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A B S T R A C T

Chronic liver disease is characterized by an exacerbated accumulation of deposition of

collagen, causing progressive fibrosis, which may lead to cirrhosis. We evaluated the

inhibitory effect of tetrahydrocurcumin (THC), a major metabolite of curcumin, on liver

fibrogenesis both in vitro, HSC-T6 cell, and in vivo, dimethylnitrosamine (DMN)-induced

liver fibrosis in rat. The liver inflammation in HSC-T6 cell was initiated by transforming

growth factor-b1 (TGF-b1), and fibrosis in Sprague–Dawley rats was induced by intraperitoneal

(i.p.) injection of DMN (10 mg/kg) 3 days per week for four consecutive weeks. THC

(10 mg/kg) was administered in rats by oral gavage daily. DMN caused hepatic injury as

indicated by analysis of liver function, morphology, histochemistry, and fibrotic parameters.

Once-daily dosing with THC alleviated liver damage as signified by histopathological

examination of the a-smooth muscle actin (a-SMA) and collagen I, accompanied by the

reduction TGF-b1 and serum levels of transaminase (P < 0.05). These data revealed that

the THC exerts hepatoprotective activity in experimental fibrosis, potentially by inhibiting

the TGF-b1/Smad signaling.

_ 2014 Elsevier Ltd. All rights reserved.
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54 1. Introduction

55 Tetrahydrocurcumin (THC), identified both in intestinal and

56 hepatic cytosol of humans and rats (Holder, Plummer, & Ryan,

57 1978; Naito et al., 2002), is a major colorless metabolite of cur-

58 cumin (diferuloylmethane, CUR), a yellow pigment derived

from Curcuma longa L (Sandur et al., 2007). THC has been 59

reported to exhibit stronger anti-oxidative activity than CUR 60

in several in vitro systems(Okada et al., 2001; Pari & Murugan, 61

2004), and to exert a variety of biological activities both 62

in vivo and in vitro systems including anti-inflammation and 63

anti-cancer (Lai et al., 2011a; Murakami et al., 2008; Pan, Lin- 64
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ABSTRACT

Chronic liver disease is characterized by an exacerbated accumulation of deposition of

collagen, causing progressive fibrosis, which may lead to cirrhosis. We evaluated the

inhibitory effect of tetrahydrocurcumin (THC), a major metabolite of curcumin, on liver

fibrogenesis both

in vitro

, HSC-T6 cell, and

in vivo

, dimethylnitrosamine (DMN)-induced

liver fibrosis in rat. The liver inflammation in HSC-T6 cell was initiated by transforming

growth factor-

b

1 (TGF-

b

1), and fibrosis in Sprague–Dawley rats was induced by intraperito-

neal (

i.p

.) injection of DMN (10 mg/kg) 3 days per week for four consecutive weeks. THC

(10 mg/kg) was administered in rats by oral gavage daily. DMN caused hepatic injury as

indicated by analysis of liver function, morphology, histochemistry, and fibrotic parame-

ters. Once-daily dosing with THC alleviated liver damage as signified by histopathological

examination of the

a

-smooth muscle actin (

a

-SMA) and collagen I, accompanied by the

reduction TGF-

b

1 and serum levels of transaminase (

P

< 0.05). These data revealed that

the THC exerts hepatoprotective activity in experimental fibrosis, potentially by inhibiting

the TGF-

b

1/Smad signaling.

2014 Elsevier Ltd. All rights reserved.

1. Introduction

Tetrahydrocurcumin (THC), identified both in intestinal and

hepatic cytosol of humans and rats (

Holder, Plummer, & Ryan,

1978; Naito et al., 2002

), is a major colorless metabolite of cur-

cumin (diferuloylmethane, CUR), a yellow pigment derived

from

Curcuma longa

L(

Sandur et al., 2007

). THC has been

reported to exhibit stronger anti-oxidative activity than CUR

in several

in vitro

systems(

Okada et al., 2001; Pari & Murugan,

2004

), and to exert a variety of biological activities both

in vivo

and in

vitro

systems including anti-inflammation and

anti-cancer (

Lai et al., 2011; Murakami et al., 2008; Pan,
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Lin-Shiau, & Lin, 2000; Wu et al., 2011

). THC has demonstrated

with anti-colon carcinogenesis in mice, and its chemopreven-

tive efficacy is better than CUR (

Lai et al., 2011

). The studies

showed that treatment with THC inhibited HT1080 cellular

migration and invasion by down-regulation of matrix metallo-

proteinase 9 (

Yodkeeree, Garbisa, & Limtrakul, 2008

).Our pre-

vious data also indicated that the anticancer mechanism of

THC in human leukemia HL-60 cells is by inducing autophagic

cell death (type II programmed cell death) (

Wu et al., 2011

).

Numerous etiologies of chronic liver diseases, including

alcohol abuse, chemical intoxication, viral hepatitis infection

like hepatitis B and C and autoimmune disorders, attribute to

chronic liver fibrosis, eventually leading to liver cirrhosis, a

risk factor in the development of hepatocellular carcinoma

(HCC). HCC is the most common primary tumor of the liver

and causes of cancer, showing a rising incidence and cur-

rently ranks the fifth of cancer incidences worldwide (

Lee

et al., 2013a

). Liver fibrosis from chronic liver injury is a

wound healing process characterized by over accumulation

of extracellular matrix proteins (ECM), especially collagen

types I and III, and consequently, fibrosis or scarring ensues

(

Lee et al., 2013a; Qian, Niu, Zhai, Zhou, & Zhou, 2012

).

Hepatic stellate cell (HSC) is the most relevant cell type for

the development of liver fibrosis, and its activation is the key

step in the process of liver fibrogenesis. Activated HSCs are

the main ECM-producing cells in the injured liver (

Qian,

Niu, Zhai, Zhou, & Zhou, 2012; Tsukamoto, 2005

).When acti-

vated, HSCs switch from a quiescent, epithelial appearance

to an activated,

a

-smooth muscle actin (

a

-SMA)-expressing

myofibroblastic phenotype (

Friedman, 2008; Gressner, Wei-

skirchen, & Gressner, 2007; Qian, Niu, Zhai, Zhou, & Zhou,

2012

). Excessive accumulation of ECM proteins followed by

collagen type I is predominantly responsible for scarring

(

Lee et al., 2013b; Qian, Niu, Zhai, Zhou, & Zhou, 2012

), and in-

volved in a series of inflammatory and fibrotic processes. One

of the most important cytokines expressed following liver in-

jury is transforming growth factor-

b

1 (TGF-

b

1) (

Ko et al., 2013

).

TGF-

b

1 is considered the most powerful mediator of HSC acti-

vation

in vitro

and

in vivo

, and plays a central role in initiating

fibrogenic cascade in liver through binding to serine/threo-

nine kinase TGF-

b

1 receptors (

Ko et al., 2013; Qian, Niu, Zhai,

Zhou, & Zhou, 2012

). In response to activated TGF-

b

1, the

Smad-group of proteins has been shown to be specifically

activated by phosphorylation of Smad2 and Smad3 (Recep-

tor-Regulated Smads), which further form heteromeric com-

plexes with Smad4, and then the Smad complexes

translocate to the nucleus, where they regulate transcription

of target gene expression such as collagen type I. (

Cho et al.,

2010; Ko et al., 2013

). Therefore, measurements of anti-

inflammation and anti-fibrogenesis, especially inactivation

of HSC and elimination of pro-fibrogenic signaling, are prom-

ising strategies to prevent further liver damage.

Dimetylnitrosamine (DMN)-treated animal models are

widely used to study the biochemical and pathological mani-

festations of liver injury (

George & Chandrakasan, 1996;

George, Rao, Stern, & Chandrakasan, 2001; la-Kokko et al.,

1987

), since it is a potent hepatotoxin, carcinogen and muta-

gen, leading to liver damage in rats, which mimics the pro-

gression of liver fibrosis and cirrhosis in humans (

George,

Rao, Stern, & Chandrakasan, 2001

).

In this study, the hepatoprotective effects in particular the

inhibition of liver fibrosis of THC was investigated using both

in vitro

study by TGF-

b

1-induced alpha-smooth muscle actin

(

a

-SMA) secretion of HSC-T6 cell and

in vivo

systems by a

well-characterised animal model of DMN-induced liver fibro-

sis. We found that THC improved serum parameters of liver

function, inhibited the activation of HSC, reduced the expres-

sion of

a

-SMA and collagen I, and alleviated the progression of

liver injury, potentially by inhibiting the TGF-

b

1/Smad-medi-

ated signaling.

2. Materials and methods

2.1. Reagents and chemicals

THC was obtained from American Medical Holdings Inc. (New

York, NY, USA). All reagents and chemicals were purchased

from Sigma, Inc. (St. Louis, MO, USA) unless specified other-

wise.

N

-Nitrosodimethylamine (dimethylnitrosamine; DMN)

was purchased from Wako Pure Chemical Industries Ltd.

(Osaka, Japan).

a

-SMA and antibody were obtained from Epit-

omics, Inc. (Burlingame, CA, USA).

b

-actin antibody was ob-

tained from Santa Cruz Biotechnology (Santa Cruz, CA,

USA). TGF-

b

, antibody were purchased from Transduction

Laboratories (BD Biosciences, Lexington, KY, USA).

2.2. Cell culture and treatment

HSC-T6 stellate cells were cultured in Waymouth medium

supplemented with 10% endotoxin-free, heat-inactivated

FBS, 100 units/mL penicillin, and 100

l

g/mL streptomycin,

2mM

L

-glutamine (Life Technologies, Grand Island, NY) and

kept at 37

C in a humidified atmosphere of 5% CO

2

in air.

Cells (2

·

10

5

/mL) were seeded into 10 cm dish and cultured

overnight, and then replaced with fresh medium containing

0.5% FBS. After serum-starvation for 24 h, cells were treated

TGF-

b

(1 ng/mL) with or without THC for 24 h. THC was dis-

solved in dimethylsulfoxide (DMSO as final concentration

was 0.05%). Cells were treated with 0.05% DMSO as vehicle

control.

2.3. Western blotting

After treatment, HSC-T6 stellate cells were washed with PBS

and the total proteins were extracted via addition of ice-cold

gold lysis buffer (50 mM Tris–HCl, pH 7.4; 1 mM NaF; 150 mM

NaCl; 1 mM EGTA; 1 mM phenylmethanesulfonyl fluoride; 1%

NP-40; and 10

l

g/mL leupeptin) to the cell pellets on ice for

30 min, followed by centrifugation at 10,000

·

g

for 30 min at

4

C. The total proteins were measured by Bio-Rad Protein As-

say (Bio-Rad Laboratories, Munich, Germany). The samples

(50

l

g of protein) were mixedwith 5

·

sample buffer containing

0.3 M Tris–HCl (pH 6.8), 25% 2-mercaptoethanol, 12% sodium

dodecyl sulfate (SDS), 25 mM EDTA, 20% glycerol, and 0.1%

bromophenol blue. The mixtures were boiled at 100

C for

5 min and were subjected to 10% SDS–polyacrylamide mini-

gels at a constant current of 20 mA. Electrophoresis was then

carried out on SDS–polyacrylamide gels. Proteins on the gel

were electrotransferred onto an immobile membrane (PVDF;

2
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Millipore Corp., Bedford, MA) with transfer buffercomposed of

25 mM Tris–HCl (pH 8.9), 192 mM glycine, and 20% methanol.

The membranes were blocked with blocking solution contain-

ing 20 mM Tris–HCl, and then immunoblotted with primary

antibodies and

b

-actin. The blots were rinsed three times with

PBST buffer (0.2% Tween 20 in 1

·

PBS buffer) for 10 min each.

Then blots were incubated with 1:5000 dilution of the horse-

radish peroxidase (HRP)-conjugated secondary antibody

(Zymed Laboratories, San Francisco, CA) and then washed

again three times with PBST buffer. The transferred proteins

were visualized with an enhanced chemiluminescence detec-

tion kit (ECL; Amersham Pharmacia Biotech, Buckingham-

shire, UK).

2.4. Reverse transcription-polymerase chain reaction

Total RNA was isolated by using Trizol

Reagent according to

the manufacturer’s instructions (Invitrogen, Life Technolo-

gies, Carlsbad, CA, USA). 2

l

g of total RNA was transcribed

into cDNA using SuperScript II Reverse Transcriptase (Invitro-

gen, Renfrewshire, U.K.) in a final volume of 20

l

L. RT reac-

tions were performed at 50

C for 50 min and 70

C for

15 min in Gene Cycler thermal cycler (Bio-Rad). The thermal

cycle conditions were initiated at 95

C for 1 min, and 30 cy-

cles of amplification (94

C for 30 s, 58

C for 25 s, and 72

C

for 1 min), followed by extension at 72

C for 3 min. The PCR

products were separated by electrophoresis on a 2% agarose

gel and visualized by ethidium bromide staining. Amplifica-

tion of

b

-actin was served as a control for sample loading

and integrity. PCR was performed on the cDNA using the fol-

lowing sense and antisense primer:

a

-SMA, forward primer

5

0

-CGCTGAAGTATCCGATAGAACAC-3

0

, reverse primer 5

0

-CAG-

TTGTACGTCCAGAGGCATA-3

0

;

b

-actin, forward primer 5

0

-AA-

GAGAGGCATCCTCACCCT-3

0

, reverse primer, 5

0

-TACATGGCTG

GGGTGTTGAA-3

0

. The PCR products were separated by elec-

trophoresis on 2% agarose gel and visualized by ethidium bro-

mide staining.

2.5. Animals and treatment

Thirty-two male Sprague–Dawley rats (4 weeks of age),

weighing 200–250 g, were purchased from the National Labo-

ratory Animal Center (Taipei, Taiwan). All animal experi-

mental protocols used in this study were approved by

Institutional Animal Care and Use Committee of the

National Kaohsiung Marine University (IACUC, NKMU,

#099-AAA9-02, validity dates: 08/01/2009-07/31/2012). Proce-

dures were realised according to Taiwan law on care and

use of laboratory animals. The animals were housed in a

humidity-controlled room at 25 ± 1

C with a 12-h dark/light

cycle with free access to Laboratory rodent diet 5001 (PMI

Nutritional International, Brentwood, MO, USA) and water.

After 2-week of acclimation, the animals were randomly as-

signed into three DMN-treated groups and one control group

with eight rats in each group. The DMN-treated animals

were administered DMN (10 mg/kg body weight) via

i.p.

injec-

tion (

Ala-Kokko, Pihlajaniemi, Myers, Kivirikko, & Savolai-

nen, 1987

) on Mon, Wed, and Fri for four consecutive

weeks (

Tsukamoto, Matsuoka, & French, 1990

). Control,

untreated animals were given an equal volume of normal

saline. One of DMN group was also administered 10 mg

THC per kg body weight, respectively, by oral gavage daily.

At the end of the study period, all animals were killed un-

der CO

2

anesthesia. Blood was collected by cardiac puncture

and serum was harvested and stored at -80

C until analysis.

After rinsing with normal saline, the weights of livers,

spleens, and kidneys were recorded. The liver samples were

either immediately frozen in liquid nitrogen and kept at

80

C for further analysis or fixed with 10% buffered neutral

formalin and embedded in paraffin for histological examina-

tion. Liver tissue sections (5

l

M thickness) were subjected to

Sirius red and immunohistochemistry staining methods for

collagen distribution and

a

-SMA expression, respectively.

2.6. Biochemical analysis of liver function

Liver function was assessed by the serum levels of aspartate

transaminase (AST), alanine transaminase (ALT), triacylglyc-

erol (TG), and total cholesterol (T-chol). Briefly, serum was

spotted onto respective Fujifilm Dri-Chem slides (Fujifilm,

Kanagawa, Japan) and each biochemical indicator was deter-

mined using a blood biochemistry analyzer (Fujifilm Dri-

Chem 3500s; Fujifilm, Kanagawa, Japan) according to the

manufacturer’s instructions.

2.7. Tissue protein extraction

Liver tissues were homogenized and total proteins were ex-

tracted using gold lysis buffer (20 mM Tris–HCl, pH 7.4;

1 mM NaF; 150 mM NaCl; 1 mM ethylene glycol tetraacetic

acid (EGTA); 1 mM phenylmethanesulfonyl fluoride; 1% NP-

40; and 10

l

g/mL leupeptin). Protein concentrations were

measured by Bio-Rad protein assay (Bio-Rad Laboratories,

Munich, Germany). The protein levels were detected by Wes-

tern blotting as above described.

2.8. Terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) assay

To investigate the protective effect of THC in DMN-induced

apoptosis of hepatocytes, TUNEL assay (Biovision Inc.,

Mountain View, CA) was performed to measure the apoptotic

cells according to the manufacturer’s protocol. Liver sections

were treated with proteinase K (20

l

g/mL) for 20 min at 37

C

and then incubated with the TUNEL reaction mixture for 1 h

at 37

C. Each section was then exposed to an antibody solu-

tion for 30 min at room temperature. The TUNEL-stained

cells were determined and photographed by a Nikon light

microscope (Japan). TUNEL-positive hepatocytes (%) were

automatically quantified by image analysis software (ImageJ,

NIH) in the magnification (200

·

) with randomly 5 fields per

section.

The TUNEL-stained cells were determined by sing a Nikon

light microscope (Japan) equipped with an ocular micrometer

by the magnification (400

·

) in randomly 5 fields per section.

The apoptotic index (%) was expressed as the average number

of stained cells per field divided by the total number of cells

and multiplied by 100.
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