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g‘;iedrative stress alanine aminotransferase and aspartate aminotransferase were
determined and histological investigation for the liver tissue was carried
out. Results showed that compared with the saline control, treatment
with thioacetamine caused marked increase in liver and brain MDA and
NO together with GSH depletion and inhibition of PON-1 activity.
Serum aminotransferases were markedly increased in thioacetamide-
treated rats. The histologic study showed distorted liver architecture,
necrotic and apoptotic hepatocytes, fatty change, and ballooning
degeneration. Citric acid reduced the increases in liver and brain MDA
and NO contents and markedly increased GSH level and PON-1
activity. It also reduced the increments in activities of serum
transaminases. These effects of citric acid were dose-dependent.
Histologic examination confirmed that rats treated with citric acid at
1g/kg had markedly reduced liver damage. In conclusion, 1g/kg citric
acid given at time of thioacetamide administration markedly reduced
oxidative stress in both the liver and brain tissue and was able to restore
liver architecture.

This is an open access article under the CC-BY-SA license.

1. Introduction

Oxidative stress is considered an important pathogenetic mechanism that underlies hepatocyte cell
death in several liver pathologies. In addition, oxidative stress drives liver fibrogenesis by
increasing the production of a number of cytokines including transforming grown factor-g (TGF-
B), tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6). Reactive oxygen species (ROS) are
produced during normal cellular metabolism and participate in cell physiological processes eg., cell
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signaling and apoptosis (Videla, 2009; Vascotto and Tiribelli, 2015). Reactive oxygen species
derives from multiple sources, the most important being the mitochondria where the leakage of
electrons onto molecular oxygen results in the formation of superoxide (O,"). The reaction
between nitric oxide and superoxide produces peroxynitrite (ONOO-). In addition, superoxide can
be dismutated to hydrogen peroxide (H,O,) and oxygen by the enzyme superoxide dismutase.
Moreover, the reaction of hydrogen peroxide with the reduced forms of the transition metal ions
e.g., Fe*’, Cu" can result in the generation of the oxidant hydroxyl radical (HO") (Gutteridge and
Halliwell, 1999). In inflammation, ROS can be produced in excess from activated phagocytes,
Kupffer cells, activated hepatic stellate cells and infiltrating neutrophils that release O, ", H,O», and
hypochlorous acid (HOCI) and from activated lipoxygenase and cyclooxygenase (Halliwell, 2001).
The cell is protected from ROS by a number of antioxidants including enzymes such as superoxide
dismutases, catalases, and peroxidases, and low-molecular-mass scavengers eg., vitamin E,
ascorbate, urate, glutathione, and ubiquinol. There are also a number of exogenous or dietary
antioxidants that include vitamin E, ascorbate, flavonoids, and carotenoids (Sies, 1997; Gutteridge
and Halliwell, 1999). When antioxidants are deficient or overwhelmed by an excess of free
radicals, the redox-balance in the cell shifts towards the oxidant side and the state of oxidative
stress is said to be present (Halliwell, 2006). The result is oxidative damage with cell membrane
lipid peroxidation, DNA oxidation, enzyme inactivation and resulting cellular metabolic
derangement or cellular death (Valko et al., 2007).

Citric acid is a weak organic acid, a natural constituent and common metabolite in plant and animal
tissues. Citric acid is found in the greatest levels in the juices of citrus fruits such as lemon, orange,
grapefruit and tangerine juices. It is also present in considerable amounts in non-citrus fruits, such
as strawberries, pineapples, and raspberries (Hoyt and Gewanter, 1992). Dietary citrate is rapidly
and nearly totally absorbed in the small intestine causing rapid increase in serum citrate
concentration (Fegan et al., 1992; Abdel-Salam et al., 2018). Citrate metabolism primarily occurs
in the liver and kidneys (Bashir et al., 2012). At physiological pH values, citric acid is present
mainly in its dissociated trivalent form, citrate’>~ (Hess, 2011). Citrate mainly circulates unbound to
larger molecules with human plasma concentrations between 0.05 and 0.3 mmol/l (Unwin et al.,
2004). Intracellular citrate is a central component of the tricarboxylic acid cycle (Krebs’ cycle).
Citrate, the first Krebs cycle intermediate, is produced in the mitochondria from acetyl-CoA and
oxalacetate and enters the citric acid or tricarboxylic acid cycle which is the final common pathway
for the oxidation of carbohydrates, fatty acids and amino acids and is the main source of energy in
the cell in the form of adenosine 5’-triphosphate (ATP) (Fromm and Hargrove, 2012).

The administration of high doses of thioacetamide is a reliable and widely used model of acute
liver failure and encephalopathy and to investigate potential therapeutic approaches. The toxic
action of thioacetamide (TAA) on hepatocytes and cholangiocytes is mediated by its metabolites
TAA-S-oxide and TAA-S,S-oxide generated by hepatic cytochrome P450 enzymes or FAD-
containing monooxygenases. These reactive metabolites of thioacetamide causes oxidative stress,
glutathione depletion and covalently bind to cellular proteins and lipids resulting in centrilobular
necrosis and inflammation (Wallace et al., 2015).

The aim of this study was therefore to: (1) evaluate the effect of administering citric acid on
oxidative stress in the brain and liver in rats intoxicated with thioacetamide; (2) investigate the
protective potential of citric acid against liver tissue damage induced by thioacetamide.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley strain rats (150-160 g: National Research Centre, Cairo) were used in the
experiments. Rats were housed under a standard 12-h light/dark cycle and had free access to food
and water. Animal procedures followed the guidelines of the Institute ethics committee for the use
of animals in experimental studies and the Guide for Care and Use of Laboratory Animals by the
U.S. National Institutes of Health (Publication No. 85-23, revised 1996).
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2.2. Drugs and chemicals

Thioacetamide and citric acid were obtained from Sigma-Aldrich (St Louis, MO, USA). Other
chemicals and reagents were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.).

2.3. Experimental groups

Rats were randomly allocated into four equal groups (6 rats each). Group 1 received saline and
served as —ve control. Groups 2, 3 & 4 were treated with thioacetamide at 300 mg/kg,
intraperitoneally, for two successive days alone (group 2) or together with orally administered citric
acid at doses of 0.4 g/kg or 1g/kg (groups 3 & 4). Rats had free access to food and drinking water
during the study. 24h after last treatments, blood samples were obtained from the retro-orbital vein
plexuses, under light ether anaesthesia. Rats were then euthanized by cervical decapitation under
ether anaesthesia. The brain and liver of each rat were then quickly removed, washed with ice-cold
phosphate-buffered saline (PBS, pH 7.4), weighed, and stored at —80°C until the biochemical
analyses were carried out. The tissues were homogenized in 0.1 M phosphate-buffered saline at pH
7.4 to give a final concentration of 10 % w/v for the biochemical assays. The histopathological
study was carried out on separate groups of rats (n = 4 per group).

2.4. Biochemical assays
2.4.1. Lipid peroxidation assay

Lipid peroxidation was measured by determining the level of malondialdehyde (MDA), a lipid
breakdown end product according to the method described by Nair and Turne (1984). In this
method, thiobarbituric acid reactive substances (TBAS) react with thiobarbituric acid forming
TBA-MDA adduct and the absorbance is read at 532 nm using spectrophotometer.

2.4.2. Nitric oxide assay

The level of nitric oxide, measured as nitrite, was determined using the Griess reagent. Nitrite, a
stable end-product of nitric oxide, is used as an indicator of the production of nitric oxide. In this
assay, nitrate is converted to nitrite by nitrate reductase. The Griess reagent then reacts with nitrite
forming a deep purple azo compound. The absorbance is read at 540 nm using a spectrophotometer
(Archer, 1993).

2.4.3. Reduced glutathione assay

Reduced glutathione (GSH) was determined in homogenates according to Ellman (1959). Briefly,
DTNB (5,5’-dithiobis (2-nitrobenzoic acid) or Ellman’s reagent is reduced by the free sulthydryl
group on GSH molecule to generate the yellow colored 5-thio-2-nitrobenzoic acid which can be
determined by reading absorbance at 412 nm.

2.4. 4. Paraoxonase-1 assay

The arylesterase activity of PON-1 was determined by a colorimetric method using phenyl acetate
as a substrate. In this assay, PON-1 catalyzes the cleavage of phenyl acetate resulting in phenol
formation. The rate of formation of phenol was measured by monitoring the increase in absorbance
at 270 nm at 25°C. The working mix consisted of 20 mM Tris/HCI buffer, pH 8.0, containing 1
mM CaCl, and 4 mM phenyl acetate as the substrate. Samples diluted 1:3 in buffer were added to
the above mix and the changes in absorbance were recorded following a 20s lag time. One unit of
arylesterase activity is equal to 1 pmole of phenol formed per min. The PON-1 activity is expressed
in kU/I, based on the extinction coefficient of phenol of 1310 M'¢cm™'. Blank samples containing
water were used to correct for the spontaneous hydrolysis of phenyl acetate (Haagen and Brock,
1992).
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2.5. Serum liver enzymes assay

The activities of the liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase
AST) in serum were measured according to Reitman—Frankel colorimetric transaminase procedure
(Crowley, 1967).

2.6. Liver histopathology

Liver tissues were fixed in 10% buffered formalin, dehydrated in graded ethanol, and embedded in
paraffin using standard procedures. Sections of 5 um thickness were stained with hematoxylin and
eosin (H&E) for histopathological examination using a light microscope.

2.7. Statistical analysis

Results are expressed as mean + SE. Data were statistically analyzed using one way analysis of
variance (ANOVA) followed by Tukey's multiple comparisons test for multiple group comparison.
GraphPad Prism 6 for Windows (GraphPad Prism Software Inc., San Diego, CA, USA) was used.
Statistical significance was considered at a probability value of less than 0.05.

3. Results
3.1. Liver parameters
3.1.1. Lipid peroxidation

Significant increase in MDA content by 69.7% was observed in liver of thioacetamide-treated
animals compared with their saline control (57.6 + 3.1 vs. 32.4 + 2.0 nmol/g.tissue). Treatment with
citric acid 1 g/kg resulted in significant decrease in liver MDA by 31.4% (39.9 + 2.4 vs. 57.6 + 3.1
nmol/g.tissue) (Fig. 1).

3.1.2. Nitric oxide

Rats treated with thioacetamide exhibited significant increase in liver nitric oxide content by 73.8%
compared with the saline control (65.7 + 1.5 vs. 37.8 + 0.6 pmol/g.tissue). Citric acid given at
lg/kg significantly decreased nitric oxide level by 38.8% as compared to the thioacetamide control
(40.2 £1.1 vs. 65.7 £ 1.5 pmol/g.tissue) (Fig. 1).

3.1.3. Reduced glutathione

Following thioacetamide injections, there was a significant decrease in liver GSH level by 48.3%
compared with the saline control (4.0 £ 0.15 vs. 7.74 £ 0.18 umol/g.tissue). Citric acid given at
1g/kg significantly increased GSH level by 60.8% as compared to the thioacetamide control (6.43 +
0.3 vs. 4.0 £0.15 pmol/g.tissue) (Fig. 1).

3.1.4. Paraoxonase-1

PON-1 activity in the liver was significantly decreased by 50.8% after thioacetamide injections
compared with the saline group (15.5 £ 0.4 vs. 31.5 £ 1.0 kU/1). Citric acid given at 0.4 g/kg and 1
g/kg resulted in significant increase 37.4% and 76.8% in PON-1 activity compared with
thioacetamide control value (21.3 0.6 and 27.4 £ 0.8 vs. 15.5 £ 0.4 kU/1) (Fig. 1).
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Fig. 1. Effect of citric acid on liver malondialdehyde (MDA), nitric oxide (NO), reduced glutathione (GSH),
paraoxonase-1 (PON-1) activity in thioacetamide (TAA)-treated rats. *: P<0.05 vs. saline control. +: P<0.05
vs. TAA only group and between different groups as shown in the graph.

3.2. Brain parameters
3.2.1. Lipid peroxidation

Thioacetamide administration caused significantly increased brain MDA level by 67.1% compared
with the saline control group (32.9 = 1.3 vs. 19.7 + 0.7 nmol/g.tissue). Treatment with citric acid
0.4g/kg had no significant effect on MDA level. The higher dose of 1g/kg, however, reduced MDA
by 29.7% (23.1 £ 0.8 vs. 32.9 + 1.3 nmol/g.tissue) (Fig. 2).

3.2.2. Nitric oxide

After thioacetamide administration, the level of brain nitric oxide increased by 53.4% compared
with the saline control (36.2 + 1.9 vs. 23.6 = 1.2 pumol/g.tissue). Significant decrease in brain nitric
oxide level by 27.5% was observed after treatment with citric acid 1g/kg (26.3 + 07 vs. 36.2 £ 1.9
umol/g.tissue) (Fig. 2).
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3.2.3. Reduced glutathione

A significant decrease in GSH by 65.1% (1.72 + 0.10 vs. 3.31+ 0.12 umol/g.tissue) was observed
in the brain of thioacetamide-treated rats. Treatment with 0.4 g/kg citric acid increased brain GSH
by 15.7% which was not statistically different from thioacetamide control value. Significant
increase in brain GSH level by 62.8% was observed after treatment with citric acid 1g/kg (2.8 £0.1
vs. 1.72 £ 0.10 umol/g.tissue) (Fig. 2).

3.2.4. Paraoxonase-1

There was a significant decrease in brain PON-1 activity by 67.6% after thioacetamide
administration compared with the saline control value (3.3 £0.3 vs. 10.1 £ 0.5 kU/I). PON-1
activity increased by 133.8% and 197.6% after citric acid at 0.4 g/kg and 1g/kg, respectively (7.7+
0.4 and 9.8 £ 0.5 vs. 3.3 £ 0.3 kU/1) (Fig. 2).

3.3. Serum liver enzymes

After thioacetamide administraton, the activities of ALT and AST in serum were significantly
raised by 127.3% (155.8 + 4.96 vs. 68.53 + 2.75 U/l) and 147.1% (207.9 + 6.76 vs. 84.13 + 3.45
U/), respectively, compared to the corresponding saline control values. The treatment of rats with
citric acid at 0.4 g/kg or 1 g/kg significantly decreased serum ALT by 16.0% and 41.5%,
respectively compared with thioacetamide control (130.8 + 4.83 and 80.30 &+ 2.1 vs. 155.8 £ 4.96
U/l). Meanwhile, serum AST decreased by 19.4% and 45.6%, respectively by citric acid at 0.4 g/kg
or 1 g/kg (from control value 0f207.9 £6.76 U/lto 167.6 +£5.72 U/l and 113.1 + 4.0 U/1) (Fig. 3).

3.3. Liver histopathology

H&E stained sections of liver of the saline control group revealed normal histological appearances
of liver tissues, the hepatic lobules arranged in cords radiating from the central veins made of
hepatocytes. Normal sinusoidal space is lined by Kupffer cells (Fig.4A) On the other hand, liver
tissues from rats treated with thioacetamide only showed disorganized hepatic architecture with
marked affection of the hepatocytes in the form of extensive vacuolation of their cytoplasm, fatty
change, ballooning degeneration. There were also necrotic hepatocyte are small rounded cells
indicative of late stage of apoptosis, dilated portal vein, massive inflammatory cells around the
portal tract, dilated congested central vein with thickening of wall, fibrosis, inflammatory cells
around the vein and most of the blood sinusoids appeared narrow or obliterated (Fig. 4B-D). Rats
treated with thioacetamide and citric acid at 0.4 g/kg showed deformed hepatic architecture. The
hepatocytes still suffered from pathological changes in the form of massive vacuolation of their
cytoplasm, fatty change, cloudy swelling in some cells, and apoptosis. Red blood cells in dilated
blood sinusoids, dilated congested portal vein, hyperplasia of bile duct, pre portal necrosis, fibrosis
and thickening of portal vein vascular wall, and inflammatory infiltrate were seen (Fig. 4E-G). The
group treated with thioacetamide and high dose of citric acids showed regeneration in the most of
hepatocytes. The hepatocytes were polygonal in shape with well preserved cytoplasm, nucleus and
prominent nuclei. The sinusoidal space was lined by Kupffer cells but mild cytoplasmic
vacuolation and few inflammatory infiltrate were present (Fig. 4H & ).
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Fig. 2. Brain malondialdehyde (MDA), nitric oxide (NO), reduced glutathione (GSH), paraoxonase-1 (PON-
1) activity after treatment with thioacetamide (TAA) alone or in combination with citric acid. *: P<0.05 vs.
saline control. +: P<0.05 vs. TAA only group and between different groups as shown in the graph.
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Fig. 3. Serum alanine aminotransferase (ALT) and aspartate aminotransferase in rats treated with
thioacetamide (TAA) alone or combined with citric acid. *: P<0.05 vs. saline control. +: P<0.05 vs. TAA
only group and between different groups as shown in the graph.
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control group showing the classical hepatic architecture. Hepatocytes are arranged in cords radiating from the
central vein (CV) and separated by blood sinusoids. The blood sinusoids (BS) separating the hepatic cords
are lined by and Kupffer cells (red arrow). (B) Thioacetamide only showing massive vacuolar degeneration
(yellow arrow), fatty degeneration (black arrow), dilated portal vein (DPV), inflammatory cells (white
arrow), some apoptotic hepatocytes (red arrow). (C) Thioacetamide only (another filed) showed, dilated
congested central vein (DCCV) with thickening wall, fibrosis (orange arrow), inflammatory cells (red arrow),
and some hepatocyte appeared necrotic. (D) Thioacetamide only (another filed) showing ballooning
degeneration (yellow arrow). (E) Thioacetamide and citric at 0.4 g/kg showed massive vacuolar degeneration
(yellow arrow), red blood cells in dilated sinusoidal space (BS), cloudy swelling (red arrow). (F)
Thioacetamide and citric acid at low dose (another filed) showed some apoptotic cells (red arrow) and fatty
degeneration. (G) Thioacetamide and citric acid at 0.4 g/kg (another filed) showing dilated portal vein
(DPV), hyperplasia of bile duct (BD), pre-portal necrosis (star), fibrosis and thickening of portal vein
vascular wall (orange arrow), and inflammatory infiltrate (red arrow).(H) Thioacetamide and citric acid at 1
g/kg showing histological regeneration in most of hepatocytes being polygonal in shape with nucleus and
prominent nuclei (black arrow), normal Kupffer (red arrow) in sinusoidal space although mild cytoplasmic
vacuolation were seen. (I) Thioacetamide and citric acid at 1 g/kg (another filed) showing few inflammatory
infiltrates (IF).
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4. Discussion

The present study used thioacetamide as a model of acute liver injury to investigate the potential
therapeutic effect of administering citric acid. Our results indicated that treatment with citric acid
caused marked and significant decrease in lipid peroxidation and nitric oxide levels and prevented
the depletion in reduced glutathione and the inhibition in paraoxonase-1 activity in both the liver
and brain of thioacetamide-intoxicated rats. Citric acid treatment exerted hepatic protective effects
evidenced by significant decrease in the plasma levels of the hepatocellular enzymes, improved
liver architecture, and decreased hepatocyte necrosis and apoptosis.

The histological observations supported the results obtained from oxidative stress indicators and
serum enzyme assays. The sections of livers from thioacetamide-treated rats showed distortion of
liver architecture, fatty change, ballooning degeneration, vacuolation, necrotic and apoptotic
hepatocytes with massive inflammatory cell infiltrations. These findings are supported by a
previous study in which thioacetamide given at signle i.p. dose of 300 mg/kg caused loss of hepatic
architecture, hydropic degeneration of the hepatocytes, and inflammatory cell infiltration in the
portal area (Abdel-Salam et al., 2103). Other researchers reported residual necrosis and infiltration
of lymphocytes and macrophages in perivenular area in rats given two ip. injections of
thioacetamide at 350 mg/kg with an interval of 8 h (de David et al., 2011). Moreover, periportal
necrosis and severe leucocytic infiltration in the liver followed single intravenous injection of
thioacetamide at 280 mg’ kg in the rat (Chen et al, 2008). In the present study, sections of livers
after treatment with citric acid at 0.4 g/kg did not show histological improvement. Citric acid
administered at 1 g/kg, however, led to improved histoarchitecture and regeneration in the most of
hepatocytes.

Our results show that citric acid at the doses used in the study had antioxidant effects and reduced
oxidative stress in both the liver and brain of thioacetamide-treated rat as evidenced by the decrease
in malondialdehyde, the end product of lipid peroxidation end and increased levels of reduced
glutathione. Several studies indicated the protective effects of citric acid in models of oxidative
stress. In rats, citric acid at 0.4 or 1 g/kg attenuated oxidative stress in the brain and liver, the
increase in serum liver enzymes, liver hydropic degeneration and distorted architecture during
hypoglycaemia (Abdel-Salam et al., 2022). Citric acid at 1 or 2 g/kg was shown to decrease hepatic
DNA fragmentation, and serum transaminases and to prevent liver injury during endotoxaemia. It
also increased glutathione peroxidase activity, decreased nitric oxide in brain and liver, and
decreased hepatic caspase-3, and iNOS expression (Abdel-Salam et al., 2014). Citric acid exerted
beneficial effects upon brain oxidative stress, neuronal injury, histological liver injury and DNA
damage of peripheral blood lymphocytes in rats after acute malathion exposure (Abdel-Salam et
al., 2016). It also prevented oxidative stress, increased total antioxidant capacity and alleviated the
histopathological changes in brain and liver in experimentally-induced Parkinson’s disease (Abdel-
Salam et al., 2020a). Moreover, citric acid at 1 or 2 g/kg was found to exert antioxidant actions and
decrease brain and liver damage evoked by toluene (Abdel-Salam et al., 2020b).

Paraoxonase-1 is an esterase and lactonase involved in the hydrolysis of some organophosphorus
insecticides, nerve agent, lipid hydroperoxides and other xenobiotics (La Du BN, 1992). It is
synthesized by the liver cells and circulates in blood in association with high density lipoproteins
(Watson, 1995). PONI1 activities decrease in chronic hepatitis (Ferre et al. 2002), non-alcoholic
steatohepatitis (Bagkol et al. 2005) and experimental liver injury (Abdel-Salam et al., 2021), and
thus could be considered a useful marker of liver injury (Camps et al. 2009). Moreover, the
decrease in PON-1 activity in neurological disorders suggests a neuronal protective function for the
enzyme that may involve antioxidant and anti-inflammatory actions (Furlong et al., 2016). Here,
we show that PON-1 activity is significantly and markedly inhibited in the liver and brain of
thioacetamide-treated rats. In a previous study, we also indicated decreased plasma PON-1 activity
following repeated thioacetamide injections (Abdel-Salam et al., 2014c).
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This decrease in PON-1 activity may be due to decreased synthetic capacity of the liver and/or the
inactivation of the enzyme by the presence of an inappropriately high oxidative stress levels and
could lead to further decrease in cellular antioxidant capability and increased cell damage. On the
other hand, the increase in PON-1 enzyme activity by citric acid clearly supports the biochemical
finding of lowered oxidative stress levels and the histological evidence of hepatic regeneration.

Citric acid possesses several pharmacological actions which are relevant to its observed protective
effects in the current study. The agent is an antioxidant and is added to human food as a natural
preservative to prevent lipid peroxidation due to the presence of carboxyl groups, capable of
binding prooxidant Fe™ ions (de Carvalhoet al., 2010; Kristinova et al., 2014). Supplementation
with potassium citrate was reported to decrease oxidative stress in plasma of patients with kidney
stones (Tungsanga et al., 2005). The antioxidant action of citric acid has also been shown in animal
models of oxidative stress as indicated above. Studies showed inhibition of inducible nitic oxide
synthase (iNOS) and consequently the decrease in tissue nitric oxide which is likely to mediate at
least in part the protective effects of citric acid (Abdel-Salam et al., 2014a). Low micomolar
concentrations of nitric oxide generated by the endothelial and neuronal nitric oxide synthases are
important in cell signaling and control of vascular tone. In contrast, the release of higher
concentrations of nitric oxide for longer time by iNOS has been shown to cause cell injury via a
number of mechanisms that includes peroxynitrite-mediated mitochondrial dysfunction and energy
failure (Moncada and Bolanos, 2006; Forstermann and Sessa, 2012). In addition, citric acid down-
regulates inflammation by reducing the release of ROS (Gritters et al., 2006), Nuclear factor kappa
B (NF-kB) (Abdel-Salam et al., 2020a), interleukin 1B (Gabutti et al., 2004), tumour necrosis
factor-o. (Abdel-Salam et al., 2014a). Citric acid is central to Kreb’s cycle, the main source for
chemical energy in the cell (Fromm and Hargrove, 2012). Citric acid may thus exert its protective
effects by increasing energy production and/or correcting a bioenergetic deficit. There is also
evidence for a protective effect for Kreb’s cycle substrates such as a-ketoglutarate, pyruvate (Ying
et al., 2002; Izumi et al., 2010), oxaloacetate, malate, succinate, citrate (Puntel et al, 2005) or [3-
hydroxybutyrate (Haces et al., 2008) against neuronal death via antioxidant action.

5. Conclusion

In conclusion, our results show that citric acid has antioxidant effects and prevented liver damage
in rats treated with thioacetamide. The effects of citric acid may be beneficial in patients with liver
disease.
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