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ABSTRACT
Objective: The present study was carried out to investigate the protective role of apocynin (APO), an nicotinamide adenine dinucleotide phosphate
oxidase inhibitor, against ethylene glycol (EG)-induced hepatotoxicity in rats.

Methods: Male Sprague-Dawley rats were divided into three groups with six animals in each group. Control group; EG group, in which hyperoxaluria
was induced by 0.4% EG in drinking water for 9 days; and EG+APO group, 0.4% EG in drinking water for 9 days along with APO at a dosage of
200 mg/kg body weight/day, intraperitoneal. All the experimental animals were sacrificed on day 10. Serum and the liver homogenates were analyzed
for various biochemical parameters. Mitochondria from liver were isolated by differential centrifugation and were diagnosed for vital biochemical
parameters.

Results: Hyperoxaluric animals have shown significantly increased levels of serum glutamic oxaloacetic transaminase, serum glutamic pyruvic
transaminase, alkaline phosphatase, and lactate dehydrogenase, thus suggesting liver dysfunction. Declined activities of respiratory chain enzymes
showed mitochondrial dysfunction in EG treated rats. In addition, mitochondrial oxidative stress was evident by decreased levels of superoxide
dismutase, reduced glutathione, and an increased lipid peroxidation (LPO). APO (200 mg/kg/day), significantly decreased EG-induced oxidative
stress by reducing LPO and restoring antioxidant enzymes activities in liver tissue. Also, reduction in the impairment of liver mitochondria functioning
was detected in APO treated rats. Histological analysis depicted that APO treatment decreased liver epithelial damage, increased Kupffer cells, and
restored normal hepatocyte morphology.
Conclusion: The results demonstrated the potential beneficial effects of APO in reducing EG-induced liver damage that might be through attenuation
of mitochondrial oxidative stress.
Keywords: Ethylene glycol, Liver, Oxidative stress, Mitochondrion, Apocynin, Antioxidant.
INTRODUCTION
Ethylene glycol (EG), an important organic solvent, frequently used as
the primary ingredient of automobile antifreeze and hydraulic brake
fluids [1], is a widely used chemical that is capable of causing remarkable
injury if ingested [2]. EG is filtered by the renal glomeruli and is passively
reabsorbed. However, a major part of EG is metabolized through the
liver (80%) with a short half-life of 3-8 hrs, and its metabolites are in
fact dangerous [3]. The metabolites are cell toxins that suppress the
oxidative metabolism leading to central nervous system depression, and
cardio-pulmonary, hepatic and renal failure [4]. The liver and kidney are
the primary site of metabolism for EG. It has in itself a slight toxicity, but
is in vivo broken down via the liver enzyme alcohol dehydrogenase to
four metabolites: Glycoaldehyde, glycolic acid, glyoxylic, acid and oxalic
acid [5]. Studies in our lab have demonstrated that EG ingestion causes
renal injury and nephrolithiasis [6-8]. Furthermore, the systemic response
of kidney injury to liver dysfunction is a well-known fact [4]. Previous
studies suggested the involvement of oxidative stress in EG hepatotoxicity,
as a result of either excess generation of reactive oxygen species (ROS),
and/or reduced antioxidant defenses. The foremost sites of physiological
ROS generation are nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) and mitochondria in liver [9]. NOX arbitrates
oxidative stress in hepatic injury [10]. Mitochondrial respiratory chain
complex I was shown to be inactivated by NOX [11]. NOX, a multisubunit
complex consisting of membrane-associated gp91phox and p22phox and
cytosolic subunits with p47phox, p67phox, and p40phox, etc., causes
the production of superoxide anion, an originator of ROS [12]. Among
the seven NOX homologs established in mammals (NOX1, NOX2, NOX3,
NOX4, NOX5, DUOX1, and DUOX2), the main ROS-producing NOXs in the
liver are NOX1, NOX2, and NOX4 [13]. Most if not all pathogenic insults
in the liver can cause oxidative stress, inducing lipid peroxidation (LPO),

protein oxidation, and DNA damage, leading to hepatocyte mitochondrial
dysfunction, amplifying inflammation and initiating fibrosis [14,15].

There are numerous antioxidants that play a role to scavenge ROS
resulting from both exogenous and endogenous sources [16]. Apocynin
(APO) (4-hydroxy-3-methoxy acetophenone or acetovanillone) is the
finest known antioxidant and an inhibitor of NOX, so as to prevent the
configuration of superoxide radical anions [17,18]. The mechanism of
inhibition is not completely known, but involves the impairment of the
translocation to the membrane of the cytosolic component p47phox
of the NOX complex and found to block the association of p47phox
with membrane-bound p22phox subunit of the NOX complex [19].
Its widespread antioxidative stress actions in the liver in different
models have been well-documented by several studies. It has been
shown to be protective in hepatic ischemia/reperfusion injury [20],
hypercholesterolemia-induced hepatic oxidative burden and injury [21],
hemorrhagic shock-induced liver injury [22], lipopolysaccharideinduced hepatic injury [23], hydrophobic bile salt-induced hepatocyte
shrinkage [24], isoproterenol-induced myocardial injury and
fibrogenesis [12], and melamine-related nephrolithiasis [25]. However,
few studies have been able, thus far, to demonstrate the effects of APO in
hyperoxaluria-induced hepatotoxicity model. Hence, the present study
was designed to evaluate the potential protective effect of APO against
EG-induced hepatotoxicity in male SD rats. This is the first study in which
effect of an NOX inhibitor was evaluated in EG-induced liver toxicity.
METHODS

Chemicals
All the chemicals used in the study were of analytical grade and
purchased from Sigma Chemical Co. (St. Louis, MO, USA), Merck
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(Mumbai, Maharashtra, India) and Sisco Research Laboratories Pvt.
Ltd. (Mumbai, India). APO was acquired from Sigma Laboratories Pvt.
Ltd. (Mumbai, India). Kits for creatinine, alkaline phosphatase (ALP),
serum glutamic oxaloacetic transaminase (SGOT), serum glutamic
pyruvic transaminase (SGPT), urea, and lactate dehydrogenase (LDH)
estimation were obtained from ERBA Diagnostics Mannheim GmbH
(Mannheim/Germany).

Animal model
The rat’s experimental protocols were approved by the Institutional
Animal Ethics Committee and were in accordance with the Guidelines for
Humane Use and Care of Laboratory Animals. 18 male SD rats (200±20 g)
of equivalent age were procured from the central animal house of Panjab
University, Chandigarh, India. The rats were housed in an animal house
unit (temperature 21-23°C and 50-60% relative humidity), fed a standard
chow diet and water ad-libitum was used. All rats were acclimatized to
the local vivarium before starting the experiment and arbitrarily divided
into three groups subsist of six rats in each group.
Experimental design
The rats were randomly segregated into following three groups.

Control group: Rats were given an intraperitoneal injection of normal
saline.
EG group: Rats received 0.4% EG in drinking water for 9 days.

EG+APO group: Rats received 0.4% EG in drinking water and APO
200 mg/kg/day, i.p. for 9 days.

Food and water consumption was regularly monitored. Rats were
sacrificed on day 10.

Sample collection
Blood samples were collected in clean centrifuge tubes, by puncturing
inferior vena cava under anesthesia and allowed to clot for 1 hr. Serum
was separated as a supernatant after centrifugation at 2000 × g for
15 minutes.
Biochemical assays in serum
Serum SGOT and SGPT, urea, creatinine, LDH, and ALP levels were
estimated by commercially available kits (Erba diagnostic, Manheim,
Germany) as per manufacturer’s instructions.

Measurement of oxidant/antioxidant status in liver tissue
LPO in liver was estimated by the thiobarbituric acid reaction with the
malondialdehyde (MDA), a product formed due to peroxidation of lipids
by the method of Wills [26]. Catalase (CAT) activity was determined by
the UV spectrophotometer method described by CAT [27]. The assay for
superoxide dismutase (SOD) was performed according to the method
of Kono [28].
Mitochondrial parameters

Isolation of mitochondria
The liver was washed in saline at 4°C, weighed, and homogenized in a
Potter/Elvehjem homogenizer, (10 % w/v) in buffer containing 0.25 M
sucrose, 5 mM HEPES, 1 mM EDTA, and 0.1% bovine serum albumin
pH 7.2. The whole homogenate was centrifuged at 1000 × g for 5 minutes
to remove the nuclear fraction and cell debris. Mitochondrial pellet was
obtained by centrifuging the post-nuclear supernatant at 14,000 × g
for 20 minutes mitochondrial pellet was washed thrice with 1.15%
potassium chloride solution and finally suspended in 0.25 M sucrose
solution. All operations were performed at 4°C [8]. The mitochondrial
fractions obtained were used for the following biochemical studies.

Estimation of mitochondrial oxidative stress and antioxidant
status

MDA, a measure of LPO and manganese-SOD (MnSOD) activities
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were assayed in mitochondrial preparation, as described earlier
in section 2.6. Reduced glutathione (GSH) content was quantified
according to the method described by Ellman et al. [29].

Mitochondrial respiratory chain complexes

Nicotinamide adenine dinucleotide dehydrogenase activity was
measured spectrophotometrically as described by King and
Howard [30]. The activity of succinate dehydrogenase was assayed
by following the method described by King et al. [31]. Mitochondrial
cytochrome oxidase was assayed according to Sottocasa et al. [32].
Histopathological studies
The liver was removed, and its transverse sections were fixed in
10% buffered formalin solution (pH 7). Fixed liver specimens were
embedded in paraffin, sectioned in 4 μm thickness, and stained with
Hematoxylin and Eosin (H and E) for the evaluation of liver injury,
viewed under polarized light using Leica DM3000 light microscope.

Statistical analysis
The results are shown as mean±standard deviation, measured for six
rats in each group. The differences among the control and experimental
groups were determined by one-way ANOVA followed by Tukey’s
post‑hoc analysis and p<0.05 was considered significant.
RESULTS

Evaluation of liver functioning
Analysis of serum markers of liver functions (SGOT, SGPT, LDH, and
ALP) are shown in Table 1. EG exposure to rats resulted in considerably
elevated SGOT, SGPT, LDH, and ALP levels. The treatment of APO
significantly normalized these atypical parameters.
Evaluation of renal functioning
The urea and creatinine content in the serum of EG treated rats
increased significantly (p<0.001) in comparison to control rats.
However, administration of APO reduced the unusual levels in serum
(Table 1).

Liver oxidative stress and antioxidant status
LPO in the liver tissue was increased significantly after EG exposure
(Table 2). MDA status in this group was found to increase by 70%.
After treatment with APO, a decrease in MDA status was observed as
compared to EG exposed rats. As a result of EG exposure, the activity of
antioxidant enzymes SOD and CAT in the liver tissue were significantly
reduced (p<0.001) as compared to control group animals (Table 2).
The increase in antioxidant enzymes activity was observed after APO
supplementation in EG+APO rats when compared to EG group.
Mitochondrial oxidative stress and antioxidant status
Mitochondrial LPO was used as an index of mitochondrial oxidative
stress. Induction of hepatotoxicity leads to a significant increase
(p<0.01), by 64%, in mitochondrial LPO of EG treated rats as compared
to control rats (Fig. 1). APO treatment significantly (p<0.01) decreased
mitochondrial LPO by 29%. The activities of antioxidant enzymes,
i.e., SOD, reduced GSH were decreased significantly (p<0.01) in EG
rats as compared to control rats. However, supplementation of APO
increased the activities of antioxidant enzymes in mitochondria of
hyperoxaluric rats (Fig. 1).
Mitochondrial respiratory chain complexes
A significant reduction (p<0.01) in the activities of respiratory chain
complexes was observed in EG animals. Administration of APO
significantly (p<0.01) increased the activities of these enzymes in liver
mitochondria of hyperoxaluric rats (Table 3).
Histological analysis
Liver histology of control rats showed portal triads and normal
arrangement of hepatocyte with nuclei in between the rows of the
hepatocyte, sinusoids have been observed. These sinusoids contain
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Table 1: Effect of APO on serum SGOT, SGPT, LDH, ALP, urea, and creatinine levels in rats exposed to EG
Biochemical parameters

Control group

EG group

EG+APO group

SGOT (IU/L)
SGPT (IU/L)
LDH (IU/L)
ALP (IU/L)
Urea (mg/dl)
Creatinine (mg/dl)

130.57±17.11
73.24±9.31
1650.42±106.86
165.94±28.23
68.13±17.47
0.88±0.31

194.35±9.05***
127.18±10.19***
2608.38±113.50***
369.87±34.91***
128.54±14.03***
2.14±0.33**

148.40±16.82##
82.08±11.28###
1851.21±87.66###
219.75±50.54##
78.46±8.03##
1.22±0.28#

Values are expressed as mean±SD; n=6. *p<0.05, **p<0.01, ***p<0.001 indicates significant change in comparison to control. #p<0.05, ##p<0.01, ###p<0.001 indicates
significant change between EG and EG+APO. SGOT: Serum glutamic oxaloacetic transaminase, SGPT: Serum glutamic pyruvic transaminase, LDH: Lactate dehydrogenase,
ALP: Alkaline phosphatase, EG: Ethylene glycol, SD: Standard deviation, APO: Apocynin

Table 2: Effect of APO on LPO, SOD, and CAT levels in the liver of rats exposed to EG

Oxidative stress parameters

Control group

EG group

EG+APO group

LPO (μ mol MDA/min/mg protein)
SOD (U/mg protein)
CAT (U/mg protein)

0.17±0.05
22.96±5.68
644.40±69.88

0.29±0.03**
8.28±2.11**
250.11±41.56***

0.18±0.04#
18.13±4.26#
515.22±58.00###

Values are expressed as mean±SD; n=6. *p<0.05, **p<0.01, ***p<0.001 indicates significant change in comparison to control. #p<0.05, ##p<0.01, ###p<0.001
indicates significant change between EG and EG+APO. APO: Apocynin, LPO: Lipid peroxidation, SOD: Superoxide dismutase, CAT: Catalase, EG: Ethylene glycol,
MDA: Malondialdehyde, SD: Standard deviation

Table 3: Effect of APO on mitochondrial respiratory chain complexes in the rats exposed to EG

Respiratory chain complexes

Control group

EG group

EG+APO group

Complex I (nmol NADH oxidized/min/mg protein)
Complex II (nmol succinate oxidized/min/mg protein)
Complex IV (nmol cyt.c oxidized/min/mg protein)

447.23±29.37
335.22±24.30
0.39±0.09

165.42±27.97***
188.41±33.96**
0.21±0.06*

396.64±49.90###
277.83±35.52#
0.38±0.04#

Values are expressed as mean±SD; n=6. *p<0.05, **p<0.01, ***p<0.001 indicates significant change in comparison to control. #p<0.05, ##p<0.01, ###p<0.001 indicates
significant change between EG and EG+APO. APO: Apocynin, EG: Ethylene glycol, NADH: Nicotinamide adenine dinucleotide, SD: Standard deviation

Fig. 1: Effect of apocynin (APO) on liver mitochondrial lipid peroxidation, manganese-superoxide dismutase, and reduced
glutathione. Values are expressed as mean±SD; n=6. *p<0.05, **p<0.01, ***p<0.001 indicates significant change in comparison to
control.#p<0.05,##p<0.01,###p<0.001 indicates significant change between ethylene glycol (EG) and EG+APO
normal Kupffer cells (Fig. 2a). Whereas rats exposed to EG showed
cellular swelling with compressed sinusoids. EG treatment resulted in
increased Kupffer cells (Fig. 2b). This may be due to oxidative stress
created by EG as Kupffer cells are the defensive cells of the liver.

Hemolysis was observed due to damage of blood vessels present in
between the sinusoids. However, histological analysis of APO treated
hyperoxaluric rats showed less compressed sinusoids, decrease in the
number of Kupffer cells as compared to EG rats and also decreased
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b

Fig. 2: Liver histological analysis, stained with hematoxylin and eosin. (a) Control group, (b) Ethylene glycol (EG) group, and (c) EG+APO
group (Original magnifications ×100). Arrows indicate cellular swelling with compressed sinusoids. APO: Apocynin
cellular swelling (Fig. 2c).
DISCUSSION

This is a novel study, in which we have investigated the effect of APO
on EG-induced hepatotoxicity. APO (200 mg/kg/day) effectively
attenuated the toxic effects of EG in liver tissue. Administration of EG
in our study significantly augmented serum levels of SGOT and SGPT in
EG treated rats. These results are in agreement with preceding studies
by Kumar et al. and Kim et al. which revealed that the elevated levels
of these enzymes are indicative of cellular leakage and failure in the
functional integrity of cell membranes in liver [33,34]. However, APO
administration decreased the activities of these enzymes in serum,
showing the stabilization of the plasma membranes with the repair of
the damaged hepatic tissue. Serum ALP and LDH have also raised in
EG treated rats. ALP is excreted via bile by the liver. In liver damage
caused by EG, there is reduced secretion of bile which is reflected in
the augmented level of ALP in the serum. Similar results were found by
Sharma and Sharma [35]. However, a study by Singh et al. [36], on the
effect of verbenalin in experimental liver damage in rodents, have shown
results similar to our study. LDH is also a vital biochemical marker
of cellular damage. Free radical arbitrated membrane damage could
release LDH into the cytosol and prevention of free radical formation
via APO avoids the release of LDH. However, supplementation of APO
to EG exposed rats improved the liver functions significantly. Earlier
parallel results were found by Zuo et al. [22] which have shown the
protective effects of APO on liver injury.

In the current investigation, the level of MDA, which is an indirect
manifestation of LPO, was found to be significantly elevated with EG
exposure. So, it can be suggested that EG is injurious to liver tissue, and
the injury is caused by the production of reactive free radicals. APO
decreases the generation of free radicals responsible for the LPO and
thus decreases the level of MDA, the end product of peroxidation. The
result was also observed in the earlier study, where an LPO level was
elevated due to hyperoxaluria in liver [37].
Our results revealed that EG exposure decreased SOD and catalase
activity, which was significantly restored by APO. These results
corroborate findings from the experimental studies by Bijarnia
et al. [7,37]. Accordingly, APO treatment strengthened the antioxidative
defense system with an increased activity of SOD and CAT.
Elevated urea and creatinine levels in serum indicated a diminished
renal function in hyperoxaluric condition. The results are in line with
previous studies where urea and creatinine levels in serum were
elevated due to EG exposure [38]. Following the APO treatment, urea
and creatinine levels were reduced as compared to EG rats. As the
kidneys become impaired due to any cause, the urea and creatinine
levels in the blood will rise due to their poor clearance by the kidneys.

The mitochondrion is considered as the major source of ROS production
which leads to the generation of oxidative stress [39]. Many previous
studies found a reduction in the activities of complexes-I, II, and IV
leading to ATP depletion in animal models of many diseases [40,41].

Such metabolic stress could cause cell damage by increasing the
production of ROS and increased oxidative stress in EG treated rats.
Oxidation of mitochondrial protein through ROS has been found to affect
the ATP synthase and respiratory chain enzymes [42,43]. These results
suggest that the administration of EG affected not only respiratory
chain complexes but also other vital components involved in normal
mitochondrial functioning. Therefore, mitochondrial dysfunction may
play an imperative role in the excessive production of ROS, which
might result in LPO [44]. Similar results were found in a previous
study which demonstrated that the presence of EG is associated with
an enhancement in superoxide anion and hydroperoxides generation
in EG rats [8]. Mitochondrial GSH pool is most decisive in preserving
mitochondrial structure and function [45]. GSH depletion could lead to
an oxidative stress condition which in this study is supported by the
presence of increased levels of MDA concentration in GSH depleted
mitochondrial fractions in EG rats. APO might sustain mitochondrial
GSH, which might play a key role in the protection of mitochondrial
components against hyperoxaluria-induced oxidative damage. Mn-SOD
is considered as the first line of defense in mitochondria against ROS.
A decrease in the activity of Mn-SOD can be attributed to the harmful
effects of free radicals generated on EG administration. Similar results
were found in a study by Sharma et al. [8]. APO was able to ameliorate
this antioxidant system significantly by its antioxidant potential thereby
improving mitochondrial liver functions.
CONCLUSION

The present study described successfully the therapeutic potential of
APO, a natural non-toxic compound, in the prevention of EG-induced
liver damage. Results suggested that the APO up-regulated the activities
of antioxidant enzymes and decreased the level of LPO in the hepatic
tissue. In addition, the study showed the potential of APO in preventing
EG-induced mitochondrial dysfunction and oxidative stress. However,
further clinical and experimental studies are required to elucidate the
mechanism(s) responsible for the observed pharmacological activities.
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