of
oxidant/antioxidant status may play a key role in its
manifestations (3,4). Oxidative damage is resulted
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from oxidative stress and disrupts redox signaling.
The  levels  of  biomarkers  which  are  oxidative
damage products from lipids, proteins and DNA are
often measured for determination of the status of
oxidative  stress  (5).  The  malondialdehyde  (MDA)
and 3-nitrotyrosine (3-NT) are the main products of
oxidative  damage  of  lipids  and  amino  acids,
respectively.  Modification  of  protein  tyrosine  can
result in changes of protein structure, function, and
catalytic activity. The formation of reactive oxygen
or nitrogen species (ROS or RNS) and reparation of
oxidative damage in cells can be controlled by the
antioxidant  system that  consists  of non-enzymatic
and  enzymatic  antioxidants  (6).  Superoxide
dismutase  (SOD),  catalase  (CAT),  glutathione
reductase  (GR)  and  glutathione  peroxidase  (GPx)
are  the  antioxidant  enzymes.  SOD  is  a
metalloenzyme containing Cu/Zn in cytosol or Mn in
mitochondria  catalyzes  the  formation  of  hydrogen
peroxide from the superoxide anion radical. CAT is
also a metalloenzyme containing Fe catalyzing the
decomposition  of  hydrogen  peroxide  to  molecular
oxygen  and water.  GR catalyzes  the  reduction  of
glutathione disulfide  (GSSG)  to  glutathione  (GSH)
by the NADPH-dependent mechanism and plays  a
critical role in GSH metabolism. GPx containing Se
plays an important role in the reduction of hydrogen
peroxide  and  peroxide  radicals.  Glutathione  S-
transferase  (GST),  that  is  important  for
detoxification  of  oxidative  products  of  oxidative
stress,  catalyzes  the  conjugation  of  GSH  to
xenobiotic  substrates for the cellular detoxification
and excretion (7).

The  major  tasks  of  the  liver  include  maintaining
systemic  glucose and lipid  homeostasis  through a
complex hormonal  system, control  of transcription
factors  and  signalling  pathways.  Moreover,  it  is
especially  susceptible  to  the  damage  of  oxidative
stress (8). Akt (PKB) is a serine/threonine-specific
protein kinase and plays an important  role in cell
growth, survival, proliferation, and metabolism (9).
Furthermore,  Akt  signaling plays  a  central  role  in
insulin-stimulated  glucose  uptake  in  both  muscle
and adipose tissue in that  time it inhibits  glucose
release  from  hepatocytes  (10).  Akt  can  affect
further processes associated with MetS and its long-
term consequences.

Experimental animal models mimicking the disease
state in humans are very important to evaluate the
pathophysiology  of  MetS  in  human.  Genetic
modification,  drugs and dietary manipulation were
used  to  induce  MetS  in  animal  models  in  many
pieces  of  research  (11).  Diet  affects  whole-body
metabolism so a single type of diet (high-sucrose,
high-fructose or high-fat) or a combination of diets
(high-sucrose/high-fat  or  high-fructose/high-fat)
were used to induce MetS.  Rat model  that  is  the
most used to investigate metabolic diseases displays
the closest criterion to human MetS was induced by
diet. 

In  some studies of  MetS in humans,  metal  levels
have been measured in biological samples such as
whole  blood,  plasma,  serum,  and  urine  (12-15).
Animal  model  studies  are  also  important  to
determine  possible  changes  in  metal  levels  in
different  organs  or  tissues  as  early  and  direct
indicators  of  many  syndromes.  The  roles  of  the
metals,  antioxidant enzymes and products of ROS
and RNS in MetS are not clear yet. In the literature,
there were different experimental studies related to
the MetS in which CAT and SOD activities, MDA or
some metals status in serum, liver, or other tissues
were  measured  (16-21).  However,  all  above
mentioned parameters and additionally GPx, GR and
GST activities and 3-NT and phospho-Akt (pSer473)
levels  in  the  liver  were  not  evaluated
simultaneously.  This  study  will  contribute  to  the
more  accurate  explanation  of  the  mechanisms
related  to  MetS  in  the  liver.  To  the  best  of  our
knowledge,  there  is  not  any  similar  experimental
study in the literature that determine all the above-
mentioned parameters in the liver  of  male Wistar
rats in which MetS is induced with a 32% sucrose
solution.  In  the  present  study,  we  aimed  to
investigate  the  possible  association between MetS
and  the  altered  antioxidant  status  in  terms  of
enzymatic  activities,  the  levels  of  oxidative  stress
biomarkers,  and morphological  changes of  hepatic
tissue and to assess the levels of metals in the liver
of rats with sucrose induced MetS.  

MATERIALS AND METHODS

Experimental Animals 
In this study, 2-month-old male Wistar rats (n=16)
were randomly separated into two groups: control
(n = 6); and MetS (n = 10). Initial bodily weight of
the  rats  was  approximately  200–220  g  in  each
group. They were kept on a 12-light/12-h dark cycle
at 20 ± 2 °C, 30–70% humidity. All experimental
procedures approved by The Local Ethics Committee
on Animal Experiments of Ankara University (2019-
5-50) and they performed according to institutional
guidelines.

Induction and Validation of Mets in Rats
Rats in the control group were fed with standard rat
chow-drinking water and in the MetS group they fed
standard rat chow-32% sucrose solution  ad libitum
for  16  weeks.  Bodily  weight  of  each  animal  was
recorded at the beginning of experimental  studies
then at the end of 16 weeks. Glucose tolerance and
insulin resistance tests were made for control  and
MetS groups at the 16th week. Fasting blood glucose
and serum insulin  levels  were  measured  in  blood
samples  were  taken  from  the  tail  vein,  using  a
glucometer  (Accu–chek  Nano  Performa,  Roche,
Mannheim, Germany) and an insulin (rat)  enzyme
immunoassay  kit  (A05105;  SPIBIO,  Montigny  le
Bretonneux,  France),  respectively.  Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR)
was  calculated  according  to  the  formula:  fasting
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insulin  (µU/L)  ×  fasting  glucose  (mmol/L)/22.5
(22).

The  oral  glucose  tolerance  test  (OGTT)  was
performed to rats fasted for 12 h. Glucose solution
(40%  (w/v))  was  loaded  into  the  stomach  by  a
gastric catheter at a dose of 2 g/kg bodily weight of
rats.  Blood glucose and serum insulin levels were
measured  at  0,  15,  30,  60,  and  120  min  after
glucose loading and results were calculated from the
area under the curve (AUC) of insulin and glucose.

Harvesting of the Liver and Preparation of the
Tissue Homogenate
Rats were sacrificed after intraperitoneal injection of
pentobarbital sodium (30 mg/kg) and then the livers
were immediately excised. Some small pieces of the
hepatic tissue samples were fixed in 10% formalin
for  histomorphological  examination  and  remaining
parts  were  stored  at  -80  °C  until  using  for
biochemical analysis.

The liver homogenates were prepared according to
our  previous  study  (16).  The  homogenates  were
centrifuged at 10,000 g (Hettich  Universal  30 RF,
Tuttlingen,  Germany)  for  30  min  at  +4  °C.  The
supernatants were separated from precipitates then
their  protein  concentrations  were  determined
according  to  Lowry  et  al.  by  using  bovine  serum
albumin  solution  as  a  standard  (23).  Before
measuring SOD, CAT, GPx, GR and GST activities,
the  protein  concentrations  of  supernatants  were
adjusted to 1 mg/mL.

Determination of MDA, 3-NT, and Phospho-Akt
(pSer473) Levels
The  MDA  level  was  assessed  according  to  the
method of Buege and Aust (24). The results were
given  as  µmol  MDA  per  milligrams  of  protein  in
supernatants.  For  determination  of  3-NT  and
phospho-Akt  (pSer473)  levels  in  the  liver  ELISA
(Enzyme  linked  immunosorbent  assay)  kits
(ab116691,  Abcam  and  RAB0011,  Sigma-Aldrich)
were  used  according  to  the  manufacturer’s
instructions.  The  relative  amount  of  phospho-Akt
(pSer473)  was  calculated  in  the  MetS  group  as
compared to the control group.

Determination of SOD, CAT, GPx, GR, and GST
Activities 
SOD,  CAT,  GPx,  GR  and  GST  activities  were
determined according to Sun et al. (25), Aebi (26),
Paglia and Valentine (27), Carlberg and Mannervik
(28)  and Habig et  al.  (29)  by spectrophotometric
means, respectively. One SOD unit was defined as
the amount of enzyme that inhibits the rate of nitro
blue tetrazolium (NBT) reduction by 50%. The CAT
activity was expressed as µmol of H2O2 decomposed
per  mg  protein  per  minute.  The  GPx  and  GR
activities were expressed as nmol oxidized NADPH
per mg of protein per minute. The GST activity was
given as nmol 1-chloro-2,4-dinitrobenzene (CDNB)–
glutathione conjugate per mg protein per minute.

Light Microscopic Examination
The  hepatic  tissue  samples  were  fixed  in  10%
formalin  for  72  h  and  dehydrated  for  paraffin
embedding. The paraffin piece was cut into sections,
at  5  μm thickness  using  a  microtome,  then  they
were  stained  with  hematoxylin  and  eosin  (H&E).
Slides  were  examined and photographed with  the
Olympus  BX 53 light  microscope (Olympus Corp.,
Tokyo, Japan).

Determination of Metallic Levels in the Liver 
The weighed liver samples were dried at 105 °C for
120  h,  then  dried  tissues  were  digested  with  a
HClO4/HNO3 (1:2; v/v) acidic mixture at 100 °C for
5 h. The levels of Ca, Cu, Fe, Mg, Mn, and Zn were
determined using inductively coupled plasma optical
emission spectrometry (ICP-OES; Optima 2100 DV;
Perkin Elmer, Shelton, CT, USA) and µg elements
per gram of dry tissue were calculated.

Statistics
The Sigma Plot software for Windows version 12.0
(Systat Software, San Jose, CA, USA) was used for
the statistical analysis of the results. The results are
given as mean ± standard deviation (SD). Statistical
significance  was  evaluated  using  one-way  ANOVA
followed by Duncan’s post hoc test for comparisons
between groups. A p-value<0.05 was considered to
be statistically significant.

RESULTS AND DISCUSSION

Bodily weight, fasting blood glucose, plasma insulin,
OGTT levels, and HOMA-IR score were measured in
both control and MetS groups as indicators of MetS.
As shown in Figure 1 (a-b), sucrose administration
caused  significant  (p<0.05)  increases  in  the
following  parameters:  bodily  weight  (15%)  (a),
fasting blood glucose (43%) (b), serum insulin level
(80%) (c),  HOMA-IR score (162%) (d) and OGTT
level  (51%)  (e).  These  results  indicate  that  the
metabolic  syndrome  was  successfully  induced  in
rats.

As  shown  in  Figure  2,  MDA  and  3-NT  levels
determined  in  the  hepatic  tissue  from  the  MetS
group were  significantly  higher  than  those  of  the
control group as 26% and 67%, respectively (a and
b).  The phospho-Akt (pSer473)  level  of  the  MetS
group was similar that of the control group (Figure
2c). The elevated levels of MDA and 3-NT together
with observed mild diffuse microvesicular steatosis
could  be  associated  with  hepatic  fibrosis  and
mitochondrial  dysfunction,  which  represent  critical
initiating events  for the development of  NAFLD in
the  liver  of  MetS-rats  (15,17).  In  the  literature,
some studies reported that the increased 3-NT was
related to steatosis in the liver which may indicate a
possible  involvement  of  peroxynitrite  in  the
development of MetS complications (18,30). In the
present study, the level of phospho-Akt (pSer473)
did not change significantly in the liver of rats with
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MetS  compared  to  that  of  controls.  Although  the
difference was not significant, however, a tendency
to increase may be noted in the MetS group. In the
literature,  increased  basal  phospho-Akt  (pSer473)

level  was associated with decreased mitochondrial
production and increased  ectopic  fat  accumulation
and oxidative stress in the liver of mice under the
high-fat-diet was reported (31). 

 

Figure 1: Bodily weight (a), fasting blood glucose concentration (b), plasma insulin level (c), HOMA-IR
score (d), OGTT level (e) in control (Con) and metabolic syndrome (MetS) groups. *p<0.05 vs. Con group.

Figure 2: The levels of MDA (a), 3-NT (b), phospho-Akt (pSer473) (c) in the liver of control (Con) and
metabolic syndrome (MetS) groups. *p<0.05 vs. Con-group.

The activities of SOD and GPx in the hepatic tissue
were found similar in both MetS and control groups
(Figure  3a  and  3b).  However,  the  CAT  and  GST
activities were significantly low in the MetS group as
a  level  of  15% and  29% when  compared  to  the

control group, respectively (Figure 3c and 3d). On
the  other  hand,  the  GR  activity  was  significantly
high in the MetS group (by 78%) than that of the
control group (Figure 3e). In this study, decreased
CAT,  GST  activities  and  increased  GR  activity
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demonstrated  oxidative  stress  in  the  MetS  group.
The change of antioxidant enzyme activities can be
explained  with  (i)  increasing  of  ROS  and  RNS
production  (20),  the  enzymes  nitration  (21),  and
the glycation products (3) (ii)  reduced antioxidant
capacity  and  (iii)  increasing  or  decreasing  the
enzymes expressions (8, 32). Increased GR activity
also  indicated  that  GSH  metabolism  was  affected
from MetS. In our previous study, activities of SOD,
CAT, GPx, GR were all significantly decreased in the
masseter  muscles  of  rats  with  MetS  (16).  These
results  demonstrated  that  the  effects  of  MetS  on
different tissues varied depending on the metabolic
functions of the tissues. In the literature, there were
different  results  regarding  changes  in  antioxidant
enzyme  activities  in  rats  with  the  MetS  group.

Nestorov et al. reported an increased expression of
Mn-SOD but  the  lack  of  correlation  between  Mn-
SOD activity and its protein level due to inactivation
of the enzyme by glycation (33). However, Rubio-
Rubiz et al.  reported decreased SOD activity in the
liver of rats with MetS (34). Moreover, Jarukamjorn
et al. reported that mRNA expression and enzymatic
activity of SOD, CAT, and GPx were increased in the
liver of mice fed with the high-fat high-fructose diet
for  2–8  wks  (35).  Al  Mamun  et  al.  reported
decreased  CAT  and  SOD activities  in  the  liver  of
high-carbohydrate/high-fat  (HCHF)  diet-fed  rats
(36).  Although  hepatic  tissue  with  MetS  was
investigated, different diet, age, and animal models
that were used in these studies made it difficult to
compare the results directly.

Figure 3: Antioxidant enzyme activities determined in the hepatic tissues from metabolic syndrome (MetS)
group compared to the control (Con) group. SOD (a), GPx (b), CAT (c), GST (d) and GR (e) activities.

*p<0.05 vs. Con group.

Hepatic  parenchyma  in  the  control  group  was
consisted  of  stacks  of  anastomosing  plates  of
hepatocytes,  which  were  one  cell  thick  and  were
separated  by  sinusoidal  capillaries.  Hepatocytes,
with  vesicular  nucleus  and  the  hepatocyte
cytoplasm, were seen normal. Sinusoidal capillaries,
the  vascular  channels  between  the  plates  of

hepatocytes, perisinusoidal spaces, the central vein,
the portal areas with hepatic artery, portal vein, and
the bile duct were seen normal (Figure 4a and 4b).
However,  hepatocytes  in  the  MetS  group  showed
mild diffuse microvesicular steatosis (Figure 4c and
4d).
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Figure 4: Control Group (4a and 4b). Metabolic Syndrome Group (4c and 4d). Hepatocytes (black arrows),
sinusoidal capillaries (arrow heads), central veins (CV), portal veins (P), hepatic arteries (white arrows) and
the bile ducts (*) are seen. Microvesicular lipid storage is indicated (empty arrows). Bars: 100 µm(4a and

4c) and 50 µm (4b and 4d).

Table 1:  Levels of metals in the hepatic tissues of rats.
Name of the Metals Metals Levels (µg/g dried tissue)

Con Group MetS Group
Ca 40.7±26.5 55.0±47.1
Cu 4.4±0.9 5.6±1.6*
Fe 269.1±95.1 356.6±126.2*
Mg 269.3±42.7 288.8±56.4
Mn 0.4±0.3 3.0±0.8**
Zn 42.4±6.3 35.9±8.6*

The male Wistar rats in the group that had metabolic syndrome (MetS; n=10 rats) induced with a high-
sucrose diet by comparison with the normal control (Con; n=6 rats) group. Data are presented as

mean±SD. *p<0.05 and **p<0.01 compared with the Con group.

As shown in Table 1, the levels of Ca and Mg were
similar  among  these  two  groups.  However,  the
levels of Cu, Fe, and Mn determined in the hepatic
tissues  were  significantly  high  in  MetS  group
compared to the control group as 1.3, 1.3 and 7.0-
fold, respectively. The level of Zn was significantly
low in MetS group compared to the control group. In
our study, elevated Cu, Fe, and Mn concentrations
were  indicated  that  MetS  significantly  related  to
their status in the liver of rats and they could lead
to  changes  in  the  balance  of  oxidant/antioxidant
status. The increased Cu and Fe levels in the liver of
rats  with  MetS  support  the  increased  oxidative
stress. Because Cu and Fe as redox-cycling metals
are involved in the formation of ROS; the catalytic
function  of  Fe2+/Fe3+ and  Cu+/Cu2+ in  Fenton
reactions  mediated  generation  of  hydroxyl  radical
from  H2O2 should  be  mentioned.  As  a  result  of

Fenton  reactions,  H2O2 concentration  may  be
reduced  and  this  may  be  another  factor  in  the
reduction of  CAT activity  in  the  liver  of  rats  with
MetS.  Increased  Mn  level  may  disrupt  normal
mitochondrial  function  by  altering  membrane
permeability,  inhibiting  ATP  production,  and
increasing  ROS  (37).  In  the  liver,  formation  of
oxidative stress, alteration of enzymatic antioxidant
defense systems, and significant changes in metal
metabolism may be the cause of insulin resistance
by interfering with the ability of insulin to suppress
hepatic  glucose  production.  This  may  result  in
mitochondrial  dysfunction  with  time  and  finally,
cause MetS. In our previous study, we found that
Cu level increased in the masseter muscle of rats
with MetS while Fe and Mn levels were like those of
controls (16). In the literature, increased Fe and Cu
levels  and  decreased  Mn  and  Zn  levels  were
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reported in liver of rats fed a high carbohydrate–
high fat diet for up to 16 weeks (38). Flores et al.
reported the increased Cu level in serum and urine
in  T2DM patients  as  a  result  of  the  possibility  of
removing Cu from tissues (13). However, decreased
plasma Cu level in a subject with MetS was reported
by Parades et al. (14). 

CONCLUSION 

Our  data  have  shown  that  the  activities  of
antioxidant defense enzymes such as CAT and GST
were significantly low in the liver of MetS-rats than
that of control rats, although the levels of MDA and
3-NT were  significantly  high in  the  liver  of  MetS-
rats. However, the GR activity in the liver of MetS-
rats was markedly high in that group compared to
that of control rats. The light microscopy analysis of
the  livers  showed  mild  diffuse  microvesicular
steatosis in the MetS group. Furthermore, the tissue
levels of Cu, Fe, and Mn were significantly high in
MetS  group  while  Zn  level  was  significantly  low
compared  to  the  control  group.  The  impaired
carbohydrate,  lipid,  metal  and  glutathione
metabolisms  may  have  important  roles  in  the
pathogenesis  and  progression  of  MetS.  Increased
Cu, Fe and Mn levels and decreased Zn level may
also  play  an  important  role  in  imbalance  of
oxidant/antioxidant status in the liver of rats with
MetS.  Considering  oxidative  stress  as  signaling
markers  for  any  dysfunction  of  organs  in  certain
circumstances,  its  control  signifies  a  rational
curative  strategy  to  prevent  and  cure  hepatic
diseases in MetS. 
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