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Abstract: - We aimed to investigate the effect of treatment with citric acid on oxidative stress and tissue injury 

in brain and liver of rats subjected to hypoglycaemia.  Rats received intraperitoneal injections of insulin (5 

IU/kg) followed 30 min later by oral administration of saline or citric acid at doses of 0.2, 0.4 or 1 g/kg. Rats 

were euthanized 1 h after insulin injection and their brains and livers were dissected out for biochemical studies 

including determination of malondialdehyde (MDA), reduced glutathione (GSH), nitric oxide (NO), 

paraoxonase-1 (PON-1), 5-lipoxygenase, and cholinesterase. Serum alanine aminotransferase and aspartate 

aminotransferase were determined and histological investigations for the liver were carried out. Results 

indicated that in insulin only treated rats, MDA and NO levels were significantly increased whereas GSH 

content and PON-1 activity significantly decreased in brain and liver tissue. In addition, cholinesterase activity 

significantly decreased while 5-lipoxygenase increased in brain with respect to the saline control group after 

insulin injection. Serum aminotransferases showed significant elevation in insulin-treated rats together with 

distorted hepatic architecture, hydropic degeneration, and extensive cytoplasmic vacuolation of hepatocytes. 

The biochemical alterations in the brain and liver of hypoglycaemic rats were markedly alleviated in a dose-

dependant manner by the administration of citric acid which also markedly reduced the histological liver injury 

with the group treated with insulin and citric acid at 1 g/kg exhibiting more or less preserved hepatic 

architecture. These results indicate that citric acid was effective in alleviating the biochemical alterations in 

brain and liver and protecting against liver injury during hypoglycaemia. It could thus prove of benefit in 

patients on insulin therapy with accidental hypoglycaemia from over dosing.   
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1 Introduction 
Insulin-induced hypoglycaemia is a well-known 

complication of insulin therapy, often due to an over 

dosage. It usually occurs in diabetic patients 

attempting to achieve tight control of their blood 

glucose level. Hypoglycaemia if severe can result in 

serious brain injury [1]. Animal studies have shown 

that severe hypoglycemia induces neuronal death in 

brain vulnerable regions and impairs cognitive 

functions eg., spatial learning and memory [2-5]. 

Since the brain iss unable to synthesize glucose or 

keep substantial amounts as glycogen in astrocytes, 

the depends on continuous supply of glucose from 

the blood circulation. The decline in blood glucose 

level and consequently the delivery of glucose into 

the brain deprives neurons from their main fuel, 

resulting in depletion of energy substrates, energy 

failure, and ultimately neuronal death [6].The latter 

is largely attributable to several pathogenetic 

mechanisms that include oxidative stress, release of 

glutamate, release of the excitatory amino acid 

aspartate and excitotoxic injury, release of zinc, 

induction of the mitochondrial permeability 

transition and activation of poly (ADP-ribose) 

polymerase [1,6]. 

Oxidative stress is considered an important 

contributor to neuronal cell death during severe 

hypoglycaemia [5,7]. An increase in lipid 

peroxidation and nitric oxide has been demonstrated 

in the brain of hypoglycaemic mice and rats [9-10]. 

The main source of reactive oxygen species (ROS) 

in the cell is the mitochondria where leakage of 

electrons from the mitochondrial respiratory chain 

onto O2 results in the formation of superoxide (O2
•−) 

which can be converted to hydrogen peroxide by 

superoxide dismutase. The reaction of H2O2 with the 

reduced forms of the transition metal ions (e.g., 
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Fe2+, Cu+) results in the strong oxidant hydroxyl 

radical (HO•) [11]. In addition, the reaction of O2 

with NO generates peroxynitrite (ONOO−). ROS 

can also be produced by NADPH-dependent oxidase 

of activated phagocytes, lipoxygenase and 

cyclooxygenase, xanthine oxidase, 

myeloperoxidase. The increase in ROS can target 

mitochondrial structures causing oxidative damage 

and mitochondrial dysfunction that in turn causes an 

increased generation of free radicals [11,12]. Since 

the mitochondria are the source of energy supply to 

cells through oxidative phosphorylation, their 

dysfunction will result in impairment of essential 

cellular processes [13]. 

Citric acid is an important intermediate in the 

metabolism of mammalian cells. It is synthesized in 

the mitochondria from acetyl-CoA and oxaloacetate 

by citrate synthase, and enters the tricarboxylic acid 

(TCA), Krebs or citric acid cycle, whose main 

function is the provision of reducing equivalents for 

the mitochondrial respiratory chain, which in turn 

produces most of the energy used by the cell in the 

form of adenosine 5′-triphosphate (ATP) [14]. Citric 

acid is a dietary component being present in large 

amounts in citrus fruits such as lemon, orange, and 

gape fruit [15]. It is also used as a food preservative 

because of its antioxidant properties and in soft 

drinks to give sour taste [16]. Studies showed that 

citric acid decreases lipid peroxidation and 

downregulates inflammation by reducing 

polymorphonuclear cell degranulation, attenuating 

the release of myeloperoxidase, elastase, interleukin 

(IL)-1β, platelet factor 4 [17-19], tumour necrosis 

factor-α (TNF-α) [20], and nuclear factor-kappa B 

(NF-κB) [21]. Citric acid demonstrated protective 

effect against brain and liver injury caused by 

lipopolysaccharide (LPS) endotoxin [20], malathion 

[22], rotenone [21], toluene [23] or carbon 

tetrachloride [24,25]. 

Therefore, the present study was designed to 

investigate whether the administration of citric acid 

would be able to protect against oxidative stress in 

the brain and liver of rats subjected to insulin-

induced hypoglycaemia. The liver is also 

susceptible to severe hypoglycaemia. The liver of 

mice subjected to insulin-induced hypoglycaemia 

showed necrosis and cytoplasmic vacuolation of 

hepatocytes [10]. Thus, the effect of citric acid on 

the liver histology in hypoglycaemic rats was also 

evaluated.  

 

 

 

2 Materials and Methods 
 

2.1 Animals 
Sprague–Dawley rats of both sexes, weighing 130–

140 g, from the animal house colony of the National 

Research Centre (NRC) were used in the study and 

fed with standard laboratory chow and water ad 

libitum.  

 

2.2 Drugs and Chemicals 
Mixtard® 30 insulin (Novo Nordisk, France), 

consisting of human insulin soluble and human 

isophane insulin (70/30) and citric acid (Sigma, 

USA) were used and diluted in 0.9% saline to obtain 

the necessary dose). Citric acid (Sigma, USA) was 

used and dissolved in saline to obtain the necessary 

doses. 

 

2.3 Experimental Design 
Different groups of rats (n = 6 each) were used. Rats 

were randomly assigned to the following treatment 

groups: 

Group 1 received saline and served as negative 

control. 

Group 2 were treated with insulin at the dose of 5 

IU/kg, intraperitoneally (i.p.). 

Groups 3-5 were treated with insulin at the dose of 5 

IU/kg, i.p., and followed 30 min later by 

administration of citric acid orally at doses of 0.2, 

0.4 or 1 g/kg. 

 

Blood samples were obtained from the retro-orbital 

venous plexus under light ether anesthesia 3h after 

insulin injection for the determination of alanine 

aminotransferase (ALT) and aspartate 

aminotransferase (AST) activities in serum. Rats 

were subsequently euthanized by decapitation1 h 

after insulin injection and their brains and livers 

were rapidly removed out on an ice-cold plate, 

washed with ice-cold phosphate-buffered saline at 

pH 7.4, and weighed. Tissue samples were stored at 

–80 °C until further processing. Tissue 

homogenization was done with 0.1 M phosphate-

buffered saline (pH 7.4) to give a final concentration 

of 10% weight/volume. The supernatant was stored 

at –80 °C until further analysis. Biochemical 

markers of oxidative stress including MDA, GSH, 

nitric oxide, paraoxonase-1 in brain and liver, and 5-

lipoxygenase, and cholinesterase in brain were 

estimated at end of the treatment period. The 

histopathological study was carried out on separate 

groups of rats (n = 4 per group). 
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2.4 Biochemical Assessments 
 

2.4.1 Lipid Peroxidation   

Lipid peroxidation was measured by determination 

of malondialdehyde (MDA) in the brain 

homogenates [26]. 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 
Nitric oxide, estimated as nitrate/nitrite was 

determined using the Griess reaction. In this assay 

nitrate is converted to nitrite via nitrate reductase. 

Griess reagent then acts to convert nitrite to a deep 

purple azo compound that can be determined using 

spectrophotometer at 540 nm [27]. 

 

2.4.3 Reduced Glutathione 

Reduced glutathione (GSH) was determined in 

homogenates according to Ellman [28]. Briefly, 

DTNB (5,5’-dithiobis (2-nitrobenzoic acid) or 

Ellman´s reagent is reduced by the free sulfhydryl 

group on GSH molecule to generate 5-thio-2-

nitrobenzoic acid which has yellow color and can be 

determined by reading absorbance at 412 nm. 

 

2.4.4 Paraoxonase-1 

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 

mMTris/HCl buffer, pH 8.0, containing 1 mM 

CaCl2 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 20 s lag time. One unit of 

arylesterase activity is equal to 1 μmole of phenol 

formed per min. The PON-1 activity is expressed in 

kU/l, based on the extinction coefficient of phenol 

of 1310 M‒1cm‒1. Blank samples containing water 

were used to correct for the spontaneous hydrolysis 

of phenyl acetate [29]. 

 

2.4.5 Cholinesterase Activity 

Butyrylcholinesterase (BChE) activity was 

measured with a commercially available kit (Ben 

Biochemical Enterprise, Milan, Italy). BChE 

catalyzes the hydrolysis of butyrylthiocholine as a 

substrate into butyrate and thiocholine. The latter 

reacts with 5,5’-dithiobis (2-nitrobenzoic acid) 

(DTNB) to produce a yellow chromophore which 

then could be quantified using a spectrophotometer 

[30]. 

 

2.4.6 5-lipoxygenase 

5-Lipoxygenase was determined using a double-

antibody sandwich enzyme-linked immunosorbent 

assay (ELISA) kit from Shanghai Sunred Biological 

Technology (Shanghai, China). 

 

2.4.7 Serum Liver Enzymes 

The activities of the liver enzymes alanine 

aminotransferase (ALT) and aspartate 

aminotransferase (AST) in serum were measured 

according to Reitman–Frankel colorimetric 

transaminase procedure using commercially 

available kits from BioMérieux, France [31]. 

 

2.5 Histopathological Assessments 
The brain and liver from the control and treated 

groups were fixed with 10% formalin and embedded 

in paraffin wax and cut into longitudinal sections of 

5 μm thickness. The sections were stained with 

Hemotoxylin and Eosin (Hx& E) dye for 

histopathological observations. 

 

2.6 Statistical Analysis 
All data were expressed as the mean ± SEM. Data 

were analyzed by one-way analysis of variance 

(ANOVA) followed by followed by Tukey's 

multiple comparisons test. 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 Brain Oxidative Stress 
 

3.1.1 Lipid Peroxidation 

Compared with rats receiving saline, rats that 

received insulin alone showed significantly 

increased brain MDA by 39.1% (22.87 ± 0.84 vs 

16.44 ± 0.73 nmol/g. tissue). In insulin/citric acid 

treated groups, the level of MDA significantly 

decreased by 14.4%, 24.7% and 27.4% (from 22.87 

± 0.84 to 19.58 ± 0.41, 17.21 ± 0.47 and 16.60 ± 

0.76 nmol/g. tissue) (Fig. 1). 

 

 

3.1.2 Nitric Oxide 

In rats treated with only insulin, the level of nitric 

oxide increased by 65.3% (33.0 ± 1.0 vs. 19.96 ± 
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0.83 µmol/g. tissue) compared with the saline 

group. Brain nitric oxide levels were significantly 

decreased by18.7%, 35.9% and 40.7% (from 33.0 ± 

1.0 in the insulin only group to 26.83 ± 1.2, 21.16 ± 

0.81 and 19.57 ± 0.47µmol/g. tissue in the 

insulin/citric acid treated groups) (Fig. 1). 

 

3.1.3 Reduced Glutathione 

Insulin-treated rats showed significant decrease in 

brain GSH content by 65.5% from 3.39 ± 0.22 

µmol/g. tissue in the saline treatment group to 1.17 

± 0.08 µmol/g. tissue in the insulin only group. 

Citric acid given at doses of 0.4 g/kg or 1g/kg also 

significantly increased brain GSH levels by 90.6% 

and 114.5%, respectively, compared to the insulin 

control group (2.23 ± 0.14 and 2.51 ± 0.11 vs. 

control value of 1.17 ± 0.08 µmol/ g. tissue). (Fig. 

1). 

 

3.2 Brain Paraoxonase-1 
In insulin only treated rats, brain PON-1 activity 

decreased significantly by 73.8% compared to the 

saline control (3.01 ± 0.24 vs. 11.48 ± 0.64 kU/l). In 

rats treated with insulin and citric acid at doses of 

0.4 g/kg and 1g/kg, brain PON-1 activity increased 

by 164.1% and 183.0%, respectively, compared to 

the insulin only group (7.95 ± 0.21 and 8.52 ± 0.35 

vs.3.01 ± 0.24 kU/l) (Fig. 1). 

 

3.3 Brain Cholinesterase 
In rats treated with insulin alone, brain BChE 

activity decreased significantly by 30.4% compared 

to the saline control (126.4 ± 3.16 vs. 181.7 ± 4.35 

U/l). In the insulin/citric acid treated groups, BChE 

activity was restored to its saline control value (Fig. 

2). 

 

3.4 Brain 5-lipoxygenase 
A significant increase in 5-lipoxygenase by 23.5% 

was observed in rats treated with only insulin as 

compared to their saline controls (76.05 ± 1.81 vs. 

61.6 ± 0.77 ng/ml).Citric acid given at 1 g/kg 

significantly decreased the 5-lipoxygenase levels by 

18.9% compared to the insulin control group (61.68 

±1.9 vs. 76.05 ± 1.81 ng/ml) (Fig. 2). 
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Fig. 1: Effect of citric acid on brain 

malondialdehyde (MDA), nitric oxide (NO), 

reduced glutathione (GSH), paraoxonase-1 activity 

in insulin-treated rats. *: P<0.05 vs. saline control 

and between different groups as shown on the 

figure. +: P<0.05 vs. insulin only group. #: P<0.05 

vs. insulin/citric acid 0.2 g/kg-treated group. 
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Fig. 2: Effect of citric acid on brain 

butyrylcholinesterase (BChE) and 5-lipoxygenase in 

insulin-treated rats. *: P<0.05 vs. saline control. +: 

P<0.05 vs. insulin only group. #: P<0.05 vs. 

insulin/citric acid 0.2 g/kg-treated group. 

 

3.5 Liver Oxidative Stress 
 

3.5.1 Lipid Peroxidation 

In rats treated with only insulin, liver MDA levels 

increased significantly by 95.1% compared to the 

saline control group (59.52 ± 1.51 vs. 30.51 ± 2.26 

nmol/g.tissue). Citric acid administered during 

hypoglycemia resulted in significant decrements in 

liver MDA level by 15.6%, 33.1% and 51.9% 

(50.24 ± 1.96, 39.84 ± 2.29 and 28.6 ±1.1 vs. 59.52 

± 1.51 nmol/g.tissue) (Fig. 3). 
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3.5.2 Nitric Oxide 

The level of nitric oxide in the liver tissue increased 

significantly by 86.6% from 38.3 ±1.9 µmol/g.tissue 

in the saline group to 71.46 ± 2.66 µmol/g.tissue in 

the insulin only group. In the insulin/citric acid 

treated groups, nitric oxide decreased significantly 

by 20.1%, 33.2% and 45.9% compared to the insulin 

control group (57.06 ± 2.67, 47.71 ± 1.92 and 38.64 

± 1.76 vs. control value of 71.46 ± 2.66 

µmol/g.tissue) (Fig. 3). 

 

3.5.3 Reduced Glutathione 

There was a significant decline in liver GSH level 

by 36.1% in rats given only insulin compared to 

their saline controls (3.59 ± 0.24 vs. 5.62 ± 0.25 

µmol/g.tissue). However, liver GSH was 

significantly increased by 35.4% in the group that 

was treated with insulin/citric acid 1 g/kg compared 

to the insulin only group (4.86 ± 0.31 vs. 3.59 ± 

0.24 µmol/g.tissue) (Fig. 3). 

 

3.6 Liver Paraoxonase-1 
After insulin treatment, liver PON-1 activity 

significantly decreased by 33.1% (16.18 ± 0.95 vs. 

24.2 ± 0.83 kU/l) compared to the saline control 

group. Rats treated with insulin/citric acid at 0.4 

g/kg or 1 g/kg showed significant increase in PON-1 

activity by 24.6% and 42.8% compared to those 

given only insulin (20.16 ± 1.0 and 23.1 ± 0.72 vs. 

16.18 ± 0.95 kU/l) (Fig. 3). 
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Fig. 3: Effect of citric acid on liver malondialdehyde 

(MDA), nitric oxide (NO), reduced glutathione 

(GSH), paraoxonase-1 activity in insulin-treated 

rats. *: P<0.05 vs. saline control and between 

different groups as shown on the figure. +: P<0.05 

vs. insulin only group. #: P<0.05 vs. insulin/citric 

acid 0.2 g/kg-treated group. 

 

3.7 Serum Liver Enzymes 
After insulin injection, the activities of AST and 

ALT in serum were significantly increased by 

74.5% (93.7 ± 3.6 vs. 53.71 ± 1.5U/l) and 80.0% 

(107.3 ± 2.4 vs. 59.6 ± 1.7 U/l) compared to the 

saline control values. The treatment of rats with 

citric acid at 400 mg/kg or 1 g/kg significantly 

decreased serum ALT and AST.  Serum ALT 

decreased from 93.7 ± 3.6 U/l in the insulin only 

group to 69.2 ± 1.85 U/l and 61.2 ± 1.48U/l in the 

insulin/citric acid groups. Meanwhile, serum AST 

decreased from control value of 107 ± 2.4 U/l to 

93.7 ± 2.1 U/l and 69.5 ± 1.86 U/l, respectively (Fig. 

4). 

 

S
a li

n
e

In
su

li
n

+
 C

it
r i

c  a
c id

 0
.2

 g
/k

g

+
 C

it
r i

c  a
c id

 0
.4

 g
/k

g

+
 C

it
r i

c  a
c id

 1
 g

/k
g

0

5 0

1 0 0

1 5 0

*

S
e

ru
m

 A
L

T
 (

U
/l

)

*
+

+

*

#

#

A

S
a li

n
e

In
su

li
n

+
 C

it
r i

c  a
c id

 0
.2

 g
/k

g

+
 C

it
r i

c  a
c id

 0
.4

 g
/k

g

+
 C

it
r i

c  a
c id

 1
 g

/k
g

0

5 0

1 0 0

1 5 0

*

S
e

ru
m

 A
S

T
 (

U
/l

)

*
*

+

+
#

#

B

Fig. 4: Effect of citric acid on serum alanine 

aminotransferase (ALT) and aspartate 

aminotransferase (AST) in insulin-treated rats. *: 

P<0.05 vs. saline control. +: P<0.05 vs. insulin only 

group. #: P<0.05 vs. insulin/citric acid 0.2 g/kg-

treated group. 

 

3.8 Liver Histopathological Results 
H&E stained sections of liver from the saline 

control group revealed normal features of hepatic 

architecture, the hepatic lobules being arranged in 

cords of hepatocytes radiating from the central veins 

(Fig. 5A). Sections from liver tissues of rats treated 

with insulin only showed that hepatic architecture 

was disorganized with marked affection of the 

hepatocytes in the form of hydropic degeneration, 

extensive vacuolation of the cytoplasm of 

hepatocytes, some nuclei appeared dark and others 

were karyolytic. The central vein appeared 

congested. Dilatation, congestion of portal vein, 

hyperplasia of bile ducts, pre portal necrosis, 

fibrosis and thickening of portal vein vascular wall 

were seen. Most of the blood sinusoids appeared 

narrow or obliterated (Figs. 5B & 5C). In rats 

treated with insulin and subjected to citric at 0.2 

g/kg, the liver  still suffered from the deleterious 

effect  induced by hypoglycaemia  in the form of 

extensive vacuolation of their cytoplasm. Some 

WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE 
DOI: 10.37394/23208.2022.19.5

Omar M. E. Abdel-Salam, 
Eman R. Youness, 

Amany Ameen Sleem, Fatma A. Morsy

E-ISSN: 2224-2902 35 Volume 19, 2022



nuclei appeared dark while others showed karolysis 

or karyorrhexis and binucleated cells, swelling or 

hydropic change. Dilated, congested portal vein, 

inflammatory infiltrate and fibrosis were observed 

(Fig. 5D & 5E). Sections from liver tissue of rats 

treated with insulin and citric acid at 0.4 g/kg 

showed variable degree of improvement in the form 

of some hepatocyte appearing normal but the 

distortion in hepatic architecture was not reversed. 

The portal vein appeared dilated, congested with  

thickening of portal vein vascular wall, and fibrosis. 

Some hepatocytes still suffered from karyolysis, 

karyorrhexis, vacuolated cytoplasm (Fig. 5F & 5G). 

The histological sections from the group treated 

with insulin and citric acid at 1g/kg revealed more 

or less preserved hepatic architecture. The 

hepatocytes were arranged in cords radiating from 

dilated and congested central veins and separated by 

normal blood sinusoids and Kupffer cells (Fig. 5H). 

 

 
Fig. 5: Photomicrographs of Hx& E stained sections 

of the rat liver after treatment with: (A) Saline 

control showing the classical hepatic architecture. 

Hepatocytes are arranged in cords radiating from the 

central vein (CV) and separated by blood sinusoids 

(BS).The Blood sinusoids  separating the hepatic 

cords are seen lined by Kupffer cells (red arrow) 

and endothelial cells. (B) Insulin showing 

disorganized hepatic architecture with extensive 

vacuolation of cytoplasm of hepatocytes, swelling 

or hydropic changes (yellow arrow), dark nuclei 

(black arrow), karolytic nuclei (red arrow), 

congested central vein (CCV). (C) Insulin (another 

filed) showing dilated congested portal vein 

(DCPV) with thickened wall (red arrow), 

hyperplasia of bile duct (BD), fibrosis (orange 

arrow), preportal necrosis (star). (D) Insulin + citric 

acid 0.2 g/kg showing extensive vacuolation of their 

cytoplasm, hydropic degeneration in hepatocytes, 

fibrosis (yellow arrow), and inflammatory cell 

infiltrate (IF).  (E) Insulin + citric acid 0.2 g/kg 

(another filed) showing dilated and congested portal 

vein (DCPV), dark nuclei, karolytic nuclei (red 

arrow), karyorrhexis (orange arrow) and binucleated 

cells (black arrow). (F) Insulin + citric acid 0.4 g/kg 

showing some normal hepatocytes (red arrow), 

some karyolytic hepatocytes (white arrow), 

karyorrhexis (orange arrow), dilated congested 

portal vein (DCPV). (G) Insulin + citric acid 0.4 

g/kg (another filed) showing vacuolated cytoplasm 

(v), thickening of portal vein wall (red arrow), and 

fibrosis (orange arrow). (H) Insulin + citric acid 1 

g/kg showing normal hepatic architecture. The 

hepatocytes are arranged in cords radiating from 

dilated and congested central veins (DCCV) and 

separated by normal blood sinusoids (BS) and 

Kupffer cells (red arrow). 

 

 

3 Discussion 
The present study provided the evidence that orally 

administered citric acid during insulin-induced 

hypoglycaemia was able to alleviate the increase in 

oxidative stress biomarkers in brain and liver tissue, 

reduced the elevation in serum aminotransferases 

and provide histologic protection against liver 

damage. In these experiments, severe 

hypoglycaemia resulted in significant increase in 

lipid peroxidation as evidenced by the rise in the 

level of malondialdehyde. Other studies also 

reported significant increments in brain MDA [8,10] 

and increased expression of 4-hydroxy-2-nonenal 

[9] indicative of oxidative damage after insulin-

induced hypoglycemia. This suggests increased 

ROS during hypoglycaemia and consequent attack 

on cell polyunsaturated fatty acids.  In addition, 

reduced glutathione, an intracellular antioxidant and 

free radical scavenger [32] showed significant 

decrease in brain and liver tissue of hypoglycaemic 

rats. This might be caused by increased 

consumption of the antioxidant by the increase in 

ROS or decreased energy supply and failure to re-

synthesize reduced glutathione. In this study, 
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treatment of hypoglycaemic rats with citric acid was 

found to attenuate the increments in brain and liver 

malondialdehyde and increase reduced glutathione 

levels, which is suggestive of an antioxidant effect 

for citric acid. 

 

Our results also indicate a significant increase in 

nitric oxide levels in brain and liver tissues which is 

in agreement with previous studies [10]. Nitric 

oxide (NO•), a short-lived free radical and signaling 

molecule is involved in important physiological 

functions such as neurotransmission and control of 

vascular tone. It is generated from L-arginine by the 

action of nitric oxide synthase (NOS). Two 

constitutive isoforms are found in endothelial cells 

(eNOS) and neurons (nNOS) and these generate 

small amounts of nitric oxide for short period of 

time. A third inducible isoform (iNOS) is induced in 

macrophages by proinflammatory cytokines and 

LPS and is responsible for the overproduction of 

nitric oxide during inflammatory conditions. The 

excessive increase in nitric oxide can lead to cell 

death [34]. The neurotoxic actions of nitric oxide 

thought to be largely mediated by peroxynitrite 

(ONOO-), derived from the reaction of nitric oxide 

and superoxide and also by nitrogen oxides, 

resulting in oxidation, nitrosation, and nitration of 

proteins and DNA [35]. In the present study, 

however, treatment with citric acid prevented the 

increase in tissue nitric oxide during 

hypoglycaemia. This suggests that the protective 

effect of citric acid against liver damage could at 

least in part be due to a decrease in nitric oxide 

concentrations. 

 

We also demonstrated marked and significant 

inhibition of PON-1 activity in brain and liver 

during hypoglycaemia which supports our previous 

observations [10]. The PON-1 enzyme is 

synthesized by the liver and circulates bound mainly 

to high-density lipoproteins and functions to protect 

the oxidation of low-density lipoprotein [36,37]. It 

hydrolyzes several organophosphates, carbamates, 

nerve agents and many other xenobiotics [36]. It has 

been shown to inhibit the release of 

proinflammatory cytokines eg., TNF-α, IL-6, and 

ROS from macrophages [38]. Moreover, deficiency 

of the enzyme was found to result in increased 

oxidative stress in serum and macrophages [39].  A 

decrease in activity was observed in chronic liver 

disease [40] and neurological disorders [41]. The 

enzyme is inactivated by oxidative stress [42]. Its 

inactivation results from an interaction between the 

enzyme free sulfhydryl group and oxidized lipids 

and can be prevented by antioxidants [43]. In this 

study, the decline in PON-1 activity during 

hypoglycaemia was prevented by citric acid, 

possibly due to lowered level of oxidative stress. 

Brain cholinesterase activity also decreased 

significantly during hypoglycaemia which is in 

accordance with previous reports [10]. 

Cholinesterase activity was restored to control value 

by treatment with citric acid, which is likely to a 

consequence of a neuroprotective effect for citric 

acid.    

 

The 5-lipoxygenase catalyzes the oxidation of 

arachidonic acid to yield leukotrienes, including 

leukotriene B4 and cysteinyl leukotrienes, both are 

potent inflammatory lipid mediators.  5-

lipoxygenase is up-regulated in the aging brain and 

Alzheimer’s disease [44,45]. The 5-lipoxygenase 

enzyme and its downstream leukotriene metabolites 

might have an important role in Alzheimer’s disease 

pathogenesis [46]. Moreover, inactivation of this 

enzyme was shown to reduce hepatic inflammation, 

suppress hepatic stellate cell activation, liver injury 

and fibrosis [47,48]. In this study, we demonstrated 

a significant increase in brain 5-lipoxygenase in 

insulin-treated rats, thereby, suggesting an 

inflammatory mechanism underlying the 

development of neuronal and liver injury during 

hypoglycemia. We also showed that the increased 

level of brain 5-lipoxygenase could be reduced by 

treatment with citric acid. Such anti-inflammatory 

property of citric acid could prove of benefit in 

neurodegenerative and liver disorders. 

 

The antioxidant and anti-inflammatory effects of 

citric acid reported herein is supported by previous 

findings. Studies in LPS-treated mice showed that 

orally given citric acid (1–2 g/kg) attenuated the 

elevations in brain MDA, nitrite, TNF-α and 

increased glutathione peroxidase (GPx) activity. 

Citric acid also decreased nitrite, increased GPx 

activity, decreased DNA fragmentation, serum 

transaminases, caspase-3, and iNOS expression and 

protected against LPS-induced liver damage [20]. In 

rotenone-treated mice, orally given citric acid 

decreased MDA, nitric oxide, and increased total 

antioxidant capacity in brain and liver. It also 

reduced the elevation in NF-κB level in the brain 

and prevented histopathological changes in brain 

and liver of rotenone-treated mice [21].   

 

The mechanisms by which citric acid protects the 

brain and liver during hypoglycaemia might also 

involve improved cell bioenergitics, whereby, citric 

acid through Kreb’s cycle is used to generate energy 

through the oxidation of the acetyl component of 
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acetyl-CoA derived from carbohydrates, fats, and 

amino acids [14]. In this context, it has been shown 

that provision of substrates of Kreb’s cycle such as 

α-ketoglutarate or pyruvate protected against 

neuronal death caused by the activation of poly 

(ADP-ribose) polymerase-1 (PARP1) and the 

consequent impairment of glycolysis [49]. 

Moreover, pyruvate prevented the excitotoxic 

neuronal damage evoked by N-methyl-D-aspartate 

(NMDA) in rat hippocampal slices [50], whereas β-

hydroxybutyrate was able to inhibit lipid 

peroxidation that followed severe hypoglycemia in 

the rat [51]. 

 

 

5 Conclusion 
In summary, we showed that orally given citric acid 

significantly attenuated brain and liver oxidative 

stress and liver damage in response to severe 

hypoglycaemia. Citric acid might exert its protective 

effect via an antioxidant and anti-inflammatory 

actions or by provision of energy substrates through 

stimulation of glycolysis and the tricarboxylic acid 

cycled. 
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