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ABSTRACT Liver steatosis is characterized by lipid dysregulation and fat accumulation in the liver and can lead to
oxidative stress in liver. Since proanthocyanidins are present in plant-based foods and have powerful antioxidant properties,
we investigated whether proanthocyanidins can prevent oxidative stress and subsequent liver injury. Carbon tetrachloride
(CCly) treatment can cause steatosis in rats that models both alcoholic and non-alcoholic fatty liver disease in humans. We
pre-treated rats by oral administration of proanthocyanidins extracted from grape seeds 7 days prior to intragastrically
administering CCls. Proanthocyanidin treatment continued for an additional 2 weeks, after which time liver and serum were
harvested, and mediators of liver injury, oxidative stress, and histological features were evaluated. CCls-treated rats exhibited
significant increases in the following parameters as compared to non-treated rats: fat droplets in the liver, liver injury (ALT,
AST), and DNA damage (8-OHdG). Additionally, CCl, treatment decreased antioxidant enzymes SOD, GSH, GPX, and CAT
in the liver due to their rapid depletion after battling against oxidative stress. Compared to CCls-treated rats, treatment with
proanthocyanidins effectively suppressed lipid accumulation, liver injury, DNA damage, as well as restored antioxidant
enzyme levels. Further investigation revealed that proanthocyanidins treatment also inhibited expression of CYP2EI in liver,
which prevented the initial step of generating free radicals from CCly. The data presented here show that treatment with orally
administered proanthocyanidins prevented liver injury in the CCls-induced steatosis model, likely through exerting antioxi-

dant actions to suppress oxidative stress and inhibiting the free radical-generating CYP2E1 enzyme.
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INTRODUCTION

L IVER STEATOSIS, a condition in which lipid metabolism
is disrupted and lipids accumulate in fat droplets within
liver cells, is a major complication of obesity, hyperlipid-
emia, insulin resistance, and alcoholic/nonalcoholic fatty
liver disease.! If untreated, benign steatosis can gradually
advance to steatohepatitis, fibrosis, cirrhosis, even liver
cancer.>? Therefore, there is a need to explore ways to re-
duce the development of steatosis, including the study of
naturally-occurring compounds.

Several animal models are used to study the mechanisms
underlying steatosis and to test the efficacy of potential
treatments, including the carbon tetrachloride (CCly)-
mediated rat model of steatosis.* CCly is a well-known
hepatotoxin that is mainly metabolized in the liver. One
distinctive feature of CCly toxicity is rapid triglyceride (TG)
accumulation in the liver, similar to observations in steatotic
liver tissue from human patients.> Liver injury induced by
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CCly is mediated by the formation of reactive intermediates
that are generated by cytochrome Piso-mediated CCls me-
tabolism in the liver microsome, including trichloromethyl
radical (CCls") and its derivative trichloromethylperoxy
radical (CCI;00).

Specifically, the CYP2E1 enzyme catalyzes this reac-
tion.”® The free radicals generated by this process are thought
to react with membrane lipids causing lipid peroxidation,
leading to injury of cellular membranes, and consequently
altering liver cell structure and function. Therefore, inhibition
and/or removal of intracellular reactive oxygen species
(ROS) would play an important role in preventing and
treating liver disease.”'”

Proanthocyanidins are natural compounds found in plant-
based foods, including grape seed extracts. Proanthocyani-
dins are one of the most well-known and powerful antioxi-
dants in the plant world due to their ability to absorb oxygen
radicals and have been shown to mediate anti-inflammatory
as well as anti-cancer effects.!' Since ROS can cause oxi-
dative stress in liver steatosis,'>!'* we hypothesized that
the antioxidant properties of proanthocyanidins would relieve
the oxidative stress brought on by the CCls-induced free
radicals and subsequently prevent liver injury. Therefore,
we investigated the effect of proanthocyanidin treatment on
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CCls-induced hepatic steatosis and liver injury in rats. Our
data reveal that treatment with proanthocyanidins inhibits
CCls-induced hepatic steatosis and liver injury via decreasing
oxidative stress and inhibiting cytochrome CYP2E].

MATERIALS AND METHODS

Animals and treatment schedules

Male Wistar rats, weighing 200-225 g, were provided by
the Laboratory Animal Center at Dalian Medical University.
Rats were housed individually. A standard laboratory diet
and water were available ad libitum. The animal room was
maintained at constant temperature of 23+ 1°C and 50%
relative humidity with a 12h (7:00 a.m.—7:00 p.m.) light/
dark cycle. Food was removed the night before the experi-
ment. All experimental procedures were conducted in con-
formity with institutional guidelines for the care and use of
laboratory animals in Dalian Medical University and con-
formed to the National Institutes of Health Guide for Care
and Use of Laboratory Animals (Publication no. 85-23, re-
vised 1996). All animal work was performed according to
the NIH guidelines and protocols were approved by In-
stitutional Animal Care and Use Committee of Dalian
Medical University. After 1 week on the basal diet, 30 an-
imals were randomly divided into 3 groups of 10 rats each.
Rats in the proanthocyanidin group were pre-treated with
proanthocyanidins (400 mg/kg body weight) by intragastric
(i.g.) gavage for 7 days (proanthocyanidins extracted from
grape seeds [purity >95] were provided by NC (Pittsburgh,
PA, USA). The extract contained, oligomeric proanthocya-
nidins 85.52%, catechin 9.32%, L-epicatechin 4.79%, and
were diluted in distilled water before use). Control rats
(group I) received i.g. the same volume of liquid paraffin oil
as group II twice a week for 2 weeks. Rats in the CCly group
(group II) received i.g. administration of CCly in 50% liquid
paraffin oil (0.5mL/kg body weight) twice a week for 2
weeks. Rats pre-treated with proanthocyanidins (group IIT)
received i.g. administration of CCly in 50% liquid paraffin
oil (0.5mL/kg body weight) twice a week and also con-
tinued to receive i.g. proanthocyanidins administration
(400 mg/kg body weight) every day until the end of the
experiment. After 2 weeks, all rats were anesthetized at 24 h
after the last treatment. Blood was collected by cervical

Wistar rats
Groups
Control CCl, Control CCl,+ proanthocyanidinsons
l Two weeks
ALT, AST TG MDA, SOD, GSH, 8-OHdG HE Staining CYP2El

GPX, CAT
FIG. 1. Study design.

decapitation and centrifuged at 1500 g for 20 min at 4°C to
obtain serum. The study design is illustrated in Figure 1.

Evaluation of liver pathology

A histological study was performed following a midline
laparotomy to remove the liver. Livers were harvested at the
end of the experiment, weighed, immediately placed in 10%
buffered formalin, and embedded in paraffin. Liver sections
were stained with hematoxylin and eosin using standard
techniques. Investigators were blinded to the group identity
of each section, and biopsies were classified into four ca-
tegories depending on fat accumulation using a previously
established method'* as follows: Grade 0, no fat observed
in the liver; Grade 1, <33% of hepatocytes contained fat
vacuoles; Grade 2, 33—66% of hepatocytes contained fat vac-
uoles; Grade 3, 66% of hepatocytes contained fat vacuoles.

Hepatocellular injury assay

Alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) in serum were used as indicators of he-
patocyte function and injury. ALT and AST levels were
measured by a Bayer 1650 automatic biochemical analyzer.

Triglyceride detection and antioxidative enzyme
activity in hepatocytes

Liver tissue was homogenized in ice-cold PBS buffer
and centrifuged at 1800 g for 10 min at 4°C to precipitate
the insoluble material, and the supernatant was used in
the following assays. Triglycerides (TG), malondialdehyde
(MDA), and glutathione (GSH) levels as well as the enzy-
matic activities of superoxide dismutase (SOD), glutathione
peroxidase (GPX), and catalase (CAT) were measured using
commercial testing kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing City, China) according to the manufac-
turer’s instructions. MDA and GSH levels are expressed as
nmol/mg protein and mg/g protein, respectively. The en-
zymatic activity of the antioxidant enzymes SOD, GPX, and
CAT are expressed as U/mg protein.

8-OHdG levels in liver DNA

Liver tissue DNA was extracted from frozen tissues using
a DNeasy tissue kit according to the manufacturer’s in-
structions. The 8-OHAG levels in liver DNA were deter-
mined using an ELISA kit (R&D Systems, Minneapolis,
MN, USA). The anti-8-OHdG antibody and liver DNA
samples were added to an ELISA plate pre-coated with 8-
OHJdG, and the 8-OHdG in the sample competed with 8-
OHdG bound on the plate for 8-OHdG antibody binding
sites. The average 8-OHdG concentration per microgram of
protein for each experimental group was calculated. DNA
samples were assayed in duplicate.

Immunohistochemical staining

Immunohistochemistry was performed on 4-um-thick
sections cut from formalin-fixed, paraffin-embedded tissue.
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Briefly, the sections were deparaffinized and stained with
anti-CYP2E1 antibody (Santa Cruz Biotechnology, Dallas,
TX, USA) followed by treatment with the streptavidin-
peroxidase (SP) Kit (Fuzhou Maixin Biotechnology Co.,
Fujian, China), and DAB was used as the chromogen. No
staining was observed in the absence of the primary anti-
body anti-CYP2E1 IgG used, as a staining control. Im-
munohistochemical staining of CYP2E1 was digitally
quantified from the acquired images using IPP5.1 software
(IOD =integrated optical density).

Statistical analyses

Differences among groups were examined by one-way
ANOVA followed by Tukey-Kramer multiple comparison
tests. Values are expressed as the mean+ SEM. A value of
P <.05 was considered statistically significant.

RESULTS

Treatment with proanthocyanidins prevents CCly-induced
liver steatosis

Whereas fatty infiltration was induced in CCly treated
rats as compared to control rats, proanthocyanidins were
able to prevent this CCls-induced fatty infiltration as as-
sessed by H&E-stained liver sections (Fig. 2). Quantifying
the fatty infiltration by a previously published scoring sys-
tem,'* we observed that the mean fatty infiltration in the
steatosis group was 2, as the fat deposits in the steatosis
group were classified as mixed (Fig. 2). In contrast, the mean
fatty infiltration in the proanthocyanidins-treated group was
quantified as 0, as we only observed the occasional fat
droplet scattered in the histology field, which was similar to
what was observed in the livers from the control group not
treated with CCly (Fig. 2). This liver histology result sug-
gested that proanthocyanidin treatment was able to suppress
the CCls-induced fatty infiltration.

We assessed CCls-induced liver injury by measuring AST
and ALT liver enzyme levels in serum harvested from rats
after 2 weeks of CCly treatment with or without treatment
with proanthocyanidins. Serum ALT and AST levels were
both elevated in the steatosis group compared with those in
control group (Fig. 3), which indicated that liver damage
occurred in response to CCly treatment. Upon proantho-
cyanidin treatment, the adverse effects of CCls-induced
steatosis were completely prevented, as AST and ALT
levels were not significantly different from baseline control
levels in rats that were not treated with CCly (Fig. 3).
Liver function related to lipid metabolism was also dis-
rupted by CCl, treatment as measured by the liver TG levels.
While CCly-treated rats produced a significantly increased
hepatic TG content in liver homogenate compared with the
controls (P <.01), proanthocyanidins effectively decreased
the CCls-induced TG content in the liver (Fig. 4). Taken
together, these data suggest that proanthocyanidin treat-
ment can prevent liver damage associated with lipid dys-
regulation.

FIG. 2. Proanthocyanidins improved histological features of carbon
tetrachloride (CCly)-induced steatosis and liver injury. Rats were treated
by intragastric (i.g.) administration of proanthocyanidins each day for 7
days before inducing liver injury with i.g. administration of CCly every
other day along with continued proanthocyanidin treatment every day for
2 weeks. Liver was harvested at this time point, and liver sections from
(A) control, (B) CCls control, and (C) CCls+ proanthocyanidins rats were
stained with H&E and evaluated for fatty infiltration. Original magnifi-
cation: 150%. Color images available online at www liebertpub.com/jmf
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FIG. 3. Proanthocyanidins decreased the levels of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST). At the
completion of the experiment described in Figure 1, blood was
drawn, and serum concentrations of ALT (A) and AST (B) in control,
CCly control, and CCls+ proanthocyanidins rats were evaluated.
(n=10, mean*SEM). #P<.05, *#P<.01 compared to control;
*P<.05, ¥*P<.01 compared to CCls control.

Proanthocyanidins suppress liver injury—induced
oxidative stress mediators

Considering the key role of ROS in the development of
liver injury and steatosis in the rat model of CCls-mediated
liver injury, assessing whether proanthocyanidins could
prevent CCly-mediated changes to the hepatic antioxidant
system was crucial. Characteristically, CCly downregulates
antioxidative stress mediators because cellular stores are
depleted after combatting oxidative stress to stabilize the
liver.'” Indeed, CCl, treatment significantly increased
MDA, a reactive species generated by lipid peroxidation,
and significantly decreased the antioxidation enzymes
SOD, GSH, GPX, and CAT in the liver as compared to the
control (Table 1). Compared with the corresponding levels
in CCly-treated rats experiencing steatosis, proanthocyani-
din treatment significantly decreased MDA and increased
SOD, GSH, GPX, and CAT levels in CCly-treated rats.
These data indicate that proanthocyanidin treatment is able
to prevent the peroxidation cascade and maintain high levels
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FIG. 4. Proanthocyanidins decreased the levels of triglyceride (TG)
in liver. At the completion of the experiment described in Figure 1,
liver was harvested, and TG levels in control, CCls control, and
CCl4+ proanthocyanidins rats were evaluated from homogeneates.
(n=10, mean*SEM). *P<.01 compared to control, **P<.01
compared to CCly control.

of antioxidative enzymes in rat liver tissue after CCly
treatment.

Proanthocyanidins inhibits oxidative stress—induced DNA
damage upon liver injury in steatosis

To determine whether proanthocyanidins could also
suppress oxidative-stress—mediated DNA damage, we
evaluated the levels of 8-hydroxy-2’'-deoxyguanosine (8-
OHAG), a marker of oxidative stress in DNA. As shown in
Figure 5, 8-OHdG levels significantly increased in liver
tissue under CCly-induced steatosis compared with the
control group. However, this CCls-induced elevation of 8-
OHdG was significantly inhibited in rats pre-treated with
proanthocyanidins, suggesting that proanthocyanidis can
prevent oxidative-stress—mediated intracellular damage to
DNA and further suggesting that proanthocyanidins can also
prevent apoptosis, necrosis, or carcinogenesis of cells within
liver tissue.

Proanthocyanidins suppress CYP2EI expression
in the liver to inhibit free-radical generation by CCly

Since free-radical generation by CCls; metabolism is
catalyzed by CYP2EI to initiate CCls-induced liver dys-
function, proanthocyanidins could possibly interrupt this
initial step in the signaling pathway, since we observed that
all of the downstream effects, including oxidative stress and
fatty infiltration, were inhibited by this treatment. We
therefore tested whether proanthocyanidins could alter
the increased CYP2E1 expression that occurs after CCly

TABLE 1. CHANGES IN LIPID PEROXIDATION AND ANTIOXIDANT STATUS IN LIVER HOMOGENATES

Groups MDA (nmol/mg prot) SOD (U/mg prot) GSH (mg/g prot) GPX (U/mg prot) CAT (U/mg prot)
Control 0.71£0.25 102.51+£3.58 14.25+2.75 435.71+£47.21 32.51+5.21
CCly control 1.72+£0.24% 45.424+9.21% 7.58 +1.38" 305.33+52.75* 24.53+3.26"
CCly + proanthocyanidins 0.77£0.19%* 99.21+3.5%* 12.51+£1.52%* 380.42+72.51% 28.38 £3.45*

n=10, mean+ SEM.

#P<.05, #P<.01 compared to control; *P<.05, **P <.01, compared to CCls control.
MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GPX, glutathione peroxidase; CAT, catalase; CCly, carbon tetrachloride.
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FIG. 5. Proanthocyanidins decreased the levels of 8-OHdG in liver.
At the completion of the experiment described in Figure 1, liver was

harvested and 8-OHdAG levels in control, CCly control and CCls+

proanthocyanidins rats were evaluated in liver tissue DNA by ELISA.
(n=10, mean+SEM). #P<.01 compared to control; **P<.01
compared to CCly control.

treatment. In normal rat livers, CYP2E1 expression was not
detected (Fig. 6A). After CCls-induced steatosis, rat livers
became positive for CYP2E1 expression (Fig. 6B), where
positive staining in steatotic livers was localized in the cy-
toplasm, but not in the nuclei, and corresponded with dis-
tribution of the fat droplets. In the proanthocyanidin-treated
group, the cytosolic expression of CYP2EI expression ob-
served in the steatotic condition was greatly decreased to
levels similar to control rats (Fig. 6C), suggesting that
treatment with proanthocyanidins effectively inhibited
CCly-induced CYP2EI1 expression (IOD data; Fig. 6D).
Thus, proanthocyanidins could inhibit the CYP2EI enzyme
from generating free radicals from CCls, and thereby pre-
vent the cascade that causes oxidative stress and liver injury
in steatosis.

DISCUSSION

In this study, our data reveal that treatment with proan-
thocyanidins extracted from grape seeds can inhibit the
oxidative stress brought on by the free radicals generated
CCly-induced steatosis in a rat, likely due to the anti-
oxidative properties of proanthocyanidins. Proanthocyani-
din treatment can suppress liver injury, as assessed by AST
and ALT levels, and fat accumulation associated with CCly
treatment (Figs. 2—4).

Antioxidants can prevent insulin resistance and amelio-
rate hepatic steatosis formation.'® Furthermore, proantho-
cyanidin treatment decreased the oxidative stress within the
liver tissue by lowering the levels of oxidative products and
oxidative-stress-induced DNA damage due to CCly (Table 1
and Fig. 5), and restoring the antioxidant enzyme levels
(Table 1) that were depleted after battling against CCls-
mediated oxidative stress. Our data further reveal that
proanthocyanidins can also exert their antioxidant effect
upstream of the CYP2E1 enzyme that is required for cata-
lyzing the reaction of CCly into free radicals, as CYP2E1
protein levels were reduced to near baseline levels in rats
pre-treated with proanthocyanidins before CCly treatment
(Fig. 6).

D CYP2E1 protein.

]

o ##

g

(=%

o

& L

o Control CCL4 Contral CcCL4

+Proanthocyanidins

FIG. 6. Effects of proanthocyanidin administration on the expres-
sion of CYP2EI1 in liver by immunohitochemical staining. At the
completion of the experiment described in Figure 1, liver was har-
vested, and paraffin-embedded liver tissue from (A) control, (B)
CCly control, and (C) CCl,+proanthocyanidins rats were stained
with anti-CYP2E1 antibody and evaluated for CYP2E1 expression.
Original magnification: 200 x. (D) Changes in the cumulative value
of optical density in immunohistochemical staining of CYP2EI.
#P <.01 compared to control; **P < .01, compared with CCl4 control.
Color images available online at www.liebertpub.com/jmf
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CYP2EI is the most important hepatic cytochrome P4so
isoform for metabolizing CCly and creates free radicals in
phase I enzymes.'” Our study is one of only a few reports to
reveal that proanthocyanidins can prevent the upregulation
of the cytochrome P450 enzyme CYP2EI, suggesting that
the mechanism of action for proanthocyanidins acts early in
the process of oxidative stress and can therefore prevent the
entire cascade leading to liver injury and inflammation. This
has also been observed in a mouse model of acetaminophen
(APAP)-induced liver injury, where proanthocyanidins were
shown to prevent the CYP2EI-dependent aniline hydrox-
ylation both in vivo and in vitro on liver microsomes.'
Further studies are necessary to determine the precise cel-
lular and molecular targets of proanthocyanidins in our
model that protects from liver injury upstream of suppres-
sing CYP2EL. It is also important to mediate free-radical
generation in other mechanisms of steatosis, including non-
alcoholic fatty liver and alcohol-induced steatosis.'”"! Since
our data show that proanthocyanidins can suppress the
function of this cytochrome P4so enzyme, proanthocyanidin
treatment can also be broadly applied to suppression of free-
radical generation brought on by a variety of mechanisms.

Interestingly, one study investigated whether CYP2E1 was
regulated by proanthocyanidins in a cancer model of azox-
ymethane (AOM)-induced colonic aberrant crypt foci (ACF)
formation in rats, and found that orally adminstered proantho-
cyanidinsdidnotaffectlevels of CYP2E1 inthe gut. Although
thisis seemingly contradictory to our data, itis possible that the
antioxidant effects in the liver are different than in the gut. Itis
also possible that differences in the rat models and/or the mol-
ecules targeted by the different treatments may also affect
whether proanthocyanidins affect CYP2E]1 levels.

Our observation that proanthocyanidins can suppress oxi-
dative stress in the liver is consistent with previous work
showing that proanthocyanidins inhibit oxidative stress and
liver injury in other animal models, such as alcohol-induced
oxidative stress, lipid peroxidation by 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), liver injury by dimethylnitrosa-
mine (DMN), oxidative liver injury by obstructing bile ducts,
and liver injury associated with chemotherapeutic cisplatin
treatment.”*>* These previous studies confirmed and sup-
ported the data shown in the present study, and demonstrate
that proanthocyanidins can suppress liver injury in response
to all of the various methods used to perturb liver redox
homeostasis. In phase II enzymes, glutathione-S-transferases
(GSTs) are a class of important detoxification enzymes in the
antioxidant system. The presence of proanthocyanidins can
normalize the levels of GST and other GSH-dependent an-
tioxidant enzymes to nearly normal values of control.?**>
Indeed, we observed here that proanthocyanidins can restore
the levels of antioxidant mediators.

By decreasing oxidative stress at an upstream step,
proanthocyanidins effectively prevented the DNA-damage—
associated molecule, 8-OHdG, and would also likely sup-
press induction of apoptosis, necrosis, or carcinogenesis that
follow DNA damage.?®?” This would further prevent the
possibility of incurring irreparable damage and injury to the
liver and liver function.®%°

There has been some suggestion that high doses of
proanthocyanidins can actually cause celluar toxicity.*®
However, these studies have so far been limited to showing
these toxic effects directly on cultured cells, and evidence
for in vivo effects of ingested proanthocyanidins from foods
remains to be determined. One study showed that high doses
of guarana extract, which contains proanthocyanidins along
with several other mediators, showed some in vivo toxicity
in terms of weight loss and elevated liver enzymes when
using doses similar to what was used here (<300 mg/kg).>!
However, because the guarana extract was not pure proan-
thocyanidins, this effect may be mediated by other compo-
nents present in the extract. In the present study, we
observed that the levels of oxidative stress and liver injury
mediators returned to control levels, we therefore conclude
that proanthocyanidin treatment at the doses we used here
are protective and not toxic to the rat.

CONCLUSIONS

In summary, the data presented in the present study
demonstrate that treatment with orally administered proan-
thocyanidins, which are naturally occurring compounds
present in many plant-based foods, prevent liver injury in
the rat model of CCls-induced steatosis, likely through ex-
erting antioxidant function to suppress oxidative stress
as well as inhibiting the production of the free-radical—
generating CYP2E1 enzyme. These results suggest that
ingesting proanthocyanidin-containing foods or proantho-
cyanidin supplements can help to treat both alcoholic and
non-alcoholic fatty liver disease by suppressing the dam-
aging liver peroxidation mechanisms associated with stea-
tosis, and therefore delay or prevent the development of
pathology that can lead to steatohepatitis, fibrosis, and cir-
rhosis, as well as the development of liver cancer.
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