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Abstract
The aim of this study was to evaluate the effect of (2)-epigallocatechin-3-gallate (EGCG), a natural antioxidant, on liver and
lungs after warm intestinal ischemia/reperfusion (I/R). Thirty male Wistar rats were equally divided into a sham-operation
group, an intestinal I/R group and an intestinal I/R group pretreated with EGCG intraperitoneally. Intestinal ischemia was
induced by occlusion of the superior mesenteric artery for 60 min followed by reperfusion for 120 min. Immediately after
reperfusion, liver, lung and blood samples were collected and analyzed. Results showed that intestinal I/R increased ðp , 0:05Þ
the levels of aspartate (AST) and alanine (ALT) transaminase in serum to 987 and 752 IU/l, respectively. Malondialdehyde
(MDA) increased ðp , 0:05Þ in liver to 1.524 nmol/g in the group subjected to intestinal I/R compared to 0.995 nmol/g in the
sham operation group. MDA was also increased ðp , 0:05Þ in lungs to 1.581 nmol/g compared to 0.896 nmol/g in the sham
operation group. Myeloperoxidase (MPO) increased ðp , 0:05Þ in liver, after intestinal I/R, to 5.16 U/g compared to 1.59 U/g
in the sham operation group. MPO was also increased ðp , 0:05Þ in lungs to 3.89 U/g compared to 1.65 U/g in the sham
operation group. Pretreatment with EGCG decreased ðp , 0:05Þ serum levels of AST and ALT to 236 and 178 IU/l,
respectively. It also decreased ðp , 0:05Þ mean MDA levels in liver and lungs to 1.061 and 1.008 nmol/g, respectively, and
mean MPO levels in liver and lungs to 1.88 and 1.71 U/g, respectively. Light microscopy and transmission electron
microscopy examinations showed significant alteration in liver and lungs and protection of liver and lung parenchyma in the
animals treated with EGCG.
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Introduction

Intestinal ischemia/reperfusion (I/R) injury is con-
sidered as a major clinical problem and may occur in
patients suffering from coagulopathies, mechanical
obstruction, severe trauma, patients undergoing aortic
or cardiac surgery and also intestinal transplantation

surgery [1]. It is associated with hemorrhage and shock

and characterized by microvascular and mucosal

alterations including endothelial cell swelling, capillary

plugging and prolonged reduction in intestinal blood

flow, mucosal barrier impairment and also polymorpho-

nuclear leucocyte (PMN) infiltration [2–6]. Gut barrier
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dysfunctionholds an importantpart on thepathogenesis

of systemic inflammatory response syndrome upregu-

lating the expression of adhesion molecules on the

surface of endothelial membrane and the production of

inflammatory mediators [5–7]. The increased endo-

thelial permeability results in a tissue edema, a PMN

recruitment, and increased portal and systemic plasma

endotoxin levels,which may result in activation of gut

macrophages and Kupffer cells (KCs) to produce

inflammatory mediators [8–12].

Remote organs are affected by gut I/R, including the

liver and the lung, which appear to be the most

vulnerable [8]. Intestinal I/R provokes hepatocellular

injury and liver dysfunction, as well as an acute lung

injury characterized by an increased pulmonary

vascular permeability and a non cardiogenic pulmon-

ary edema, leading to adult respiratory distress

syndrome and finally to a systemic inflammatory

response syndrome [1,8,13–14].

The intestinal mucosa is very susceptible/sensitive

to ischemia. Primarily, gut ischemia and the

consequent bacterial translocation and systemic

endotoxin release triggers a production of inflamma-

tory mediators, adhesion molecules and reactive

oxygen species (ROS), which is followed by activation

and accumulation of PMN [5–7,15–16]. Neutrophils

are considered as main mediators of the hepatocellular

alterations regarding gut I/R [8]. Activation of Kupffer

cells, the resident macrophages of the liver, is

considered as a major contributor to PMN aggrega-

tion, impaired sinusoidal perfusion and liver tissue

hypoxia following gut I/R [1,8,9].

(2)-Epigallocatechin-3-gallate (EGCG) is the most

active polyphenol of green tea [17,18]. Green tea

catechins have been reported to display potent

antioxidant, antiviral, antibacterial, hypocholestero-

lemic and anticarcinogenic properties [18–23].

EGCG has been proven effective in preventing

copper-induced oxidation of LDL in vitro [3],

attenuation of lipid peroxidation and inhibition of

xanthine/oxidase activity [17]. It also shows high

efficiency in scavenging ROS and in inhibiting

inducible- and neuronal- nitric oxide synthase activity

and gene expression [17,21,24,25]. EGCG is the most

abundant component of green tea catechins and is

considered to have stronger physiological activities

compared to other catechins [3,17,18,23].

The aim of this study was to evaluate the effect

of EGCG on liver and lung injury after warm

intestinal I/R.

Materials and methods

Thirty male Wistar rats weighing 250–300 g were

used in this study. The rats, cared for in accordance

with the Guide for the Care and Use of Laboratory

Animals [26], were kept under a 12-h light–dark cycle

and permitted ad libitum access to standard laboratory

rodent chow and tap water for 2 weeks before the

beginning of the experimental procedure.

The animals were divided into three groups. One

group was subjected to sham operation. The second

was subjected to intestinal I/R and served as the

control receiving the same amount of 0.9% normal

saline as a vehicle. The third group was subjected to

intestinal I/R with intraperitoneal administration

of EGCG (Hunan Kinglong Bio-resource Co. Ltd,

Hunan, China) 15 min prior to ischemia at a dose of

50 mg/kg body weight.

In the I/R groups, a midline laparotomy was

performed, and heparin (Heparinw 5000, Astra

Pharmaceuticals, Sweden) was administered intra-

venously at 50 IU/Kg to prevent thrombosis of the

superior mesenteric artery due to clamping. Intestinal

ischemia was induced for 60 min by clamping the

superior mesenteric artery with a vascular microclip

(Scanlanw International, St Paul, Minnesota, USA).

Removal of the microclip allowed intestinal blood

reflow. Following 120 min of reperfusion, the liver and

lungs were surgically removed for malondialdehyde

(MDA) and myeloperoxidase (MPO) assays, light

histology and transmission electron microscope

examinations. At the end of reperfusion, blood

samples were also obtained by cardiac puncture for

determination of aspartate (AST) and alanine (ALT)

transferases.

In the sham operation group, the abdomen was

opened, heparin (Astra, Stockholm, Sweden) was

administered, and the liver and lungs were surgically

removed for MDA and MPO assay, light microscopy

and transmission electron microscope examinations.

Blood samples were obtained by cardiac puncture for

AST and ALT assays. Blood samples from all groups

were centrifuged at 1200g for 10 min, and the serum

was obtained and stored at 2408C pending analysis.

Determination of MDA in liver and lung tissue

Determination of MDA, the compound used as an

index of lipid peroxidation, was carried out with a

selective third-order derivative method [27]. In brief,

1-g samples were thoroughly homogenized (Polytron

homogenizer, PCU, Switzerland) with 5 ml of 5%

aqueous trichloroacetic acid (Merck, Germany), and

2 ml of 0.8% butylated hydroxytoluene (Sigma

Chemical Co., St Louis, MO, USA) in hexane

(Merck) were added and centrifuged. The top layer

was discarded, and a 2.5-ml aliquot from the

bottom layer was mixed with 1.5 ml of 0.8% aqueous

2-thiobarbituric acid (Sigma Chemical Co.) to be

further incubated at 708C for 30 min. Following

incubation, the mixture was cooled to room tempera-

ture and submitted to conventional spectrophoto-

metry (Shimadzu, Model UV-160A, Tokyo, Japan) in

the range 400–650 nm with a scanning speed of

480 nm/min. Third-order derivative spectra were
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obtained by electronic differentiation (derivative

difference setting, 21 nm) of the conventional absorp-

tion spectra of samples from both control and drug-

treated rats. MDA concentration (nmol/g wet tissue)

was calculated on the basis of the third-order

derivative peak height at 532 nm by referring to

slope and intercept data of the computed least-squares

fit of standard calibration curve.

Determination of myeloperoxidase in liver and lung tissue

Tissue-associated MPO activity was determined by a

modification of the method of Krawisz et al. [28–29].

Briefly, 1-g samples were homogenized (Polytron

homogenizer, PCU, Switzerland) in 10 ml of ice-cold

0.02 M ethylenediaminotetraacetic acid (EDTA), pH

4.7, for 60 s. A 5-ml portion of the tissue homogenate

was centrifuged at 20,000g for 15 min at 48C, and the

supernatant, which contained ,5% of the total MPO

activity, was discarded. The pellet was homogenized

in 5 ml of potassium phosphate buffer, pH 5.4,

containing 0.5% hexadecyltrimethylammonium bro-

mide, centrifuged at 20,000g for 15 min at 48C, and

the supernatant was collected. A 100-ml portion of the

supernatant was mixed with 100ml of 1.6 mM

tetramethylbenzidine in 8% N,N-dimethylformamide,

30ml of 0.3 mM H2O2 and 770 ml of 80 mM

potassium phosphate buffer (pH 5.4) to reach a total

volume of 1000ml. The mixture was incubated at

378C for 3 min, cooled in an ice bath, and the MPO

activity was assessed spectrophotometrically

(Shimadzu, Model UV-160A) by measuring the

H2O2-dependent oxidation of tetramethylbenzidine

at 655 nm [30]. One unit of enzyme activity was

defined as the amount of MPO causing an absorbance

change of 1.0/min at a wavelength of 655 nm at 258C.

Determination of serum ASTand ALT

To assess the damage induced by intestinal I/R

to hepatic parenchyma, serum AST and ALT levels

were determined by using a Technicon RA-1000

autoanalyser.

Light microscopy examination

Double blind analysis was applied on all liver and lung

samples. For the light microscopy process, the

specimens were fixed in 10% neutral buffered

formalin, embedded in paraffin, cut in sections of

5mm thickness and stained with hematoxylin-eosin.

Transmission electron microscopy

For transmission electron microscopy, the specimens

were immediately immersed in 2.3% glutaraldehyde

in phosphate buffered saline (PBS), pH 7.4, for 3 h,

washed in PBS, and post fixed in 2% aqueous osmium

tetroxide for 1.5 h. The samples were dehydrated

through ascending grades of ethanol, infiltrated and

embedded in Epon 812. Ultra thin sections were

prepared using an ultra cut Reichert-Jung microtome.

The sections were stained with aqueous solutions of

uranyl acetate and lead citrate, and examined under

Jeol 2000 CX electron microscope.

Statistical analysis

Overall significance after ischemia and reperfusion

was tested by one-way analysis of variance. The

homogeneity of the variances was tested using the

Levene’s test. Differences between means were tested

for significance by Duncan’s multiple range test [31].

Statistical analyses were performed using the general

linear model of SPSS statistical package (SPSS 10.05,

SPSS Ltd., Woking Surrey, UK).

Results

MDA in liver tissue

The animals subjected to intestinal I/R displayed

increased ðp , 0:05Þ the MDA levels in liver compared

to the sham operation animals. In the latter, the mean

MDA level was 0:995 ^ 0:12 nmol=g wet tissue,

whereas in the I/R animals given normal saline mean

MDA was 1:524 ^ 0:16 nmol=g wet tissue. Adminis-

tration of EGCG to the animals prior to I/R resulted in

marked reduction ðp , 0:05Þ of the mean MDA level

to 1:061 ^ 0:11 nmol=g wet tissue (Figure 1).

MDA in lung tissue

The mean MDA level in lung tissue of the sham

operation animals was 0:896 ^ 0:15 nmol=g wet

tissue. The animals subjected to intestinal I/R,

displayed increase ðp , 0:05Þ of the mean MDA level

to 1:581 ^ 0:21 nmol=g wet tissue, whereas the

animals pretreated with EGCG showed marked

Figure 1. Mean concentrations of MDA in liver and lungs in

the sham operation group (SHAM), I/R group (I/R) and

I/R group treated with EGCG (EGCG). Values are means of

10 samples ^ SD.
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reduction ðp , 0:05Þ of the mean MDA level to

1:008 ^ 0:13 nmol=g wet tissue (Figure 1).

MPO in liver tissue

The animals subjected to intestinal I/R displayed

increased ðp , 0:05Þ mean MPO levels in liver

compared to the sham operation animals. In the

latter, the mean MPO level was 1:59 ^ 0:29 U=g;
whereas in the I/R animals given normal saline it was

5:16 ^ 0:76 U=g: Administration of EGCG to animals

prior to I/R, resulted in marked reduction ðp , 0:05Þ

of the mean MPO level to 1:88 ^ 0:38 U=g (Figure 2).

MPO in lung tissue

Mean MPO level in lungs of the sham operation

animals was found to be 1:65 ^ 0:23 U=g: The

animals subjected to intestinal I/R, displayed increase

ðp , 0:05Þ of the mean MPO level to 3:89 ^ 0:21 U=g;
whereas the animals pretreated with EGCG showed

reduction of ðp , 0:05Þ to 1:71 ^ 0:35 U=g (Figure 2).

ASTand ALT levels in serum

Mean AST values in serum of the sham operation, I/R

and EGCG groups were 78 ^ 12; 987 ^ 29 and 236 ^

31 I=Ul; respectively. Mean ALT values in serum of the

sham operation, I/R and EGCG groups were 62 ^ 12;
752 ^ 27 and 178 ^ 19 IU=l; respectively (Figure 3).

Light microscopy examination in liver

In the animals subjected to intestinal I/R, the

hepatocytes were presented with cytoplasmic edema,

which was prominent in the area around the nucleus.

There was a gradual transformation of the nucleus

according to the severity of the cytoplasmic edema.

Where there was limited cytoplasmic edema, only

the marginated heterochromatin was very condensed.

In the presence of severe edema, the whole nucleus

appeared condensed and accompanied by hepatocyte

destruction. The sinusoids were dilated and a number

of blood cells were concentrated in the lumen. The

nuclei of Kupffer cells or endothelial cells in the

majority appeared condensed (Figure 4a).

Treatment with EGCG eliminated or disappeared the

cytoplasmic edema of hepatocytes, whereas few cells

showed condensed marginated heterochromatin and

very rarely nucleus condensation. The cytoplasm of the

hepatocytes was granular and full of organelles. Few

Kupffer and endothelial cells showed condensed nuclei.

The sinusoids usually were appeared normal and no

blood cells were observed accumulated in the lumen

(Figure 4b).

In sham operated animals, hepatocytes were orga-

nized in plates directed to the central vein and separated

by the sinusoids. They were polyhedral with differences

in size and shape even in the adjacent cells and contained

one or more, large round, usually centrally located

nuclei. The nuclei contained one or more nucleoli and

scattered clumps of chromatin. The cytoplasm was

granular and full of organelles. Lipid droplets or

vacuolization in the cytoplasm were absent (Figure 4c).

Light microscopy examination in lungs

In lungs, a greatnumber of inflammatory cells infiltrated

the interstitium, congested the alveoli and increased the

thickness of septals. The majority of the inflammatory

cells were polymorphonuclear neutrophils. The space of

the alveoli was very restricted (Figure 5a).

After treatment, the interstitium of lungs appeared

thinner and the number of inflammatory cells decreased.

The alveoli were larger in comparison to the non-treated

animals and their wall was thinner (Figure 5b).

In sham operated animals, the wall of the

respiratory bronchioles and their subdivisions

appeared to be very thin (Figure 5c).

Transmission electron microscopy in liver

Ultrastructural examination of liver cells after I/R

of the intestine showed severe damage of the

mitochondria, dilated smooth endoplasmic reticulum

and decreased rough endoplasmic reticulum. The

Figure 3. Mean concentrations of AST and ALT in serum of

the sham operation group (SHAM), I/R group (I/R) and

I/R group treated with EGCG (EGCG). Values are means of

10 samples ^ SD.

Figure 2. Mean concentrations of MPO in liver and lungs in the

sham operation group (SHAM), I/R group (I/R) and I/R group treated

with EGCG (EGCG). Values are means of 10 samples ^ SD.
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mitochondria appeared swollen, with edema in the

matrix and disorganized cristae. In some of them, the

matrix was totally disappeared (Figure 6a).

After treatment, the mitochondria appeared normal,

the arrangement of the cristae in the matrix was totally

recovered and there was no edema observed in the

matrix. Cisternae of rough endoplasmic reticulum were

arranged between or around the mitochondria. The

smooth endoplasmic reticulum was eliminated and

glycogen depositions were scattered throughout the

smoothendoplasmicreticulummembranes (Figure6b).

Transmission electron microscopy in lungs

Ultrastructural examination of lungs after intestinal I/R

showed severe narrowing of the alveoli and the presence

of debris from destructed epithelial cells into the lumen.

The debris contained disorganized mitochondria in

different stages, parts from protrusions of squamous

epithelial cells, small vesicles and tubular myelin

between them (Figure 7a). The mitochondria of the

great alveolar cells appeared degenerated. The cristae

were disoriented and vesicle formations appeared in the

matrix, which was eliminated significantly (Figure 7b).

After treatment, the alveoli were expanded and the

lumen was clean and free of cytoplasmic elements. The

great alveolar cells appeared normal, the mitochondria

were smaller and the cristae and matrix were distributed

equally. The squamus epithelial cells were thin and no

protrusions of the cell membrane were observed

(Figure 7c).

Discussion

Intestinal ischemia may lead to injury of remote

organs, including liver and lungs [8], by triggering

activation of resident macrophages and KCs that

Figure 4. Light microscope photograph of liver. In the control I/R

group (a), few hepatocytes appear normal (H), most of them are

damaged (DA), and severe edema (O) occupies the area between

them. The nucleus of some Kupffer or endothelial cells is condensed

(CN) ( £ 400). In the EGCG group (b), most hepatocytes (H)

appear normal. Few endothelial or Kupffer cells contain condense

nuclei (CN) ( £ 400). In the sham operation group (4c) there was

normal appearance of hepatocytes (H) and sinusoids (S). ( £ 400).

Figure 5. Light microscope photograph of lungs. In the control I/R

group (a) a great increase of the interstitium is observed ( £ 100).

In the EGCG group (b) the interstitium is decreased and the alveoli

are expanded ( £ 100). In the sham operation group (5c) there was

normal appearance of bronchioles from a respiratory zone £ 160.

EGCG protects liver and lungs in intestinal I/R 107
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results in de novo production of pro-inflammatory

cytokines and ROS [1]. Reperfusion of the ischemic

intestine results in intestinal mucosal barrier impair-

ment, leading to endotoxemia [9,32] that triggers

a deleterious cascade including the production

of ROS and further activates the intestinal

macrophages and KCs. Activation of KCs, upregu-

lates the production of inflammatory mediators such

as interleukin-1b, interleukin-6, tumor necrosis

factor-alpha and platelet activating factor [1,9].

Leukocytes are activated and accumulated in the

liver, adhere to the sinusoidal endothelium through

adhesion molecules, and trigger further production of

ROS [8]. Intestinal I/R leads to liver injury mainly

through activation of KCs and by PMNs aggregation

and transmigration [8–9].

Intestinal I/R increases pulmonary vascular

permeability and pulmonary edema, mainly through

the aggregation and infiltration of leukocytes. As a

result, intestinal I/R could lead to remote organ

injury, ARDS and finally SIRS [8,13,14,33,34].

In this study, the impact of EGCG administration

in attenuating the liver and lung injury induced by an

experimental model of intestinal I/R, was investi-

gated. Previous studies have shown that green tea

extracts and its constituents including EGCG, could

scavenge ROS and attenuate lipid peroxidation

[3,19,35]. It has been shown that EGCG possesses

Figure 6. Transmission electron micrograph of liver in the control

I/R group (a) the mitochondria are disorganized (M) and the

smooth endoplasmic reticulum is dilated (SER) ( £ 15,000). In the

EGCG group (b) the mitochondria are normal (M), the rough

endoplasmic reticulum (RER) is arranged between or around

them, the smooth endoplasmic reticulum (SER) is decreased and

glycogen particles (G) are deposited throughout the cytoplasm

( £ 12,000).

a

b

c

Figure 7. Transmission electron micrograph of lungs in the control

I/R group (a) shows an alveolus (L) full of degenerated

mitochondria (M), vesicles (V), protrusions of squamous epithelial

cells (SEC) and tubular myelin(TM). The alveolus surrounded

by capillaries (C) and a great alveolar cell (GAC) ( £ 12,000).

(b) Shows two great alveoli cells (GAC). The alveolus (A) is

narrowed, and the great alveolar cells appeared with disorganized

mitochondria (M). (LB): Lamellar Bodies. Collagen fibers (CF) are

accumulated in the septum ( £ 6000), in the EGCG group (c) shows

a great alveolar cell (GAC) with lamellar bodies (LB) in the

cytoplasm and normal appeared mitochondria (M). The alveoli are

wide (A) and the squamous epithelial cells are thin without

protrusions (SEC) ( £ 8000).
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an iron/copper-chelating activity, inhibiting gener-

ation of ROS [3,35].

Animals subjected to 60 min of intestinal ischemia

followed by 120 min of reperfusion, showed higher

ðp , 0:05Þ MDA levels in liver compared to the sham

operation group (Figure 1). Lung MDA levels were

also elevated ðp , 0:05Þ in the control I/R group

compared to the sham operation group (Figure 1).

The increased MDA levels in liver and lungs indicated

significant lipid peroxidation, probably due to

activated KCs and infiltrating PMN in liver and

lungs, respectively. On the other hand, the animals

pretreated with EGCG prior to intestinal I/R, showed

a marked reduction of lipid peroxidation in liver and

lungs, as this was documented by the significantly

lower ðp , 0:05Þ MDA levels compared to those of the

control I/R group.

MPO levels in liver and lungs of the control I/R

group were higher ðp , 0:05Þ than those of the sham

operation group (Figure 2). This lends support to the

hypothesis that PMN infiltration is one of the main

causes of lung and liver dysfunction following

intestinal I/R, as indicated by MPO activity. In the

group pretreated with EGCG, MPO levels in liver

were markedly ðp , 0:05Þ decreased reaching values

similar to those of the sham operation group,

probably indicating attenuation of PMN activation

and accumulation. A significant ðp , 0:05Þ decrease

in lung MPO values was also observed in the

EGCG treated I/R group, with values similar to the

sham operation group, a finding suggesting attenu-

ation of PMN activation and accumulation in

the lungs.

Regarding ASTand ALT levels in serum, there was

a significant ðp , 0:05Þ increase in the control I/R

group compared to the sham operation group,

indicating liver parenchyma injury elicited by intesti-

nal I/R. AST and ALT values were significantly

ðp , 0:05Þ reduced in the I/R group pre-treated with

EGCG, indicating protection of liver parenchyma

(Figure 3).

In intestinal ischemia-reperfusion, hepatocytes may

undergo various types of cell death such as necrosis,

apoptosis and aponecrosis. In our animal model

of intestinal ischemia-reperfusion, it appears that

hepatocytes underwent aponecrosis as nucleus was

condensed, cytoplasm was edematous, cell membrane

was ruptured and remnants of organelleswere free in the

intracellular space (Figure 4a). Our observations are in

accordance with Formigli et al. [36], who described the

same pattern of cell death after hypoxic injury.

The results of this study show that intestinal I/R

elicits lipid peroxidation and induces remote

organ injury, especially in liver and lungs through

activation of the KCs and migration of PMNs. The

administration of EGCG prior to I/R, is likely to

protect liver and lungs from lipid peroxidation elicited

by intestinal I/R.
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