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Abstract

Liver fibrosis occurs due to injury or inflammation, which results in the excessive production of collagen and the
formation of fibrotic scar tissue that impairs liver function. Despite the limited treatment options available, freshwater
clams may hold promise in the treatment of liver fibrosis. In this study, we demonstrated the effects of ethanol extract of
freshwater clam (FCE), ethyl acetate extract of FCE (EA-FCE), and trans-2-nonadecyl-4-(hydroxymethyl)-1,3-dioxolane
(TNHD) on liver fibrosis induced by dimethylnitrosamine (DMN). Administration of FCE and TNHD alleviated liver
injury, including tissue damage, necrosis, inflammation scores, fibrosis scores, serum enzymes, and triglyceride levels.
Furthermore, we analyzed the expression of fibrosis-related proteins, such as a-smooth muscle actin (a-SMA) and
transforming growth factor (TGF-B), as well as the hydroxyproline content, which decreased after treatment with FCE
and TNHD. Animal experiments revealed that FCE and TNHD can reduce liver fibrosis by inhibiting cytokines that
activate stellate cells and decreasing extracellular matrix (ECM) secretion. Cell experiments have shown that TNHD
inhibits the MAPK/Smad signaling pathway and TGF-B1 activation, resulting in a reduction in the expression of fibrosis-
related proteins. Therefore, freshwater clam extracts, particularly TNHD, may have potential therapeutic and preventive
effects for the amelioration of liver fibrosis.

Keywords: DMN-induced liver injury, Freshwater clam, Hepatic stellate cells, Liver fibrosis

1. Introduction liver cancer. So far, the strategies for treating liver
injuries, such as drugs, chemotherapy, and surgery
may result in several side effects and poor prognosis
(in particular, cirrhosis is irreversible) [2—6]. Hence,
the search for a diet or food that can alleviate or
prevent liver disease has gained increased attention
in recent years.

The development of liver fibrosis, which is caused

t is estimated that 1.5 billion individuals were

affected by chronic liver disease in 2017, making
it a common condition [1]. The onset of this disease
can be attributed to various factors, including viral
infections, autoimmune disorders, alcohol abuse,
exposure to toxic chemicals, smoking, an improper : ¢ TOS1S, i
diet, and metabolic disorders. These factors can lead by prolonged liver inflammation, is considered an
to a range of liver diseases, such as hepatitis B and early indication of cirrhosis and hepatocellular car-
C, alcoholic liver disease (ALD), nonalcoholic fatty cinoma [7]. Liver cells consist of 80% parenchymal
liver disease (NAFLD), liver fibrosis, cirrhosis, and  cells and 20% non-parenchymal cells. The
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parenchymal cells (hepatocytes) play an important
role in biochemical metabolism in the liver. More-
over, the non-parenchymal cells, including Kupffer
cells, hepatic stellate cells (HSCs), natural killer
(NK) cells, fenestrated endothelial cells, and chol-
angiocytes are fully engaged in immunity and
digestion [8]. The hepatocytes, Kupffer cells, and,
particularly HSCs greatly contribute to liver fibro-
genesis, increasing the inflammatory response and
collagen deposition in the liver. Hepatocytes acti-
vate Kupffer cells and HSCs by releasing cytokines
when viruses, drugs, alcohol, and other stimuli
harm the liver. Meanwhile, the inflammatory
response strengthens to repair the injured liver.
Reactive oxygen species (ROS) and pro-fibrogenic
cytokines such as tumor necrosis factor-a. (TNF-a)
and TGF-B1 are further produced and secreted by
Kupffer cells. TGF-pf1 induces quiescent HSCs to
activate and then synthesize ECM proteins. The
activated HSCs transdifferentiate into myofibro-
blast-like cells and become enlarged, together with
an increase in contractility and loss of lipid droplets.
Meanwhile, the expression of cell adhesion mole-
cules and the a-SMA protein increase [9]. The
collagen type also changes to collagen type I (collal
and colla2) from collagen types III and IV. Finally,
the excess deposition of the ECM protein and
collagen I forms fibrous scars, aggravating liver
fibrogenesis [10,11].

The freshwater clam (Corbicula fluminea) is an
edible bivalve mollusk common in Asian countries
and is regarded as a bioactive seafood—especially
for hepato-protection. Previous studies have shown
that C. fluminea could alleviate alcohol-induced liver
injury in mice by reducing cytochrome p4502E1
(CYP2E1) and increasing heme oxygenase-1 (HO-1)
expression. Moreover, C. fluminea also reversed the
expression levels of hepatic cytokines (IL-1p and
TNF-a) and hepatic lipid metabolism (GOT, GPT,
TG, and MDA) induced by alcohol [12]. In the H,O,-
induced HepG2 cells oxidative damage test, the
peptide hydrolysate isolated from C. fluminea
exhibited outstanding antioxidant activity [13]. In
CCly-induced liver fibrosis in mice, the water extract
of C. fluminea deactivated the activated hepatic
stellate cells (aHSCs) by suppressing cell prolifera-
tion and hepatic fibrosis-associated cytokines. The
a-SMA, TGF-B, collagen I, and TNF-a expression
levels in aHSCs were downregulated after treatment
with C. fluminea. Moreover, C. fluminea influenced
ECM-related gene (MMP-9 and TIMP-II) regulation
to mediate the pathogenesis of liver fibrosis [14].

Currently, there are three common chemotoxins
used to induce hepatic fibrosis in animal models:

DMN, carbon tetrachloride (CCly), and thio-
acetamide (TAA). Among them, the DMN model
exhibits the most remarkable hepatic fibrosis based
on Masson's trichrome staining and hydroxyproline.
Moreover, the DMN model also resulted in the
highest quantification of a-SMA-positive cell levels
[15,16]. However, few studies have analyzed the ef-
fects of C. fluminea on liver fibrosis induced by
DMN. Thus, the DMN model was chosen in this
study to investigate the underlying liver
fibrosis—protection activities of C. fluminea. Here, we
extracted C. fluminea using ethanol and ethyl ace-
tate, purified the extracts, and evaluated their effects
on DMN-induced liver fibrosis in mice. Some
crucial markers in the liver are discussed, including
the tissue morphology, biochemical concentrations,
inflammatory scale, hepatic cytokine expression (o-
SMA and TGF-B), and hydroxyproline level. Our
research helps shed light on the anti-liver fibrosis
mechanism of the C. fluminea extracts.

2. Materials and methods
2.1. Chemicals

Dimethylnitrosamine (DMN) and silymarin were
purchased from Sigma Chemical Co. (St Louis, MO,
USA). All other chemicals used were in the purest
form available commercially.

2.2. Preparation of FCE, EA-FCE, and TNHD from
freshwater clam

Freshwater clam (C. fluminea, FC) was obtained
from LiChuan Agriculture Farm (Changhua,
Taiwan). The extraction method underwent modi-
fication based on a previous study [17]. First, to
prepare the ethanol extract of freshwater clam
(FCE), freshwater clam tissue was cut into small
pieces, homogenized in a blender, and extracted
three times with ethanol. The resulting supernatant
was filtered and concentrated using a rotary evap-
orator under vacuum and then subjected to freeze-
drying. Second, to prepare the ethyl acetate-
extracted FCE (EA-FCE), the freeze-dried powder
was extracted with ethyl acetate (FCE: water: ethyl
acetate weight ratio = 1:2:3) and then subjected to
freeze-drying. Third, TNHD was isolated from the
EA-FCE by silica gel column chromatography
(8 x 70 cm and 3.5 x 40 cm, Merck 40—63 pum) and
further purified using HPLC with a Phenomenex
Luna C-18 column (5 mm, 250 mm x 10 mm). The
sample extraction process is shown in Fig. S1. The
fractions were screened for bioactivity using a cell
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model, with those that showed high inhibition
ability on HepG2 cells chosen and purified to
obtain  trans-2-nonadecyl-4-(hydroxymethyl)-1,3-
dioxolane (TNHD) (Fig. S2A; Fig. S2B). The struc-
ture of TNHD was identified with NMR (Fig. S3).

2.3. Cell culture and treatment

The hepatic stellate cell line (HSC-T6), was
cultured in Waymouth's medium supplemented
with 10% fetal bovine serum (FBS) and 1% antibi-
otics (penicillin-streptomycin). The cells were
seeded into 96-well plates at a density of
2 x 10° cells/mL and incubated in a humidified at-
mosphere containing 5% CO, at 37 °C overnight.
The cells were treated with different concentrations
of FCE, EA-FCE, or TNHD. After incubation for
24 h, the top layer of the medium was removed by
centrifugation at 1250 rpm for 10 min and the re-
sidual medium was washed off with phosphate-
buffered saline. MTT solution (0.2%, 100 pL) was
added to each well and incubated for 3 h at 37 °C in
5% CO,. Finally, the dye was dissolved with 150 pL
of dimethyl sulfoxide (DMSQO), and absorbance was
measured at 570 nm.

The cells were seeded at a density of 2 x 10° cells/
mL into 5 cm dishes and incubated overnight. Af-
terward, the medium was replaced with Waymouth
medium (containing 0.5% FBS) and cultured for
24 h. Then, the cells were treated with different
concentrations of FCE, EA-FCE, and TNHD, along
with TGF-f1, for 1 h. Subsequently, the upper me-
dium was removed, and the cells were washed with
PBS to remove any residual medium. The cells were
then incubated with Waymouth medium (contain-
ing 0.5 % FBS) for an additional 12 h. After this, the
medium was collected by centrifuging at 3000 rpm
for 5 min to collect the cell pellets. Finally, the
cellular proteins were extracted for subsequent
protein analysis.

2.4. Reactive oxygen species (ROS) assay

HSC-T6 cells were cultured at 2 x 10° cells/mL in
0.5% FBS. After being cultured for 12 h, the cells
were treated either with TGB-p1 (1 ng/mL) in the
presence and absence of FCE (10 pg/mL), EA-FCE
(10 pg/mL), and TNHD (5, 10, and 25 pg/mL). After
1 h, the cells were rinsed with 1 x PBS and subse-
quently incubated with dichlorodihydrofluorescein
diacetate (DCFH-DA) for 30 min. The fluorescence
was measured with an excitation of 488 nm and
emission of 525—540 nm.

2.5. Animals

Male Sprague—Dawley rats weighing 200—250 g
were obtained from the BioLASCO Experimental
Animal Center (BioLASCO, Taipei, Taiwan). All
procedures were conducted in accordance with the
guidelines established by the Institutional Animal
Care and Use Committee of the National Kaohsiung
University of Science and Technology (IACUC,
NKMU, 0109-AAAP-015). The rats were housed in
polypropylene cages in a controlled environment
with a 12-h light/dark cycle at 25 + 1 °C and 50%
relative humidity. All animals were fed a standard
diet and had access to tap water ad libitum. After at
least 1 week of acclimation, the rats were randomly
assigned to seven groups (8 rats/group) for the ex-
periments described below.

2.6. DMN-induced hepatotoxicity

Two experiments were designed to reveal the ef-
fects of FCE and TNHD. In the case of FCE experi-
ment, a total of 56 rats were equally divided into
seven groups, with 8 rats per group. Group I served
as the vehicle control group and received saline (0.1
mL/100 g bw) via intraperitoneal (i.p.) injection,
along with distillation-distilled H,O via oral gavage.
Group II represented the hepatotoxicity group and
received i.p. injections of 10 mg/kg bw of DMN on
Mondays, Wednesdays, and Fridays for four
consecutive weeks, along with daily oral adminis-
tration of distillation-distilled H,O. Group III was
the positive control and received ip. injections of
saline, while silymarin was orally administered at a
dose of 100 mg/kg bw. Groups IV to VIl received i.p.
injections of 10 mg/kg bw of DMN, along with oral
administrations of FCE at doses of 20, 50, 100, and
200 mg/kg bw, respectively. In the second experi-
ment, groups IV to VI were administered TNHD at
doses of 5, 10, and 25 mg/kg bw, respectively. At the
end of the experiment, all rats were euthanized for
tissue sampling, and blood was collected from the
heart. Blood samples were centrifuged at 2000x g for
10 min at 4 °C to separate the serum. Liver and
kidney tissues were excised and divided into several
portions for enzyme activity and histopathological
studies.

2.7. Biochemical examinations

The method utilized for measuring the concentra-
tions of glutamic oxaloacetic transaminase (GOT)
and glutamic pyruvic transaminase (GPT) was
described in a previous publication [18].
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Triacylglycerol levels were measured using an auto-
mated blood analyzer (Vitros 950, Ortho Clinical
Diagnostics Co., Tokyo, Japan). Three measurements
were taken for each parameter, and the average
value was calculated from each individual sample.

2.8. Histopathological examinations

For H&E staining, we harvested liver tissue from
the largest lobe (right lobe) in a 1 cm x 1 ecm block
and fixed it in 10% neutral formalin for at least 24 h.
Then, the blocks were dehydrated with a series of
ethanol solutions, and processed for embedding in
paraffin. The paraffin-embedded blocks were
sectioned to approximately 3—5 mm thickness,
deparaffinized, and rehydrated. The sections were
then stained with hematoxylin and eosin (H&E) and
Masson's trichrome and examined by pathologists
(Kaohsiung Medical University, Taiwan) for evalu-
ation. To evaluate the histopathological slides was
adjusted based on relevant prior research, incorpo-
rating the Knodell, Scheuer, and METAVIR scoring
systems as references [19]. All slides were presented
to the pathologist for scoring, and ten random fields
were selected under a microscope for each rat. Each
field was then scored according to the following
scoring system: 0 = no collagen; 1 = presence of
collagen but no septa; 2 = presence of collagen and
septa but no connective tissue; 3 = presence of
collagen with a few thin connective tissue septa;
4 = presence of collagen with thick connective tissue
septa. The scores of the ten fields were then sum-
med and divided by ten to obtain the average score,
which represents the true representative score of the
sample. This average score served as the basis for
statistical analysis and comparisons.

2.9. Western blotting

Liver tissues were washed with PBS and lysed in
an ice-cold lysis buffer (10% glycerol, 1% Triton X-
100, 1 mM NazVO,4 1 mM EGTA, 10 mM NaF, 1 mM
NayP,0; 20 mM Tris buffer (pH 7.9), 100 mM B-
glycerophosphate, 137 mM NaCl, 5 mM EDTA, and
one protease inhibitor cocktail tablet (Roche, Indi-
anapolis, IN, USA)) on ice for 1 h, followed by
centrifugation at 12,000 rpm for 30 min at 4 °C.
Protein concentrations were determined by the Bio-
Rad protein assay (Bio-Rad Laboratories, Hercules,
CA, USA). Equal amounts of total cellular protein
(50 pg) were resolved by SDS-polyacrylamide mini
gels and transferred onto Immobilon polyvinylidene
difluoride (PVDF) membranes (Millipore, Bedford,
MA, USA) as described previously [20]. The mem-
brane was then blocked at room temperature for 1 h

with blocking solution (20 mM Tris—HCl, pH 7.4;
125 mM NaCl, 0.2% Tween-20, 1% BSA, and 0.1%
sodium azide). The primary antibodies were conju-
gated with the proteins on the membrane overnight
at 4 °C. The primary antibodies (dilution 1:1000)
were obtained from Cell Signaling Technology Inc.
(Beverly, MA, USA) and included p-Smad2, Smad2,
p-P38, p-38 p-ERK, ERK, p-JNK, and JNK. B-actin
was obtained from Sigma Chemical Co., and a-SMA
was obtained from Abcam (Cambridge, MA). The
membrane was then washed with 0.2% TPBS (0.2%
Tween-20/PBS) and subsequently probed with anti-
mouse, anti-rabbit, or anti-goat IgG antibodies
conjugated to horseradish peroxidase (Transduction
Laboratories, Lexington, KY, USA) and visualized
using enhanced chemiluminescence (Amersham
Pharmacia Biotech).

2.10. Reverse transcription—polymerase chain
reaction

Total RNA was extracted from the liver samples,
using TRIzol reagent according to the manufac-
turer's instructions. The RNA content was measured
at 260 and 280 nm with a UV spectrophotometer,
and the RNA was stored at —70 °C until reverse
transcription—polymerase chain reaction analysis.
Complementary DNA (cDNA) was synthesized
from 2 pg of RNA using SuperScript II Reverse
Transcriptase (Invitrogen, Renfrewshire, United
Kingdom) in a final volume of 20 pL. The reverse
transcription reactions were performed at 50 °C for
50 min and 70 °C for 15 min using a Gene Cycler
thermal cycler (Applied Biosystems). The thermal
cycle conditions were initiated at 95 °C for 1 min,
followed by 30 cycles of amplification (94 °C for 30 s,
58 °C for 30 s, and 72 °C for 30 s), and a final
extension at 72 °C for 3 min. The PCR products were
separated on 2% agarose gel and visualized by
ethidium bromide staining. Amplification of B-actin
was used as a control for sample loading and
integrity. Reverse transcription-PCR was performed
on the cDNA, using the following forward and
reverse primers: a-SMA (251 bp), forward primer 5'-
CGCTGAAGTATCCGATAGAACAC -3/, reverse
primer  5-CAGTTGTACGTCCAGAGGCATA-3;
TGF-B1 (527 bp), forward primer 5- TGACGT-
CACTGGAGTTGTACGGCAG-3/, reverse primer
5'- GCTTGCGACCCACGTAGTAGACGA-3; g-
actin (200 bp), forward primer 5-AAGA-
GAGGCATCCTCACCCT-3, reverse primer 5'-
TACATGGCTGGGGTG TTGAA-3; Collagen 1al
(618 bp), forward primer 5'- CAGGGTATTGCTG-
GACAACGTGGTG-3/,  reverse  primer 5'-
AGACCGTTGAGTCCGTCTTTGCCA-3; Collagen
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12 (618 bp), forward primer 5'- TACATGGTGAC-
CAAGGAGCTCCTG-3, reverse primer 5'-
CTCCTCATCCAGGTACGCAATGC-3'.

2.11. Hydroxyproline assay

The hepatic hydroxyproline content was
measured using a previous procedure [21]. Liver
tissue (0.2 g) was homogenized with 6 N HCI added
to the tube and hydrolyzed at 110 °C in a dry bath
for 24 h. The hydrolysates were neutralized with 6 N
NaOH to pH 6—7 and filtered. A standard and 2 mL
of the sample were transferred into a new tube, and
1 mL of chloramine-T solution was added to the
tube. Oxidation was allowed to proceed at room
temperature for 20 min after vortexing for 30 s.
Finally, the test tube was placed in a 60 °C water
bath for 20 min to stop the reaction. Absorbance was
measured at 550 nm against a reagent blank, using a
spectrophotometer [22].

2.12. Statistical analysis

The data are presented as means =+ S.E. Statistical
significance was determined by comparing the
means, using Student's t-test. A p-value of less than
0.05 was considered statistically significant.

3. Results

3.1. Effects of freshwater clam extract on the body
weight and relative organ weights of the DMN-
administered mice

Changes in body weight can be a reliable indica-
tor of exposure to danger. As shown in Fig. 1A,
during the 28-day experimental period, the body
weight in each group exhibited a slower rate of in-
crease compared to the control group. Previous
studies have reported similar findings [23,24].
Furthermore, the TNHD group exhibited a great
ability in maintaining body weight (Fig. 1B). To ac-
count for individual differences in body weight, we
measured the weights of the organs (Table 1). The
DMN group had significantly (p < 0.05) higher
kidney and spleen weights and lower liver weight
compared to the control group. Furthermore, when
the mice previously exposed to DMN were admin-
istered the FCE, the weights of the liver and kidney
tended to improve compared to those of the DMN
group. However, there was no significant difference
between the DMN and TNHD groups.

3.2. Effects of freshwater clam extract
supplementation on histopathological evaluation of
liver fibrosis

H&E staining of liver sections was used to observe
the location and severity of the liver injury. In the
control group, the hepatic lobule was intact and
clear, and the hepatic cords were arranged radially
around the central vein in a cord-like manner, with
no obvious cellular infiltration. By contrast, the
DMN-stimulated group exhibited cell necrosis and
mononuclear lymphocyte infiltration around the
central lobules and portal veins of the liver (Fig. 2).
Furthermore, the DMN-administered group
exhibited a disorganized hepatocyte arrangement,
steatosis, cellular inflammation, bile duct prolifera-
tion, and partial damage to the liver tissue. None-
theless, combined with FCE supplementation
slightly alleviated cell necrosis and steatosis (Table
2).

Masson's trichrome staining is commonly used to
observe the distribution of collagen fibers in the
liver. As shown in Fig. 3, the stained collagen fibers
and cytonuclei appeared in violet and black,
respectively, while the cytoplasm, muscle, and
erythrocytes were stained red. In the control group,
collagen fibers were distributed around the central
vein and portal area. However, in the DMN-treated
group, the hepatic lobule was damaged and dis-
appeared, and thick collagen fibers emerged from
the central vein and portal area, proliferating and
wrapping around the hepatic lobule to generate
nodules of unequal size. Treatment with FCE
decreased collagen fibers around the hepatic lobule
(Table 3). These findings suggest that FCE contrib-
utes to the alleviation of hepatic fibrosis.

3.3. Serum biomarker determination

As shown in Table 4, the enzyme activities of GOT
and GPT were significantly increased in the DMN-
administered group. Different doses of FCE
decreased GOT and triglycerides (p < 0.05).
Different doses of TNHD also decreased GOT but
increased the TG levels. Although GOT and GPT
are commonly used as biomarkers for liver damage,
they lack specificity because they are present in
different organs and tissues such as the kidney,
pancreas, and muscle [25]. Clinically, some patients
with liver disease, particularly cirrhosis, may exhibit
normal GOT and GPT levels. Therefore, relying
solely on liver enzymes as a biomarker for liver
damage may be insufficient.
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Fig. 1. Effects of FCE and TNHD on the change of body weight. DMN was administered intraperitoneally to each group, except for the control
group, at a dose of 10 mg/kg for 3 days per week for 4 weeks. DMN rats were administered DMN alone; silymarin rats were administered both
silymarin and DMN (A) DMN with FCE at doses of 20, 50, 100, and 200 mg/kg by oral gavage; (B) DMN with TNHD at doses of 5, 10, and 25 mg/kg
by oral gavage. Data are presented as mean + standard error (N = 8). * Indicates a significant difference from other groups (p < 0.05).
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Table 1. Relative organ weight of DMN-administered rats with or without FCE and TNHD.

Groups Relative organ weight (g/100 g of bw)

Liver Kidney Spleen
Control 3.72 + 0.36 0.94 + 0.09 0.21 + 0.01
DMN 3.28 + 0.49* 1.21 + 0.15* 0.37 + 0.10"
Silymarin 3.34 + 0.62 1.15 + 0.18 0.32 + 0.11
FCE (20 mg/kg) 3.36 + 0.21 1.09 + 0.06* 0.39 + 0.09
FCE (50 mg/kg) 3.34 + 0.23 1.01 + 0.20* 0.38 + 0.07
FCE (100 mg/kg) 3.34 + 0.47 1.10 + 0.10 0.40 + 0.10
FCE (200 mg/kg) 3.50 + 0.37 1.16 + 0.12 0.35 + 0.08
Groups Relative organ weight (g/100 g of bw)

Liver Kidney Spleen
Control 4.25 + 0.46 0.95 + 0.17 0.19 + 0.00
DMN 217 + 0.11* 0.89 + 0.11 0.49 + 0.11*
TNHD (5 mg/kg) 2.44 + 0.03 0.61 + 0.02 0.29 + 0.09
TNHD (10 mg/kg) 3.13 + 0.38 0.98 + 0.05 0.36 + 0.02
TNHD (25 mg/kg) 2.82 +0.27 0.78 + 0.04 0.31 + 0.00

The data represent the mean + SD of eight rats (N = 8). DMN was intraperitoneally administered to each group except for the control
group at a dose of 10 mg/kg, 3 days per week for 4 weeks. #Significantly different from the control group. *Significantly different from

the DMN group, p < 0.05.

3.4. Effects of FCE and TNHD on protein and gene
expression in the rat liver

HSCs tend to be activated from a quiescent state
when the liver is injured, and «-SMA is highly
expressed in activated HSCs. Stimulated and acti-
vated HSCs produce TGF-B1 and express collagen
via the Smad-signaling pathway, which is then
transferred to the nucleus to promote cytoskeleton
reorganization and increase the expression of o-
SMA [26]. Our results indicate that the o-SMA
expression level in the rat liver increased after DMN
induction. However, supplementation with FCE, as
well as TNHD, led to a dose-dependent down-
regulation of a-SMA expression. Moreover, the
TNHD group showed an outstanding effect on in-
hibition of phospho-Smad (p-Smad) expression
(Fig. 4A; Fig. 4B). In addition, we extracted the RNA
in rat liver and analyzed the levels of fibrosis-related
genes (TGF-6, a-SMA, collagen 11, and collagen 10:2)
using PCR. Compared to the control group, the
DMN-administered group showed an increase in
TGF-6 and «a-SMA expression levels. However,
supplementation with FCE dose-dependently
decreased the expression levels of both genes, with
a more pronounced effect on the «-SMA gene.
Moreover, TNHD treatment effectively suppress the
expression of DMN-induced liver fibrosis-related
genes, including TGF-B, a-SMA, collagen 1a1, and
collagen 1a2 gene (Fig. 5).

3.5. The effect of FCE on hydroxyproline

concentration in DMN-induced liver injury

Liver fibrosis is strongly associated with collagen
accumulation in the liver. During the process of

liver tissue reconstruction and healing, abundant
ECM is deposited in the wound. Collagen molecules
in the connective tissue and matrix further inter-
twine and alter their compositions. The hydroxy-
proline assay is used to determine the amount of
collagen present. The DMN-administered group
showed the highest hydroxyproline content among
all groups, indicating the most collagen accumula-
tion. However, with FCE and, particularly, TNHD
supplementation, the hydroxyproline content
significantly decreased (Fig. 6). Furthermore, in
TGF-B1-induced HSC-T6 cells, the expressions of p-
Smad2 and a-SMA decreased after treatment with
TNHD (p < 0.05) (Fig. 7). Based on these results, it
can be demonstrated that TNHD not only exhibits a
favorable effect in inhibiting DMN-induced hy-
droxyproline production but also demonstrates an
inhibitory effect on liver fibrosis-related factors in
HSC-T6 cells.

3.6. Effects of TNHD on mRNA and protein
expression in TGF-(1-stimulated HSC-T6 cells

According to some studies, damaged hepatocytes
and partially activated Kupffer cells and neutrophils
are the main sources of ROS in the early stage of
liver fibrosis. Toxic substances entering the liver are
detoxified by cytochrome P450 2E1, producing free
radicals that damage cells and stimulate the
expression of collagen type I genes, as well as
reducing the effectiveness of antioxidants. This re-
sults in excessive deposition of collagen fibers,
leading to liver fibrosis [27]. We demonstrated that
TNHD had a greater ROS-scavenging effect than
FCE and EA-FCE in the inflammation and fibrosis
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Fig. 2. DMN-induced histopathologic changes in the liver of rats. (A) Control group; (B) animals administered DMN (10 mg/kg); (C) animals
administered both silymarin (100 mg/kg) and DMN; (D)—(G) animals administered 20, 50, 100, and 200 mg/kg FCE and DMN by oral gavage. The
arrows indicate inflammatory foci (scale bar indicates 100 um). Representative image of hepatic H&E staining (N = 8).

responses induced by TGF-p1 within cells (Fig. S4).
Moreover, we analyzed the mRNA expression of
genes related to liver fibrosis, including a-SMA,
TGF-B1, collagen 1o1, and collagen 1a2. From the
quantitative data, it is evident that TNHD exhibits

inhibitory effects on TGF-b1, with a dose-dependent
response as the dosage increases (Fig. 8). When
stimulated by TGF-p1, HSC-T6 produces numerous
pro-fibrotic genes. As the dose of TNHD increased,
the expression of these genes decreased. TGF-fp1
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Table 2. Effect of FCE on fatty tissue change, bile duct proliferation, necrosis, and inflammation scores of rats in each group.

Groups Injury of score
Fatty tissue change Necrosis Bile duct proliferation Inflammation

Control 0.5 + 0.6 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0
DMN 0.0 + 0.0 1.0 + 0.0* 2.0 + 0.0* 3.0 + 0.0
Silymarin 0.5 + 0.6 2.5 + 0.6* 2.0 + 0.0 25+ 0.6

FCE (20 mg/kg) 0.0 + 0.0 1.0 + 0.0 1.5 + 0.6 1.5 + 0.6*
FCE (50 mg/kg) 0.0 = 0.0 1.0 £ 0.0 1.0 + 0.0* 2.0 + 0.0%
FCE (100 mg/kg) 0.0 + 0.0 1.5 + 0.6 15 + 0.6 2.0 + 0.0*
FCE (200 mg/kg) 0.5 + 0.6 1.0 £ 0.0 2.0+ 0.0 2.0 + 0.0%

Scores: 0 = no; 1 = trace; 2 = weak; 3 = moderate; 4 = strong. The data represent the mean =+ SD of eight rats. DMN was administered
intraperitoneally to each group except for the control group at a dose of 10 mg/kg, 3 days per week for 4 weeks. *Significantly different
from the control group (N = 8). *Significantly different from the group administered DMN alone, p < 0.05.

can induce HSC-T6 to activate the p38 pathway and
upregulate the expressions of extracellular signal-
regulated kinase 1/2 (ERK1/2) and c-Jun N-terminal
kinase 1/2 (JNK1/2) proteins [28]. Our results show
that TNHD suppressed MAPK activation and p-
Smad2 expression (Fig. 4B; Fig. 9A). Moreover, the
results indicate that TNHD did not substantially
downregulate the expression of ERK1/2 and JNK1/2.
Hence, we propose that TNHD inhibits the activa-
tion of p-Smad?2 by interfering with the activation of
MAPKs (Fig. 9A).

3.7. TNHD inhibits the TGF-B1-induced p-Smad
signaling

The results in Fig. 9A show that TNHD inhibits
p38 MAPK signaling phosphorylation, which in-
terferes with Smad phosphorylation, preventing its
activation and reducing the expression of a-SMA.
To confirm the involvement of TNHD in the TGEF-
Bl-induced MAPKs signaling pathway, we blocked
the TGF-pB1 pathway using TNHD and p38 MAPK
inhibitor and conducted an electrophoretic analysis
of the extracted proteins. The results in Fig. 9B
demonstrate that treatment with the p38 MAPK
inhibitor (SB202190) at 2 or 10 uM inhibited the
expression of a-SMA. We propose that TNHD may
exert its effects by inhibiting the phosphorylation of
proteins, such as p38-MAPK, induced by TGF-f1
based on these findings.

4. Discussion

DMN-induced liver fibrosis is a widely used
model for the study of liver fibrosis, as it closely
resembles human liver fibrosis in terms of patho-
logical features, including inflammation, fibrosis,
and cirrhosis [29,30]. DMN-induced liver fibrosis is
believed to be caused by oxidative stress, inflam-
mation, and activation of HSCs [31]. DMN is
metabolized by cytochrome P450 enzymes to form

highly reactive metabolites that lead to oxidative
stress and lipid peroxidation [32,33]. This oxidative
stress induces hepatocellular damage and necrosis,
which activates inflammatory cells and promotes
the release of pro-inflammatory cytokines, chemo-
kines, and growth factors. These factors promote the
activation of HSCs and their transformation into
myofibroblasts, which are responsible for the
excessive deposition of ECM components such as
collagen [34].

Here, we found that the freshwater clam extracts
decreased the liver injury-related indicators
including necrosis, inflammation, and fibrosis score.
The potential effects of freshwater clam extracts on
liver disease have been previously studied, and re-
searchers found that the water extract of freshwater
clam (C. fluminea) exhibited excellent ameliorative
effects on inflaimmation and antioxidant enzyme
activity in a CCly-induced acute liver injury model
in rats [35]. Silymarin, a medicine that is widely
used as an anti-liver fibrosis agent, also decreases
inflammatory cytokines [36]. Inflammation and liver
fibrosis are closely related. Chronic inflammation is
a key factor in the development and progression of
liver fibrosis. When the liver is exposed to chronic
inflammation, the Kupffer cells release pro-inflam-
matory cytokines, such as TNF-a, interleukin-1 (IL-
1), and interleukin-6 (IL-6). Reducing inflammation
and oxidative stress is a useful approach in the
prevention and treatment of liver fibrosis. Hence,
we further evaluated the effects of FCE on liver
inflammation and oxidative stress. Compared with
the DMN group, the inflammatory score was
decreased in the FCE and TNHD groups (Table 2).
In addition, the same trend was observed for the
fibrosis score and liver section (Fig. 3; Table 3). In
terms of oxidative stress, previous research has
revealed that water extract of clams exhibits free
radical scavenging activity, thereby reducing cell
apoptosis, and have also shown its ability to inhibit
HepG2 oxidative damage caused by H,O, [13].
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4

Fig. 3. Representative photomicrograph of rat liver sections from the DMN study. Detection of collagen by Masson's trichrome staining. (A)
Control group; (B) animals administered DMN (10 mg/kg); (C) animals administered both silymarin (100 mg/kg) and DMN; (D)—(G) animals
administered 20, 50, 100, and 200 mg/kg FCE and DMN by oral gavage. The arrows indicate inflammatory foci. The arrows indicate the areas of
DMN-induced collagen deposition (scale bar indicates 100 um). Representative image of Masson's trichrome staining (N = 8).

Inflammation stimulation may lead to the excessive  promotes the synthesis and secretion of pro-in-
production of ROS during oxidative metabolism. flammatory cytokines. In the liver, external stimuli
That triggers the inflammatory process and causes damage to hepatic macrophages, resulting in
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Table 3. Effects of FCE on liver fibrosis scores of rats in each group.

Groups Fibrosis scores
Control 0.0 = 0.0
DMN 35+ 0.6"
Silymarin 35+0.6

FCE (20 mg/kg) 1.5 + 0.6*

FCE (50 mg/kg) 1.5 + 0.6*

FCE (100 mg/kg) 2.0 + 0.0

FCE (200 mg/kg) 1.5 + 0.6*

0 = no collagen; 1 = there is collagen but no septa; 2 = there is
collagen and septa but no connective tissue; 3 = there is collagen
with a few thin connective tissue septa; 4 = there is collagen with
thick connective tissue septa. The data represent the mean + SD
of eight rats (N = 8). *Significantly different from the control
group. *Significantly different from the group administered DMN
alone, p < 0.05.

oxidative stress and further recruit inflammatory
cells. From the results of this experiment, it can be
observed that FCE, EA-FCE, and TNHD effectively
inhibit ROS accumulation caused by TGF-f1
(Fig. S4). Consequently, this leads to a reduction in a
series of inflammatory responses, attenuating the
stimulation of Kupffer cells and impacting the
secretion of liver fibrosis-related factors by aHSCs.
However, further evidence is required to confirm
the mechanisms by which clam extracts alleviate
ROS production.

Activation HSCs are critical for the progression of
liver fibrosis. HSCs typically reside in the Disse
space in a quiescent state, but in response to stimuli

Table 4. Effects of FCE or TNHD on serum biochemical values and lipid profiles of the rats administered DMN.

Groups GOT (U/L) GPT (U/L) TG (mg/dL)
Control 108.7 + 22.7 51.1 + 9.3 29.1 +9.5
DMN 196.5 + 56.0% 121.1 + 39.7% 68.6 + 17.6"
Silymarin 143.4 + 27.6* 120.0 + 24.5 57.0 + 11.5
FCE (20 mg/kg) 138.7 + 20.2* 111.0 + 48.8 45.3 + 6.7*
FCE (50 mg/kg) 134.4 + 31.5% 943 + 16.3 49.4 + 10.6*
FCE (100 mg/kg) 153.3 + 38.7 117.7 + 35.9 46.7 + 14.8*
FCE (200 mg/kg) 141.0 + 16.9* 103.0 + 17.7 49.9 + 18.5%
Groups GOT (U/L) GPT (U/L) TG (mg/dL)
Control 915 + 2.12 97.5 + 0.71 127.0 + 8.49
DMN 168.0 + 4.24" 201.0 + 12.73" 67.0 + 1.41%
TNHD (5 mg/kg) 205.0 + 45.25 2325 + 71.42 89.5 + 28.99
TNHD (10 mg/kg) 103.0 + 20.20* 105.5 + 0.71* 105.0 + 6.68
TNHD (25 mg/kg) 118.5 + 10.61* 154.5 + 17.68* 125.0 + 25.46

DMN was intraperitoneally administered to each group except for the control group at a dose of 10 mg/kg, 3 days per week for 4 weeks.
The data represent the mean + SD of eight rats (N = 8). *Significantly different from the control group. *Significantly different from the

group administered DMN alone, p < 0.05.
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Fig. 4. Inhibitory effects of FCE and TNHD on DMN-induced protein expression in rat liver. Rats were administered 10 mgl/kg of DMN alone
or with different concentrations of FCE (A) and TNHD (B). The values below the figure represent the change in protein expression of the bands
normalized to B-actin. All data are expressed as means + SD. The significance of the differences was analyzed using a by two-tailed Student's t-test.
Data are expressed as mean + SD (n = 3). Different letters on data bars indicate significant differences versus the DMN group (*p < 0.05).
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Fig. 5. RT-PCR analysis of the mRNA expression in the rat liver. Rats were administered 10 mglkg of DMN alone or with different con-
centrations of FCE (A) and TNHD (B). Total RNA was subjected to RT-PCR with the primers a-SMA and TGF-$ with (-actin as an internal
control. The PCR product was resolved in 2% agarose gel. The values below the figure represent the change in protein expression of the bands
normalized to B-actin. The significance of the differences was analyzed using a by two-tailed Student's t-test. Data are expressed as mean + SD
(n = 3). Different letters on data bars indicate significant differences versus the DMN group, *p < 0.05; **p < 0.01; ***p < 0.001.

and inflammation, they become activated and
differentiate into myofibroblasts. Activation of
Kupffer cells releases fibrogenic mediators, such as
TGEF-B, platelet-derived growth factor (PDGF), and
connective tissue growth factor (CTGF), which
undergo

stimulate HSCs to activation and
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differentiation into myofibroblasts. These mediators
induce a range of signaling pathways, including
Smad, MAPK, and PI3K, leading to the upregulation
of a-SMA and other myofibroblast markers [7,34,37].

The increased expression of «-SMA and other
microfilaments in myofibroblasts enables them to
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Fig. 6. Hydroxyproline content in the rat liver after 4 weeks of DMN induction (10 mglkg) with or without different concentrations of FCE
and TNHD. Data are expressed as mean + SD (n = 3), *p < 0.005 indicate statistically significant differences from the DMN group.
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Fig. 7. Effects of FCE, EA-FCE, and TNHD on the TGF-B1-induced
a-SMA, p-Smad2, and Smad2 protein expression in HSC-T6 cells.
Cells were co-treated with TGF-(1 (1 ng/mL) and FCE (10 ug/mL), EA-
FCE (10 ug/mL), and TNHD (5—25 ug/mL). The values below the figure
represent the change in protein expression of the bands normalized to (-
actin. N = 3 for Western blot analysis.

contract and produce ECM proteins, such as
collagen and fibronectin. This results in the depo-
sition of excessive ECM, leading to the development
of liver fibrosis, a common consequence of chronic
liver injury. Therefore, the upregulation of a-SMA
and other myofibroblast markers in HSCs is a crit-
ical factor in the development of liver fibrosis [37].
Here, we confirmed that FCE, EA-FCE, and
TNHD all exhibit an excellent ability to inhibit ROS
generation. Moreover, after the treatment with FCE
and TNHD, both the «-SMA and TGF-B protein
expressions (which are highly associated with liver

fibrosis progression) were apparently decreased in
the rat liver. The amount of collagen production
decreased as the dosage of the extract increased
(p < 0.05) (Fig. 4; Fig. 5). This suggests that FCE
supplementation alleviates liver fibrosis by down-
regulating the expression of the a-SMA protein and
cytokine as well as inactivating the HSCs and
Kupffer cells. Furthermore, the results of collagen
staining and liver hydroxyproline content analysis
show that collagen deposition in the liver was
reduced after administration of the FCE supplement
(p < 0.05) (Figs. 6—8). ECM production was lowered
through the inactivation of HSCs and regulation of
liver fibrosis-related gene expression. Further
investigation was conducted to explore the path-
ways through which clam extract regulates proteins
associated with liver fibrosis. One of the key factors
is the cytokine TGF-f, which plays a key role in liver
fibrosis. In response to liver injury or inflammation,
TGEF- is released and activates the SMAD-signaling
pathway, which induces the transcription of genes
related to fibrosis [38—40]. Some protein expressions
are investigated in a time-dependent manner. In
previous studies, we observed significant differ-
ences in the expression of most proteins in the liver
after treated with different samples to a 12-hr
[41,42]. Therefore, we chose a single 12-hr time
point and conducted the analysis under TGF-f in-
duction to study the effect of the TNHD on protein
expression. We found that TNHD may inhibit

15
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Fig. 8. RT-PCR analysis of the expression of a-SMA, TGF-31, collagen 1al, and collagen 1«2 mRNA. HSC-T6 cells were treated with 1 ng/mL
of TGF-(1 alone or with different concentrations (5, 10, and 25 ug/mL) of TNHD for 1 h, and total RNA was subjected to RT-PCR with the primers o-
SMA, TGF-f1, collagen 1a1, and collagen 1a2 with 3-actin as an internal control. The PCR product was resolved in 2% agarose gel. The values
below the figure represent changes in protein expression of the bands normalized to G-actin. The significance of the differences was analyzed using a
by two-tailed Student's t-test. Data are expressed as mean + SD (n = 3). Significant differences were analyzed by Student's t-test (*p < 0.05).
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Fig. 9. Protein expression of TNHD (A) Effects of TNHD on the phosphorylation of MAPK pathways in TGF-@-induced HSC cells (B) Effects
of p38 inhibitor (SB202190) and TNHD on the TGF-B-induced HSC cells. HSC cells were treated with TGF-$1 (1 ng/mL) with or without TNHD
(5, 10, and 25 ug/mL) for 1 h. The liver lysates were analyzed by Western blotting. The B-actin protein level was also analyzed as a loading control.
The values below the figure represent the change in protein expression of the bands normalized to -actin. N = 3 for Western blot analysis.

fibrosis by suppressing the phosphorylation of p38
MAPK and further interfering with the phosphory-
lation of Smad, preventing it from entering the nu-
cleus to become active, and reducing the expression
of a-SMA, thus resulting in the inhibition of liver
fibrosis (Fig. 9). Although the potential regulatory
mechanism of TNHD needs further clarification,
TNHD shows the potential to prevent liver fibrosis
by regulating the p38 MAPK pathway.

5. Conclusion

We demonstrated the anti-fibrotic effects of the
freshwater clam extracts against liver damage
caused by DMN. The liver-protecting effects were
evidenced by the appearance of the liver, levels of
serum triglycerides and GOT, liver injury scores, the
level of high fibrosis-related proteins (a-SMA and
TGEF-B), and the liver hydroxyproline content. The
underlying effects involved anti-inflammation,
inactivation of HSCs, and inhibition of both a-SMA
and TGF-B production. We further demonstrated
that the potential molecular mechanism of TNHD
may be through the inhibition of the p38 MAPK
protein phosphorylation pathway, which further
affects the expression of a series of downstream
liver fibrosis-related proteins. Therefore, the fresh-
water clam extracts have the potential to alleviate
liver diseases, although further research is needed
to fully understand the mechanisms of action and
potential clinical applications.
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Freshwater clams 2.5 Kg

Extracted with Ethanol (2.5 L x 3)

at room temperature (Crude extract 1 kg)
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1. Extracted with Ethyl acetate (900 mL x 3)

2. Silica gel column chromatography, eluted

with n-hexane and Ethyl acetate

(8 x 70 cm, Merck 40-63mm)

Frl Fr2 Fr3 Fr4 Fr5 Fr6 Fr.7 Fr8 Fr9 Fr.10 Fr.11 Fr.12 Fr.13 Fr.14 Fr.15 Fr.16 Fr.17 Fr.18
(2.7g)

Silica gel column chromatography, eluted
with DCM and Ethyl acetate (400:1)

(3.5 x 40cm, Merck 40-63mm)
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HPLC, eluted with n-hexane and Ethyl acetate (2:1)

C-18 column (Phenomenex Luna 5 mm,250mm x 10 mm)
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Fig. S1. Flow chart of freshwater clam extraction and purification framework.
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Fig. S2. Cell viabilities of purified fractions were determined at each step of the process using Hep G2 cells. (A) The cell viability from Fr.1 to
Fr.18. and (B) Fraction 6, 7 and 8 were further subjected to silica gel column chromatography (40—63 mesh) and eluted with a gradient of DCM: ethyl
acetate (20:1 — 1:20). Cells were treated with various concentrations of different fraction purified from freshwater clam for 24 h. The viability of the
cells was determined by MTT assay. Cells were treated with 0.1% DMSO as vehicle control. Data are expressed as mean + SD (n = 3).
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Fig. S3. Identification of TNHD structures by NMR. (A) NMR spectroscopy of TNHD. (B) Chemical structure of TNHD (trans-2-nonadecyl-4-

(hydroxymethyl)-1,3-dioxolane).
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Fig. 54. Effects of FCE and EA-FCE on the TGF-B1-induced a-SMA protein expression in HSC-T6 cells. Cells were co-treated with TGF-(1
(1 ng/mL) and different concentrations of FCE and EA-FCE. After 1 h of treatment, the medium was replaced with 0.5% medium, and the cells were
further incubated for 12 h. The supernatant was collected for subsequent analysis. The values below the figure represent the change in protein
expression of the bands normalized to $-actin. N = 3 for western blot analysis.
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Fig. S5. Induction of peroxide in HSC-T6 cells by TGF-31 (1 ng/mL). (A) ROS generation was measured by flow cytometry. (B) Quantification of
fluorescence signals generated by reactive oxygen species (ROS). Fluorescent probe DCFH-DA was used for monitoring peroxide generation following
application of 10 ug/mL FCE, EA-FCE and 5, 10, 25 ug/mL TNHD. HSC-T6 cells were treated with 10 ug/mL FCE, EA-FC, and 5, 10, 25 ug/mL
TNHD for 1 h and with DCFH-DA for a further 0.5 h and the fluorescence in the cells was immediately assayed by flow cytometry. Data are
presented as log fluorescence intensity. Bars labeled with different letters (a, b, ¢, d) on the top represent means with significantly different (p < 0.05)
values between each group. Each bar represents the mean + SD from at least three independent experiments and analyzed by one-way ANOVA

followed by Duncan's multiple range test.
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