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Abstract

Parthenolide (PT), a sesquiterpene lactone derived
from the plant feverfew, has pro-apoptotic activity in a
number of cancer cell types. We assessed whether PT
induces the apoptosis of hepatic stellate cells (HCSs)
and examined its effects on hepatic fibrosis in an in vivo
model. The effects of PT on rat HSCs were investigated
in relation to cell growth inhibition, apoptosis, NF-xB
binding activity, intracellular reactive oxygen species
(ROS) generation, and glutathione (GSH) levels. In ad-
dition, the anti-fibrotic effects of PT were investigated
in a thioacetamide-treated rat model. PT induced
growth inhibition and apoptosis in HSCs, as evidenced
by cell growth inhibition and apoptosis assays. PT in-
creased the expression of Bax proteins during apopto-
sis, but decreased the expression of Bcl-2 and Bcl-X,
proteins. PT also induced a reduction in mitochondrial
membrane potential, poly(ADP-ribose) polymerase
cleavage, and caspase-3 activation. PT inhibited
TNF-o-stimulated NF-xB binding activity in HSCs. The
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pro-apoptotic activity of PT in HSCs was associated
with increased intracellular oxidative stress as evi-
denced by increased intracellular ROS levels and de-
pleted intracellular GSH levels. Furthermore, PT ame-
liorated hepatic fibrosis significantly in a thio-
acetamide-treated rat model. In conclusion, PT ex-
hibited pro-apoptotic effects in rat HSCs and amelio-
rated hepatic fibrosis in a thioacetamide-induced rat
model.

Keywords: apoptosis; hepatic stellate cells; liver cir-
rhosis; parthenolide; reactive oxygen species; thio-
acetamide

Introduction

The key cellular process of hepatic fibrosis is the
activation and phenotypic change of hepatic stellate
cells (HSCs) into proliferative, contractile, and
chemotactic myofibroblasts producing extracellular
matrix (Friedman, 2000). The transdifferentiation
process of HSCs into myofibroblasts involves
expression of a-smooth muscle actin (a-SMA).
Increasing evidence suggests that hepatic fibrosis is
reversible, and the discovery that the reversion of
fibrosis is accompanied by the clearance of HSCs
by apoptosis is a key piece of this evidence (Iredale
et al., 1998; Arthur, 2002). Experimental augmenta-
tion of HSC apoptosis reduces hepatic fibrosis,
thereby confirming the notion that HSC apoptosis
can be used as a therapeutic anti-fibrogenic strategy
(Elsharkawy et al., 2005).

Parthenolide (PT) is a sesquiterpene lactone
derived from the plant feverfew (Tanacetum
parthenium), which is used in folk medicine to treat
various inflammatory conditions such as rheumatoid
arthritis, fever, and migraine (Schinella et al., 1998).
PT contains an a-methylene-y-lactone ring and an
epoxide, which interact readily with nucleophilic
sites in biological molecules. Modern scientific
studies have revealed that PT has anti-microbial,
anti-inflammatory, and anti-cancer properties (Hehner
et al., 1998; Schinella et al., 1998; Pajak et al.,
2008). Furthermore, PT has been shown to promote
cellular differentiation, cause cells to exit the cell

@ This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



cycle, and induce apoptosis. PT has also been
shown to inhibit nuclear factor kappa B (NF-«B)-
mediated anti-apoptotic transcription and to have a
strong pro-apoptotic effect on cancer cells by
stimulating the intrinsic apoptotic pathway which
involves elevated levels of intracellular reactive
oxygen species (ROS) and modifications of Bcl-2
family proteins (Wen et al., 2002; Zhang et al., 2004b;
Wang et al.,, 2006). HSC activation is associated
with activation of NF-xB, a potent pro-survival
transcription factor. Several studies have indicated
that NF-xB inhibition provides a potent means of
inducing HSC apoptosis (Habens et al., 2005;
Oakley et al., 2005). In a previous study, inhibition of
NF-«B by pretreatment with PT increased the extent
of apoptotic death of HCS induced by 3,4-
methylenedioxymethamphetamine (Montiel-Duarte
et al., 2004). However, the latter study has not
examined the further apoptotic effect or the
mechanism of PT on HSCs, and there was no report
on the anti-fibrotic effect of PT in vivo.

In the present study, we investigated the
pro-apoptotic effect of PT on rat HSCs and the
mechanism of PT in vitro. In addition, we evaluated
the anti-fibrotic effect of PT using a thioacetamide
(TAA)-induced in vivo rat model.

Results

Anti-proliferative and pro-apoptotic effects of PT in
rat HSCs
Phase contrast microscopy of RI-T cells after
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treatment with PT showed striking morphologic
alterations. The phenotype of RI-T cells changed
from a flattened, fibroblastic morphology with
distinct cell-cell interfaces to a substratum-detached,
rounded, and blebbed morphology (Figure 1A).
After exposure to PT for 24 h, RI-T cell growth was
dose-dependently inhibited (Figure 1B). PT increased
the sub-G1 population in a dose-dependent manner
at 24 h (Figure 1C). As was observed for percentages
of sub-G1 group cells as determined by flow
cytometry, the proportion of annexin V-stained cells
among PT-treated cells increased in a dose-
dependent manner (Figure 1D), which supports the
notion that PT-induced RI-T cell death occurs via
apoptosis.

Susceptibility of hepatic HSCs to PT-induced
apoptosis

Susceptibility of rat HSCs to PT-induced apoptosis
was significantly higher than that of rat hepatocytes
(Figure 2A). Accordingly, cleavage of caspase-3
and PARP, indicators of apoptotic cell death, was
more prominent in HSCs than in hepatocytes
(Figure 2B). To determine whether NF-«xB DNA
binding activity is blocked by PT in RI-T cells, we
studied the effect of PT on the TNF-a-stimulated
translocation of NF-xB from the cytoplasmic
compartment to the nucleus and the effect on NF-xB
DNA binding activity in RI-T cells (Figure 2C). TNF-a.
(10 ng/ml)-stimulated RI-T cells showed greater
DNA binding activity by a NF-xB consensus
sequence as compared with unstimulated cells. In
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Figure 1. PT inhibits the growth of
RI-T cells. (A) Phase contrast micro-
scopic photographs (magnification
x100) in PT-treated RI-T cells. (B)

1004 Cell growth inhibition was assessed

N 7 using MTT assays. (C) Sub-G1 cell
& 807 . percentages were measured by
£2 60 DNA flow cytometric analysis. (D)
[93 . . PR
2o Cells with annexin V staining were
22 401 x counted using a FACStar flow cy-
; 20- tometer (left). The graph shows per-
centages of annexin-V-positive cells
0- (right). *P < 0.05 for the PT-treated

0 25 5 10 20 40
PT (uM)

group versus the untreated control
group.



450 Exp. Mol. Med. Vol. 44(7), 448-456, 2012

addition, TNF-a-stimulated NF-xB binding activity
was found to be suppressed significantly by
pretreatment with PT at 10-20 uM. Furthermore,
pyrrolidinedithiocarbamate (PDTC), another well
known NF-«B inhibitor, also induced apoptotic cell
death, which was reduced by TNF-a-stimulation
(Figure 2D). However, the additional effect of PT
and PDTC on apoptotic cell death was not clear.

Changes in apoptosis-related proteins and MMP
during PT-induced apoptosis of rat HSCs

To investigate the mechanism of PT-induced
apoptosis of RI-T cells, the effect of PT on Bcl-2
family proteins during apoptosis was determined.
We observed that Bcl-X. and Bcl-2 protein levels
were decreased, whereas Bax protein levels were
increased. We also examined the effect of PT on the
cleavage of their substrate, PARP, and on the
activation of caspase-3. Cleavage and/or reduction
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of PARP were found to occur in a dose-dependent
manner after 24 h. In addition, caspase-3 was
activated in a dose-dependent manner, as
demonstrated by a reduction in the levels of or
cleavage of their pro-caspases (Figure 3A). Because
it has been reported that apoptosis by PT is closely
related to MMP collapse, we also investigated the
effect of PT on MMP using rhodamine 123.
Treatment with PT was found to induce a loss of
MMP in RI-T cells after 24 h (Figure 3B). After
exposure to 10 uM PT for 24 h, the percentage of
MMP loss was approximately 77% compared with
PT-untreated control cells.

Increased intracellular oxidative stress in relation to
PT-induced apoptosis of rat HSCs

We investigated the effects of PT on intracellular
ROS and GSH levels in RI-T cells. As shown in
Figure 4A, ROS (DCF) levels were elevated in RI-T
cells treated with PT at doses greater than 10 uM for
24 h. Levels of red fluorescence derived from DHE
(reflecting O2™ accumulation) were unaltered in 2.5

Parthenolide-induced apoptosis of HSCs 451

© 800~
~ 600 x
g *
& 400+
L
8 200+ -
§ plf |
0 25 5 10 20 40
PT (uM)
o 600~ *
& 500- 1
7, 400
g *
o 300+
& 200
é 1oo-|—| i r]
0 T T T T
0 25 5 10 20 40
PT (uM)
Figure 4. Increased intracellular ox-
90+ % idative stress in PT-treated RI-T cells.
p— (A), (B) Intracellular ROS (DCF) and
o 75 * .. )
< 02" (DHE) levels in RI-T cells were
2 60 measured using a FACStar flow
L 45 * cytometer. (C) Intracellular GSH
2 304 levels. Graphs show levels of the
—~ mean DCF fluorescence of A, the
— 157 l H |l| DHE fluorescence of B, and the
0 ——r—T————— mean CMF fluorescence of C. *P <
0

5 5 10 20 40
PT (uM)

0.05 compared with the control
group.

or 5 uM PT-treated RI-T cells at 24 h. However,
intracellular O2" levels were markedly higher in 10,
20, and 40 uM PT-treated RI-T cells at 24 h (P <

0.05) (Figure 4B). We analyzed changes in GSH
levels in RI-T cells using the fluorescent dye CMF.
Treatment with PT increased the number of
GSH-depleted RI-T cells dose-dependently (Figure
4C, P < 0.05). These results suggest that the
pro-apoptotic activity of PT in RI-T cells is
associated with increased intracellular oxidative
stress.

Since PT was found to affect cell growth and the
levels of intracellular ROS and GSH in RI cells, we
assessed the effects of NAC and BSO on the growth
and apoptosis of PT-treated RI-T cells. Exponentially
growing cells were treated with 10 uM PT for 24 h
following a 1 h pre-incubation with NAC or BSO.
NAC (2 mM) significantly counteracted the growth-
inhibiting effect of PT, whereas BSO (10 uM) further
inhibited cell growth (Figure 5A). In addition, NAC
decreased the percentage of annexin-V-positive
cells among PT-treated RI-T cells, whereas BSO
significantly increased the number of annexin
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V-positive cells (Figure 5B). Next, we determined
whether intracellular O,™ levels and GSH content in
PT-treated RI-T cells were altered by treatment with
NAC or BSO. Pretreatment with NAC (2 mM)
reduced the PT-induced increase in intracellular O™
levels and the number of GSH-depleted cells
significantly, but BSO further increased intracellular

0," levels and the number of GSH-depleted cells
(Figure 5C and 5D).

Anti-fibrotic effects of PT in an in vivo rat model

The TAA group showed significant reduction in body
and liver weight compared to the control group
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Figure 5. Effects of NAC and BSO in PT-treated RI-T cells. (A) Cell
growth inhibition was assessed using MTT assays. (B) Annexin-V-pos-
itive cell numbers were determined using a FACStar flow cytometer.
Graphs show percentages of annexin-V-positive cells. (C) Intracellular
0," (DHE) levels. (D) Intracellular GSH levels. Graphs show levels of the
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*P < 0.05 versus the control group. **P < 0.05 versus the PT 10 uM

group.

Table 1. Body weights, liver weights, and liver function test results

(Table 1). In addition, the results of liver function
tests indicated marked elevation of liver enzymes
such as AST and ALT, and a decreased level of
albumin in the TAA group compared to control
group. Treatment with PT (2 mg/kg or 4 mg/kg) was
found to restored these changes. Furthermore,
treatment of these rats with PT (2 or 4 mg/kg)
significantly ameliorated liver fibrosis as compared
to the TAA group (Figure 6A, upper and middle
panels). Immunohistochemical staining for a-SMA
showed that its expression in the TAA group was
significantly higher than in the control group (Figure
6A, lower panels). PT-treated (2 or 4 mg/kg) groups
showed significantly lower a-SMA expression than
the TAA group. When we assessed the stage of
fibrosis and grade of lobular activity using Scheuer’s
scoring system, the PT-treated rats showed
significantly less fibrosis and inflammatory activity,
such as portal inflammation and intralobular
degeneration, than the TAA-treated rats (Figure 6B).
Furthermore, the PT treatment groups showed
markedly lower levels of TGF-B1 expression than
the TAA-treated model group (Figure 6C). To
determine whether PT efficiently induced apoptotic
cell death of HSCs in the livers of rats treated with
TAA and PT4, we simultaneously analyzed terminal
deoxynucleotidyl transferase dUDP nick-end
labelling (TUNEL) positivity and HSC-specific glial
fibrillary acidic protein (GFAP) immunostaining. Our
data showed that TUNEL-positive cells were also
positive for GFAP (Figure 6D). These resuls
suggests that PT could induce apoptotic cell death
in activated hepatic stellate cells by TAA.

Discussion

In this study, we demonstrate the apoptotic effects of
PT in RI-T cells as well as rat hepatic HSCs.
Consistent with similar studies in cancer cell lines,
we found that PT inhibits cell growth and induces
apoptotic cell death in a dose-dependent manner in
HSCs. These effects were associated with the
inhibitory effect on TNF-a-stimulated NF-kB binding
activity, activation of caspase-3, PARP cleavage,

Group Body weight (g) Liver weight (g) ALT (IUL) AST (IUL) Albumin (g/dL)
Control 4433 £ 60.4 152 £ 2.0 35,5 + 6.5 106.8 = 16.7 4.0 = 0.1
TAA 2928 £ 17.7* 11.8 = 0.6* 181.0 = 105.6* 421.2 + 178.0* 37 £0.3*
TAA + PT2 334.7 = 15.0* 13.1 = 1.0% 62.7 £ 21.6** 116.8 + 35.8** 4.0 = 0.6**
TAA + PT4 336.7 £ 17.8** 13.6 = 1.1 50.5 £ 8.4* 109.3 + 26.1** 4.1 = 0.6**

TAA, thioacetamide; PT2, parthenolide 2 mg/kg; PT4, parthenolide 4 mg/kg.
*P < 0.05 versus the control group. **P < 0.05 versus the TAA group.
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[ Portal/periportal activity
Bl Lobular activity Figure 6. Anti-fibrotic effects of PT in
TAA-treated rats. (A) Representative
microscopic images of rat liver,
hematoxylin and eosin staining

(upper panels), Masson-trichrome

**P < 0.01 vs control group
***P < 0.05 vs TAA group
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the modulation of Bcl-2 family proteins, increased
intracellular ROS levels, and depletion of intracellular
GSH levels. Furthermore, PT ameliorated hepatic
fibrosis in an in vivo rat model. This apoptotic effect
of PT was significantly higher in HSCs than in
hepatocytes.

Several studies have provided indirect evidence
of an anti-apoptotic role played by NF-xB in HSCs
(Saile et al., 2001, 2004; Oakley et al., 2003). More
recent in vitro and in vivo studies have provided
definitive evidence of the protective role played by
NF-xB in HSC apoptosis (Oakley et al., 2005).
Previous studies have described PT as a potent
inhibitor of NF-kB. According to numerous findings,
PT inhibits 1B kinase complex, which results in the
sustained cytoplasmic retention of NF-xB (Hehner
et al., 1999; Kwok et al., 2001; Saadane et al.,
2007). Consequently, a lack of NF-kB activity
renders cancer cells prone to undergoing apoptosis
or sensitizes them to cytokine- or anti-cancer
drug-induced cell death (Zhang et al., 2004a). In this
study, PT had a strong inhibitory effect on TNF-a
stimulated NF-kB binding activity in rat HSCs. We
speculate that this effect contributes to the
anti-proliferative and pro-apoptotic efficacy of PT in
HSCs. Another NF-kB inhibitor, PDTC, also showed
the same apoptogenic effect.

With respect to the molecular mechanism under-
lying PT-induced apoptosis, we found that apoptotic
induction was accompanied by the upregulation of
the Bax protein and the downregulation of the Bcl-2
and Bcl-X. proteins. It has been suggested that a
high Bax to Bcl-2 ratio can cause MMP collapse and

Control TAA  TAA TAA TAA

TUNEL GFAP

* % stain (middle panels), and im-

* ¥Xx  munohistochemical staining for

o-SMA in rat liver (lower panels).

(B) Histopathologic score obtained

using Scheuer’s scoring system as

T T T T described in the ‘Materials and

Methods’. Treatment groups: I, con-
trol; I, TAA; Ill, TAA+PT2; IV, TAA+
PT4. (C) PT inhibited TAA-induced
TGF-B1 expression as shown by
Western blot analysis. TAA, thio-
acetamide; PT2, parthenolide 2
mg/kg; PT4, parthenolide 4 mglkg.
(D) TUNEL staining and GFAP im-
munostaining  showed co-local-
ization of TUNEL positives and
GFAP immunoreactivities in hepatic
HSCs from the liver tissue of rats
treated with TAA and PT4 (< 400).

+PT1 +PT2 +PT4
Treatment groups

result in the release of cytochrome ¢ and sub-
sequent apoptosis (Yang et al., 1997). Likewise, the
high ratio of Bax to Bcl-2 in PT-treated HSCs
probably damaged the mitochondrial membrane
and triggered MMP collapse. Consequently, the loss
of MMP may cause the release of pro-apoptotic
inducers, such as cytochrome c, HtrA2, Samc/Diablo,
or AlF, which induce apoptosis via the activation of
caspases. It is worth noting that there were similar
levels of annexin-V-positive and rhodamine-123-
negative cells, which suggests that apoptosis is
tightly related to or dependent on the loss of MMP.
The redox state of cells has been shown to be
involved in cell cycle regulation and cell death/
survival (Schumacker, 2006). In a previous study
using human HSCs, it was suggested that oxidative
stress is a requirement for cell killing by gliotoxin
(Kweon et al., 2003). In the present study, PT
induced apoptotic cell death via the formation of
ROS. According to our results, intracellular ROS
levels, especially O,", were significantly elevated in
rat HSCs treated with PT. GSH is the main
intracellular antioxidant and plays an important role
in these processes; whereas GSH depletion causes
cell death (Oakley et al., 2005), an increase in GSH
inhibits cell proliferation (Menon et al., 2003). In the
present study, PT dose-dependently increased the
number of GSH-depleted cells. Furthermore, NAC
(a GSH precursor) significantly reduced the number
of GSH-depleted cells and abrogated apoptotic cell
death in PT-treated rat HSCs. In contrast, BSO (a
glutathione depleting agent) augmented the number
of GSH-depleted cells and increased apoptotic cell
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death among PT-treated HSCs. Taken together
these results suggest that an increase in oxidative
stress is involved in PT-induced apoptosis of HSCs.

Furthermore, through improved histopathological
findings we also demonstrated that PT (at 2 and 4
mg/kg) significantly reduced hepatic fibrosis in
TAA-treated rats and decreased expression of
TGF-B1. PT also reduced the expression of a-SMA
as assessed by immunohistochemistry, which
suggests that there was a decrease in the number of
activated HSCs.

In conclusion, PT has potent anti-fibrotic activity
both in vitro and in vivo. Although PT has been
actively investigated as an anti-inflammatory or
anti-cancer drug for many yr, our findings suggest
that its efficacy and mechanism of preventing or
regressing liver fibrosis should be further explored.
The present study enhances our understanding of
the anti-fibrotic efficacy of PT by demonstrating that
PT induces apoptotic cell death in rat HSCs via an
increase in intracellular oxidative stress and
inhibition of TNF-a-stimulated NF-kB binding activity
and also by showing that PT ameliorates hepatic
fibrosis in an in vivo model.

Methods

Cell culture and reagents

RI-T cells (Health Science Research Resources Bank;
HSRRB, JCRB1088, Osaka, Japan), a previously described
immortalized rat hepatic stellate cell line (Tokiwa et al.,
1999), were used in the present study. Cells were cultured
in Dulbecco’s modified Eagle’s medium (GibcoBRL, Grand
Island, NY) supplemented with 10% fetal bovine serum
and standard antibiotics in a 95% air, 5% CO; humidified
atmosphere at 37°C. Primary hepatic stellate cells (HSCs)
and hepatocytes were simultaneously isolated from rat liv-
er tissue and cultured as previously described (Riccalton-
Banks et al., 2003).

PT was purchased from Calbiochem (San Diego, CA)
and dissolved in ethanol to make a 40 mM stock solution.
N-acetyl-cysteine (NAC) and L-buthionine sulfoxamine
(BSO) were obtained from Sigma-Aldrich (St. Louis, MO).
NAC was dissolved in a buffer (20 mM HEPES [pH 7.0])
and BSO was dissolved in ethanol to make 100 mM stock
solutions. Ethanol (0.2%) was used as a control vehicle,
and at this level did not affect cell growth or death. PDTC
and TNF-a were obtained from Sigma Co. (Saint Louis, MO).

Cell growth inhibition and apoptosis assays

After treatment with the indicated concentrations (0, 2.5, 5,
10, 20, 40 uM) of PT or vehicle for 24 h, cell growth in-
hibition was determined using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye absorb-
ance assay. Cell cycle and sub-G1 distribution was ana-
lyzed using a FACStar flow cytometer (Becton Dickinson,
San Jose, CA). Apoptosis was determined by staining cells

with annexin V-fluorescein isothiocyanate (FITC, PharMingen,
San Diego, CA; Ex/Em =488 nm/519 nm) and PI labeling.
Mitochondrial membrane potential (MMP) was monitored
using the fluorescent dye rhodamine 123 (Sigma-Aldrich;
Ex/Em =485 nm/535 nm). The terminal deoxynucleotidyl
transferase biotin-dUTP nick end labeling (TUNEL) assay
was done according to the manufacturer's protocol
(Chemicon, Temecula, CA).

Electrophoretic mobility shift assays for NF-«<B
binding activity

For TNF-a stimulation experiments, RI-T cells (1 X 10° cells)
were pretreated with the indicated concentrations of PT for
12 h and then incubated with or without TNF-a (10 ng/ml;
R & D Systems, Minneapolis, MN) for 30 min. Cells were
immediately washed twice, scraped into 1.5 mL of ice-cold
PBS (pH 7.9), and pelleted at 12,000 X g for 30 s.
Cytoplasmic and nuclear extracts were prepared using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce Biotechnology, Rockford, IL). NF-xB activation was
assessed using a gel mobility shift assay using nuclear
extracts.

Western blot analysis

Cells were incubated with the designated doses of PT for
24 h, washed in PBS, and suspended in 5 volumes of lysis
buffer (20 mM HEPES [pH 7.9], 20% glycerol, 200 mM
KCI, 0.5 mM EDTA, 0.5% NP40, 0.5 mM DTT, 1% protease
inhibitor cocktail) (Sigma). Supernatant protein concen-
trations were determined using the Bradford method.
Supernatant samples containing 40 pg of total protein were
resolved using 10-15% SDS-PAGE gels and transferred
onto Immobilon-P PVDF membranes (Millipore, Billerica,
MA) by electroblotting. Samples were then probed with an-
ti-a-SMA, anti-Bax, anti-Bcl-2, anti-Bcl-X,, anti-caspase-3,
anti-poly-(ADP-ribose)-polymerase  (PARP), anti-GFAP
(Millipore), and anti-actin (Santa Cruz Biotechnology,
SantaCruz, CA) antibodies. The membranes were in-
cubated with horseradish peroxidase-conjugated secon-
dary antibodies, and blots were developed using the ECL
kit (Amersham, Arlington Heights, IL).

Determination of intracellular ROS and glutathione
(GSH) levels

Intracellular ROS, such as, H,0,;", "OH, and ONOO®, were
detected using an oxidation sensitive fluorescent probe dye,
2' 7'-dichlorodihydrofluorescein  diacetate = (H.DCFDA,
Invitrogen Molecular Probes, Eugene, OR; Ex/Em =495
nm/529 nm) (Kim et al., 2008). Because H,DCFDA is only
poorly selective for O,", dihydroethium (DHE, Invitrogen
Molecular Probes; Ex/Em =518 nm/605 nm) was used to
detect O,". DCF and DHE fluorescence was detected us-
ing a FACStar flow cytometer (Becton Dickinson). ROS
and O, levels are expressed as mean fluorescent in-
tensities (MFls), which were calculated using CellQuest
software (Becton Dickinson). Cellular GSH levels were an-
alyzed using the membrane permeable dye 5-chlor-
omethylfluorescein (CMFDA, Invitrogen Molecular Probes;



EX/Em =522 nm/595 nm). Cytoplasmic esterases convert
CMFDA to fluorescent 5-chloromethylfluorescein, which
can then react with GSH. CMF fluorescence intensities
were determined using a FACStar flow cytometer (Becton
Dickinson). Cells negative for CMF staining (GSH de-
pleted) are expressed as percentages of total cells.

In vivo rat hepatic fibrosis model

Male Sprague-Dawley (180-200 g) rats (Charles River
Laboratories, Yokohama, Japan) were provided a standard
laboratory diet and water ad libitum. TAA was purchased
from Sigma-Aldrich. Hepatic fibrosis was induced by inject-
ing TAA (200 mg/kg body weight, i.p.) three times a week
for 8 weeks. Our experiment included five groups. The
control group received only vehicle for 8 weeks. After 6
weeks of TAA injections, rats were randomly divided into
groups as follows. TAA group received an equal volume of
DMSO (vehicle of PT) in 200 ul saline i.p. three times a
week 1 h before TAA for 2 weeks. TAA+PT2 and TAA+PT4
groups received PT (2 mg/kg, and 4 mg/kg body weight,
i.p., respectively) three times a week 1 h before the TAAin-
jections for 2 weeks. Each group contained 6 rats. Animals
were anesthetized with ether at the end of treatment and
their body weights were recorded. Blood samples were ob-
tained for testing liver functions. Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and albumin in
plasma were analyzed using an automatic blood chemistry
analyzer (Abbott Laboratories, Abbott Park, IL). All animal
experiments were performed in accordance with specific
permissions issued by the institutional board of animal care
and use committee of Chonbuk National University Medical
School.

Histochemical staining of formalin-fixed liver sections
with hematoxylin and eosin (HE) or Masson’s trichrome
and immunohistochemical staining for o-SMA were
performed. Pathological scoring was performed by two
blinded independent pathologists using Scheuer’s scoring
system (Scheuer, 1991). Fibrosis was staged as follows:
stage 0, no fibrosis; stage 1, expansion of the portal tract
without linkage; stage 2, periportal or portal to portal septa
but intact architecture; stage 3, fibrosis with architectural
distortion but no obvious cirrhosis, and stage 4, cirrhosis.
Portal/periportal activity was graded as follows: grade O,
none or minimal; grade 1, portal inflammation; grade 2,
mild piecemeal necrosis; grade 3, moderate piecemeal ne-
crosis; and grade 4, severe piecemeal necrosis. Lobular
activity was graded as follows: grade 0, none; grade 1, in-
flammation but no necrosis; grade 2, focal necrosis or acid-
ophil bodies; grade 3, severe focal cell damage; and grade
4, damage including bridging necrosis. Liver samples were
homogenized in 500 mmol/L Tris buffer (pH 7.6) containing
1% Triton X-100, 200 mmol/L NaCl, and 10 mmol/L CaCl,.
After centrifugation at 14,000 g at 4°C for 30 min, super-
natants were assayed for TGF-B1 activity by immunoblot-
ting as described above.

Statistical analysis

The results represent the mean of at least three in-
dependent experiments (mean = SD). Data were analyzed
using Instat software (GraphPad Prism4, San Diego, CA).
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Student’s t-test or one-way ANOVA with post hoc analysis
using Tukey’s multiple comparison test were used to ana-
lyze parametric data. Statistical significance was accepted
for P values < 0.05.
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