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Oxidative stress produced by mitochondria is one of the main causes for diabetes associated complica-
tions. This study was planned to assess the efficacy of asiatic acid (AA) on oxidative stress mediated hep-
atocellular mitochondrial dysfunction in streptozotocin (STZ)-induced type-2 diabetic rats. Diabetic rats
were generated by intraperitoneal injection of STZ administered as single dose at 40 mg/kg body weight
(b. wt.). Then the rats were treated with 20 mg of AA or 600 lg of glibenclamide (Glib)/kg b. wt, once in a
day for 45 days. The results of this study illustrated that diabetic rat liver mitochondrial malondialdehyde
(MDA), reactive oxygen species (ROS) and protein carbonyl (PCO) levels were significantly increased at
the same time antioxidant enzymes and non-enzymes status was markedly diminished when compared
with the liver mitochondria of normal control rats. A marked reduction in ROS, MDA, PCO and significant
amelioration in non-enzymatic and enzymatic antioxidants were observed in diabetic rats treated with
AA or Glib as compared with untreated diabetic control rats. Tricarboxylic acid (TCA) cycle enzymes like
isocitrate dehydrogenase, alpha-ketoglutarate dehydrogenase, succinate dehydrogenase, malate dehy-
drogenase and electron transport chain (ETC) complexes activities were significantly diminished in dia-
betic rats. Besides, mitochondrial uncoupling protein-2 (UCP2) expression was significantly upregulated
at the same time adenosine triphosphate (ATP) level and mitochondrial membrane potential (MMP) was
markedly lowered in the mitochondria of diabetic rats. AA or Glib treatment with diabetic rats restored
the TCA cycle enzymes activities, ETC complexes, UCP2, MMP and ATP level to near normal control rats as
compared with untreated diabetic control rats. Hence, the results of the current study indicated that AA
ameliorated mitochondrial function by attenuating oxidative stress in STZ-induced type-2 diabetic rats.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mitochondria are powerful and very important intracellular
organelles in eukaryotic cells. They are a key player in the process
of energy production and also implicate in numerous functions of
eukaryotic cells. During normal cellular function mitochondria
generates enormous amount of reactive oxygen species (ROS), at
exceeded levels it may cause various diseases. Mitochondrial dys-
function has occurred due to most of the metabolic disorders
including diabetes mellitus (Zavodnik et al., 2011). The main cause
for the pathogenesis of diabetes is elevated oxidative stress and
mitochondrial dysfunction. Diabetes mellitus is characterized by
hyperglycemia associated with increased formation of ROS, reac-
tive nitrogen species, advanced glycation end products, elevated
lipolysis, ketogenesis and diminished level of antioxidants
(Kumar et al., 2020). Hepatocytes play a major role in blood glu-
cose homeostasis by regulation of glycolysis, glycogenolysis, glyco-
genesis and gluconeogenesis, and disruption of this regulation
mechanism is affected during diabetes.

In general, oxidative stress has been noticed to be at increased
level in type-2 diabetic patients. Elevated oxidant production in
hepatic mitochondria is a basic mechanism that stimulates oxida-
tive stress during diabetes. Uncoupling protein-2 (UCP2) is found
in the mitochondrial inner membrane of various tissues, including
liver. It can reduce the metabolic efficacy by dispersing the proton-
motive force in the intermembrane space of the mitochondria that
may affect ATP synthesis. Previous studies described that UCP2 can
diminish ROS formation and regulate several cellular metabolisms
(Arsenijevic et al., 2000). Overexpression of UCP2 will decrease the
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secretion of insulin by islets of Langerhans stimulated by blood
glucose.

Hepatic mitochondria endure a forceful oxidative damage with
a concurrent acceleration in ROS generation during hyperglycemia
(Ji et al., 2020). Enhanced ROS production in mitochondria may
also affect the mitochondrial energy metabolism by altering the
flow of electrons via the electron transport chain (ETC) complexes.
Besides, elevated ROS formation may decrease tricarboxylic acid
(TCA) cycle enzymes activities. Diabetes related complications
were increased by high amount of ROS formation, lipid peroxida-
tion, protein oxidation and reduction of antioxidants in mitochon-
dria. Mitochondrial transmembrane potential was altered by
increased Ca2+ uptake that may affect the mitochondrial energy
production during diabetes.

Asiatic acid (AA), a pentacyclic triterpene present in many plant
species, and Centella asiatica (L) is considered as a main source of
AA. It possesses a number of pharmacological properties like
anti-inflammatory, antioxidant and hepatoprotective properties
(Huang et al., 2011). Ramachandran et al. (2014) was illustrated
the antidiabetic properties of AA by stimulating insulin levels,
diminishing glucose levels and restoring the enzymes which are
involved in carbohydrate and lipid metabolism. Further, they
reported that AA reduced lipid peroxidation process and enhanced
antioxidant levels in diabetic rats (Ramachandran and Saravanan,
2013). Nonetheless, according to literatures there were no studies
published about the efficacy of AA on oxidative stress and hepato-
cellular mitochondrial dysfunction in STZ-induced diabetic rats.
Thus, the current study was designed to assess the efficacy of AA
on hyperglycemia prompted by oxidative stress and hepatocellular
mitochondrial dysfunction in STZ-induced type-2 diabetic rats. In
addition, the current study has compared the effects of AA with
glibenclamide (Glib), an oral anti-hyperglycemic agent.
2. Materials and methods

2.1. Chemicals

The chemicals used for this study like streptozotocin (STZ), asi-
atic acid (AA), etc., were procured from Sigma-Aldrich (USA). Pri-
mary antibodies and secondary antibodies for UCP2 assay were
obtained from Santa Cruz Biotechnology (USA). Enhanced chemilu-
minescence (ECL) reagent used for this study got from Bio-Rad Lab-
oratories (USA). Most of the reagents and chemicals with highest
purity used for this study were purchased from Sigma-Aldrich.

2.2. Animals

The experimental study is conducted on male albino rats (180–
210 g) that were kept in polypropylene cages and maintained at
vivarium conditions (50% humidity, 12-hours light and 12-hours
dark cycle at 25 ± 2 �C). The rats were freely allowed to have stan-
dard rat diet and drinking water. This study was conducted with
strictly adhering to the ethical guidelines for experimental animals
recommended by Prince Sattam bin Abdulaziz University, Kingdom
of Saudi Arabia.

2.3. Induction of diabetic rats

Type-2 diabetic rats were produced by a single dose of STZ
(40 mg/kg b. wt.) administrated as intraperitoneal injection after
overnight fasting. STZ was prepared freshly by using citrate buffer
(0.1 M, pH 4.5). To prevent STZ-induced sudden hypoglycemic
mortality, the rats were allowed to have drinking water with 20%
glucose for 24 h. STZ-induced diabetic rats were identified after
three days by assessing fasting blood glucose level, estimated by
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a commercially available glucose assay kit (Cayman Chemical,
USA). This entire study was conducted on selected diabetic rats
based on the fasting blood glucose level that were higher than
230 mg/dL.

2.4. Experimental design

The study was designed to have five groups of six experimental
rats in each group. AA and Glib were dissolved thoroughly in 5%
dimethyl sulfoxide (DMSO, prepared in double distilled water)
and then administered orally to experimental rats through intra-
gastric tube for a period of 45 days at an intervals of single
dose/day.

Group 1: Normal control (NC) rats were treated only 5% DMSO
Group 2: Normal rats + AA (N + AA) were treated (20 mg/kg b.

wt.)
Group 3: Diabetic control (DC) rats were treated only 5% DMSO
Group 4: Diabetic rats + AA (D + AA) were treated (20 mg/kg b.

wt.)
Group 5: Diabetic rats + Glib (D + Glib) were treated (600 mg/kg

b.wt.)
At the end of experimental period, the rats were fasted for 12 h

and anesthetized by 24 mg/kg body weight of ketamine, adminis-
tered as intramuscular injection. The anesthetized rats were sacri-
ficed by cervical dislocation, liver was dissected, washed
thoroughly with ice-cold isotonic saline and removed the connec-
tive tissues and blood vessels. The dissected liver was weighed and
used for mitochondria isolation.

2.5. Mitochondrial preparation

According to the protocol of Johnson and Lardy (1967) liver
mitochondria were isolated with slight modification. Briefly, the
cleaned liver tissue was weighed, minced thoroughly and homog-
enized with known volume of homogenization buffer (prepared by
Tris-HCl (10 mM), sucrose (0.25 M) and EDTA (1 mM), pH 7.4). The
liver homogenate was centrifuged at 600 � g for 10 min then the
supernatant obtained was again centrifuged at 15,000 � g for
5 min. The resultant mitochondrial fraction was washed and resus-
pended with the homogenizing buffer to a known volume. The
amount of mitochondrial protein was assessed by Lowry et al.
(1951) method. Freshly isolated mitochondrial fraction was used
to assess mitochondrial function.

2.6. Biochemical analysis

In the liver mitochondrial fraction, ROS was estimated as illus-
trated before (Shinomol andMuralidhara, 2007). The concentration
of malondialdehyde (MDA), a lipid peroxidation product was
assessed by the procedure of Ohkawa et al. (1979). Protein car-
bonyl (PCO) was measured followed by the protocol of Reznick
and Packer (1994). Reduced glutathione (GSH) was estimated
according to the instruction of Moron et al. (1979). Oxidized glu-
tathione (GSSG) was quantified based on the protocol of Griffith
(1980). Vitamin C was measured followed by the procedure of
Omaye et al. (1979). Vitamin E was estimated followed by the
instructions of Desai (1984). Superoxide dismutase (SOD) activity
was assessed according to the procedure of Kakkar et al. (1998).
Catalase (CAT) activity was measured followed by the protocol of
Sinha (1972). Glutathione peroxidase (GPx) activity was investi-
gated based on the procedure of Rotruck et al. (1973). Glutathione
reductase (GR) activity was determined followed by the instruction
of Horn and Burns (1978). Glutathione-S-transferase (GST) activity
was assessed according to the protocol of Habig et al. (1974). Isoc-
itrate dehydrogenase (ICDH) activity was measured followed by
the procedure of Bell and Baron (1960). a-ketoglutarate dehydro-
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genase (a-KGDH) activity was quantified based on the instruction
of Reed and Mukherjee (1969). Succinate dehydrogenase (SDH)
activity was investigated followed by the protocol of Slater and
Bonner (1952). Malate dehydrogenase (MDH) activity was assessed
followed by the procedure of Mehler et al. (1948). Electron trans-
port chain Complex-I, Complex-II, Complex-III and Complex-IV
activities were determined based on the protocols of Brich-
Machin et al. (1994), Krahenbuhl et al. (1994), and Smith (1955)
respectively. ATP level was estimated according to procedure of
Williams and Coorkey (1967). Mitochondrial membrane potential
was determined as demonstrated previously (Apaijai et al., 2013).

2.7. Determination of UCP2 protein expression by western blot

UCP2 protein expression was assessed by western blot tech-
nique. 80 mg of protein sample from mitochondrial fraction was
separated by using 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred onto
polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories,
USA). The membrane was blocked with 5% skimmed milk for 2 h
and then incubated with primary antibodies against UCP2 (diluted
1:1000) and b-actin (diluted 1:2000) overnight at 4 �C. After wash-
ing the membrane in phosphate buffered saline with tween-20
(PBST), incubated with the secondary antibody (horseradish
peroxidase-conjugated goat anti-rabbit IgG) at a dilution of
1:1000 for 2 h at room temperature. Then the membrane was
washed after one hour and visualized with ECL reagent (Bio-Rad
Laboratories, USA). The protein band density was assessed by
Image J (Version 1.41) software (NIH, USA).

2.8. Statistical analyses

All the data obtained in this study were expressed as
mean ± standard deviation (SD, n = 6). Significant differences were
assessed by one-way analysis of variance with Tukey’s multiple
comparison as a post-hoc test using a Graphpad prism software
(Version 5.0). The values are considered as significant if the
P < 0.05.
3. Results

3.1. Effect of asiatic acid on ROS, lipid peroxidation and protein
oxidation

The liver mitochondrial ROS, MDA and PCO levels of experimen-
tal and normal control rats were demonstrated in Fig. 1. The levels
of ROS, MDA and PCO were markedly elevated (P < 0.001) in the
liver mitochondria of STZ-induced diabetic rats as compared with
the liver mitochondria of normal control rats. When STZ-induced
diabetic rats treated with AA and Glib were reduced the levels of
ROS, MDA and PCO as compared with untreated diabetic control
rats. AA treated with normal control rats did not depict any signif-
icant changes in ROS, MDA and PCO levels.

3.2. Effect of asiatic acid on non-enzymatic antioxidants

Liver mitochondrial GSH, GSSG, vitamin C and vitamin E levels
of experimental and normal control rats were illustrated in
Fig. 2. GSH, vitamin C, and vitamin E levels were significantly
diminished (P < 0.001) at the same time GSSG level was signifi-
cantly elevated (P < 0.001) in the liver mitochondria of STZ-
induced diabetic rats when compared with the liver mitochondria
of normal control rats. AA and Glib treatment with STZ-induced
diabetic rats were reverted these values near to normal control rats
as compared with untreated diabetic control rats. These levels
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were not altered in the liver mitochondria of normal control rats
treated with AA.

3.3. Effect of asiatic acid on enzymatic antioxidants

Liver mitochondrial antioxidant enzymes such as SOD, CAT,
GPx, GR and GST activities of experimental and normal control rats
were illustrated in Figs. 3 and 4. These antioxidant enzymes activ-
ities were markedly decreased (P < 0.001) in the liver mitochondria
of STZ-induced diabetic rats as compared with normal control rats.
AA and Glib treatment were ameliorated these antioxidant
enzymes activities to near normal in the liver mitochondria of
STZ-induced diabetic rats when compared with untreated diabetic
control rats. AA treated normal control rats were not expressed any
marked changes in the liver mitochondrial antioxidant enzymes
activities.

3.4. Effect of asiatic acid on TCA cycle enzymes

The TCA cycle enzymes mainly ICDH, a-KGDH, SDH and MDH
activities in the liver mitochondria of experimental and normal
control rats were given in Fig. 5. STZ-induced diabetic rats illus-
trated a marked (P < 0.001) reduction in the activities of ICDH, a-
KGDH, SDH and MDH as compared with normal control rats. After
AA and Glib treatment, STZ-induced diabetic rats were shown a
marked (P < 0.001) elevation in these enzymes activities as com-
pared with untreated diabetic control rats. Besides, these TCA cycle
enzymes activities were not changed in the liver mitochondria of
normal control rats treated with AA.

3.5. Effect of asiatic acid on electron transport chain complexes

The ETC complexes such as Complex I, Complex II, Complex III
and Complex IV activities in the liver mitochondria of experimental
and normal control rats were exhibited in Fig. 6. In STZ-induced
diabetic rats, the ETC complexes activities were markedly dimin-
ished (P < 0.001) as compared with normal control rats. AA and Glib
treatment were reverted the ETC complexes activities to near nor-
mal in the liver mitochondria of STZ-induced diabetic rats as com-
pared with untreated diabetic control rats. AA treatment with
normal control rats did not depict any significant changes in the
ETC complexes activities.

3.6. Effect of asiatic acid on UCP2 protein expression

UCP2 protein expression in the liver mitochondria of experi-
mental and normal control rats were revealed in Fig. 7. A marked
(P < 0.001) upregulation of UCP2 protein expression was observed
in the liver mitochondria of STZ-induced diabetic rats as compared
with normal control rats. AA and Glib treatment were ameliorated
(P < 0.001) the UCP2 protein expression in the liver mitochondria of
STZ-induced diabetic rats as compared with untreated diabetic
control rats. The expression of UCP2 was not changed in the liver
mitochondria of normal control rats treated with AA.

3.7. Effect of asiatic acid on mitochondrial membrane potential and
ATP level

MMP and ATP level in the liver mitochondria of experimental
and normal control rats were shown in Fig. 8. MMP and ATP level
was markedly (P < 0.001) diminished in the liver mitochondria of
STZ-induced diabetic rats as compared with normal control rats.
AA and Glib treatment was brought (P < 0.001) MMP and ATP level
to near normal in STZ-induced diabetic rats as compared with
untreated diabetic control rats. AA treatment with normal control
rats did not show any significant changes in MMP and ATP level.



Fig. 1. Change of ROS (A), MDA (B) and PCO (C) levels in the liver mitochondria of each group. Data were illustrated as mean ± SD (n = 6). Statistical comparisons were made as
‘‘a” diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compared with normal control (NC) rats, ‘‘b” diabetic rats treated with AA (D + AA) and
glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non-significant, *represents significant difference at p < 0.001.

Fig. 2. Changes of GSH (A), GSSG (B), vitamin C (C) and vitamin E (D) levels in the liver mitochondria of each group. Data were illustrated as mean ± SD (n = 6). Statistical
comparisons were made as ‘‘a” diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compared with normal control (NC) rats, ‘‘b” diabetic rats treated
with AA (D + AA) and glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non-significant, *represents significant difference at p < 0.001.
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4. Discussion

Mitochondria are essential subcellular organelles that plays
major role in ATP synthesis and are highly vulnerable to oxidative
4

stress. Dysfunction of mitochondria has been projected as a per-
ilous modulator of ROS formation and inception of apoptosis in
diabetic conditions. The potency of the mitochondrial membrane
might be lost due to increased formation of ROS in the mitochon-
dria. In agreement with these points, the current study illustrated



Fig. 3. Changes of SOD (A) and CAT (B) activities in the liver mitochondria of each group. Data were illustrated as mean ± SD (n = 6). Statistical comparisons were made as ‘‘a”
diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compared with normal control (NC) rats, ‘‘b” diabetic rats treated with AA (D + AA) and
glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non-significant, *represents significant difference at p < 0.001.

Fig. 4. Changes of GPx (A), GR (B) and GST (C) activities in the liver mitochondria of each group. Data were illustrated as mean ± SD (n = 6). Statistical comparisons were made
as ‘‘a” diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compared with normal control (NC) rats, ‘‘b” diabetic rats treated with AA (D + AA) and
glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non-significant, *represents significant difference at p < 0.001.
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increased level of ROS in STZ-induced diabetic rat liver mitochon-
dria (Fig. 1A). The increased ROS level may affect the mitochondrial
inner membrane efficiency and intends the loss of mitochondrial
membrane integrity in diabetic rats. The inner mitochondrial
membrane and its physiological functions were disturbed by
oxidative stress; this might be attributed to polyunsaturated fatty
acids (PUFA) abundantly present in these membrane. During dia-
betic conditions, the increased ROS reacts with PUFA that stimulate
oxidation of lipids present in the mitochondrial membrane which
causes mitochondrial membrane structural changes, swelling and
interruptions of mitochondrial functions. In addition, increased
ROS production may diminish antioxidant defensive system that
leads to increased susceptibility of membrane lipid peroxidation,
oxidative damage and distraction of cellular functions. In agree-
ment with earlier studies, the present study also observed
5

increased MDA level in the liver mitochondria of STZ-induced dia-
betic rats (Fig. 1B). Elevated MDA level in the liver mitochondria
directs increased lipid peroxidation; this may modify the mito-
chondrial membrane integrity resulting in mitochondrial damage.
In this study, AA treatment decreased the level of ROS and MDA
in the liver mitochondria of STZ-induced diabetic rats. This result
is concordant with previous reports; AA decreased lipid peroxida-
tion level by increased antioxidant status (Ramachandran and
Saravanan, 2013, 2015).

Oxidative damage of proteins is evaluated by generation of PCO,
it is also a highly damaging event, and this may arise in the absence
of lipid peroxidation. The alteration of proteins by ROS is main
cause for several pathophysiological disorders and diseases. Free
radicals produced during oxidative stress may activate protein
modification and oxidative damage in the mitochondria. Oxidative



Fig. 5. Changes of ICDH (A), a-KGDH (B), SDH (C) and MDH (D) activities in the liver mitochondria of each group. Data were illustrated as mean ± SD (n = 6). Statistical
comparisons were made as ‘‘a” diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compared with normal control (NC) rats, ‘‘b” diabetic rats treated
with AA (D + AA) and glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non-significant, *represents significant difference at p < 0.001.

Fig. 6. Changes of ETC Complex-I (A), Complex-II (B), Complex-III (C) and Complex-IV (D) activities in the liver mitochondria of each group. Data were illustrated as mean ± SD
(n = 6). Statistical comparisons were made as ‘‘a” diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compared with normal control (NC) rats, ‘‘b”
diabetic rats treated with AA (D + AA) and glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non-significant, *represents significant
difference at p < 0.001.
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protein damage has identified as a crucial point in diabetes associ-
ated complications. Diabetes-associated alteration of proteins
might be attributed to an elevated free radical induced oxidative
damage. In this study PCO level was markedly elevated in the liver
mitochondria of STZ-induced diabetic rats (Fig. 1C). This result is
concomitant with earlier reports (Raza et al., 2011; Alejandra
Sánchez-Muñoz et al., 2018). AA treatment was decreased PCO
6

level in the liver mitochondria of diabetic rats. AA might protect
the proteins from carbonylation and preserves many enzymes
activities which are important for mitochondrial function through
its free radical scavenging activity (Ramachandran and Saravanan,
2013, 2015).

All the cells and tissues possess defensive mechanism to protect
from oxidative damage. These mechanisms are including non-



Fig. 7. Changes of UCP2 protein expression in the liver mitochondria of each group.
Data were illustrated as mean ± SD (n = 6). Statistical comparisons were made as ‘‘a”
diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA)
compared with normal control (NC) rats, ‘‘b” diabetic rats treated with AA (D + AA)
and glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent
as non-significant, *represents significant difference at p < 0.001.
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enzymatic and enzymatic antioxidant system. In the present inves-
tigation, a marked reduction of non-enzymatic antioxidants mainly
GSH, vitamin C and vitamin E levels were observed at the same
time GSSG level was markedly elevated in the liver mitochondria
of STZ-induced diabetic rats (Fig. 2). These results are concordant
with earlier reports (Raza et al., 2011; Alejandra Sánchez-Muñoz
et al., 2018; Aloud et al., 2018). This might be attributed to
diabetes-dependent elevation of free radical production in the
mitochondria which causes oxidative damage. Besides, decreased
NADPH levels will inhibit the conversion of GSSG to GSH by GR;
which may accelerate the process of lipid peroxidation and
decrease the antioxidant defensive system (Alejandra Sánchez-
Fig. 8. Changes of MMP (A) and ATP (B) levels in the liver mitochondria of each group. D
diabetic control (DC) rats and normal rats treated with asiatic acid (N + AA) compare
glibenclamide (D + Glib) compared with diabetic control (DC) rats. NS represent as non
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Muñoz et al., 2018). In this study, administration of AA was
enhanced GSH, vitamin C and vitamin E levels likewise reduced
GSSG level in the liver mitochondria of STZ-induced diabetic rats
as compared with untreated diabetic control rats. These observa-
tions are consistent with earlier studies which demonstrate the
antioxidant property of AA (Ramachandran and Saravanan, 2013,
2015). AA effectively removes superoxide, peroxide and hydroxyl
radicals by enhancing antioxidant status. Therefore, AA supple-
mentation may develop antioxidant defensive system which will
decrease the diabetic complications.

Enzymatic antioxidants provide a constant support to defend
against free radicals. SOD is the first line enzyme in antioxidant
defensive system which will decrease superoxide radicals. In
uncontrolled diabetic condition, huge amount superoxide radicals
formed by autooxidation of increased glucose that cause lipid per-
oxidation. SOD produce H2O2 that will be converted in to water
and molecular oxygen by CAT, through this mechanism CAT might
protect the cells from H2O2 induced oxidative stress. In this study,
SOD and CAT activities were markedly lowered in the liver mito-
chondria of STZ-induced diabetic rats (Fig. 3). Earlier report of
SOD and CAT activities (Aloud et al., 2018) are in agreement with
this study. Decreased SOD and CAT activities might be attributed
to more utilization for scavenging superoxide radicals and these
enzymes activities were inactivated by increased production of
ROS. AA treatment with STZ-induced diabetic rats brought SOD
and CAT activities to near normal. This result depicts that AA might
be ameliorated SOD and CAT activities by scavenging superoxide
radicals and reducing formation of H2O2 (Ramachandran and
Saravanan, 2013, 2015). In addition to these antioxidant enzymes
activities, this study also observed diminished GPx, GR and GST
activities in the liver mitochondria of STZ-induced diabetic rats
(Fig. 4). These GSH dependent antioxidant enzymes plays major
role in detoxification of toxic electrophiles, maintaining intracellu-
lar GSH level and reduce the lipid peroxidation process. These
enzymes activities were markedly depleted in the whole liver of
STZ-induced diabetic rats. The lowered activities of these GSH
dependent antioxidant enzymes might be linked with decreased
level of GSH and an elevated level of lipid peroxidation
(Alejandra Sánchez-Muñoz et al., 2018; Aloud et al., 2018). In this
study, increased lipid peroxidation and diminished GSH level
might be reduced the GPx, GR and GST activities in the liver mito-
chondria of STZ-induced diabetic rats. Increased activities of GPx,
GR and GST were attained in the liver mitochondria of AA treated
STZ-induced diabetic rats; this result show the protective effect of
AA against diabetic complications. Amelioration of GSH and
ata were illustrated as mean ± SD (n = 6). Statistical comparisons were made as ‘‘a”
d with normal control (NC) rats, ‘‘b” diabetic rats treated with AA (D + AA) and
-significant, *represents significant difference at p < 0.001.
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reduction of lipid peroxidation might be the reason for the eleva-
tion of GPx, GR and GST activities in STZ-induced diabetic rats trea-
ted with AA (Ramachandran and Saravanan, 2013, 2015).

The mitochondrial enzymes mainly ICDH, a-KGDH, SDH and
MDH plays a key role in oxidation of many substrates via TCA cycle
or citric acid cycle, produced reducing equivalents, which are
transferred to electron transport chain for ATP synthesis through
oxidative phosphorylation. ICDH is known as NADP+-dependent
enzyme, found in many tissues and localized in the mitochondria
as well as in the cytoplasm. a-KGDH enzyme is a main regulation
point in the TCA cycle; controlled by its products succinyl CoA and
NADH. SDH is one of the key enzymes in the TCA cycle; which in
turn will be regulated by succinate, phosphate and ATP. MDH is
another important enzyme in the TCA cycle used to synthesis
oxaloacetate from malate. In this study ICDH, a-KGDH, SDH and
MDH activities were markedly diminished in the liver mitochon-
dria of STZ-induced diabetic rats (Fig. 5). These observations are
concomitant with earlier report (Aloud et al., 2018). Decreased
activities of these mitochondrial enzymes might be attributed to
elevated level of ROS which could be inactivated mitochondrial
enzymes by oxidative protein damage. The diminished mitochon-
drial enzymes activities may decrease mitochondrial function dur-
ing diabetes. Besides, increased ROS may interfere with substrate
oxidation process in the mitochondria; this may lead low level of
substrate oxidation result in less amount of reducing equivalents
transfer to molecular oxygen and decreased synthesis of ATP
(Raza et al., 2011). The TCA cycle enzymes activities were amelio-
rated in STZ-induced diabetic rats treated with AA as compared
with untreated diabetic rats. This result indicate that AA might
have restored the mitochondrial function by enhancing antioxi-
dant defensive mechanism (Ramachandran and Saravanan, 2013,
2015), and reducing the mitochondrial damage linked with dia-
betic complications.

Alterations in the ETC complex activities and oxygen consump-
tion are crucial point for ROS formation in normal physiological
conditions. In several pathological conditions, ETC complex activi-
ties were altered due to increased production of ROS. Numerous
evidences suggested that there may be a close relation between
oxidative stress, hyperglycemia and diabetes associated complica-
tions (Rolo and Palmeira, 2006). Hyperglycemia increases the elec-
tron carriers which may reduce ETC complex activities (Rolo and
Palmeira, 2006). This reduction may increase electron leakage,
causing a massive formation of ROS, that causes intracellular organ
damage. Complex I is an important membrane protein complex of
the ETC which stimulates the transfer of electrons from NADH to
ubiquinone. It plays a major role in transfer of electrons; protons
to the inner mitochondrial membrane that creates an electrochem-
ical gradient which will be used for ATP synthesis. This study
observed a marked decrease in the activity of Complex I in the
mitochondria of diabetic rats (Fig. 6A). This result is concordant
with the reports of previous studies (Al-Nahdi et al., 2017; Aloud
et al., 2018). The decreased Complex I activity might be due to less
availability of its substrate, NADH produced by TCA cycle. Complex
I activity was markedly elevated in the liver mitochondria of AA
treated diabetic rats as compared with untreated diabetic rats. This
might be attributed to the enhancement of TCA cycle enzymes
activities by AA, which supply the substrates for the ETC. Complex
III is very important for the whole ETC activities and it is coupled
well with Complex II. In this study, Complexes II and Complex III
activities were markedly decreased in the mitochondria of diabetic
rats (Fig. 6B and C). These observations are concordant with previ-
ous studies (Al-Nahdi et al., 2017; Agil et al., 2015; Raza et al.,
2015). AA treatment enhanced Complexes II and III activities in
the diabetic rat liver mitochondria. The terminal enzyme of ETC
is Complex IV; it stimulates the reduction of molecular oxygen
with electrons from reduced cytochrome c and synchronously
8

maintaining the reaction potency by pumping protons from
mitochondrial matrix to intermembrane space for generation of
electrochemical gradient which is essential for ATP synthesis in
mitochondria. In this study, Complex IV activity was markedly
decreased in the liver mitochondria of diabetic rats (Fig. 6D). Similar
result was observed in the earlier studies, which depict a diminution
of Complex IV activity in diabetes (Aloud et al., 2018; Al-Nahdi et al.,
2017; Agil et al., 2015; Raza et al., 2015). In this study, AA treatment
has stimulated Complex IV activity in the liver mitochondria of dia-
betic rats. Activation of ETC complexes by AA might be an alternate
way to decrease extreme ROS generation and reduce the possible
impairment of vital components of the cells.

UCP2 present in the mitochondrial inner membrane, is involve
in the uncoupling of oxidative phosphorylation from ATP synthesis
and also make protons to leak across the inner mitochondrial
membrane. UCP2 is identified as a key player for the predisposition
of many diseases including diabetes. UCP2 upregulation was
observed during excessive ROS formation (Chan et al., 2004).
UCP2 also diminish the MMP and reduce ATP synthesis by enhanc-
ing proton leakage. Decreased ATP synthesis is a main cause for
cellular dysfunction. Earlier study described that ATP synthesis
was negatively regulated by UCP2 (Chan et al., 2004). Actually,
maximum ATP production is essential for active cellular functions.
In this study UCP2 protein expression was markedly increased at
the same time MMP and ATP synthesis was significantly lowered
in the mitochondria of SZT-induced diabetic rat (Figs. 7 and 8).
The findings of this study depicted that increased UCP2 protein
expression was activated by excessive generation of ROS. The
increased UCP2 may create more proton leakage across the inner
mitochondrial membrane and diminished ATP synthesis, which
may lead hepatocellular dysfunction. AA treatment was decreased
UCP2 protein expression at the same time enhanced MMP and ATP
production in the mitochondria of STZ-induced diabetic rats.

5. Conclusion

The data presented here illustrates the effect of AA on hepatic
mitochondrial dysfunction through decreased production of ROS,
lipid peroxidation, protein oxidation and increased level of antiox-
idants, TCA cycle enzymes, ETC complexes activities, MMP, ATP
production and downregulation of UCP2 protein expression in
STZ-induced diabetic rats. The possible protective mechanism of
AA might be due to enhancing antioxidants by scavenging free rad-
icals. This study suggest that AA could be a potential compound to
protect hepatic mitochondria from oxidative damage associated
with diabetic complications. Hence, further studies are necessary
to elucidate thorough molecular mechanism of AA and to develop
the therapeutic efficacy for the treatment of diabetes associated
complications.
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