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A mixture of mulberry and silk amino acids protected against
D-galactosamine induced acute liver damage by attenuating
oxidative stress and inflammation in HepG2 cells and rats
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Abstract. The liver is an important organ for the removal of
toxins and utilization of nutrients. The present study then
investigated whether a mixture of mulberry water extracts and
silk amino acids protected against acute liver damage in rats
induced by intraperitoneal injection of D-galactosamine and the
action mechanism. D-galactosamine injection is widely used to
develop experimental animal models of acute hepatic disease.
In the present study, male Sprague-Dawley rats received
intraperitoneal injection of D-galactosamine followed by
200 and 600 mg/kg body weight (BW) of mulberry extracts and
silk amino acids (1:3, w/w; MS1:3-L. and MS1:3-H), the same
amounts of MS with different ratios (1:5, w/w; MS1:5-L and
MS1:5-H), and 600 mg/kg bw cellulose (control) for 1 week.
The normal-control group received an injection of saline
instead of D-galactosamine with the same diet as the control
group. D-galactosamine injection (control rats) increased serum
ALT, AST and y-GPT levels, indicating the induction of acute
liver damage. The control rats also exhibited reduced glycogen
depositions, which contributed to increasing fat synthesis from
glucose and elevated serum triglyceride levels. Oxidative stress
and inflammation in the liver of the control increased in response
to the decreasing antioxidant activity and mRNA expression
and increasing TNF-a expression, respectively. Both MS1:3 and
MSI1:5 reduced serum ALT, AST and y-GPT levels to ameliorate
liver damage. MS1:3 reduced oxidative stress by increasing the
activity and expression of antioxidant enzymes, whereas MS1:5
decreased the expression TNF-a in the liver. MS1:3 and MS1:5
improved the necrosis of hepatocytes in H&E staining, which
was associated with increased glycogen deposition in PAS
staining. MS1:5 had better effects on glycogen accumulation. In
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conclusion, MS1:3 and MS1:5 can be used as therapeutic agents
for acute liver damage.

Introduction

The liver, which is the first organ to deliver nutrients and toxins
from the intestines through the portal vein after consump-
tion, is responsible for various biological process including
metabolizing nutrients and toxic compounds such as alcohol
and drugs (1). Since the liver plays a crucial role in eliminating
toxic compounds, it is susceptible to damage by toxins such as
alcohol, bacteria, and viruses (1). The insults from the toxins
can induce acute liver damage via increased oxidative stress
and inflammation, and this can then progress to hepatitis,
hepatic cancer, and liver cirrhosis (2). Accordingly, acute liver
damage needs to be treated at an early stage and it is important
to explore effective therapeutic strategies to recover from or
protect against acute liver damage.

Hepatic damage is induced by various chemicals including
alcohol, bacteria, and viruses. Several chemicals including
carbon tetrachloride (CCl,), D-galactose, and lipopolysac-
charide have been used to induce acute hepatic damage in
experimental animal models (1,3,4). Among these chemicals,
D-galactosamine derived from D-galactose works as a hepato-
toxic compound to induce hepatocyte necrosis and inflammation.
D-galactosamine decreases the cellular uridine-5'-triphosphate
(UTP) concentration and reduces the synthesis of hepatocyte
RNA to block transcription in the liver (5). D-galactosamine
injection results in a condition that resembles human viral
hepatitis. D-galactosamine is generally accepted for production
of animal models for acute liver damage because of its good
reproducibility and easy dosage control (3).

Mulberry (Morus alba L.) fruits contain anthocyanins,
which have anti-oxidant and anti-inflammation properties.
Mulberry fruit extracts have been reported to protect against
liver damage caused by tetrachloride, lipopolysaccharide, and
oxidative stress (2,6,7). In addition, mulberry extracts improve
alcohol-induced steatosis by alleviating gut microbiota (4).
The amelioration of liver damage is mainly associated with
reduction of oxidative stress and inflammation via changes in
the gut microbiota (4,6). Silk amino acids have been shown
to have anti-inflammatory activities and to accelerate the
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removal of toxins such as alcohol and acetaldehyde (8). Thus,
both mulberry extracts and silk amino acids protect against
acute liver damage caused by toxins and they may alleviate
acute liver damage additively or synergistically. In the present
study, we hypothesized that a mixture of mulberry water
extracts and silk amino acids may protect against acute liver
damage in rats. This hypothesis was tested in rats treated with
intraperitoneal injection of D-galactosamine and the action
mechanism was explored. We found that D-galactosamine
acutely induced liver injury with decreased glycogen deposi-
tion and increased triglyceride accumulation in the liver. The
mixture of mulberry and silk amino acids ameliorated liver
damage by potentiating anti-oxidant enzymes and reducing
proinflammatory cytokines.

Materials and methods

Effects of HepG?2 cell line on cell damage. Human hepatocel-
lular carcinoma HepG2 cells were acquired from American
Type Culture Collection (HB-8065) were grown and main-
tained with high glucose Dulbecco's modified Eagle's medium
(DMEM) containing 10% fetal bovine serum (FBS) (9). Cells
were then transferred into 96-well plates at 4x10° cells/well in
high-glucose DMEM containing 0.3% bovine serum albumin
(BSA) and allowed to grow to 70% confluence. The cells were
then treated with vehicle, 10 or 50 pg/ml mulberry extracts
(MB), silk amino acids (SA) or their mixtures (MS1:2,
MS1:3, MS1:4, and MSI1:5). After 1 h of treatment, 50 mM
D-galactosamine was added to the cells and they were incu-
bated for another 8 h. The cell viability was then measured
in HepG2 cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay using an Aureon plate
reader (Aureon Biosystems).

HepG2 cells were grown in 24-well plates at 6x10* cells/well
until the cells were 70% confluent, then treated with vehicle,
10 or 50 pg ml' mulberry extracts (MB), silk amino acids
(SA) or their mixtures (MS1:2, MS1:3, MS1:4, and MS1:5)
for 1 h. The cells were subsequently treated with 50 mmol/l
D-galactosamine and incubated for 8 h. Next, cells were
harvested with lysis buffer at 4°C and centrifuged at 10,000 x g
for 20 min at 4°C, which was followed by collection of the
supernatants. Lipid peroxide levels as malondialdehyde
(MDA) contents in the liver were then measured using a thio-
barbituric acid reactive substance (TBARS) assay kit (Cayman
Chemical). Relative mRNA levels of tumor necrosis factor-a
(TNF-a) were measured by real-time polymerase chain reac-
tion (PCR) in samples treated with vehicle, 50 gg m1" mulberry
extracts (MB), silk amino acids (SA) or their mixtures (MS1:2,
MSI1:3, MS1:4, and MS1:5).

Animal care and experimental design. Male Sprague Dawley
rats that weighed an average of 235+12 g were purchased from
Daehan Bio, Inc. and acclimated in the animal facility. All rats
were raised in individual stainless steel cages in a controlled
environment (23°C, 12-h light/dark cycle) and had ad libitum
access to food and water. All study procedures were adopted
based on the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (NIH) and were approved
by the Institutional Animal Care and Use Committee of Hoseo
University (HSTACUC-17-068).

PARK et al: MULBERRY, SILK AMINO ACIDS, AND LIVER INJURY

After 1-week of acclimation in the animal facility,
50 male rats received a single intraperitoneal injection of
D-galactosamine saline solution (800 mg/kg bw) to induce
acute liver damage. The rats were then randomly divided
into five groups: 1) low dosage (200 mg/kg body weight)
of mulberry extracts and silk amino acid (1:3, MS1:3-L, or
1:5, MS1:5-L), 2) high dosage (600 mg/kg body weight) of
mulberry extracts and silk amino acid (1:3, MS1:3-H, or
1:5, MS1:5-H) and 3) cellulose (control). Ten rats received a
single intraperitoneal injection of saline solution. Animals
were given free access to water and 40 energy percent diet
containing mulberry extracts and silk amino acid during the
1-week experimental period.

At the end of the experiment, epididymal and retroperito-
neal fat mass and uteruses were removed and weighed after
rats were sacrificed after anesthesia by subcutaneous injection
of a mixture of ketamine and xylazine (100 and 10 mg/kg body
weight, respectively). After blood collection, human insulin
(5 U/kg body weight) was injected through the inferior vena
cava to determine insulin signaling in the liver. Serum samples
were then stored at -70°C for biochemical analysis. Serum was
separated after centrifugation of the blood and the serum
levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST) and y-glutamyl transpeptidase (y-GPT),
which are markers for liver damage, were measured by colori-
metric methods using kits obtained from Asan Pharmaceutical
company (Seoul, Korea). Livers were collected and stored at
-70°C for further study.

The livers were homogenized with 1.5N perchloric acid and
the lysates were treated with a-amyloglucosidase to hydrolyze
glycogen. The hydrolysate was then neutralized with NaOH to
pH 7.4 and centrifuged at 3000 rpm for 10 min, after which the
glucose concentration was measured using a glucose oxidase
kit (Young Dong Pharm.) and liver glycogen was calculated
from the glucose concentrations. Triacylglycerol was extracted
from the livers and brains with chloroform-methanol (2:1,
vol/vol) and resuspended in pure chloroform. After evapo-
rating chloroform, the residues were suspended with PBS
containing 0.1% triton X-100 and then sonicated and boiled for
5 min. Finally, the triacylglycerol contents of the suspensions
were assayed using a Trinder kit (Young Dong Pharm.) (10).

Oxidative stress status. Lipid peroxide levels as MDA in
the liver were measured using a TBARS assay kit (Cayman
Chemical). Triglyceride (TG) contents were also measured in
the liver and brain using a TG kit (Asan Pharmaceutical). TNF-a
levels in the liver lysate were measured using ELISA kits (R
& D Systems, Minneapolis, MN and Amersham Biosciences,
Piscataway, NJ, USA). The activities of antioxidant enzymes
such as Cu/Zn superoxide dismutase (SODI1) and glutathione
(GSH)-peroxidase were determined from the lysates of
liver tissues using colorimetry kits (Cayman Chemical and
Biovision), respectively (11). One unit of each enzyme activity
was defined as 50% inhibition of each enzyme reaction and the
enzyme activity was normalized by mg protein in the lysate.
Additionally, GSH levels in the liver were determined using a
GSH assay kit (Sigma-Aldrich; Merck KGaA).

Isolation of liver total RNA and real-time PCR. Livers were
powdered with a cold steel mortar and pestle, then mixed with
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a monophasic solution of phenol and guanidine isothiocya-
nate (TRIzol reagent; Gibco; Thermo Fisher Scientific, Inc.)
for total RNA extraction, which was conducted according to
the manufacturer's instructions. cDNA was synthesized from
equal amounts of total RNA using superscript III reverse
transcriptase, and polymerase chain reaction (PCR) was
performed with high-fidelity Taq DNA polymerase. Equal
amounts of cDNA were added to SYBR Green mix (Bio-
Rad Laboratories, Inc.) and amplified using a real-time PCR
instrument (Bio-Rad Laboratories, Inc.). The expression
levels of the genes of interest were normalized to those of the
housekeeping gene B-actin. To assess changes in the expres-
sion of genes related to fatty acid synthesis and oxidation in
the liver, the following primers were used: tumor necrosis
factor (TNF)-a (forward 5'-CCCTGGTACTAACTCCCA
GAAA-3, reverse 5-"-TGTATGAGAGGGACGGAACC-3"),
interleukin (IL)-1p (forward 5'-CACCTCTCAAGCAGAGCA
CAG-3, reverse 5'-GGGTTCCATGGTGAAGTCAAC-3"),
Cu/Zn superoxide dismutase (SOD; forward 5'-CACTCT
AAGAAACATGGCG-3', reverse 5'-CTGAGAGTGAGA
TCACACG-3"), GSH-Px (forward 5'-GCGGGCCCTGGC
ATTG-3', reverse 5'-GGACCAGCGCCCATCTG-3') and
B-actin (forward 5'-AGCGTGGCTACAGCTTCACC-3/,
reverse 5'-AAGTCTAGGGCAACATAGCACAGC-3"). The
relative gene expression was quantified using the comparative
cycle of threshold (CT) method (2°244 method) as previously
described by Livak and Schmittgen (12).

Histological analysis. At the end of the experimental period,
the liver samples were fixed in 10% buffered neutral formal-
dehyde and embedded in paraffin wax. Histological sections
that were 6 um thick were stained with hematoxylin and eosin
(H&E) and used to score the liver damage. The liver damage
and glycogen contents were determined in two sections with
a random selection from six consecutive sections at x200
magnification. The liver damage was scored by summing each
item such as the nucleus size and shape, cell size and arrange-
ment and the number of macrophages in the histological
scoring system. Each item was scored as 0 (no change), 1
(mid), 2 (moderate) and 3 (severe) (4). Higher scores indicated
more hepatic cell damage. In addition, glycogen contents were
determined by the red color intensity in periodic acid-Schiff
(PAS) staining of the stomach tissues. Lower scores indicated
higher glycogen contents (4).

Statistical analysis. Statistical analysis was performed with
SAS software version 7 (SAS Institute, Inc.) and the results
are expressed as the means + standard deviation. The vari-
ables with results from different time points were analyzed
with one-way ANOVA to assess the metabolic effects of the
mixture of mulberry extracts and silk amino acids in male rats
fed a high-fat diet. Multiple comparisons between groups were
identified by Tukey's test at P<0.05.

Results

Cell viability of HepG2 cell line damaged by
D-galactosamine. As shown in Fig. 1A, D-galactosamine
reduced cell viability in HepG2 cells and high dosage
pretreatment of SA and MB protected against the cell

3613

A OControl DMB mSA mMS(1:2) oMS(1:3) 2MS(1:4) = MS(1:5 & Normal-control
160

<
il

140

120

100
80
60
40 4

Cell viability(% of control)

20

(IR

Dosages

B oOControl oMB mSA mMS({1:2) sMS(1:3) aMS[1:4) sMS(1:5) mNormal-control
120
a

+

100 -
80

60

MDA (% of control)

40

20

]

0

Fold changes of mRNA expression

D ocControl cMB mSA mM$(1:2) nMS(1:3) aMS(1:4) mMS(1:6) & Normal-control
1.2

N

of mMRNA

04

0.2

Fold ch

0

Figure 1. The effects of mulberry water extracts and silk amino acids on
HepG?2 cells damaged by D-galactosamine. HepG2 cells were treated with 0
(vehicle), 10 or 50 ug/ml MB, SA or their mixtures (MS1:2, MS1:3, MS1:4, and
MSI:5). After 1 h of treatment, 50 mM D-galactosamine was added to the cells
and they were incubated for an additional 24 h. (A) Cell viability measured by
MTT assays. (B) Lipid peroxide levels measured as MDA. (C) Fold changes of
SODI1 and GSH-Px mRNA expression. (D) Fold changes of IL-1p and TNF-a
mRNA expression. 'P<0.05, “P<0.01 and ““P<0.001 vs. Control. MB, mulberry
extracts; SA, silk amino acids; MDA, malondialdehyde; SODI, superoxide
dismutase 1; GSH-Px, glutathione peroxidase; IL-1f, interleukin-1p; TNF-a,
tumor necrosis factor-a.. b P<0.05, ¢ P<0.01 and dP<0.001 vs. Control.

damage caused by D-galactosamine. The mixture of MS1:4
and MS1:5 improved the cell viability in D-galactosamine
intoxicated HepG2 cells.
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Table I. Energy metabolism and mulberry and silk amino acid intake.

Control MS1:3-L MS1:3-H MS1:5-L MS1:5-H Normal-control
Variables (n=10) (n=10) (n=10) (n=10) (n=10) (n=10) P-value®
Body weight at 1 week (g) 262+18 256x17 257+18 248420 250«19 260=1 0.28
Caloric intake (kcal/day) 709+74  67.1+6.8 68.7+6.2 65.7+6.6 68.4+7.1 68.1+4.8 0.17
MB intake (mg/day) 00 16.5£1.7°  50.9+5.1¢ 9.5+1.1° 30.7+2.5¢ 00 <0.001
SA intake (mg/day) 00 33.0+3.5¢ 102+10¢ 40.3+4.2¢ 122+13¢ 00 <0.001
Liver weight (weight %) 43+0.1 4.1+0.2 3.8+0.2° 42+02 4.1+0.2 3.7+0.1° 0.03

*P-value of each parameter by one-way ANOVA among the groups. °P<0.05, °P<0.01 and “P<0.001 vs. Control. Values are means * standard
deviation. Rats had an intraperitoneal injection of D-galactosamine and they were provided 200 and 600 mg/kg body weight of mulberry
extracts and silk amino acid (1:3, w/w; MS1:3-L and MS1:3-H), the same amounts of MS with different ratio (1:5, w/w; MS1:5-L and
MS1:5-H), and 300 mg/kg bw cellulose (control) for 1 week. The normal-control rats were injected with saline instead of D-galactosamine and

they had the same diet with the control group.

Oxidative stress and inflammation in HepG2 cell line. The
cell damage was associated with increased oxidative stress.
Specifically, the MDA contents in HepG2 cells were 2-fold higher
in the HepG2 cells damaged with D-galactosamine (control)
than in the normal-controls (Fig. 1B). However, SA and MB
reduced the contents of MDA and lipid peroxide index induced
by D-galactosamine, with the high dosage mixture of SA and MB
leading to greater decreases than either compound alone.

Decreased MDA was related to increased anti-oxidant
enzyme expression. The SOD1 and GSH-Px expression were
2- and 1.7-fold lower, respectively, in the control group than
the normal-control group (Fig. 1C). However, MB and SA
(50 pug/ml) increased SOD1 and GSH-Px expression, with MB
leading to greater expression of both enzymes than SA. The
mixture of MS1:2, MS1:3, MS1:4 and MS1:5 elevated their
expression to levels similar to MB.

However, the expression of both proinflammatory cyto-
kines (IL-1p and TNF-a) was 1.7-fold higher in the control
than the normal-control. SA protected against the increase of
IL-1p and TNF-o expression better than MB and the mixture
of MB and SA reduced their expression (Fig. 1D). MSI1:5
decreased the expression of IL-13 and TNF-a as much as the
normal-control.

Energy metabolism in rats. Treatment with D-galactosamine
for one week did not change body weight. In addition, although
MS treatments tended to lower body weight, no significant
differences were observed among groups (Table I). Additionally,
there were no significant differences in energy intake between
control and normal-control groups and MS treatment did not
alter energy intake, indicating that D-galactosamine and MS
treatments did not alter food intake (Table I). MB and SA intake
were dependent on the food intake and the ratio and dosage of
MB and SA in the foods. Although body weight was not signifi-
cantly different between control and normal-control groups, liver
weight based on the body weight was higher in the control than
the normal-control group (Table I). MS1:3-H suppressed the
increase of liver weight in rats injected with D-galactosamine.

Liver damage in rats. Serum AST and ALT levels, which are
indexes of liver damage, were higher in the control group than
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Figure 2. Serum ALT, AST and y-GPT levels in rats. Values are the
means + standard deviation. Rats received intraperitoneal injection of
D-galactosamine and were provided with 200 and 600 mg/kg body weight
of mulberry extracts and silk amino acid (1:3, w/w; MS1:3-L and MS1:3-H),
the same amounts of MS with silk amino acid at different ratios (1:5, w/w;
MS1:5-L and MSI1:5-H), or 600 mg/kg bw cellulose (control) for 1 week.
Normal-control rats were injected with saline instead of D-galactosamine
and had the same diet as the control group. "P<0.05 and “"P<0.01 vs. Control.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GPT,
v-glutamyl transferase. b P<0.05, ¢ P<0.01 and dP<0.001 vs. Control.

the normal-control group (Fig. 2). However, MS1:3 and MS1:5
suppressed these increases in a dose-dependent fashion.
MS1:3 suppressed the decrease in serum ALT and AST levels
more than MS1:5. In addition, serum y-GPT levels showed the
same patterns as serum AST and ALT levels. Additionally,
serum TNF-a levels were about 2-fold higher in the control
than the normal-control group (Table II), but MS1:3 and
MS1:5 inhibited this increase. Taken together, these findings
indicate MS1:3 and MSI1:5 reduced the liver damage induced
by D-galactosamine dose-dependently.

The liver plays a crucial role in lipid metabolism and liver
damage alters the metabolism. Serum total, high-density lipo-
protein (HDL) and low-density lipoprotein (LDL) cholesterol
levels were not significantly different following treatment with
D-galactosamine and MS (Table II). However, serum triglyc-
eride levels were elevated by D-galactosamine injection and
reduced by MS treatment. Treatment with MS1:5 decreased
serum triglyceride levels compared to MS1:3 (Table II). In



EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 3611-3619, 2020 3615

Table II. Lipid profiles and glucose metabolism in the circulation.
Control MS1:3-L MS1:3-H MS1:5-L MSI1:5-H  Normal-control

Variables (n=10) (n=10) (n=10) (n=10) (n=10) (n=10) P-value®
Serum TNF-a (pg/ml) 57.6x47  44.6+49°  382+4.1°  362+43° 3124349 23.1+2.99 0.004
Serum total cholesterol (mg/dl)  108+9.8 99.7+8.2 97.3+6.8 99.3+9.7 101+8.6 96.9+7.3 0.07
Serum HDL-C (mg/dl) 18.7£1.7 19.7£1.8 19.0£1.5 18.5+1.6 19.7£1.8 18.5£1.5 0.09
Serum LDL-C (mg/dl) 63.8+59  58.0+5.5 58.7£5.6 64.9+6.7 65.2+6.2 61.2+5.8 0.08
Serum triglyceride (mg/dl) 127+114  110£10.7° 97.8494°>  79.1284°  80.7+7.6° 83.2+7.1¢ 0.01
Serum glucose (mg/dl) 139.5£83 127.6+8.1° 1269+7.6* 115.7+7.2° 118.9+6.8° 130.7+7.9° 0.02
Serum insulin (pg/ml) 1.9720.16 1.69+0.17° 1.74£0.15° 1.61+0.14° 1.56x0.17° 1.83+0.15° 0.03
HOMA-IR 11.0+1.0 8.6+0.8° 8.8+0.7° 7.5+0.6° 7.4+0.6 9.6+0.9° 0.01

“P value of each parameter by one-way ANOVA among the groups. "P<0.05, °P<0.01 and ‘P<0.001 vs. Control. Values are means + standard
deviation. Rats had an intraperitoneal injection of D-galactosamine and they were provided 200 and 600 mg/kg body weight of mulberry
extracts and silk amino acid (1:3, w/w; MS1:3-L and MS1:3-H), the same amounts of MS with different ratio (1:5, w/w; MS1:5-L and
MS1:5-H), and 600 mg/kg bw cellulose (control) for 1 week. The normal-control rats were injected with saline instead of D-galactosamine
and they had the same diet with the control group. TNF-a, tumor necrosis factor-o; HDL-C, high density lipoprotein cholesterol; LDL-C, low
density lipoprotein; HOMA-IR, homeostatic model assessment for insulin resistance.

addition, triglyceride deposition in the liver was elevated in
the control group compared to the normal-control group and
MSI1:3 and MS1:5 inhibited this increase (Table III). In contrast,
glycogen deposition in the liver was lower in the control than
the normal-control and MS1:3 and MSI:5 prevented the
decrease induced by D-galactosamine injection (Table III).
Thus, D-galactosamine injection damaged the liver tissues,
which resulted in disturbance of triglyceride metabolism but
not cholesterol metabolism.

Liver histology in rats. H&E staining showed that
D-galactosamine disrupted the hepatocytes (Fig. 3A). The nuclei
of the hepatocytes were enlarged, the cellular arrangement
was disrupted and the macrophage infiltration was elevated
compared to the control (Fig. 3A and B). The results indicated
that D-galactose induced hepatocyte damage. MS1:3 and MS1:5
protected against hepatocyte damage (Fig. 3B). Macrophage
infiltration was also reduced by MS1:3 and MS1:5 (Fig. 3B).

D-galactosamine depleted glycogen deposition in
the control group in comparison to the normal-control
(Fig. 3B, C). MSI1:3 and MSI:5 increased the glycogen deposi-
tion and MS1:5-H increased glycogen deposition more than
the normal-control (Fig. 3B and C).

Oxidative stress in the liver of the rats. The amount of MDA,
an index of lipid peroxide, was higher in the control group
than the normal-control group (Table III). The activity of
SOD, which is an enzyme that removes superoxide, was lower
in the control group than the normal-control group. MS1:3
dose-dependently increased the SOD activity as did MSI:5.
In parallel with SOD, GSH-Px activity was also lower in
the control than the normal-control and MA1:5 suppressed
this decrease (Table III). Evaluation of the hepatic level of
GSH revealed that the substrate of GSH-Px was lower in the
control than the normal-control, indicating that lower levels
of reducing agents increased lipid peroxides in the control
than the normal-control (Table III). MS1:3 better inhibited the

decrease of hepatic GSH activities than MS1:5. Hepatic levels
of TNF-a were more than 2-fold higher in the control than the
normal-control and they decreased more in response to MS1:5
than MS1:3 (Table III).

In addition to the activity and contents of anti-oxidant
enzymes and proinflammatory cytokines, their mRNA expres-
sion was influenced by D-galactosamine and MS mixtures
modified the mRNA expression (Fig. 4). The SODI and
GSH-Px mRNA expression were 1.5-fold lower in the control
than the normal-control, while MS1:3 increased their expres-
sion (Fig. 4). The mRNA expression of IL-1f and TNF-a,
proinflammatory cytokines was higher in the control than the
normal-control, while MS1:3 and MS1:5 lowered their expres-
sion (Fig. 4). MS1:5-H decreased their mRNA expression
similar to the normal-control.

Discussion

The liver plays a crucial role in removal of toxins and utili-
zation of nutrients to regulate glucose and lipid metabolism.
Toxins such as CCL, and D-galactosamine induce acute liver
damage and disturb lipid and glucose metabolism (2,5,13).
D-galactosamine is known to induce a condition similar to
human viral hepatitis and is therefore widely used to generate
experimental animal models of the acute hepatic disease. The
etiology of D-galactosamine to induce acute liver damage
is associated with depleting UTP levels in the liver (5),
stimulating proinflammatory cytokines including IL-1 and
TNF-a (14) and elevating oxidative stress by reducing anti-
oxidants (15). Depletion of UTP levels may be involved in
glycogen synthesis in the liver; thus, like other toxins such as
alcohol, D-galactosamine induces acute hepatocyte necrosis
toxicity and changes the glucose and lipid metabolism. We
investigated whether mixtures of mulberry water extracts and
silk amino acids could protect against acute liver damage in
rats induced by intraperitoneal injection of D-galactosamine
and the mechanism of the identified protective action. The
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Figure 3. Liver histology with H&E and PAS staining. (A) Liver section stained with H&E. (B) Liver section stained with PAS. (C) Scores of cell disruption.
Values are the means + standard deviation. Rats received an intraperitoneal injection of D-galactosamine and were provided with 200 and 600 mg/kg body
weight of mulberry extracts and silk amino acid (1:3, w/w; MS1:3-L and MS1:3-H), the same amounts of MS with silk amino acid at different ratios (1:5, w/w;
MS1:5-L and MS1:5-H), or 600 mg/kg bw cellulose (control) for 1 week. The normal-control rats were injected with saline instead of D-galactosamine and
had the same diet as the control group. 200x original magnification. Scale bar, 50 pm. "P<0.05 and “"P<0.01 vs. Control. H&E, hematoxylin and eosin; PAS,

periodic acid-schiff. b P<0.05, ¢ P<0.01 and dP<0.001 vs. Control.

results showed that D-galactosamine induced acute liver
damage was attenuated by a mixture of silk amino acid and
mulberry water extracts by reducing oxidative stress and
inflammation.

Silk amino acids are derived from the hydrolysis of
cocoons from the silkworm Bombyx mori. Silk amino acids
contain 75% fibroin and 25% sericin, and intake of silk
amino acids, including sericin hydrolysate, has been shown
to exert protection against alcohol-induced liver damage
by accelerating alcohol elimination through urine directly,

which enhanced the oxidation rate in the liver (8,16). Thus,
silk amino acid intake reduces ethanol concentration in the
liver and in circulation and may therefore reduce liver damage;
however, it may not ameliorate liver damage induced by other
toxins besides ethanol. In the present study, mulberry water
extracts were combined with silk amino acid to protect against
D-galactosamine induced liver damage in rats. The various
ratios of mulberry water extracts and silk amino acids were
then examined to improve cell survival in HepG2 cells treated
with D-galactosamine.
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Table III. Hepatic lipid peroxides, antioxidant enzyme activities, and triglyceride and glycogen deposition.
Control  MSI1:3-L  MS1:3-H MSI1:5-L. MSI1:5-H Normal-control

Variables (n=10) (n=10) (n=10) (n=10) (n=10) (n=10) P-value®
Liver TG (mg/g tissue) 88.6+5.9 82.8+53" 81.2+4.6° 86.2+4.6 82.3+6.2° 79.3+5.8° 0.04
Liver glycogen (mg/g tissue) 222+3.6 33.7+5.1¢ 31.1+4.8° 345+4.5° 32.1+5.1¢ 38.1+4.0¢ 0.001
Hepatic MDA (nmol/mg protein) 0.96+0.09 0.75+0.08" 0.68+0.07° 0.85+0.08" 0.74+0.08" 0.61+0.08¢ 0.01
Hepatic SOD (U/mg protein) 256432 31.9+39° 393+4.1° 278434 31.4+35° 36.6+3.8° 0.01
Hepatic GSH peroxide (U/mg protein) 66.8£6.5 72.6£7.1 79.6£8.3" 68.9+7.1 75.1£6.7° 84.5+8.8° 0.02
Hepatic GSH (umol/g protein) 211423 264+24° 293+25° 241427 262+2.3° 29.4+2 5° 0.02
Hepatic TNF-a (pg/g tissue) 95+09 8.7x0.9 7.6x0.7° 8.0+£0.9° 6.8+0.7° 4.1+0.5¢ 0.004

“P-value of each parameter by one-way ANOVA among the groups. "P<0.05, “P<0.01 and ‘P<0.001 vs. Control. Values are means + standard
deviation. Rats had an intraperitoneal injection of D-galactosamine and they were provided 200 and 600 mg/kg body weight of mulberry
extracts and silk amino acid (1:3, w/w; MS1:3-L and MS1:3-H), the same amounts of MS with different ratio (1:5, w/w; MS1:5-L and
MS1:5-H), and 600 mg/kg bw cellulose (control) for 1 week. The normal-control rats were injected with saline instead of D-galactosamine
and they had the same diet with the control group. TG, triglyceride; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione;

TNF-a., tumor necrosis factor-o.

oControl oM31:3-L mMS1:3-H mMS1:5-L oMS1:5-H = Normal-control
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Figure 4. mRNA expression of SOD1, GSH-Px, and TNF-a. Values are the
means * standard deviation. Rats received an intraperitoneal injection of
D-galactosamine and were provided with 200 and 600 mg/kg body weight
of mulberry extracts and silk amino acid (1:3, w/w; MS1:3-L and MS1:3-H),
the same amounts of MS with silk amino acid at different ratios (1:5, w/w;
MS1:5-L and MS1:5-H), or 600 mg/kg bw cellulose (control) for 1 week. The
normal-control rats were injected with saline instead of D-galactosamine and
they had the same diet as the control group. “P<0.05, “P<0.01 and ““P<0.001
vs. Control. SODI, superoxide dismutase-1; GSH-Px, glutathione peroxidase;
TNF-o , tumor-necrosis factor-a. b P<0.05, ¢ P<0.01 and dP<0.001 vs. Control.

Mulberry water extracts have been reported to contain
anthocyanins such as cyanidin-3-glucoside as well as flavo-
noids such as rutin, quercetin, and luteolin (8); therefore, they
can act as antioxidants. Mulberry water extracts have been
demonstrated to protect against ethanol-induced liver disease
by reducing inflammation and inhibiting lipogenesis in the
liver (8,17). In addition, mulberry water extracts have been
shown to ameliorate obesity or CCL,-induced liver damage
by decreasing lipid peroxidation and inhibiting proinflam-
matory gene expression (2,13). The results of the present
study showed that high dosages of MA and SA themselves
increased cell survival when liver damage was induced by
D-galactosamine. However, the mixture of MA and SA
elevated cell survival more than either extract alone. The

mixture of MS reduced the MDA contents with increased
SODI1 and GSH-Px expression in the HepG2 cells treated
with D-galactosamine in HepG2 cells. Additionally, the
levels of TNF-a, which indicate inflammation, were lower
samples treated with high doses of MA and SA; however,
the mixture of MS1:5 led to greater decreases than either
individual extract. Thus, the MS mixture, especially MSI:5,
may ameliorate acute liver damage better than individual
MB and SA.

In the present study, rats fed MS1:3 and MS 1:5 protected
against acute liver injury by D-galactosamine. As shown in
other studies, D-galactosamine injection induced liver damage
by increasing oxidative stress and decreasing the activity of
antioxidants including SOD1 and GSH-Px and their mRNA
expression and inflammation by increasing proinflammatory
cytokines such as TNF-a. The MS1:3 and MS1:5 decreased
oxidative stress and inflammation. MS1:3 decreased lipid
peroxide levels in the liver by elevating the activities and
mRNA expression of antioxidant enzymes including SODI1
and GSH-Px more than MS1:5. However, MS1:5 reduced proin-
flammatory cytokines such as TNF-a better than MS1:3. As
a result, both MS1:3 and MS1:5 improved the hepatic damage
based on histology and reduced liver damage indexes such as
serum AST and ALT. Serum AST and ALT activities were
much lower in the present study, which measured them 7 days
after D-galactosamine injection as opposed to 18-24 h in the
previous studies (18-20). The previous studies have showed
substantial variations in their activities (18-20). In the present
study, serum AST and ALT activities in the control were
much higher than the normal-control and MS1:3 and MS1:5
treatments decreased the activities compared to the control.
The decrease in AST and ALT was largely a time dependent
improvement in which the D-galactosamine-induced liver
damage was naturally alleviated in all groups including the
control, the improvement was accelerated by MS1:3 and
MSI:5.

Mulberry extract may act as an antioxidant to reduce
oxidative stress and improve inflammation as shown in
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other studies (6-8). Silk amino acids have been reported
to improve glucose metabolism by increasing insulin
secretion and pancreatic B-cell mass, even in type 1
diabetes (21,22), suggesting that they have the potential to
improve the recovery of damaged cells. Thus, silk amino
acids may improve the recovery of damaged hepatocytes by
D-galactosamine.

No previous studies has reported that glycogen deposition
was reduced and TG accumulation was elevated in the livers
of the rats with D-galactosamine induced acute liver damage.
This was associated with the ability of D-galactosamine
to reduce UTP levels in the liver since UTP is associated
with the synthesis of RNA in the hepatocytes and glycogen
synthesis (5). Cell damage by D-galactosamine may be
associated with the inhibition of protein production and
glycogen synthesis in the liver. Although glycogen storage
disease type la caused by the deficiency of glucose-6 phos-
phatase is associated with decreasing glycogen utilization to
excessively accumulate not only glycogen storage but also
triglycerides in the liver, it has progressed to steatohepa-
titis, cirrhosis and hepatic adenomas and carcinomas (23).
However, depletion of glycogen has been reported to be
related to hepatocyte damage with insulin resistance by envi-
ronmental toxins (24,25). Moreover, decreases in glycogen
deposition have been shown to contribute to increasing
synthesis of fat from glucose and to exacerbate glucose
metabolism to increase insulin secretion to normalize serum
glucose levels, but not to decrease serum glucose levels and
increase insulin resistance (26). The present study showed
that rats in the control had increased HOMA-IR and insulin
resistance and developed glucose intolerance. In addition,
serum triglyceride levels increased in the control group
relative to the MS1:3 and MS1:5 treatments, even though
the serum total, HDL and LDL cholesterol levels did not
differ among groups. D-galactosamine may not influence
cholesterol metabolism in the liver and MS1:3 and MS1:5 did
not alter the cholesterol metabolism. Glucose intolerance,
insulin resistance and serum triglyceride levels induced by
D-galactosamine were alleviated by both MS1:3 and MS1:5
and they were improved better in MS1:5 than MS1:3. These
results suggested that MS1:5 recovered hepatic function,
especially glucose and lipid metabolism, better than MS1:3
although both MS1:3 and MSI:5 led to similar improvements
in oxidative stress and inflammation. Therefore, MS1:5 may
be used as a therapeutic agent for acute liver damage induced
by D-galactosamine.

In conclusion, D-galactosamine injection induced acute
hepatic damage by increasing oxidative stress and inflamma-
tion as well as the accumulation of decreased glycogen and
increased triglyceride levels. However, both MS1:3 and MS1:5
reduced serum ALT, AST and y-GPT levels to ameliorate liver
damage, with MS1:5 having better effects on glycogen and
triglyceride accumulation. Therefore, MS1:5 may be a good
therapeutic agent for acute liver damage. Low and high doses
of MS1:3 and MSI:5 of 1.5 and 4.5 g/day, respectively, were
applied as human equivalents.
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