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Abstract

Objectives The aim was to study the effect of naringenin, a biologically active compound,
on tissue antioxidant status and lipid peroxidation in ethanol-induced hepatotoxicity in rats.
Methods Rats were divided into four groups: Groups 1 and 2 received isocaloric glucose
and 0.5% carboxymethyl cellulose; groups 3 and 4 received 20% ethanol equivalent to
6 g/kg daily for 60 days. In addition, groups 2 and 4 were given naringenin (50 mg/kg)
daily for the last 30 days of the experiment.

Key findings The results showed significantly elevated levels of serum aspartate and
alanine transaminases, y-glutamyl transpeptidase, tissue thiobarbituric acid reactive
substances, conjugated dienes, lipid hydroperoxides and protein carbonyl content, and
significantly lowered activities/levels of antioxidants such as superoxide dismutase,
catalase, glutathione peroxidase, glutathione reductase, glutathione-S-transferase, reduced
glutathione and vitamins C and E in ethanol-treated rats compared with control rats.
Administration of naringenin to rats with ethanol-induced liver injury significantly
decreased the levels of serum aspartate and alanine transaminases, y-glutamyl transpepti-
dase, tissue thiobarbituric acid reactive substances, conjugated dienes, lipid hydroperoxides
and protein carbonyl content and significantly elevated the activities of superoxide
dismutase, catalase, glutathione peroxidase, glutathione reductase and glutathione-
S-transferase, and the levels of reduced glutathione and vitamins C and E in the tissues
compared with unsupplemented ethanol-treated rats. Histological changes observed in the
liver correlated with the biochemical findings.

Conclusions Taken together these findings suggest that naringenin has a therapeutic
potential in the abatement of ethanol-induced hepatotoxicity.

Keywords alcoholic liver disease; reactive oxygen species; protein carbonyl content;
flavanone; naringenin

Introduction

Alcoholism is associated with numerous degenerative and inflammatory disorders that
affect many organs, including liver, brain, kidney, heart, skeletal muscle and pancreas.[l]
The development and manifestations of alcoholic liver disease are influenced by genetic,
psychosocial and environmental factors.'” Ethanol is a fat-soluble non-electrolyte, which
is readily absorbed from the gastrointestinal tract, diffuses readily into the circulation and is
distributed uniformly throughout the body.l3J Ethanol is an addictive drug with a complex
mechanism of action and a variety of pharmacological and toxic effects.!

Reactive oxygen species (ROS) have been implicated in a growing number of diseases. In
general, the toxicity caused by superoxide ions and H,0O, in biological systems is believed to
be due to the conversion of these ROS to more potent oxidants, such as hydroxyl species.
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Figure 1 Struture of naringenin (4',5,7-trihydroxyflavanone)
vitamin E'"'"! are essential in the prevention of cellular damage
caused by free radicals and free-radical-induced lipid perox-
idation.!""! There is evidence that these antioxidants are altered
in alcoholics. Free radicals formed on alcohol consumption
affect the permeability of hepatocytes, leading to leakage of
enzymes such as serum aspartate and alanine transaminases
(AST and ALT) and y-glutamyltransferase (GGT).!'?!

Flavonoids are diverse in chemical structure and character-
istics. They occur naturally in fruits, vegetables, nuts, seeds,
flowers and bark and are an integral part of the human diet.!"*!
Flavonoids are described as ‘high level’ natural antioxidants
on the basis of their abilities to scavenge free radicals.!'¥!

Naringenin (Figure 1) is a predominant flavanone abundant
in fruits such as grapes, tangelo, blood orange, lemons,
pummelo and tangerines."">! Naringenin has been reported
to have several biological effects such as anticancer,!'®
antimutagenic,“” anti—inflammatory,“gj antioxidant,[19J
antifibrogenic®” and antiatherogenic®!! properties. Daily
ingestion of citrus flavonoids has been estimated to be
approximately 68 g on an average in the USA, mainly via
fruit juices.** The concentration of naringenin in grapefruit
juice has been estimated at 1283 umol/l (349 mg/1).1**!

Diet is one of the vital factors essential for sustaining life
and promoting health. Hence, developing drugs from dietary
substances and evaluating natural compounds such as
naringenin would be potentially beneficial in reducing the
risk of various pathological conditions. There are no reports
in the literature on the protective effect of naringenin against
alcohol-induced hepatotoxicity. This study was designed to
test the hypothesis that naringenin would reduce ethanol-
induced toxicity by modulating lipid peroxidation and
antioxidant levels.

Materials and Methods

Chemicals and reagents

Naringenin was purchased from Sigma Chemical Co.
(St Louis, MO, USA). Ethanol was obtained from E.L.D. Parry
India Ltd (Nellikuppam, Cuddalore District, South India). All
other chemicals were of analytical grade and were obtained
from Central Drug House Pvt. Ltd (New Delhi, India).

Animals

Adult male albino Wistar rats (150-170 g) were obtained
from the Central Animal House, Rajah Muthiah Medical
College and Hospital of Annamalai University. The rats were
housed in plastic cages under controlled conditions of 12 h
light—dark cycle, 50% humidity and 28°C and were fed a
standard pellet diet (Lipton Lever Mumbai, India) and water
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ad libitum. All animal handling and experimental procedures
were approved by the Institutional Animal Ethics Committee,
Annamalai University (registration no. 160/1999/CPCSEA/
557) and animals were cared for in accordance with the
Indian National Law on animal care and use.**!

Study design

The rats were divided into four groups of eight. Groups 1 and 2
received isocaloric glucose (40% glucose in drinking water) and
0.5% carboxymethyl cellulose (CMC, p.o. daily). Groups 3
and 4 received 20% ethanol (equivalent to 6 g/kg) as an aqueous
solution by intragastric intubation for 30 days, as described
previously.[zsl At the end of this period, the dietary protocol
of groups 1 and 3 was unaltered. Group 2 animals received
naringenin (50 mg/kg) suspended in 0.5% CMC for the next
30 days, while group 4 continued to receive ethanol daily along
with naringenin, as in group 2. The study design is shown in
Figure 2.

Preparation of tissue homogenates

Rats were anaesthetised with ketamine (30 mg/kg i.m.) and
then decapitated. Immediately after death, blood samples
were collected in heparinised test tubes/plain tubes and
centrifuged to separate plasma and serum. The erythrocytes
were washed with 0.9% saline three times, and then distilled
water was added to induce haemolysis. The haemolysate was
then used to estimate the total haemoglobin content. The
liver, kidneys and heart were quickly excised, rinsed with
saline, blotted dry on filter paper and weighed. Homogenates
(10% w/v) were prepared with appropriate buffer using a
tissue homogeniser and the supernatants used for various
biochemical assays.

Biochemical estimations

Serum AST (EC 2.6.1.1) and ALT (EC 2.6.1.2) were
measured using a diagnostic kit based on the method of
Reitman and Frankel.”®! Serum GGT (EC 2.3.2.2) activity
was measured according to the method of Rosalki and Rau.*”!

Days

0 10 20 30 40 50 60

Group 1 | |

R

Gro4P 3 O

[ Jisocaloric glucose
(40% glucose solution with 0.5% CMC)

[ ] Naringenin (50 mg/kg in 0.5% CMC)
Ethanol (6 g/kg)

Group 2|

Group 4

Figure 2 The experimental protocol. CMC, 0.5% carboxymethyl
cellulose. All treatments were given orally by gavage.
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Thiobarbituric acid reactive substances (TBARS) in the
tissues were measured by the method of Ohkawa et al 8!
The pink chromogen produced by the reaction of secondary
products of lipid peroxidation such as malondialdehyde with
thiobarbituric acid was estimated at 532 nm. The concentra-
tion of tissue lipid hydroperoxides (LOOH) was estimated
by the method of Jiang et al.””’ Conjugated dienes were
estimated by the method of Rao and Recknagel.BO} This
method is based on the arrangement of double bonds in
polyunsaturated fatty acids to form conjugated dienes with
an absorbance maximum at 233 nm. The protein carbonyl
content in tissues was determined using the 2,4-dinitro
phenyl hydrazine method as described by Levine ef al.”" and
was calculated from the maximum absorbance (360-370 nm)
using a molar absorption coefficient of 22 000 mol/l per cm.
The results are expressed as nmol carbonyls/mg protein.

SOD (EC 1.15.1.1) activity was determined using the
method of Kakkar er al.®*! One unit of enzyme is defined as
the quantity of SOD required to produce 50% inhibition of
nitro blue tetrazolium (NBT) reduction/min per mg protein.
Catalase (EC 1.11.1.6) activity was measured by monitoring
the decomposition of H,0,, as described by Sinha.”**! The
specific activity of catalase was expressed as pmol H,0,
utilised/min per mg protein. GPx (EC 1.11.1.9) activity was
determined using the method of Rotruck er al.®* A known
amount of the enzyme preparation was incubated with H,O, in
the presence of GSH for a specific time period. The amount of
H,O, utilised was determined using the Ellman method.
GST (EC 2.5.1.18) activity was measured using the method
of Habig e al.®® The change in absorbance at 340 nm was
measured and enzyme activity calculated as pmol 1-chloro-
2,4-dinitrobenzene (CDNB) conjugate formed per min per mg
protein, using a molar extinction coefficient of 9.6 mmol/l
per cm. GR (EC 1.6.4.2) activity was determined by the
method of Carlberg and Mannervik.””! One unit of enzyme is
defined as nmol NADPH consumed per min per mg protein.

GSH in the tissues was measured using the method of
Ellman,"*! based on the development of yellow colour when
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5,5-dithiobis (2-nitro benzoic acid) is added to compounds
containing sulthydryl groups. Ascorbic acid (vitamin C) was
estimated by the method of Roe and Kuether,®® and
a-tocopherol (vitamin E) by the method of Baker et al.**]
Proteins were estimated by the method of Lowry et al 4"
using bovine serum albumin as the standard.

Statistical analysis

Data were analysed by one-way analysis of variance
followed by Duncan’s multiple range test using SPSS for
Windows (v. 11.0; SPSS Inc., Chicago, IL, USA). Results are
presented as means = SD of eight rats in each group. Values
of P < 0.05 were regarded as statistically significant.

Results

Table 1 shows the average weight gain, food intake and liver-to-
body-weight ratios of control and experimental rats. Food intake
and weight gain were significantly reduced in ethanol-treated
rats compared with control rats. The liver-to-body-weight ratio
was significantly increased in the naringenin-supplemented
rats (group 4) compared with the ethanol-treated rats (group 3)
from Day 31, showing a significant weight gain, increased food
intake and decreased liver-to-body-weight ratio (P < 0.05).

Table 2 shows the activities of serum AST, ALT and GGT.
Activities of all three enzymes were significantly increased
in ethanol-fed rats compared with control rats. Naringenin
supplementation to ethanol-fed rats (group 4) significantly
decreased the liver marker enzymes compared with the
unsupplemented ethanol-fed rats (group 3; P < 0.05).

Table 3 shows the levels of TBARS and LOOH, which
were significantly higher in the liver, kidneys and hearts
of ethanol-fed rats (group 3) compared with control rats
(group 1). Tissue TBARS and LOOH levels were significantly
lowered (P < 0.05) by naringenin supplementation to ethanol-
fed rats (group 3). Naringenin supplementation alone
(group 2) did not produce any significant change in the levels
of TBARS and LOOH compared with control rats.

Table 1 Effect of naringenin on body weight and liver-to-body-weight ratios

Control Control + naringenin Ethanol Ethanol + naringenin
Bodyweight, day 1 153.1 = 14.7° 150.05 + 14.4* 146.02 + 14.05" 152.3 + 14.6°
Bodyweight, day 60 235.1 +22.6° 233.6 £ 22.4° 156.5 = 15.07* 202.1 + 19.4°
Net gain (g) 81.99 + 7.89° 83.62 + 8.05° 10.55 = 1.01* 49.79 + 4.79°
Average food intake (g) 10.40 £ 1.00>° 10.60 = 1.02*¢ 7.35 £0.70 9.38 + 0.90°
Liver-to-body weight ratio (x100) 2.88 +£0.27° 298 +0.28" 473 £0.45° 3.19 + 0.30°

Values are means = SD (n = 8). Values that do not share a common superscript letter differ significantly (P < 0.05; Duncan’s multiple range test).

Table 2 Effect of naringenin on plasma markers of hepatic activity

Control Control + naringenin Ethanol Ethanol + naringenin
Aspartate transaminase (IU/1) 79.84 + 7.68* 82.13 +7.90% 112.40 £ 10.81° 87.27 + 8.40°
Alanine transaminase (IU/1) 28.86 + 2.77* 30.81 + 2.96* 60.38 + 5.81° 32.76 + 3.15%
y-Glutamyl transpeptidase (IU/1) 232 +0.22° 3.18 + 0.30° 8.03 = 0.77¢ 4.18 + 0.40°

Values are means = SD (n = 8). Values that do not share a common superscript letter differ significantly (P < 0.05; Duncan’s multiple range test).
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Table 3 Effect of naringenin on levels of thiobarbituric acid reactive substances and lipid hydroperoxides

Control Control + naringenin Ethanol Ethanol + naringenin

TBARS (nmoles/g tissue)

Liver 29.89 + 2.88" 28.77 £ 2.77° 59.67 + 5.74° 3244 £3.12°
Kidney 0.52 £ 0.05" 0.49 + 0.05" 2.61 +0.26° 0.69 + 0.07°
Heart 0.67 + 0.06" 0.71 £ 0.07* 1.63 £ 0.16 0.87 + 0.08°
LOOH (mmoles/g tissue)

Liver 67.19 + 6.47* 66.10 + 6.36" 86.74 + 8.35" 61.36 £ 5.91*
Kidney 0.79 + 0.08* 0.72 £ 0.07* 3.16 £ 0.30° 0.99 + 0.10°
Heart 88.64 + 8.53" 81.73 +7.87° 117.13 + 11.27° 81.73 £ 7.87"

Values are means = SD (n = 8). LOOH, lipid hydroperoxides; TBARS, thiobarbituric acid reactive substances. Values that do not share a common
superscript letter differ significantly (P < 0.05; Duncan’s multiple range test).

Levels of conjugated dienes and protein carbonyl content
in the livers, kidneys and hearts (Table 4) were significantly
higher in ethanol-fed rats (group 3) than control rats (group 1)
and were significantly lowered (P < 0.05) on naringenin
supplementation to ethanol-fed rats (group 4). Naringenin
supplementation alone (group 2) did not produce any
significant effects on levels of conjugated dienes or protein
carbonyl content compared with control rats.

SOD and catalase in the livers, kidneys and hearts
(Table 5) were significantly lower in the ethanol-fed rats
(group 3) than control rats (group 1). Tissue SOD and
catalase levels were increased significantly on naringenin
supplementation to ethanol-fed rats (group 4) (P < 0.05).
Naringenin supplementation alone did not produce any
significant difference in the levels of SOD and catalase
compared with control rats.

Levels of GPx, GST and GR in the livers, kidneys and
hearts (Table 6) were significantly lower in the ethanol-fed
rats (group 3) than the control rats (group 1). Tissue GPx,
GST and GR levels were increased significantly on
naringenin supplementation to ethanol-fed rats (group 4;
P < 0.05). Naringenin supplementation alone did not pro-
duce any significant difference in the levels of GPx, GST and
GR compared with control rats.

Levels of GSH, vitamin C and vitamin E in the livers,
kidneys and hearts (Table 7) of ethanol-fed rats (group 3) were
significantly lower than in control rats (group 1) (P < 0.05).
Tissue GSH, vitamin C and vitamin E levels were increased
significantly on naringenin supplementation to ethanol-fed
rats (P < 0.05). Naringenin supplementation alone did not
produce any significant difference in the levels of GSH,
vitamin C and vitamin E compared with control rats.

Table 4 Effect of naringenin on levels of conjugated dienes and protein carbonyl content

Control

Control + naringenin

Ethanol Ethanol + naringenin

Conjugated dienes (mmoles/g tissue)

Liver 105.94 + 10.20" 99.96 + 9.62°%
Kidney 100.99 + 9.72% 101.49 +9.77%
Heart 41.79 £ 4.02% 40.09 + 3.86"
Protein carbonyl content (nmoles/mg protein)

Liver 0.83 + 0.08" 0.82 + 0.08"
Kidney 1.89 £ 0.18* 1.73 £0.17%
Heart 4.99 +0.48* 4.59 + 0.44*

142.80 + 13.76°
140.76 + 13.55°

112.24 + 10.80*
105.16 + 10.12°

84.64 + 8.15° 49.98 + 4.81°
3.06 + 0.29° 0.88 + 0.08*
428 +£0.41° 1.94 +0.19*
6.12 + 0.59° 5.10 + 0.49*

Values are means = SD (n = 8). Values that do not share a common superscript letter differ significantly (P < 0.05; Duncan’s multiple range test).

Table 5 Effect of naringenin on the activities of superoxide dismutase and catalase

Groups Control Control + naringenin Ethanol Ethanol + naringenin
Superoxide dismutase (50% inhibition of NBT reduction/min per mg protein)

Liver 7.7 +0.7° 7.9 +£0.7* 35+£03° 7.4 +0.7*
Kidney 5.0 +0.4* 54+04% 32+03° 42 +04°
Heart 8.7+ 0.8 8.3+0.8° 6.3 +0.6° 72 +0.7°
Catalase (wmol H,0, utilised/min per mg protein)

Liver 79.1 +7.6* 81.8 £7.8° 512 +4.9° 752 +7.2%
Kidney 46.7 + 4.4° 46.9 + 4.5" 35.9 £3.4° 451 +4.3*
Heart 50.0 + 4.8* 493 +4.7* 385+3.7° 48.0 + 4.6"

Values are means = SD (n = 8). NBT, nitro blue tetrazolium. Values that do not share a common superscript letter differ significantly (P < 0.05;

Duncan’s multiple range test).
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Table 6 Effect of naringenin on the activities of glutathione-dependent enzymes

Control Control + naringenin Ethanol Ethanol + naringenin
Glutathione peroxidase (ng GSH utilised/min per mg protein)
Liver 16.3 £ 1.5% 16.5 = 1.5% 7.9 £0.7° 144 +1.3¢
Kidney 14.4 £ 1.3* 149 + 1.4° 7.0 £0.7° 13.4 £1.2%
Heart 8.4 +0.8" 8.3 £0.8" 53+0.5° 7.2 £0.6°
Glutathione reductase (nmol NADPH utilised/min per mg protein)
Liver 253 £24% 25.1 £2.4* 122+ 1.18° 22.4 £ 2.1*
Kidney 26.6 2.5 24.5 +£2.3*° 185+ 1.7° 224 +2.1°
Heart 7.5+ 0.7 6.3+ 0.6" 3.12+0.3° 6.00 0.5
Glutathione S-transferase (wumol CDNB—GSH conjugate formed/min per mg protein)
Liver 9.5 +0.9" 9.3 + 0.9 5.6 +£0.5° 8.4+ 0.8°
Kidney 7.9 £0.7° 7.6 +0.7° 4.1 +03° 6.1 +0.5°
Heart 0.9 + 0.09* 0.8 + 0.08" 0.5 + 0.05" 0.7 + 0.08*

Values are means = SD (n = 8). CDNB-GSH, 1-chloro-2,4-dinitrobenzene—glutathione conjugate. Values not sharing a common superscript letter

differ significantly (P < 0.05; Duncan’s multiple range test).

Table 7 Effect of naringenin on the levels of glutathione, vitamin E and vitamin C

Control Control + naringenin Ethanol Ethanol + naringenin

Glutathione (mmol/mg tissue)

Liver 19.69 + 1.89* 20.61 + 1.98* 10.93 + 1.05° 19.07 + 1.83*
Kidney 17.65 = 1.70% 18.57 = 1.79* 11.54 = 1.11° 18.57 + 1.79*
Heart 99.26 + 9.55° 101.18 £ 9.74* 78.75 £ 7.58° 90.88 + 8.74"
Vitamin E (mg/100 g tissue)

Liver 7.75 £ 0.75* 7.47 £ 0.72° 441 +£042° 7.61 +0.73*
Kidney 5.30 £ 0.51° 5.52 +0.53° 327 +031° 4.65 + 0.45°
Heart 4.07 £ 0.39° 4.07 + 0.39° 2.51 £0.24° 3.53 +0.34°
Vitamin C (mg/100 g tissue)

Liver 0.95 £ 0.09* 0.97 + 0.09* 0.84 + 0.08° 1.01 +0.10°
Kidney 0.80 + 0.08* 0.81 + 0.08" 0.53 + 0.05° 0.77 £ 0.07*
Heart 0.67 £ 0.06" 0.68 = 0.07* 0.53 + 0.05" 0.63 + 0.06"

Values are means + SD (n = 8). Values that do not share a common superscript letter differ significantly (P < 0.05; Duncan’s multiple range test).

Histological changes in the liver are shown in Figure 3.
Portal inflammation, micro- and macrovesicular changes
observed in ethanol-fed rats were significantly reduced on
naringenin supplementation.

Discussion

Alcoholic liver disease is a common consequence of chronic
alcohol misuse."*" Studies in our laboratory are in agreement
with this hypothesis, in that the ethanol-fed rats showed
decreased food intake and increased oxidative stress.'*?!
Ethanol supplementation resulted in less weight gain than in
the control rats, which may be due to the ability of ethanol
to reduce the absorption of foodstuff and nutrients from the
intestine.'**! Since body weight is considered to be a putative
indicator of health, the weight gain on naringenin supple-
mentation suggests beneficial protective effect against
ethanol injury. The liver-to-body-weight ratio showed
significant decrease in ethanol-fed rats supplemented with
naringenin compared with unsupplemented ethanol-fed rats.
This may be because the naringenin increases the elimination
of ethanol directly from the intestines without absorption or
prevents fat accumulation in the liver.

Chronic consumption of ethanol is known to cause injury
to hepatocytes. The elevated activities of the serum enzymes
such as AST, ALT and GGT observed in alcohol-fed rats
may indicate increased permeability, damage or necrosis of
hepatocytes.[44] In our study, chronic ethanol consumption
caused a significant increase in the activities of AST, ALT
and GGT, which could be due to severe damage to the liver
cell membrane. The reduced activities of these serum
enzymes on naringenin supplementation to ethanol-fed rats
indicates the hepatoprotective potential of naringenin.

Lipid peroxidation is known to damage cell membranes
and other critical cellular macromolecules. Lipid peroxida-
tion is measured by the formation of TBARS, LOOH and
conjugated dienes.[”**%! In addition to cellular lipids,
studies have shown that cellular proteins may also be
affected by accumulation of free radicals.

Protein carbonyl content is the most general indicator
and by far the most commonly used marker of protein
oxidation.””! The carbonyl derivatives of proteins may
result from oxidative modification of amino acid chains
and reactive oxygen-mediated peptide cleavage. Further,
Remmer et al.'®! have reported that the primary target of
the oxygen-radical attack promoted by ethanol is on cellular
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Figure 3 Liver sections (x20) stained with haematoxylin and eosin to show histopathological changes in the liver. Normal hepatocytes in (a) control
rats and (b) naringenin-treated rats. (c) Livers of ethanol-treated rat show marked sinusoidal dilatation, portal inflammation, steatosis and both
microvesicular and macrovesicular fatty changes, indicated by arrows. (d) Ethanol-treated rats supplemented with naringenin show normal histology

with fewer and smaller fatty cysts.

proteins. Thus, increased protein carbonyl content asso-
ciated with chronic ethanol consumption has been reported
in both animal model and human clinical trials. In
agreement with these findings, in our study, the levels of
TBARS, LOOH, conjugated dienes and the protein carbonyl
content were increased significantly in the tissues of
ethanol-fed rats, due to either their increased production
or decreased destruction.

Naringenin supplementation to ethanol-fed rats signifi-
cantly decreased the levels of TBARS, LOOH, conjugated
dienes and the protein carbonyl content, which may be due
to its antioxidant property. Naringenin, by its free-radical-
scavenging action, may prevent free-radical attack on amino
acids and thus diminish the production of carbonyl groups.
The polar nature of naringenin may facilitate its adherence
to the lipid bilayer, which may reduce the formation of free
radicals and protect the cell membrane.'”!

SOD is considered to be the first line of defence against
the deleterious effects of oxygen radicals in the cells; it
scavenges ROS by catalysing the dismutation of superoxide
to H202.[50] Inhibition of SOD may result in an increased
flux of superoxide ions into cellular compartments, which
may be the reason for the increased lipid peroxidation indices
observed in the rats fed ethanol in our study. Catalase acts as

a preventive antioxidant and plays an important role in
protection against the deleterious effects of lipid peroxida-
tion. The activities of SOD and catalase were significantly
decreased in the tissues of rats exposed to ethanol. These
results confirm our previous studies.'”’ Administration of
naringenin elevated the activities of SOD and catalase in the
tissues of ethanol-treated rats, which may reflect the ability
of naringenin to reduce the accumulation of free radicals
generated during ethanol-induced lipid peroxidation.
Naringenin is known to inhibit malondialdehyde production
from ethyl arachidonate' and to scavenge hydroxyl
groups,m] emphasising its antioxidant role.

Chronic ingestion of ethanol resulted in a significant
decrease in GPx activity, which may be due to either free-
radical-dependent inactivation of the enzyme or depletion of
its co-substrates (i.e. GSH and NADPH).'>*! GST plays an
essential role in the liver by eliminating toxic compounds by
conjugating them with glutathione. GR is concerned with
the maintenance of cellular levels of GSH by catalysing the
reduction of oxidised glutathione to the reduced form,'’!
thus altering the GSH/GSSG ratio. GR activity was also
lowered upon ethanol administration compared with control
rats, which in turn may inactivate many enzymes containing-
SH groups and inhibit protein synthesis.[54]
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Naringenin supplementation increased the activities of
GR, GPx and GST in the tissues of ethanol-treated rats,
which may reflect an ability to reduce accumulation of free
radicals generated during ethanol-induced lipid peroxidation.
Naringenin effectively quenches the free radicals and ROS,
which can be attributed to the electron-donating properties of
the hydroxyl group in its B ring.!>!

Non-enzymatic antioxidants such as GSH, vitamin C and
vitamin E are closely interlinked with each other and play a
vital role in protecting cells from lipid peroxidation. The
depleted levels of GSH in alcohol-induced toxicity may reflect
increased utilisation for scavenging of toxic radicals, inhibi-
tion of its synthesis and increased turnover rate.’>®! Exposure
to ethanol, which triggers oxidative stress, may deplete GSH
levels, and GSH biosynthesis may also be inhibited at a gene
level.””! Shaw et al.® have also shown that chronic ethanol
feeding causes depletion of hepatic GSH and initiation of lipid
peroxide, which correlates with the results of this study, as the
hepatic GSH content was significantly decreased in ethanol-
treated rats.

Vitamin C is a potent scavenger of ROS in plasma and
extracellular compartments, whereas vitamin E, a major
lipid-soluble antioxidant, is the most effective chain-breaking
antioxidant within the cell membrane and protects membrane
fatty acids from lipid peroxidation.” Vitamin C scavenges
and destroys free radicals in combination with vitamin E and
GSH."! Decreased plasma vitamin E has been proposed as
a biological marker of ethanol-evoked oxidative stress in
alcohol-fed rats,l6lJ and the maintenance of normal concen-
trations of vitamin C is essential to prevent lipid peroxidation
provoked by ethanol.'®*! Thus it is well known that the
depletion of non-enzymatic antioxidants occurs as the severity
of alcoholism increases.!®* In agreement with these reports,
we observed decreased levels of GSH and vitamins E and C
on ethanol feeding, which may be due to their increased
utilisation for scavenging of ethanol-induced free radicals.
Naringenin supplementation to alcohol-fed rats resulted in
near-normal plasma levels of GSH, vitamin C and vitamin E.
In this context, naringenin is known to restore GSH-dependent
protection against lipid peroxidation in vitamin-E-deficient
liver microsomes'>! and inhibits malondialdehyde produc-
tion.""?! Moreover, Galvez et al.'®*! have demonstrated the
anti-peroxidative activities of naringenin against chemically
induced lipid peroxidation in rat liver. Naringenin is also
known to protect against hepatocyte autophagy and endo-
cytosis induced by okadaic acid.[®>]

Conclusions

Our data suggest that naringenin has beneficial effects against
alcohol-induced tissue damage, as evidenced by decreased
tissue lipid peroxidation and enhanced non-enzymatic and
enzymatic antioxidants. Thus, naringenin could be exploited
as a therapeutic agent and offers opportunities to develop
new formulations of functional foods. Further experiments,
including preclinical efficacy and study on the mechanisms
of action, are warranted to fully evaluate the hepatopro-
tective effects of naringenin and to understand its mode of
action.

Jayachitra Jayaraman et al. 1389

Declarations

Conflict of interest

The Author(s) declare(s) that they have no conflicts of
interest to disclose.

Funding

The research received no specific grant from any funding
agency in the public, commercial or not-for-profit sectors.

References

1. Deitrich RA, Peterson DR. Interaction of ethanol with other
drugs. In: Majchrowicz E, Nobel EP, eds. Biochemistry and
Pharmacology of Ethanol. New York: Plenum Press, 1999:
283-302.

2. Liber CS. Alcohol and liver: metabolism of alcohol and its role
in hepatic and extrahepatic diseases. J Med 2000; 67: 84-94.

3. Goedde WH, Agarwal DP. Alcoholism of Medical and Genetics
Aspects, 1st edn. New York: Pergamon Press, 1989.

4. Koob GF et al. Neurocircuitry targets in ethanol reward and
dependence. Alcohol Clin Exp Res 1998; 22: 3-9.

5. Halliwell B. Vitamin C: antioxidant or pro-oxidant in vivo?
Free Radic Biol Res 1996; 25: 439-454.

6. Borochov H er al. Modulation of erythrocyte membrane
proteins by membrane cholesterol and lipid fluidity. Biochem-
istry 1979; 18: 251-255.

7. Bondy SC. Ethanol toxicity and oxidative stress. Toxicol Lett
1992; 63: 231-241.

8. Bondy SC, Orozco J. Effects of ethanol treatment upon sources
of reactive oxygen species in brain and liver. Alcohol Alcohol
1994; 29: 375-383.

9. Saravanan N et al. Antioxidant effect of 2-hydroxy-4-methoxy
benzoic acid on ethanol-induced hepatotoxicity in rats. J Pharm
Pharmacol 2006; 59: 445453,

10. Navarro J et al. Blood glutathione as an index of radiation-
induced oxidative stress in mice and humans. Free Radic Biol
Med 1997; 22: 1203-1209.

11. Diluzio NR, Hartman AD. Role of lipid peroxidation in the
pathogenesis of ethanol-induced fatty liver. Fed Proc 1967; 26:
1436-1442.

12. Jeyasekhar P er al. Hepatoprotective activity of ethyl acetate
extract of Acacia catechu. Indian J Pharmacol 1997; 29:
426-428.

13. Ratty AK, Das NP. Effects of flavonoids on non-enzymatic lipid
peroxidation: structure-activity relationship. Biochem Med
Metab Biol 1988; 39: 69-79.

14. Klahorst S. Exploring antioxidants. World Food Ingredients
2002; (April/May): 54-59.

15. Holden JM et al. Development of a multi-nutrient data
quality evaluation system. J Food Comp Anal 2002; 15:
339-348.

16. Takahashi T et al. Structure-activity relationship of flavonoids
and the induction of granulolytic or monocytic differentiation
in HL 60 human myeloid leukemia cells. Biosci Biotecnol
Biochem 1998; 62: 2199-2204.

17. Choi JS et al. Antimutagenic effect of plant flavonoids in the
salmonella assay system. Arch Pharm Res 1994; 17: 71-75.

18. Raso GM et al. Inhibition of inducible nitric oxide synthase
and cyclooxygenase-2 expression by flavonoids in macrophage
J774A.1. Life Sci 2001; 68: 921-931.

19. Kumar MS et al. Naringin and naringenin inhibit nitrite-induced
methemoglobin formation. Pharmazie 2003; 58: 564-566.



1390

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.
33.
34.
35.

36.

37.

38.

39.

40.
41.

42.

Lee MH et al. The flavonoid naringenin inhibits dimethyl-
nitrosamine induced liver damage in rats. Biol Pharm Bull
2004; 27: 72-76.

Lee CH et al. Antiatherogenic effect of citrus flavonoids,
naringin and naringenin, associated with hepatic ACAT and
aortic VCAM-1 and Mcp-1 in high cholesterol-fed rabbits.
Biochem Biophys Res Commun 2001; 284: 681-688.

Scholz EP et al. Orange flavonoid hesperetin modulates cardiac
hERG potassium channel via binding to amino acid F656. Nutr
Metab Cardiovasc Dis 2006; 17: 666—675.

Erlund L ef al. Plasma kinetics and urinary excretion of
the flavonones naringenin and hesperetin in humans after
ingestion of orange juice and grapefruit juice. J Nutr 2001; 131:
235-241.

National Institutes of Health. Guide for the Care and Use of
Laboratory Animals. Drug Policy, Health and Education
Publication. Bethesda, Washington DC: Office of Science and
Health Reports, Daily Regulatory Reporter/NIH, 1985.

ZhaoJ et al. Protective effect of bicyclol on acute alcohol-induced
liver injury in mice. Eur J Pharmacol 2008; 586: 322-331.
Reitman S, Frankel S. A colorimetric method for the
determination of serum glutamate oxaloacetic and glutamate
pyruvic transaminases. Am J Clin Pathol 1957; 28: 56-63.
Rosalki SB, Rau D. Serum gamma-glutamyl transpeptidase
activity in alcoholism. Clin Chim Acta 1972; 39: 41-47.
Ohkawa H et al. Assay for lipid peroxides in animal tissues
by thiobarbituric acid reaction. Anal Biochem 1979; 95:
351-358.

Jiang ZY et al. Ferrous ion Fe** oxidation in the presence of
xylenol orange for detection of lipid hydroperoxides in low
density lipoprotein. Anal Biochem 1992; 202: 384-389.

Rao KS, Recknagel RO. Early onset of lipid peroxidation in rat
liver after carbon tetrachloride administration. Exp Mol Pathol
1968; 9: 271-278.

Levine RL et al. Determination of carbonyl content of
oxidatively modified proteins. Methods Enzymol 1990; 186:
464-478.

Kakkar B et al. Modified spectrophotometric assay of SOD.
Indian J Biochem Biophys 1984; 21: 130-132.

Sinha AK. Colorimetric assay of catalase. Anal Biochem 1972;
47: 389-394.

Rotruck JT et al. Selenium: biochemical role as a component of
glutathione peroxidase. Science 1973; 179: 588-590.

Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys
1959; 82: 70-77.

Habig WH et al. Glutathione S-transferase, the first enzymatic
step in mercapturic acid formation. J Biol Chem 1974; 249:
7130-7139.

Carlberg I, Mannervik B. Purification and characterization of
the flavoenzyme glutathione reductase from rat liver. J Biol
Chem 1975; 250: 5475-5480.

Roe JH, Kuether CA. Detection of ascorbic acid in whole blood
and urine through 2-DNPH derivative of dehydro ascorbic acid.
J Biol Chem 1943; 147: 394-402.

Baker H et al. Plasma tocopherol in man at various times after
ingesting free or acetylated tocopherol. Nutr Rep Int 1980; 21:
531-536.

Lowry OH et al. Protein measurement with Folin-phenol
reagent. J Biol Chem 1951; 193: 265-275.

Romero JC et al. Chronic alcoholic myopathy and nutritional
status. Alcohol 1994; 11: 549-555.

Thomson AD et al. Patterns of 35S-thiamin hydrochloride
absorption in the malnourished alcoholic patient. J Lab Clin
Med 1970; 76: 34-45.

Journal of Pharmacy and Pharmacology 2009; 61:

43.
44.

45.

46.
47.
48.
49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

1383-1390

Pirola RC, Lieber CS. Energy wastage in rats given drugs that
induce microsomal enzymes. J Nutr 1975; 105: 1544—-1548.
Goldberg DM, Watts C. Serum enzyme changes as evidence of
liver reaction to oral alcohol. Gastroenterology 1965; 49: 256-261.
Nordmann R et al. Implication of free radical mechanism in
ethanol-induced cellular injury. Free Radic Biol Med 1992; 12:
219-240.

Balasubramanian V ef al. Role of leptin on alcohol-induced
oxidative stress in Swiss mice. Pharmacol Res 2003; 47: 211-216.
Beal MF. Oxidatively modified protein in aging and disease.
Free Radic Biol Med 2002; 32: 797-803.

Remmer H et al. Ethanol promotes oxygen-radical attack on
proteins but not on lipids. Drug Metab Rev 1989; 20: 219-232.
Honohan T et al. Synthesis and metabolic fate of hesperetin
314 C. J Agric Food Chem 1976; 24: 906-911.
Okado-Matsumoto A, Fridovich I. Subcellular distribution of
superoxide dismutases (SOD) in rat liver: Cu-, Zn-SOD in
mitochondria. J Biol Chem 2001; 276: 388-393.

Lee KG et al. Inhibitory effects of plant-derived flavonoids
and phenolic acids on malonaldehyde formation from ethyl
arachidonate. J Agric Food Chem 2003; 51: 7203-7207.

Jung HA et al. Inhibitory activity of flavonoids from Prunus
davidiana and other flavonoids on total ROS and hydroxyl
radical generation. Arch Pharm Res 2003; 26: 809-815.

Das SK, Vasudevan DM. Effect of ethanol on liver antioxidant
defense systems: a dose dependent study. Indian J Clin Biochem
2005; 20: 79-83.

Hayes JD, Pulford DJ. The glutathione-S-transferase supergene
family: regulation of GST and the contribution of the isozymes
to cancer protection and drug resistance. Crit Rev Biochem Mol
Biol 1995; 35: 455-600.

Van Acker FA et al. Flavonoids can replace alpha-tocopherol as
a antioxidant. FEBS Lett 2000; 473: 145-148.

Lieber CS. Ethanol metabolism, cirrhosis and alcoholism. Clin
Chim Acta 1997; 257: 59-84.

Gallagher EP et al. The effects of diquat and liprofibrate mRNA
expression and catalytic activities of hepatic xenobiotic
metabolizing and antioxidant enzymes in rat liver. Toxicol
Appl Pharmacol 1995; 134: 81-91.

Shaw S et al. Ethanol induced lipid peroxidation: potentiation
by long-term alcohol feeding and attenuation by methionine.
J Lab Clin Med 1981; 98: 417-424.

Pillai CK, Pillai KS. Antioxidants in health. Indian J Physiol
Pharmacol 2002; 46: 1-15.

Inoue M. Protective mechanisms against reactive oxygen
species. In: Arias IM et al., eds. The Liver: Biology and
Pathobiology, 4th edn. Philadelphia: Lippincott Williams and
Wilkins, 2001: 282-290.

Sandrzadeh SM et al. Effect of chronic ethanol feeding on
plasma and liver alpha and gamma-tocopherol levels in normal
and vitamin E deficient rats: relationship to lipid peroxidation.
Biochem Pharmacol 1994; 47: 2005-2010.

Jardao JRAA et al. Effect of an acute dose of ethanol on lipid
peroxidation on rats: action of vitamin E. Food Chem Toxicol
2004; 42: 1-6.

Dupont I et al. Cytochrome P450 2E1 activity and oxidative
stress in alcoholic patients. Alcohol 2000; 35: 98—103.

Galvez J et al. Flavonoid inhibition of enzymatic and non-
enzymatic lipid peroxidation in rat liver differs from its
influence on the glutathione-related enzymes. Pharmacology
1995; 51: 127-133.

Gordon PB er al. Protection by naringin and some other
flavonoids of hepatocytic autophagy and endocytosis against
inhibition by okadaic acid. J Biol Chem 1995; 270: 5830-5838.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


