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The incidence of non-alcoholic fatty liver disease (NAFLD) has been increasing, and there is a shortage of
liver donors, which has led to the acceptance of steatotic livers for transplantation. However, steatotic
livers are known to experience more severe acute ischemia–reperfusion (I/R) injury than normal livers
upon transplantation. In the present study, we investigated the role of theaflavin, a polyphenol substance
extracted from black tea, in attenuating acute I/R injury in a fatty liver model. We induced I/R in normal
and steatotic livers treated with or without theaflavin. We also separated primary hepatocytes from the
normal and steatotic livers, and applied RAW264.7 cells, a mouse macrophage cell line, that was pre-
treated with theaflavin. We observed that liver steatosis, oxidative stress, inflammation and hepatocyte
apoptosis were increased in the steatotic liver compared to the normal liver, however, these changes
were significantly decreased by theaflavin treatment. In addition, theaflavin significantly diminished
the ROS production of steatotic hepatocytes and TNF-a production by LPS-stimulated RAW264.7 cells.
We concluded that theaflavin has protective effects against I/R injury in fatty livers by anti-oxidant,
anti-inflammatory, and anti-apoptotic mechanisms.

Crown Copyright � 2011 Published by Elsevier Inc. All rights reserved.
1. Introduction

Prevalence estimates of non-alcoholic fatty liver disease
(NAFLD) that have been determined using a variety of laboratory
and imaging assessments suggest that NAFLD may be the most
common form of chronic liver disease of adults in developed coun-
tries [1], and is still increasing rapidly worldwide. Liver steatosis is
a universal disease, and is a characterized manifestation in the
spectrum of NAFLD. The lack of available organs for liver transplan-
tation has led to the acceptance of the use of steatotic livers, which
are most frequently used in extended criteria donor grafts [2].
However, the use of steatotic livers contributes to a higher risk of
graft dysfunction because they usually have poorer tolerance to
acute injury resulting from hepatic ischemia–reperfusion (I/R),
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which causes the production of reactive oxygen species (ROS).
ROS can damage most organic compounds, including lipids, pro-
teins and nucleic acids, subsequently leading to mitochondrial dys-
function [3,4]. ROS can also cause cell injury indirectly by
promoting the expression of various transcription factors, which
lead to the synthesis of pro-inflammatory cytokines and adhesion
molecules [5]. Among trials of new agents with potential applica-
tions against I/R injury, tea-derived polyphenol substances have
recently attracted considerable interest because they possess a
broad spectrum of biological functions, such as anti-oxidant,
anti-tumor, anti-inflammatory, and cardioprotective effects [6,7].
A previous study by Fiorini et al. reported that the administration
of (�)-epigallocatechin-3-gallate (EGCG), a major flavonoid in
green tea, significantly protected steatotic livers from I/R injury
[8]. Black tea is the most widely consumed tea in the world [9].
Of interest, Huang and co-workers reported that theaflavin in black
tea possessed the same antioxidant activity as EGCG [10], and Lin
and co-workers reported that black tea leaves were more effective
on hypolipidemia compared to green tea leaves [11]. Therefore, the
present study was undertaken to judge the protective potential of
theaflavin, a major polyphenol derived from black tea, against I/R
injury in steatotic livers.
ights reserved.
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Table 1
The primers and probes used in this study.

Genes Forward (50–30) Reverse (50–30) Probe

IL-6 CTGCAAGTGC TGTCTATACCAC CAGAATTGCCATTGC
ATCATCGTTGT TTCACAAGTCGGA ACAACTCTTTTCTCA

TNF-a TGTCTACTGAAC AACTGATGA TCCCCAAAGGGAT
TTCGGGTGAT GAGGGAGGCCAT GAGAAGTTCCCAA

iNOS CAGTGGAGAGA CCCCAAGCAA CCACAAGGCCAC
TTTTGCATGACA GACTTGGACTT ATCGGATTTCACTT

IFN-c CAAGGCGAAAAA CGGATGAGCTC TGCCAAGTTTGAGG
GGATGCA ATTGAATGCT TCAACAACCCACA

OPN CCCGGTGAAA GATTCTGCTTCT AGCTCAGAGGAGA
GTGACTGATTCT GAGATGGGTCA AGCTTTACAGCCTGCA

18s ATGAGTCCACTT CTTTAATATACGC ATCCATTGGAGG
TAAATCCTTTAACGA TATTGGAGCTGGAA GCAAGTCTGGTGC
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2. Materials and methods

2.1. Preparation of theaflavin

We have developed a novel fermentation method for the selec-
tive production of theaflavin from the four green tea catechins
using enzymatic peroxidase. Briefly, 100 g of raw tea leaves (Japa-
nese Yabukita-cha) are added to 2000 ml water and crushed in a
blender. The mixture is then agitated for 8 h, filtered, and the fil-
trate is freeze-dried to afford a theaflavin mixture. The theaflavin
mixture is then subjected to column chromatography on a Sepha-
dex LH-20 column with ethanol to yield theaflavin.

2.2. Animals and experimental protocol

Male C57BL/6 mice, 6–8 weeks old, were housed in tempera-
ture- and light-controlled chambers. To develop a steatotic liver
model, the mice were fed a methionine and choline-deficient high
fat (MCDHF) diet, which contained corn oil and sucrose [40% (w/w)
fat and 40% (w/w) carbohydrates] or a normal diet for 14 days
[12,13]. Animals were randomized into 3 groups as follows
(n = 7/each group): (1) normal group: fed a normal diet and treated
with saline before I/R; (2) MCDHF group: fed the MCDHF diet and
treated with saline before I/R; (3) MCDHF + theaflavin group: fed
the MCDHF diet and treated with theaflavin before I/R. The mice
received 30 mg/kg theaflavin solution by intraperitoneal (i.p.)
injections at 48, 24, and 2 h before I/R.

2.3. Hepatic ischemia/reperfusion

The model of hepatic I/R was as described in a previous study
[8]. In detail, the portal vein was occluded with a microvascular
clamp for 15 min, after which the incision was closed. The mice
were sacrificed after 3 h, and the liver and blood were collected.
The animal protocols and procedures were reviewed and approved
by the Committee of Care and Use of Laboratory Animals in our
Institute.

2.4. Histopathological examination

Liver tissue samples were fixed in 10% formalin solution. Paraffin
sections were stained with hemotoxylin–eosin (HE). The severity of
steatosis (steatosis area percentage) was detected by using the Win-
Roof V6.1 software program (Mitani Corporation, Tokyo, Japan).

2.5. Immunohistochemical examination

A rat monoclonal antibody against F4/80, a surface marker of
mouse monocytes/macrophages, and an antibody against myelo-
peroxidase (MPO), a surface marker of mouse neutrophils (Serotec,
Oxford, UK) were applied to paraffin sections.

2.6. TUNEL assay

To detect apoptosis, terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick-end labelling (TUNEL) was performed
on paraffin sections using the ApopTag Plus peroxidase in situ
apoptosis detection kit (CHEMICON, Billerica, MA) according to
the manufacturer’s instructions.

2.7. Determination of the serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels

Whole blood was collected and the serum was then evaluated
for ALT and AST, expressed as U/L.
2.8. Thiobarbituric acid-reactive substances (TBARS)

The level of hepatic TBARS, considered to be indicators of oxida-
tive stress, was measured using the Lab Assay™ TBARS kit (Cay
Chemical Co., Greensboro, NC) according to the manufacturer’s
instructions.

2.9. Isolation of mouse hepatocytes and cell culture

Primary normal and steatotic hepatocytes were prepared from
normal mice by collagenase perfusion as previously described
[14]. The hepatocytes were seeded on plates coated with collagen
I and incubated in DMEM containing 10% FCS.

2.10. Measurement of intracellular ROS

We used 20,70-dichlorodihydrofluorescein diacetate (H2DCFDA;
Invitrogen, CA), a cell-permeant indicator, to detect reactive oxy-
gen species [15].

2.11. RNA preparation and quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR)

The total RNA was extracted from frozen liver tissue samples by
using ISOGEN (NipponGene, Tokyo, Japan). Each 0.8 lg aliquot of
RNA was reverse transcribed to cDNA using oligo (dT) primers
and Super Script™ reverse transcriptase (Invitrogen). The
sequences are listed in Table 1. Quantitative RT-PCR was per-
formed using a TaqMan system on the Applied Biosystem
PRISM7700 (ABI Japan, Co., Ltd., Tokyo, Japan) and were conducted
in 0.9 mM of each primer in a final reaction volume of 25 ll of
Premix Ex Taq™ (Takara Bio Inc., Shiga, Japan). The PCR cycling
conditions were as follows, 50 �C for 2 min, 95 �C for 15 min and
50 cycles of 95 �C for 30 s, 60 �C for 1 min, and 25 �C for 2 min.
The normalized Ct value of each gene was obtained by subtracting
the Ct value of 18s rRNA.

2.12. Determination of the TNF-a concentration

The murine monocyte/macrophage cell line, RAW264.7,
obtained from the ATCC (Rockville, Maryland). The levels of TNF-a
in the medium of the RAW264.7 cells were detected by ELISA (R&D
Systems, Minneapolis, MN).

2.13. Statistical analysis

The data were presented as means ± SEM and were analyzed
statistically using a one-way ANOVA followed by Fisher’s protected
least-significance difference test or the Mann–Whitney U test. A
value of p < 0.05 was considered to be statistically significant.
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3. Results

3.1. Theaflavin suppressed steatosis and steatotic liver I/R injury

The histological examinations of the livers showed that there
was no steatosis in the normal diet group (Fig. 1A), whereas fatty
droplets formed after 2 weeks of the MCDHF diet, consisting of
liver cell ballooning, microvesicular steatosis and macrovesicular
steatosis (Fig. 1B). Among the fatty livers, the theaflavin-treated
mice had much less average steatosis and less inflammatory cell
infiltration than the vehicle-treated mice (Fig. 1C and D). However,
there was no obvious fibrosis in any of the livers of the mice that
received the MCDHF diet for 2 weeks. The serum ALT and AST lev-
els were also increased by the steatotic liver I/R, and the adminis-
tration of theaflavin effectively reduced the serum ALT levels in
comparison with the vehicle (Fig. 1E and F).

3.2. Theaflavin suppressed oxidative stress during I/R

To assess the hepatic oxidative stress during I/R, we examined
the expression of TBARS, a reliable marker of the lipid peroxidation
levels, which is commonly used to evaluate oxidative stress and
cellular injury. Low expression of TBARS was detected in the nor-
mal livers subjected to I/R, and the level was significantly higher
in the steatotic livers subjected to I/R, while the administration
of theaflavin dramatically decreased the levels of TBARS in the
steatotic livers subjected to I/R (Fig. 1G).

3.3. Steatotic livers exhibited increased hepatocyte apoptosis and
macrophage infiltration during I/R, which were decreased by
theaflavin

To examine hepatocyte apoptosis, we performed the TUNEL as-
say. Following I/R, the steatotic livers showed a significant increase
in the number of TUNEL-positive cells compared to the normal liv-
ers (Fig. 2A, B and G). The administration of theaflavin significantly
decreased the number of TUNEL-positive cells (Fig. 2C and G). We
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also performed an immunohistochemical analysis of F4/80 and
MPO to identify the inflammatory cell types. F4/80-positive cells
were more prevalent in the steatotic liver following I/R than in nor-
mal liver (Fig. 2D, E and H). Moreover, theaflavin effectively re-
duced the number of F4/80-positive cells (Fig. 2F and H). In
contrast, the MPO immunostaining was not significantly different
among the groups (data not shown).

3.4. Theaflavin suppressed the expression of inflammatory cytokine
mRNA expression in steatotic livers subjected to I/R

The injury occurring as a result of steatotic liver I/R has also
been demonstrated to be associated with various inflammatory
cytokines [16]. The mRNA expression levels of inflammatory
cytokine products were quantified by qRT-PCR, and the expression
levels of TNF-a, IL-6, iNOS, OPN and interferon gamma (IFN-c)
were evaluated. Compared to normal livers subjected to I/R, there
were higher levels of all of above mRNA except IFN-c in the stea-
totic livers following I/R (Fig. 3). These increases were all reduced
by the theaflavin treatment.

3.5. Theaflavin reduced ROS production in steatotic hepatocytes

To further investigate the role of theaflavin in protecting steatot-
ic livers from oxidative stress, we quantified the intracellular ROS
production in hepatocytes in vitro by using H2DCFDA. Steatotic
and normal hepatocytes were incubated with H2DCFDA and then
seeded onto 96 well collagen-coated plates. Fluorescence was
measured at 3, 6, 9, 12, 15, 18, 21 and 24 h after incubation. The fluo-
rescence of hepatocytes was also measured after incubation with
theaflavin at concentrations of 1, 3 and 10 lg/ml for 12 h. The stea-
totic hepatocytes produced significantly more ROS than normal
hepatocytes at each time point (Fig. 4A). However, the ROS produc-
tion in steatotic hepatocytes was significantly decreased after incu-
bation with theaflavin, especially at the 10 lg/ml concentration
(Fig. 4B). The production of ROS was dose-dependently decreased
in steatotic hepatocytes incubated with theaflavin.
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3.6. Theaflavin inhibited the TNF-a secretion of the LPS-stimulated
RAW264.7 cells

To investigate theaflavin’s role in inflammation, we evaluated
the effects of theaflavin on RAW264.7 macrophages in vitro. We
first detected the levels of TNF-a in the RAW264.7 cell culture
when the cells were treated with various concentrations of theafla-
vin. We found that, when the cells were treated with 0.1 or 0.3 lg/
ml theaflavin, there was very similar low production of TNF-a
(data not shown). Thus, we chose 0.1 lg/ml as a suitable concen-
tration for further studies. After incubation for 12 h, the cells were
subsequently treated with 0.1 ng/ml LPS with or without 0.1 lg/ml
theaflavin for 10 h. The results showed that treatment with 0.1 lg/
ml theaflavin effectively reduced the TNF-a levels compared to the
no-treatment control group (Fig. 4C).
4. Discussion

Although fatty livers are currently being used for transplanta-
tion due to the donor shortage, clinical data have shown that these
livers are more susceptible to I/R injury, leading to increased plas-
ma ALT levels and diminished liver function. In this regard, we have
aimed to ameliorate the fatty condition to produce better outcomes
following I/R. A previous study demonstrated that feeding black tea
leaves or theaflavin can directly reduce plasma triglyceride and
cholesterol levels by suppressing lipogenesis [17,18], and in an
in vitro experiment, decreases the lipid accumulation in HepG2 cells
by activating AMP-activated protein kinase (AMPK) and suppress-
ing fatty acid synthetase [19]. In our present study, we found that
even short term intraperitoneal administration of theaflavin can
significantly reduce hepatocyte steatosis, confirming theaflavin’s
role in diminishing the fat content in steatotic livers.

It is well known that ROS, such as superoxide anion, hydrogen
peroxide and the hydroxyl radical, play critical roles in I/R injury.
Furthermore, there is known to be increased generation of ROS in
fatty livers after I/R, and greater lipid peroxidation is thought to
be facilitated by the accumulation of lipids, which provides a great-
er amount of substrate for the initiation and subsequent amplifica-
tion of the free radical attack [5]. The detection of TBARS in this
study confirmed that the poor tolerance in the steatotic livers
was associated with a greater extent of oxidative injury during
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I/R. However, the oxidative stress of steatotic liver was effectively
inhibited by theaflavin. In this study, we successfully provided the
first demonstration that theaflavin has anti-oxidant effects on stea-
totic hepatocytes in vitro.
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In addition, we found that activated macrophages play an
important role in steatotic liver I/R injury. Although macrophage
activation was related to the progression of steatohepatitis, as we
have already shown in the MCDHF diet model [12], we supposed
that the interaction between steatosis and I/R further promoted
the activation and accumulation of macrophages, and that it might
have induced the recruitment of macrophages from the hepatic
microcirculation during the I/R process. Indeed, these findings
were similar to those of the study by Clouse and co-workers who
reported that steatotic livers showed an increase in the number
and phagocytic activity of macrophages, with a further increase
in phagocytosis after transplantation [20]. Moreover, a previous
study showed that in a NAFLD model, altered macrophage function
influenced the neighboring cells, such as hepatocytes, stellate cells
and endothelial cells, because products of macrophage, including
H2O2, nitric oxide, and various cytokines, can exert noxious effects
on these cells [16]. In addition, these factors will further impair the
viability of steatotic livers following I/R. In this study, increased
levels of inflammatory cytokines, including TNF-a, IL-6, iNOS,
and OPN, were coincident with macrophage recruitment. OPN, an
extracellular structural protein, acts as a cytokine which can inter-
act with multiple cell surface receptors in many physiological and
pathological processes including wound healing, bone turnover,
tumor genesis, inflammation and ischemia [21]. The inflammatory
cytokines TNF-a, IL-6 and iNOS, which are important and typical
cytokines elevated in both the NAFLD and I/R models, showed
more prominent and specific elevation, and this might be related
to the fact that these three inflammatory cytokines can be directly
expressed by activated macrophages [22,23]. Of interest, the
increase in the expression of these inflammatory cytokines was
suppressed by pretreatment with theaflavin in our present study.

To further investigate the anti-inflammatory effects of theafla-
vin, we subsequently performed an in vitro experiment, and found
that the administration of theaflavin could reduce the TNF-a levels
of LPS-stimulated macrophages. Associated with the F4/80 immu-
nostaining examination, we hypothesized that theaflavin not only
suppressed the recruitment of macrophages, but also participated
in regulating the cytokines produced from macrophages, and
maybe even endothelial cells and adipocytes by some signaling
pathways. This hypothesis will need further investigation in the fu-
ture. In other experiments, theaflavin was reported to inhibit IL-8
gene expression in lung adenocarcinoma cells [24], and inhibited
intercellular adhesion molecule 1 (ICAM-1), cyclooxygenase-2
(COX-2), and iNOS expression in brain tissue during I/R injury
[6]. Our present study provided evidence to support that theaflavin
was a novel anti-inflammatory compound, which inhibited
macrophage accumulation and suppressed the production of
inflammatory cytokines in steatotic livers following I/R.

The data from previous studies indicated that both graft steato-
sis and I/R contributed to the extent of neutrophil-mediated I/R in-
jury [25]. However, in our study, neither pathological HE staining
nor MPO immunostaining showed evidence of increased neutro-
phils in steatotic livers following I/R. This was likely due to the fact
that the length of the MCDHF diet (2 weeks) and the I/R time
(15 min/3 h) were too short to increase the neutrophil infiltration.
Serviddio et al. noted similar findings with us in his recent study
[26].

It is noteworthy that liver steatosis has recently been demon-
strated to contribute to I/R injury by a lysosomal pathway of apop-
tosis [27]. The TUNEL assay in our present experiment supported
this conclusion. Interestingly, theaflavin and other tea extracts
have been reported to inhibit the proliferation and induce apopto-
sis in a variety of cancer cells [28]. In contrast, in this study, we
found that theaflavin effectively protected hepatocytes from apop-
tosis in steatotic livers during I/R injury, which was similar to the
results reported by Youdim and co-workers wherein green tea
polyphenol-epigallocatechin-3-gallate (EGCG) exerted neuro-res-
cue effects against apoptosis [29]. Kamata et al. showed ROS pro-
moted TNF-a induced cell death via the JNK–ASK pathway [30],
which our previous study also confirmed in hepatocytes from a
NAFLD model [13,15]. We suppose that the anti-apoptotic effects
of theaflavin in our study may have resulted from the significant
decrease in ROS and TNF-a. The role of theaflavin in inducing or
inhibiting the apoptosis of different kinds of cells needs to be
investigated in further studies.

In summary, we herein demonstrated that steatotic livers con-
tributed to increasing the I/R injury compared to normal livers, and
this is the first study to report that pretreatment with theaflavin
noticeably decreased the level of injury in steatotic livers following
I/R. We also proved that the protective effects of theaflavin were
associated with its hypolipidemic, anti-oxidant, anti-inflammatory,
and anti-apoptotic mechanisms of action. Thus, theaflavin may be
a promising candidate for the pretreatment of steatotic livers prior
to transplantation.
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