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Abstract

Corbicula fluminea (Asian clam), a freshwater bivalve mollusk, has been consumed in
China for centuries as a health food and traditional Chinese medicine for treating liver
diseases and alcoholism. This study aimed to evaluate the hepato-protective effects and
potential mechanisms of a proteoglycan (PSP) from C. fluminea on alcohol-induced liver
injury in mice. Results showed that PSP pretreatment significantly antagonized the increases
in serum alanine aminotransferase, aspartate aminotransferase, triacylglycerides, and hepatic
malondialdehyde levels; elevated the antioxidant enzyme activities and hepatic glutathione
levels; and suppressed the levels of hepatic inflammatory cytokines in alcohol-induced liver
injury in mice (P<0.05). Histopathological observation further revealed the potential
hepato-protective effect of PSP against alcohol damage. Particularly, PSP pretreatment
resulted in significantly decreased expression of cytochrome P450 2el (CYP2E1) while
significantly upregulating the expression of hemeoxygenase-1 (HO-1) (P<0.05). These
results suggested that PSP could protect the liver from hepatocyte injury induced by alcohol
possibly by alleviating hepatic lipid metabolism, elevating antioxidant-enzyme activity,
suppressing the immune inflammatory response, and reversing the expression levels of
CYP2EL and HO-1. Therefore, PSP may be developed as a food supplement that can be used

to prevent liver diseases.
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1. Introduction

Alcohol abuse and its associated social consequences have become a major health
problem worldwide. Alcohol consumption is related to approximately 3.3 million deaths
every year (or 5.9% of all deaths) and to 5.1% of the global burden of disease [1]. In China,
due to the change in diet and increased frequency of drinking, the incidence of alcoholic liver
damage (ALD) has been gradually increasing per year. In fact, it is becoming the second
largest liver disease after viral hepatitis, such as hepatitis A and hepatitis B [2]. ALD is
believed to be a progressive disease that can be seriously harmful to people’s health in the
later stages and may eventually lead to liver cancer [3]. Based on histopathology, ALD is
usually involved in a broad spectrum of liver disorders ranging from simple fatty liver to
more severe forms of liver injury that present alcoholic hepatitis, cirrhosis, and superimposed
hepatocellular carcinoma [4]. Generation of reactive oxygen species (ROS) and oxidative
stress have been well recognized to play an important role in the development of ALD. In this
context, over the years, many researchers have demonstrated that the hepato-protective
effects of natural compounds are often associated with their potent antioxidant activities
including reduction of ROS and/or increment of antioxidant enzymes [5, 6]. Moreover,
accumulating evidence has revealed that ALD in the early stage was supposed to be
reversible [7, 8]. Consequently, it is of meaningful significance to search for effective natural
compounds with antioxidant potential for preventing or slowing down the development of
ALD in the early stage, and thus becoming the focus of research in recent years.

Polysaccharides (PSs) represent a major class of bioactive molecules derived from
natural resources, such as plants, animals, and microorganisms. To date, there is growing
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attention to the use of PSs for various biomedical applications, functional foods, and
cosmetics due to their prominent and multiple bioactivities, such as immunostimulatory,
antitumor, and antioxidant activities, as well as other health benefits [9, 10]. A great number
of studies have demonstrated that PSs possessed the excellent efficacy of hepato-protective
function and positive therapeutic effect on experimental and chemical liver injury [6, 8,
11-14]. For example, Ozalp et al. reported that daily administration of 50 mg/kg of Coprinus
comatus polysaccharide extract could greatly ameliorate the evaluated serum alanine
transaminase (ALT) and aspartate transaminase (AST) activities in alcohol-treated mice, and
considerably reduce the negative effects of alcohol on liver structure and function [15]. Wang
et al. found that a homogeneous polysaccharide (DHP) purified from Dendrobium
huoshanense effectively depressed the increased ratio of liver weight to body weight, reduced
the elevated levels of serum AST, total cholesterol, total bilirubin, and low-density
lipoprotein, and alleviated hepatic steatosis in mice with alcohol-induced subacute liver
injury [8]. Lim and co-workers also demonstrated that supplementation of fucoidan from
Fucus vesiculosus could effectively suppress the increased serum AST and ALT levels, and
significantly reduce the increase in transforming growth factor beta 1 (TGF-B1) expression in
alcohol-induced murine liver damage. Moreover, fucoidan significantly attenuated the
production of inflammation-promoting cyclooygenase-2 and nitric oxide, but markedly
upregulated the expression of the hemeoxygenase-1 (HO-1) on murine liver and HepG2 cells
[16]. Taken together, these findings suggest that PSs exert potent protective effects against
alcohol-induced liver injury through different underlying mechanisms, and their
hepato-protective effects appear to be frequently associated with their antioxidant capacities

4



and their abilities to accelerate lipolysis and inhibit inflammatory responses. In this regard, it
is of great significance to continue the search for bioactive PSs and their derivatives from
foods or mushrooms to study their hepato-protective effects and underlying mechanisms
against alcohol-induced liver injury.

Corbicula fluminea (C. fluminea), commonly known as Asian clam, is a freshwater
bivalve mollusk that is mainly native to Asia, especially in China. The freshwater clam has
been popularly consumed in East Asian countries and has received considerable attention all
over the world due to its excellent edible values and health benefits. Modern pharmacological
studies have shown its therapeutic effects on a wide range of diseases and conditions, such as
improved appetite and eyesight, treatment of diuresis, liver disease, and measles, fever
abatement, cough relief, reduced sputum, and as anti-alcoholism medicine [17, 18]. Moreover,
C. fluminea has several potent bioactive properties including hepato-protective [17],
anti-inflammatory [18], antitumor [19], antioxidant [20], and anti-hypertensive [21] activities.
The multiple pharmacological effects of C. fluminea can be due to its chemical ingredients,
such as PSs, proteins, amino acids, fatty acids, and trace elements. Among of them, PSs and
their derivatives are supposed to be one of the major bioactive constituents that have been
extracted and separated from C. fluminea [19, 20, 22]. In our research, we have recently
prepared a proteoglycan (PSP) from C. fluminea by using three-phase partitioning (TPP)
technique, and the partially purified PSP exhibit notable radical scavenging and antioxidant
activities in vitro [22]. However, to the best of our knowledge, there are only a few literatures
about the hepato-protective activity of PSP and its possible underlying mechanisms.

In this study, the protective effects of pretreatment with PSP from C. fluminea against
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alcohol-induced hepatic damage in mice by measuring viscera indices, biochemical
parameters, and inflammatory cytokines and by evaluating histopathological changes were
investigated. Additionally, the possible mechanisms underlying the protective effect of C.

fluminea PSP based on oxidative stress were also elucidated in this paper.

2. Materials and methods
2.1. Materials and chemicals

C. fluminea was supplied by Sugian Chengzihu Food Co., Ltd., Sugian, Jiangsu, China.
The shell of C. fluminea was removed and the whole soft body was kept in ice and was
transported to the laboratory, stored at -80°C for 48 h, freeze-dried, ground, sieved (60 mesh),
and then sealed in airtight plastic bags at 4°C before use.

Monosaccharide standards [glucose (Glc), mannose (Man), galactose (Gal), arabinose
(Ara), xylose (Xyl), rhamnose (Rha), glucosamine (GIcN), and galacturonic acid (GalA)],
1-phenyl-3-methyl-5-pyrazolone  (PMP), trifluoroacetic acid were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Silymarin (with a purity of >98%) was
obtained from Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai, China). Alcohol in water
(56%, v/v) was obtained from Beijing Red Star Co. Ltd. (Beijing, China). Commercial assay
Kits for alanine transaminase (ALT), aspartate transaminase (AST), triacylglycerides (TG),
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), glutathione
(GSH) and malondialdehyde (MDA) were the products of Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Murine interleukin-1p (IL-1pB) and tumor necrosis factor-a (TNF-a)
enzyme-linked immunosorbent assay (ELISA) kits were purchased from Shanghai Jianglai
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Biotech Co. Ltd. (Shanghai, China). Bicinchoninic acid (BCA) protein assay kit, Trizol
reagent and phenyl- methylsulfonyl fluoride (PMSF) were purchased from Auragene Biotech
Co. Ltd. (Changsha, China). The antibodies to cytochrome P450 2el (CYP2EL) (ab151544),
and HO-1 (ab68477) were purchased from Abcam (Abcam, Cambridge, UK). The secondary
antibodies peroxidase-conjugated goat anti-rabbit 1gG and peroxidase-conjugated goat
anti-mouse 1gG were obtained from Auragene Biotech Co. Ltd. (Changsha, China). All other

chemicals and solvents were of laboratory grade and used without further purification.

2.2. Extraction and isolation of PSP

PSP was extracted and isolated from C. fluminea by using enzyme pretreatment and TPP
technique as described previously [22]. Inbrief, the defatted C. fluminea powder (100 g) was
immerged in 300 mL acetic acid-phosphate buffer (0.1 M, pH 6.0) and treated with 2% (w/w)
papain at 60°C for 2 h under continuous stirring. After inactivation, the reaction mixture was
centrifuged at 4000 rpm for 15 min, and the supernatant was collected and concentrated
under reduced pressure. Subsequently, 20% (w/v) (NH4).SO4 was added to the supernatant
and dissolved completely, and then t-butanol was added into the mixture at a t-butanol to
supernatant ratio of 1.5:1.0 (v/v). The extraction was placed in the shaking incubator at 100
rpm and 35°C for 30 min, and centrifuged at 4000 rpm for 10 min for forming clear three
phases. The lower aqueous phase was collected, dialyzed (MWCO: 8-12 kDa) against

distilled water, concentrated and freeze dried to attain the partially purified PSP.

2.3. Physicochemical characteristics of PSP
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The total carbohydrate content was determined via the phenol-sulfuric acid method with
glucose as a standard [23]. The protein content was measured by the Bradford method with
BSA as a standard [24]. The high-performance gel permeation chromatography was used to
determine the molecular weight (MW) and MW distribution (MWD) of the PSP, and details
of the instruments and experimental conditions as described previously [25]. Dextran MW
standards ranging from 5.2 to 1482 kDa (Sigma-Aldrich Chemical Co., St. Louis, MO, USA)
were utilized for calibration. HPLC-PMP derivation method was employed to analyze the
constituent monosaccharides of the PSP, and details of experimental instruments and operated
conditions were detailedly described in a previous study [26]. Monosaccharide standards
were used for the identification and quantification of the corresponding peaks. An automated
amino acid analyzer (HITACHI L-8800, Amino Acid Analyzer, Japan) was used to determine
the amino acid composition of the PSP. Identification and quantification of amino acids were
achieved by comparing the retention times of the peaks with amino acid standards [aspartic
acid, threonine, serine, glutamic acid, glycine, alanine, cysteine, valine, isoleucine, leucine,
tyrosine, phenylalanine, lysine, methionine, histidine, arginine, tryptophan, proline]. The
Fourier-transform infrared (FT-IR) spectrum of PSP was obtained with a Nexus 670 FT-IR

spectrometer (Thermo Nicolet Co., USA) in the wavenumber ranging from 500 to 4000 cm™

with KBr pellets and then referenced against air, taken as a total of 16 scans with a 4 cm™
resolution. B-elimination reaction was used to detect the linkage types between protein and
polysaccharide in PSP as described previously [27]. In brief, PSP (5.0 ng/mL) was dissolved
in 0.2 mol/L NaOH containing NaBH4 and then incubated at 25°C. The resulting solution

was measured with a Varian Cary 100 spectrophotometer (Varian Co., USA) in wavelength
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range of 190-350 nm at 25°C. The PSP (5.0 pg/mL) without alkaline solution treatment was

used as a control.

2.4. Animals and experimental design

SPF Kunming male mice (body weight, BW= 20 + 2 ¢; 4 weeks old) were purchased
from the Laboratory Animal Research Center of Jiangsu University (Zhenjiang, China). All
the animals were housed for one week under standard conditions witha 12-h light/dark cycle
at a temperature of 23 °C = 0.5 °C and a humidity of 50% * 5% before experiments. During
the whole experimental period (including acclimation), all animals were allowed free access
to commercial standard chow (Jiangsu Synergetic Biological Engineering Co. Ltd., Nanjing,
China) and tap water. All animals used in this study were cared in accordance with the
National Institutes of Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978). All experimental procedures involving the use of
animals were approved by the Laboratory Animal Management Committee of Jiangsu
University, China (Serial No. UJS-LAER-2017032201).

Before applied on alcohol-induced mice, acute oral toxicity was conducted to detect the
PSP safety according to a previous study [28]. Single doses of PSP samples (600, 800, 1600,
2400 and 3200 mg/kg BW) were given to the groups of mice (10 animals per group) by
gavage. The result showed that there were no significant difference (P>0.05) in BW in the
treated mice as compared to the controls and also no any noticeable signs of toxicity and
mortality during the whole experiment period (data not shown). Afterwards, the graded doses

of PSP (100, 200, 400 and 600 mg/kg BW) was set and the treatment effect was detected to
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confirm the doses of PSP applied on alcohol-induced mice. The result demonstrated that the
PSP dose of 400 mg/kg BW exhibited better treatment effect than the doses of 100 and 200
mg/kg BW (P<0.05) (data not shown). By contrast, the dose beyond 400 mg/kg BW did not
improve the treatment effect. Consequently, the PSP at a dose of 200 and 400 mg/kg BW was
selected as a low-dose and a high-dose group for this study, respectively.

According to above preliminary experimental results, mice were randomly divided into
five groups (n=10 in each group): (1) the normal control group, (1I) the alcohol-treated model
control group, (Il1) the silymarin-positive control group (100 mg/kg BW), (IV) the PSP
low-dose group (200 mg/kg BW), and (V) the PSP high-dose group (400 mg/kg BW). Groups
I and 11 were given 5 mL/kg BW physiological saline solution (0.9%, w/v) through gastric
gavage. Group Il was intragastrically treated with 5 mL/kg BW silymarin. Groups IV and V
received with 5 mL/kg BW PSP through gastric gavage. After 4 h, all mice except those in
the normal group were administered with 5 mL/kg BW alcohol in water (50%, v/v), whereas
the normal group received 5 mL/kg BW physiological saline solution (0.9%, w/v) through
gastric gavage. All administrations were conducted once daily for 20 consecutive days.

After 12 h fasting following the last drug administration, the mice were weighed and
blood samples were immediately collected from each group in a centrifuge tube (Eppendorf,
Germany) without anticoagulation. After 2 h, the serum was collected by centrifugation
(3,000 rpm, 10 min) at 4 °C and then stored at —80 °C prior to further analysis. Then, all
animals were sacrificed by cervical dislocation. The liver, spleen, and thymus were excised
and weighed after washing with ice-cold PSS to calculate the organ indexes (each organ
weight as a percentage of BW). A portion of the liver was fixed with 10% paraformaldehyde
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for histopathological observation, and the other parts were homogenized in ice-cold PSS and
centrifuged at 3000 rpm for 10 min at 4 °C. The supernatant was then collected and stored at

—80 °C for further analysis.

2.5. Biochemical analysis

Serum ALT, AST, and TG levels and the activities of SOD, CAT, and GSH-Px and the
GSH and MDA lewvels in liver samples were measured by using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s
protocols. Cytokines (IL-1B and TNF-a) in the liver were determined with commercially
available ELISAKkits (Shanghai Jianglai Biotechnology Co. Ltd., Shanghai, China) according
to the manufacturer’s protocols. The corresponding protein concentration in liver was

measured by using a Bradford assay using bovine serum albumin (BSA) as a standard [24].

2.6. Histopathological studies

A portion of fixed liver tissue was embedded in paraffin, cut into transverse sections of
5-um thickness, and then stained with haematoxylin-eosin (H&E) by using standard
techniques. A DMG6000B light microscope (Leica, Germany) was used for general

histopathology examinations.

2.7. Quantitative real-time polymerase chain reaction (QRT-PCR)
Total RNA was extracted from the liver samples with Trizol reagent (Guangzhou

Dongsheng Biotech Co. Ltd., Guangzhou, China) according to the manufacturer’s protocol.
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The purity and concentration of RNA were determined according to optical density
measurements at 260 nm and 280 nm, respectively. Complementary DNA (cDNA) was
synthesized from RNA (2.0 pg) in a 20-pL reaction mixture containing 2-uL DN TP mixture
(10 mM), 1-uL RNase inhibitor (40 U/uL), 1-puL reverse transcriptase (200 U/uL), and 1-pL
oligo-dT (0.5 pg/uL) at 42 °C for 60 min, and then heated at 70 °C for 10 min. Subsequently,
the resultant cDNA was amplified through real-time PCR using a SYBR Green gPCR Mix
(Guangzhou Dongsheng Biotechnology Co. Ltd., Guangzhou, China) and ABI 7300 real-time
PCR instrument and software (ABI, USA). All quantifications were performed with murine
[B-actin as the internal reference gene. The primer sequences are listed in Table 1. Relative
quantification was performed with the 222 method according to the previous report [29]

and then the results were expressed as the extent of change with respect to control values.

2.8. Western blotting

The liver tissues were homogenized in radio immunoprecipitation assay (RIPA) buffer
(Auragene Biotech Co. Ltd., Changsha, China) supplemented with protease inhibitors
(Auragene Biotech Co. Ltd., Changsha, China) followed by incubation on ice for 20 min, and
then centrifuged at 13,000 rpm for 20 min at 4 °C. The supernatants were collected and
protein concentrations were determined using BC A protein assay kit and then stored at —80°C
until further testing. The tissue proteins were subjected to electrophoresis on 10% SDS-PAGE
gel and was subsequently transferred to a 0.22-um nitrocellulose (NC) membrane. After
incubation in blocking solution containing 3% BSA in Tris buffer with Tween 20 (TBST) at
room temperature for 120 min, the NC membrane was incubated with primary rabbit
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anti-CYP2E1 (1:4,000 dilution) and rabbit anti-HO-1 (1:3,000 dilution) overnight at 4 °C.
Subsequently, the membranes were washed for five times with TBST and then incubated with
goat anti-rabbit immunoglobulin G (1gG) (H&L)-horse radish peroxidase (HRP) (1:15,000
dilution) for 40 min at room temperature. Specific protein bands were visualized with the
chemiluminescent reagent (ECL) (Auragene Biotech Co. Ltd., Changsha, China) and
quantified using Gel-Pro Analyzer software (Media Cybernetics, Washington, MD, USA)

using B-actin as the internal standard.

2.9. Statistical analysis

All experiments are conducted in three replicates and the mean + standard deviation (SD)
is used in the analysis. The statistical analysis was performed by analysis of variance
(ANOVA) using OriginPro Software \ersion 8.0 (OriginLab Corp., MA, USA). P<0.05

indicated statistically significant differences.

3. Results and discussion
3.1. Preliminary physicochemical characterizations of PSP

According to the reported results [22], the extraction yield, carbohydrate and protein
contents of PSP were determined to be 9.0%, 81.7% and 2.7%, respectively. PSP was an
acidic proteoglycan with O-glycosylation mainly containing 14.2% aspartic acid, 16.3%
glutamic acid, 14.4% cysteine and 9.0% valine. PSP was mainly composed of Glc, GIcN and
Man with a molar ratio 0f 10.8:4.4:1.0 (Fig. 1b) with a high MW fraction (2113.4 kDa, 27.6%)
and a low MW fraction (61.5 kDa, 72.4%) (Fig. 1c). FT-IR spectrum of PSP (Fig. 1d) further
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demonstrated that the major characteristic IR peaks at around 3380, 2910, and 1000-1200
cm® were assigned to the O-H, C-H, C-O-H and C-O-C stretching vibrations, respectively,
which is typical of polysaccharide structure. The signals at approximately 1641 cm* (amide 1)
and 1543 cm* (amide 11) were attributed to the bending vibrations of amide or amino group
(-NH2) and the secondary —CONH- group of proteins, which indicated the protein is
covalently present in PSP. In addition, a characteristic peak at about 816 cm™, which
suggested the o-glycosidic bond existed in the PSP. UV spectrum (Fig. 1le) of the
alkali-treated PSP showed an relatively obvious absorbance at around 240 nm as compared to
the untreated PSP, which suggested that the pB-elimination reaction took place and the
a-amino acrylic or a-amino butenoic acid were formed [27], further implying the protein and
polysaccharide were covalently linked by an O-glycosidic linkages in PSP. Collectively, these
results suggested that the PSP was proven to be an acidic proteoglycan, and it was then
further subjected to the subsequent in vivo hepato-protective potential through

alcohol-induced liver injury in mice.

3.2. Effects of PSP on viscera indices

Table 2 shows the effects of PSP on liver, spleen, and thymus indices in alcohol-treated
mice. A single application of alcohol led to a significant increase of up to 4.02% + 0.12% in
the liver index from 3.77% + 0.18% of normal mice (P<0.01). Interestingly, in comparison
with alcohol-induced group, PSP pretreatment at the tested concentrations caused a
remarkable decrease in liver index of mice (P<0.05). Specifically, pretreatments with PSP at
doses of 200 and 400 mg/kg BW showed dramatic decreases of up to 3.87% = 0.15%, and
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3.82% + 0.13% in liver index (P<0.05), respectively, which were close to that of the
silymarin at a dose of 100 mg/kg BW (3.80% = 0.12%). Results indicated that
pre-administration of PSP to mice resulted in the protective effects against alcohol-induced
injury. Yang et al. reported that mice treated with water-soluble apple peel polysaccharides
(APP) or apple flesh polysaccharides (AFP) from Pink Lady fruits at the high dosage of 500
mg/kg BW caused a significant decrease of up to 5.43% + 0.88% and 5.35% + 0.73% in the
liver index as compared with that in carbon tetrachloride (CCly)-intoxicated mice (5.83% =+
0.35%, P<0.01) [30], which was similar to the results of our present work. As displayed in
Table 2, we noted that the spleen and thymus indices showed a significant decrease after
administration of alcohol as compared with the normal control group (P<0.05). However,
compared with the alcohol model group, pretreatments with PSP and silymarin appeared to
have remarkable effects by enhancing the spleen and thymus indices of alcohol-treated mice
(P<0.05), which suggested that pretreatment with PSP effectively stimulated the immune
functions in alcohol-induced liver injury and can have potentially protective effect against

alcohol-caused toxicity.

3.2. Effects of PSP on ALT, AST, and TG in serum

The enzymatic activities of ALT and AST in serum have been commonly regarded as
sensitive biomarkers of hepatic injury. Under healthy circumstances, these two enzymes are
localized to the cytoplasm and would be released into the blood stream when there is
hepatocellular plasma membrane damage, and is thus indicative of liver damage [31]. Thus,
to elucidate the effect of PSP on liver function and hepatic lipid metabolism, the activities of
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serum ALT and AST, as well as the level of serum TG in different groups, were investigated.
As shown in Table 3, the administration of alcohol caused a remarkable elevation in serum
ALT and AST lewvels in mice as compared with that of normal mice (P<0.001), suggesting
that alcohol-induced liver injury model in mice was successfully established in the present
study. The preventive administration of PSP exhibited a remarkable protective effect on the
alcohol-caused liver injury by significantly preventing the elevation of serum levels of ALT
and AST in a dose-dependent manner (P<0.05). Specifically, at dosages of 200 and 400
mg/kg BW, the serum levels of ALT and AST decreased by 4.97% and 13.02%, and 10.89%
and 17.86%, respectively, when compared with those of alcohol model group, but were less
than that of silymarin at a dose of 100 mg/kg BW (34.99% and 22.47%, respectively). Thus,
the result indicates that PSP had potential hepato-protective effect against alcohol-induced
liver injury in mice. Likewise, Wang et al. found that polysaccharides (HDPS) from the
peduncles of Hovenia duclis at a dose of 600 mg/kg BW significantly prevented the elevation
of ALT and AST levels in the serum of mice with alcohol-induced liver injury, and the serum
levels of ALT and AST were reduced by about 36% and 42%, respectively [32]. As depicted
in Table 3, the alcohol model group showed significant increase in the level of TG in
comparison with the normal group. Compared with the alcohol group (1.68 + 0.23 mmol/L),
the PSP groups depressed the serum level of TG (1.59 + 0.07 mmol/L for 200 mg/kg BW, and
1.29 £ 0.16 mmol/L for 400 mg/kg BW) and further limited lipid accumulation. However, the
PSP group at a dose of 200 mg/kg BW was no significant different (P>0.05) (Table 3). The
result indicated that PSP might play an important role in reversing the lipid dysfunction or
repairing a damaged metabolism led by alcohol-induced liver injury. Taken together, PSP
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pretreatments at the tested concentrations offered significant protection against alcohol
intoxication in mice by attenuating ALT, AST, and TG elevation in serum. The results from

our study also confirmed those from previous studies [12,16, 32].

3.3. Effects of PSP on antioxidant enzyme activities and lipid peroxidation in livers

Oxidative stress and lipid peroxidation are acknowledged as the two major mechanisms
of alcohol-induced liver injury. Excessive free radicals that are potentially harmful to the
body are produced during the metabolism process of ethanol, and thus trigger the chain
reaction of lipid peroxidation [33]. In the current work, the effects of PSP and silymarin on
the activities of antioxidant enzymes (SOD, CAT, and GSH-Px) in the livers of
alcohol-treated mice are summarized in Table 4. The livers of mice challenged with alcohol
alone were found to have dramatically lowered SOD, CAT, and GSH-Px activities compared
with that in normal mice (P<0.001), which are indicative of damage to hepatic cells. PSP
pretreatment significantly increased the activities of SOD (116.27 £ 3.54 U/mg prot for 200
mg/kg BW, and 122.60 + 2.25 U/mg prot for 400 mg/kg BW), CAT (20.34 = 0.95 U/mg prot
for 200 mg/kg BW, and 26.20 + 0.53 U/mg prot for 400 mg/kg BW), and GSH-Px (196.06 +
11.22 U/mg prot for 200 mg/kg BW, and 222.23 = 10.74 U/mg prot for 400 mg/kg BW) as
compared with the alcohol administration group (108.97 + 3.86, 19.30 + 0.40 and 182.77 *
5.93 U/mg prot, respectively) (P<0.05). Especially, PSP at a dose of 400 mg/kg BW showed
comparable effects with silymarin at a dose of 100 mg/kg BW (130.38 + 1.92, 27.29 + 0.62
and 232.66 = 4.22 U/mg prot, respectively) when compared with the alcohol model group.

These findings suggest that PSP can effectively attenuate oxidative damage and exhibit strong
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antioxidant activity in vivo by enhancing the activities of the evaluated antioxidant enzymes
in the livers of alcohol-caused mice.

Usually, elevated alcohol toxicity has been associated with GSH decrease, which may
reflect the consumption of GSH by the overproduction of ROS and subsequent oxidative
stress caused by alcohol [34, 35]. Our present work (Table 4) showed that alcohol
administration caused significant GSH depletion compared with the normal group (P<0.001).
However, the pre-consumption with PSP (200 and 400 mg/kg BW) significantly retarded the
subsequent alcohol-induced GSH depletion (3.33 + 0.20 and 4.79 + 0.27 mg/g prot,
respectively) (P<0.05), which was close to that of the positive control group. This result
indicated that the hepato-protective effects of PSP against alcohol are correlated to the
increase in hepatic GSH content. As displayed in Table 4, compared with the normal control
group, alcohol supplementation remarkably caused a twofold increase in the amount of MDA
from 3.82 £ 0.26 mmol/mg prot to 8.38 £ 0.47 mmol/mg prot. However, pretreatment with
PSP significantly reversed the effect of alcohol on MDA formation. At doses of 200 and 400
mg/kg BW, the MDA levels were remarkably decreased by up to 7.51 + 0.51 and 6.04 £ 0.20
mmol/mg prot (P<0.01), respectively, in comparison with the alcohol model group, which
indicated that PSP pretreatment significantly decreased the alcohol-induced lipid peroxidation.
Consequently, the results from our present study agreed with those in previous studies [8, 32,
36, 37], and supported that oxidative damage is an important factor responsible for liver
injury induced by alcohol. Moreover, our present study showed that pre-intakes with PSP at
the tested concentrations markedly alleviated alcohol-caused oxidative stress and ameliorated
liver functions either by suppressing alcohol-induced lipid peroxidation or by promoting
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antioxidant enzyme activities. This finding further implied that PSP could provide

anti-oxidative protection against hepatic oxidative injury.

3.4. Effects of PSP on pro-inflammatory cytokines in livers

In addition to oxidative stress and lipid accumulation, the crucial feature of ALD is also
associated with cytokine metabolism. Many pathological events are closely related to the
liver inflammatory processes after exposure to various hepatotoxins, and some
pro-inflammatory mediators, such as TNF-a and IL-1p, were released by alcohol-induced
reactive oxygen species [38]. In this study, compared with the normal control group, alcohol
administration caused significant inflammatory responses (P<0.05), as strongly demonstrated
by the increases in hepatic IL-1p and TNF-a levels (Fig. 2), which was consistent with
previous studies [12, 39, 40]. However, pretreatments with PSP at the measured
concentrations (200 and 400 mg/kg BW) remarkably retarded the increases of IL-1pB (155.05
+ 19.33 and 143.64 + 19.95 pg/mL, respectively) and TNF-a (1397.28 + 95.03 and 1154.43 +
42.66 pg/mL, respectively) as compared with the alcohol-treated mice (207.05 £ 9.57 and
1589.90 + 47.50 pg/mL, respectively) (P<0.05). Interestingly, after pre-intake with PSP at a
dose of 400 mg/kg BW, the levels of hepatic IL-1p and TNF-a significantly decreased by
about 30.62% and 27.39%, respectively, in comparison with the alcohol-treated mice, which
was slightly less than that of silymarin at a dose of 100 mg/kg BW (36.33% and 37.05%,
respectively). Results suggested that the anti-inflammatory effects of PSP might play a key

role in protecting the liver against alcohol-induced hepatotoxicity.
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3.5. Histopathological studies

As illustrated in Fig. 3a, a section of liver tissue exhibited typical hepatic cells with
well-preserved cytoplasm, prominent nucleus and nucleolus, and visible central veins in the
normal mice. Furthermore, the hepatic sinus is normal with no swelling and cell
inflammation. By contrast, alcohol treatment resulted in enlargements and irregular
arrangements of the hepatocytes, higher steatosis (fat accumulation), inflammatory injury,
telangiectasia, mild fibrosis of liver tissue, edema, and necrosis (Fig. 3b). In the positive
control group, the hepatic lesions induced by alcohol were significantly improved by
pretreatment with silymarin at a dose of 100 mg/kg BW (Fig. 3c), and the hepatocytes were
neatly arranged without edema, which was similar to that of mice in normal group (Fig. 3a).
Fig. 3d shows the photomicrograph of liver section from the PSP group at a dose of 200
mg/kg BW. It could be seen that the PSP pretreatment partially attenuated the inflammatory
reactions and lipid change of hepatocytes in the liver tissues of mice as compared with the
model control group (Fig. 3b). Specifically, in the PSP pretreated group at 400 mg/kg BW
(Fig.3e), hepatic tissue showed the normal cellular architecture without evident inflammation
zones and vacuolar degeneration, then numbers of the necrotic cells decreased and all
structures were closed to that of normal liver. This result indicated that PSP might protect the

liver from alcohol-induced hepatic damage.

3.6. Effects of PSP on the expression levels of CYP2E1 and HO-1
To further clarify the molecular hepato-protective mechanism of PSP, we explored the
effects of PSPs on the mRNA and protein expression levels of CYP2E1 and HO-1, which are
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two of the key enzymes in ethanol metabolism, and the results are shown in Figs 4 and 5.
Many hepatotoxicants including alcohol are metabolically activated by CYP2EL, one of the
isoforms of CYP450 system, to form reactive toxic metabolites, which further in turn induce
liver injury [41]. As shown in Fig. 4a, compared with that in the normal control group, the
MRNA expression of CYP2E1 was remarkably upregulated by alcohol administration in mice,
whereas significantly downregulated by pre-consumption of PSP and silymarin (P<0.001).
The relative mMRNA expressions of CYP2EL in the PSP groups (200 and 400 mg/kg BW)
decreased by 35.78% and 51.25%, respectively, as compared with the model control group.
Especially, pretreatment with PSP at a dose of 400 mg/kg BW showed comparable regulatory
function on the mRNA expression of CYP2E1 with silymarin at a dose of 100 mg/kg BW,
further indicating that PSP pre-intake can effectively suppress free radicals production and
lipid peroxidation presumably by down-regulating the CYP2EL level. Fig. 5a shows that
alcohol treatment significantly upregulated the expression of CYP2EL protein as compared
with the normal mice. When pretreated at 200 and 400 mg/kg BW, the relative protein
expressions of CYP2EL in the PSP groups were reduced by 19.40% and 34.33%, respectively,
as compared with the alcohol-treated mice (P<0.01). Results revealed that the hepatic MRNA
changes were positively correlated with protein changes in the liver. Similarly, Hong et al.
showed that fucoidan, a sulfated polysaccharide extracted from various brown seaweeds,
significantly suppressed the protein expression of CYP2EL in acetaminophen (AAP)-induced
liver injury [42]. Therefore, suppressing the expression of CYP2EL by administration and/or
pretreatment of PSs plays an important role in protecting against alcohol-induced liver injury.
Recent studies have demonstrated that the induction of HO-1 prevents alcohol-induced
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inflammation in the liver by increasing carbon dioxide (CO), which is its downstream
mediator, because it is one of the important regulators of signal pathways that regulates
hepatic inflammatory responses [43]. As shown in Fig. 4b, the mRNA expression of HO-1
after alcohol treatment was dramatically downregulated as compared with that of the normal
mice (P<0.01). In contrast, pretreatment with PSP significantly upregulated the mRNA
expression of HO-1 when compared with the alcohol-treated mice (P<0.05). For example,
compare with the model control group, the relative mRNA expressions of HO-1 in the PSP
groups (200 and 400 mg/kg BW) increased by 21.92% and 65.08%, respectively. Thus, the
result indicated that PSP effectively ameliorates the mRNA expression of HO-1, and further
plays an important role in protecting the liver against alcohol-induced injury. This may be
attributed to the fact that PSP can activate the activity of HO-1 in the liver inhibited by
alcohol intake and directly address HO-1 induction, and the induction of HO-1 may be
related to the potent antioxidant activity of PSP. Fig. 5b shows the effects of PSP on the
expression of HO-1 protein determined by using Western blot analysis. After alcohol
exposure, the expression level of HO-1 protein remarkedly diminished when compared with
the normal group (P<0.001). Interestingly, the expression level of HO-1 protein was
significantly elevated by PSP and silymarin pre-supplementations in the presence of alcohol.
Compared with the model group, the relative protein expression levels of HO-1 increased
53.86% and 161.54% by pretreatments with PSP at doses of 200 and 400 mg/kg BW,
respectively, which was weaker than that of silymarin at a dose of 100 mg/kg BW (246.15%).
Collectively, the present study revealed that PSP effectively enhanced the expression of

hepato-protective HO-1 in alcohol-induced liver injury.
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4. Conclusions

In summary, the present study demonstrated that PSP showed a potent hepato-protective
effect on alcohol-induced liver injury in mice. PSP pretreatment significantly improved the
liver, spleen, and thymus functions; attenuated the elevation of ALT, AST, and TG levels in
serum and MDA level in liver tissue; and antagonized the decreases in hepatic antioxidant
enzyme activities (SOD, CAT, and GSH-Px) and GSH level as compared with that of
alcohol-treated mice. Histopathological examinations also confirmed that PSP could protect
the liver from alcohol-induced histological changes. Moreover, pretreatment with PSP not
only significantly prevented the alcohol-induced enhancement of hepatic IL-1 and TNF-q,
but also reversed the expression levels of CYP2E1 and HO-1. Taken together, we suggested
that antioxidative PSP could protect the liver from hepatocyte injury induced by alcohol
possibly by alleviating hepatic lipid metabolism (AST, ALT, TG and MDA), ameliorating the
expression levels of CYP2E1 and HO-1, and thus leading to the elevation of antioxidant
enzyme activity (SOD, CAT, and GSH-Px) and the suppression of immune inflammatory
injury (viscera indices, 1L-1B, and TNF-a). Therefore, PSP can be developed as an effective
food supplement that may be potentially applied to alcohol-induced liver injuries. Further
investigations on purification, structural elucidation and structure-activity relationship of the

PSP are underway in our lab.
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<Figure captions>:

Fig. 1. High-performance liquid chromatograms of (a) monosaccharide standards and (b) the
proteoglycan (PSP). Peaks: 1, mannose (Man, R;: 11.46 min); 2, glucosamine (GIcN, Ry:
13.97), 3, rhamnose (Rha, R;: 14.60); 4, galacturonic acid (GalA, R;: 18.19); 5, glucose (Glc,
Ri: 20.49); 6, galactose (Gal, Ri: 22.40), 7, Xylose (Xyl, R;: 22.89); 8, arabinose (Ara, Ry:
23.64). (c) Gel permeation chromatogram and (d) Fourier-transform infrared (FT-IR)

spectrum of the PSP. (e) UV spectrum of PSP before and after B-elimination reaction.

Fig. 2. Effect of the proteoglycan (PSP) on the contents of (a) interleukin-1p (IL-1p) and (b)
tumor necrosis factor-o. (TNF-o) in the livers of alcohol-induced mice. Group I: normal
control group; Group I1: 50% (v/v) alcohol (5 mL/kg BW) model control group; Group Il1:
silymarin (100 mg/kg BW) positive control group; Group IV: PSP low-dose (200 mg/kg BW)
group; Group V: PSP high-dose (400 mg/kg BW) group. Values are expressed as mean £
standard deviation (SD, n=10). * P<0.05, ** P<0.01, and " P<0.001, vs. model control group.

#P<0.05, # P<0.01, and ** P<0.001, vs. normal control group.

Fig. 3. Effect of the proteoglycan (PSP) on hepatic histological changes using H&E staining.
(@) Liver section of normal group (1) showing normal hepatic lobular architecture and hepatic
cell structure; (b) Liver section of alcohol model group (I1); (c) Liver section of positive
silymarin (100 mg/kg BW) group (l111); (d) Liver section of PSP low-dose (200 mg/kg BW)

group (V); (e) Liver section of PSP high-dose (400 mg/kg BW) group (V).
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Fig. 4. Effect of the proteoglycan (PSP) on the expression levels of (a) cytochrome P450 2el
(CYP2E1) mRNA and (b) hemeoxygenase-1 (HO-1) mRNA. Group I: normal control group;
Group 11: 50% (v/v) alcohol (5 mL/kg BW) model control group; Group IlI: silymarin (100
mg/kg BW) positive control group; Group 1V: PSP low-dose (200 mg/kg BW) group; Group
V: PSP high-dose (400 mg/kg BW) group. Values are expressed as mean + standard deviation
(SD, n=10). ~ P<0.05, " P<0.01, and =~~~ P<0.001, vs. model control group. * P<0.05, #

P<0.01, and ** P<0.001, vs. normal control group. The values normalized to B-actin.

Fig. 5. Effect of the proteoglycan (PSP) on the expression levels of (a) cytochrome P450 2el
(CYP2EL) protein and (b) hemeoxygenase-1 (HO-1) protein. Group I: normal control group;
Group 11: 50% (v/v) alcohol (5 mL/kg BW) model control group; Group IlI: silymarin (100
mg/kg BW) positive control group; Group 1V: PSP low-dose (200 mg/kg BW) group; Group
V: PSP high-dose (400 mg/kg BW) group. Values are expressed as mean * standard deviation
(SD, n=10). * P<0.05, 7 P<0.01, and =~ P<0.001, vs. model control group. * P<0.05, ##
P<0.01, and ### P<0.001, vs. normal control group. p-actin was used as internal control, and

the values normalized to B-actin.
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Table 1. Primer sequences used for gRT-PCR.

Target gene Direction Primer sequence

CYP2E1L Forward 5 -TGAATGAAAATGGGAAGTT -3
Revese 5’-GAATAGCAGACAGGAGCAG -3’

HO-1 Forward 5’-GGTCCTGAAGAAGATTGCG -3’
Revese 5’-GATGCTCGGGAAGGTGAA -3’

B-actin Forward 5’-AGGCCCCTCTGAACCCTAAG -3
Revese 5’-CCAGAGGCATACAGGGACAAC -3’
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Table 2. Effect of PSP on liver, spleen, and thymus indices in alcohol-induced mice.

Groups Liver (%) Spleen (%) Thymus (%)
| 3.77+0.18 " 0.22+0.03" 0.22+0.02"
I 4.02 +0.12 % 0.20 + 0.01 " 0.18 +0.017
11 3.80+0.12 " 0.22+0.02" 0.22+0.02"
\Y; 3.87+0.15" 0.21+0.04 " 0.21 +0.03
V 3.82+0.13" 0.21 +0.02" 0.21+0.01"

Group I: normal control group; Group I1: 50% (v/v) alcohol (5 mL/kg BW) model control group; Group I1I:
silimarin (100 mg/kg BW) positive control group; Group 1V: PSP low dose (200 mg/kg BW) group; Group
V: PSP high dose (400 mg/kg BW) group. \alues are expressed a mean + SD (n=10). ~ P<0.05, and

""P<0.01, vs. model control group. * P<0.05, and ** P<0.01, vs. normal control group.
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Table 3. Effect of PSP on the levels of alanine transaminase (ALT), aspartate transaminase

(AST) and triacylglycerides (TG) in serum in alcohol-induced mice.

Groups ALT (U/L) AST (U/L) TG (mmol/L)
I 14.30 £ 4.17 59.47 + 456 0.80+0.43""
Il 26.95 + 3.65 “** 80.63 + 7.48 " 1.68 + 0.23 "
" 1752 +2.52 62.51+3.81 0.92+0.06
v 25.61 + 2.20 *** 71.85 + 3.94 ~ " 1.59 + 0.07 "
\Y; 23.44 + 1.86 " 66.23 + 2.05 " " 1.29+0.16 ~ *

Group I: normal control group; Group 11: 50% (v/v) alcohol (5 mL/kg BW) model control group; Group Il1:
silimarin (100 mg/kg BW) positive control group; Group IV: PSP low-dose (200 mg/kg BW) group; Group
V: PSP high-dose (400 mg/kg BW) group. \alues are expressed as mean + SD (n=10). " P<0.05, ~ P<0.01,

and ~" P<0.001, vs. model control group. ¥ P<0.05, * P<0.01, and ** P<0.001, vs. normal control group.
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Table 4. Effect of PSP on the activities of superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-Px), and the levels of glutathione (GSH) and malondialdehyde

(MDA ) in livers in alcohol-induced mice.

SOD (U/mg prot) CAT(U/mg prot)  GSH-Px (U/mg prot) GSH (mg/g prot) MDA (mmol/mg prot)

Groups
| 135.00 +3.35  27.20+0.54 241.06 +7.48 6.55 +0.37 3.82+026
I 108.97 + 3.86 ¥ 19.30 + 0.40 *** 182.77 + 5.93 *** 3.05 + 0.29 *** 8.38 + 0.47 ***
Il 130.38+1.92 % 27.29+062 232.66+4.22  * 6.17 +0.23 442 +019 7"
IV 116.27 354 " 20.34+0.95 " 196.06 + 11.22 "  3.33+0.20 7.51+051 "
V1226042257 % 26204053 % 22223+10747 % 4794027 " 6.04+020 "

Group I: normal control group; Group 11: 50% (v/v) alcohol (5 mL/kg BW) model control group; Group Ill:
silimarin (100 mg/kg BW) positive control group; Group IV: PSP low-dose (200 mg/kg BW) group; Group
V: PSP high-dose (400 mg/kg BW) group. \alues are expressed as mean + SD (n=10). " P<0.05, ~ P<0.01,

and ~" P<0.001, vs. model control group. ¥ P<0.05, * P<0.01, and *** P<0.001, vs. normal control group.
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Highlights

€ Hepato-protective effect of a Corbicula fluminea proteoglycan (PSP) was evaluated.
€ PSP pretreatment ameliorated hepatic lipid metabolism of alcohol-induced mice.
€ PSP pre-intake elevated antioxidant-enzyme activity and hepatic glutathione level.

@ PSP pretreatment suppressed the immune inflhmmatory response.

€ PSP pre-intake reversed the expressions of cytochrome P450 2el and hemeoxygenase-1.
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