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Leukamenin F suppresses liver fibrogenesis by
inhibiting both hepatic stellate cell proliferation and
extracellular matrix production

Qiong LIU, Xu WANG, Yu ZHANG, Chensjing LI, Li-hong HU*, Xu SHEN*®

State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203,
China

Aim: To investigate the inhibitory effect of the natural product Leukamenin F on liver fibrosis and explore its potential underlying mech-
anisms.

Methods: Carbon tetrachloride (CCl,)-treated mouse model in vivo and in hepatic stellate cells (HSC) in vitro were used. The effect on
CCl-induced liver fibrosis was studied using histochemical and biochemical analysis, while the inhibition on HSC was assessed using
cell proliferation/apoptosis assay and collagen | production using real-time PCR. The inhibitory effects of Leukamenin F on Akt/mTOR/
p70S6K and TGFB/Smad pathways was studied using Western blot and cell image analysis.

Results: Leukamenin F (0.1-1 mg/kg, ip, q.d.x28) significantly reduced a-SMA and collagen specific Sirius red staining areas in CCl,
-treated mouse livers. This compound at 1-2 uymol/L dose-dependently inhibited a-SMA expression, cell proliferation and type | procol-
lagen mRNA expression in activated HSC. Furthermore it inhibited the Akt/mTOR/p70S6K pathway and suppressed TGFp -induced
Smad2/Smad3 phosphorylation and nuclear translocation in HSC.

Conclusion: Our results demonstrated that Leukamenin F could attenuate CCl,-induced liver fibrogenesis in mice as an efficient inhibi-
tor against both HSC proliferation and ECM production. This natural product provides a valuable structural hint for the development of

anti-liver fibrosis reagents.
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Introduction

Hepatic fibrosis and its endstage cirrhosis, with life-threat-
ening complications of portal hypertension and liver failure,
have become major public health problems!". Hepatic fibrosis
is a wound healing response to chronic liver injury™ insulted
mainly by HCV infection, alcohol abuse and nonalcholic ste-
atohepatitis (NASH)"!. Hepatic stellate cell (HSC) is a versatile
mesenchymal cell, whose activation into the contractile extra-
cellular matrix (ECM)-producing myofibroblast constitutes the
major pathway in hepatic fibrosis'*.

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway
controls a variety of cellular responses including survival, pro-
liferation and metabolism®, and is strongly activated in HSC
by the potent mitogen PDGF!. Akt activates mammalian tar-
get of rapamycin (mTOR) through inhibition of TSC2"), while
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mTOR, a master regulator of protein synthesis, activates p70
ribosomal protein S6 kinase (p70S6K) which promotes protein
translation!”. Recently, it was reported that inhibition of the
mTOR/p70S6K pathway led to reduced type I collagen accu-
mulation and HSC proliferation. These findings have thus
implied that suppression of the Akt/mTOR/p70S6K pathway
may serve as a promising anti-fibrotic strategy.

As reported, activated HSC is the principal cell type for type
I collagen production in response to TGFp, the most potent
factor in stimulating type I collagen gene transcription”. The
Smad proteins are reported to transduce TGFf signaling to
the nucleus and regulate collagen gene expression!'”. Stud-
ies have revealed that blocking the TGFp/Smad pathway
may serve as a promising therapeutic strategy against fibrotic
disease!"l.

Currently, although varied agents aiming at inhibiting the
accumulation of activated HSC and preventing the deposi-
tion of ECM are under investigation, few of them are tolerable
and effective in vivo, while their efficacy and safety in humans
are as yet largely unknown®. Therefore, the search for the
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efficient anti-liver fibrotic agents has always been an allur-
ing project, and natural products have supplied an abundant
resource for this purpose. In fact, many herbal compounds
traditionally used in Asian countries have been discovered to
M The Rabdosia species
are widely used in Chinese folk medicine for the treatment of

exhibit strong antifibrotic efficiency

bacterial infections, inflammation, cancer, etc. Over the past
twenty years, they have received considerable attentions in the
phytochemical and biological fields"”. Leukamenin F (Fig-
ure 1), one of the major active diterpenoids isolated initially
from Rabdosia japonica™, was reported to exhibit anti-tumor
activity™ and inhibit aggregation of platelets™.

In the present study, we reported the activity and pharma-
cological mechanisms of Leukamenin F in the treatment of
liver fibrosis. Our work demonstrated that this natural prod-
uct ameliorated the progression of CCl-induced liver fibrosis
in mice. It could not only inhibit HSC proliferation through
the Akt/mTOR/p70S6K pathway but also reduce ECM pro-
duction through the TGFB/Smad pathway. The findings were
expected to expand the current knowledge of the pharmaco-
logical interests for the Rabdosia species, while Leukamenin
F may further provide structural information as a promising
lead compound for the treatment of liver fibrosis.

Leukamenin F

Figure 1. Chemical structure of Leukamenin F (Leuk F).

Materials and methods

Materials

The extraction of Leukamenin F was described according to
the supplementary method. During the assay, Leukamenin F
was dissolved in dimethyl sulfoxide (DMSO) as a 20 mmol/L
stock solution and stored at -20 °C. Penicillin-streptomycin,
DMEM medium and FBS were obtained from Invitrogen.
TGFp1, SRB (Sulforhodamine B), Sirius red (Direct red 80), and
all other chemicals were of analytical grade, and purchased
from Sigma-Aldrich.

Animals and treatments

Male C57/BL6 mice (19-22 g) were randomly divided into 5
groups (9 mice for each group). The animals were purchased
from SLAC Laboratory Animal Corp (Shanghai, China). All
mice were fed with chow diet and kept at 21-25 °C under a
12-h dark/light cycle. The CCly-induced liver fibrosis model
1617 with some
modifications. The model group bearing CCl,-induced liver

was set up according to published method

fibrosis was generated by intraperitoneal injection (ip) of
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0.5 mL/kg CCl, [diluted 1:10 (v/v) in olive oil] twice weekly,
and injected with the same volume of 5% ethanol diluted in
phosphate-buffered saline (PBS) for the other days per week.
The control group was administered olive oil twice weekly,
and injected with the same volume of PBS for the other days
per week. The treatment groups were injected with CCl, as
the model group and simultaneously ip injected with Leuka-
menin F (0.1, 0.3, 1 mg/kg) for 4 weeks daily. Leukamenin
F was dissolved in Tween-80 as a 100 mg/mL stock solution
and diluted to the final concentrations with PBS (contain-
ing 1% Tween-80). The control and model groups were ip
injected with vehicle (1% Tween-80) daily. 48 h after the last
CCl, injection, animals were sacrificed after being anesthe-
tized by ip 10% chloral hydrate (5 mL/kg). Liver samples
obtained from the lobes were either fixed with 10% formalin
or snap frozen with liquid nitrogen and stored at -80 °C until
use. Meanwhile, serum was collected and stored at -80 °C
for analyzing the activity of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST). All procedures in this
experiment were performed according to the institutional ethi-
cal guidelines on animal care.

Histological studies
Formalin fixed liver specimens were cut into 5 pm sections
for histological staining. Thin sections were deparaffinized
and stained with hematoxylin and eosin (HE) or Sirius red.
For Sirius red staining, the sections were stained for 1 h at
room temperature, dehydrated with ethanol and xylene, and
mounted. The sections on the slides were examined by light
microscopy and red stained collagen fibres were quantified
with Image-Pro Plus software (MediaCybernetics, MicroMeca-
nique, France). The fraction of positively stained pixels rela-
tive to the total pixels was expressed as percentage of Sirius
red staining. Quantitative analysis was calculated from five
fields for each liver slice of the nine mice in each group.
Immunohistochemical staining for a-smooth muscle actin
(a-SMA) was performed using the avidin-biotin-peroxidase
complex method. Antibody for a-SMA and SABC detection
kit were purchased from Boster (Wuhan, China). Thin sections
were deparaffinezed and treated with 0.3% hydrogen peroxide
for 10 min to block endogenous peroxidase activity. The sec-
tions were further blocked by 1% bovine serum albumin and
were then incubated with primary antibody against a-SMA
(1:200) for 1 h at room temperature. After rinsing, the sections
were incubated with biotinylated secondary antibody for 20
min at room temperature. a-SMA expression was visualized
by diaminobenzidine staining. Quantitative analysis was
calculated from five fields for each liver slice of the nine mice
in each group using Image-Pro Plus software as described for
that of Sirius red staining.

Determination of serum AST and ALT activities

Activities of serum aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) were determined using a com-
mercially available kit with the HITACHI 7080 autoanalyzer
(Hitachi Inc, Japan).
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Cell lines and cell cultures

Primary HSCs were isolated from normal livers of male
Sprague-Dawley rats by a 2-step perfusion using pronase E
and collagenase D (Sango, China), followed by Nycodenz
(Sigma-Aldrich) 2-layer discontinuous density gradient cen-
trifugation as previously described™. Purity of rat HSC
preparations was assessed by autofluorescence at day 1. HSCs
were cultured on uncoated plastic tissue culture dishes in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 20% heat inactivated fetal bovine serum (FBS), 100 U/
mL penicillin and 100 pg/mL streptomycin (Invitrogen), and
maintained in an incubator with a humidified atmosphere of
95% air and 5% CO, at 37 °C. Activated HSCs were generated
by continuous culture of freshly isolated cells on uncoated
plastic dishes for 7-10 days. The fully transdifferentiated rat
HSCs between days 10 and 14 were used for experiments.

The human hepatic stellate cell line LX-2 was kindly pro-
vided by Dr S L FRIEDMAN (Mount Sinai School of Medi-
cine, New York). As described!”, LX-2 cells were cultured
in DMEM supplemented with 10% heat inactivated FBS, 100
U/mL penicillin and 100 pg/mL streptomycin (Invitrogen),
and maintained in an incubator with a humidified atmosphere
of 95% air and 5% CO, at 37 °C. CHO/EGFP-Smad2 cells
were purchased from Thermo Scientific (Denmark), and cul-
tured in F-12 medium supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin.

Cell proliferation assay

The effect of Leukamenin F on cell viability was determined
using the sulforhodamine B (SRB) assay as described by Ske-
han et al™. Briefly, 1x10* cells per well were plated in 96-well
plates for 24 h, and then treated with varied concentrations of
Leukamenin F (0-20 umol/L) for 24, 48, and 72 h. Cells were
fixed, washed and stained with SRB dye. Unbound dye was
removed and the optical density of bound dye was measured
at 564 nm using a microplate spectrophotometer (Bio-Rad
Laboratories). The effect of Leukamenin F on cell viability was
assessed as percent cell viability compared to DMSO-treated
control cells, which were arbitrarily assigned 100% viability.

Analysis of apoptotic morphology

Apoptotic morphology was studied by staining the cells with
Hoechst 33342 stain. Cells were seeded on coverslips in a
6-well plate in the presence or absence of Leukamenin F (0, 1,
and 2 umol/L). After 24 h incubation, the cover glasses were
carefully washed with PBS and stained with 2 pmol/L of
Hoechst 33342 for 15 min. Thereafter, the cells were washed
in PBS and observed under a fluorescence microscope (Olym-
pus, Germany). Nuclei condensation and fragmentation
was considered as apoptotic morphology. The percentage of
apoptotic morphology was defined as apoptotic nuclei versus
total nuclei numbers in a field. Five fields were taken for each
cover-slip, and the experiment was carried out in triplicate.

Flow cytometry assay
To determine the effect of Leukamenin F on the cell cycle, LX-2

cells at 70% confluence were treated with varying concentra-
tions of Leukamenin F (0-2 umol/L) in complete medium for
24 h, washed, and fixed with 70% ethanol. After an overnight
incubation at 4 °C, cells were washed with PBS and incubated
with 0.5 mg/mL RNase A at 37 °C for 30 min. The cells were
then incubated with 25 pg/mL propidium iodide on ice for
1 h in the dark. The cell cycle distribution of the cells was
analyzed using FACS Calibur instrument (BD Biosciences, San
Jose, CA) equipped with CellQuest 3.1 software.

Western blot analysis

Cells were lysed with lysis buffer containing 25 mmol/L Tris-
HCI (pH 7.5), 150 mmol/L NaCl, 1 mmol/L Na;VO,, 1%
Triton X-100 and protease cocktails (Sigma-aldrich). Protein
concentrations were determined using BCA protein assay kit
(Pierce, Rockford, IL). Equal amounts of lysates (30—40 g of
protein) were resolved with 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). Following elec-
trophoresis, protein blots were transferred to a nitrocellulose
membrane and probed with the corresponding primary anti-
bodies. The membrane was then incubated with appropriate
horse radish peroxidase (HRP)-conjugated secondary antibod-
ies, and the protein expression was detected by SuperSignal
West Dura substrate (Pierce). Antibodies for phospho-Smad2
(Ser465/467), phospho-Smad3 (Ser423/425), Smad2, Smad3,
Cyclin D1, Cyclin B1, PARP, phospho-p70S6K (Thr421/
Ser424), p70S6K, phospho-mTOR (Ser2448), phospho-Akt
(Ser473) and Akt were purchased from Cell Signaling Technol-
ogy; antibodies for Bcl-2, Bax, and caspase 3 were from Santa
Cruz; antibody for cleaved-caspase 3 was from Chemicon;
antibody for GAPDH was purchased from KangChen (Shang-
hai, China). The HRP-conjugated goat anti-rabbit and goat
anti-mouse secondary antibodies were purchased from Jack-
son ImmunoResearch Laboratories (West Grove, USA). The
experiments were performed in triplicates and bands were
quantified using Image-Pro Plus software and statistically
analyzed. Each band was calculated as “intensityxarea” using
the Image-Pro Plus software (MediaCybernetics). SD was cal-
culated from three repeats of the experiment.

Real-time PCR

LX-2 cells were plated in 6-well plates and cultured to
70% confluence. Cells were pretreated with Leukamenin
F (0-2 pmol/L) in serum-free DMEM supplemented with
0.2% BSA, in the absence or presence of 2 ng/mL TGF-
1 for 24 h. Total RNA was extracted with TRIzol reagent
(Invitrogen). Complementary DNA was synthesized using
PrimeScript™ RT reagent Kit (TaKaRa, Japan). Real-time
PCR was performed using SYBR Green Real time PCR mas-
ter mix (TOYOBO, Japan) on DNA Engine Opticon 2 System
(Bio-Rad Laboratories, USA). The primer pairs are: rat al(l)
procollagen: (F) 5-CAC TCA GCC CTC TGT GCC-3" and (R)
5-ACC TTC GCT TCC ATA CTC G-3’; rat a2(I) procollagen:
(F) 5-AGA ATT CCG TGT GGA GGT TG-3" and (R) 5'-GAG
GGA GGG GACTTA TCT GG-3'. The primer pairs for human
al(I) procollagen, a2(I) procollagen, and rat 18s RNA were
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designed as described"” *!. The PCR cycle was 95 °C for 10 s,
58 °C for 45 s and 72 °C for 30 s.

Smad2 nuclear translocation assay

Smad2 nuclear translocation assay was performed by using
the CHO/EGFP-Smad2 stable cell line. Briefly, CHO/
EGFP-Smad?2 cells were seeded in 96-well plates and cul-
tured for 24 h. The cells were pretreated with Leukamenin F
(0-2 pmol/L) for 10 h, and then treated with TGFp (2 ng/mL)
for 2 h. Finally, the nucleus was stained with 2 umol/L
Hoechst 33342 for 15 min. Images were taken by INCell Ana-
lyzer 1000 instrument (GE Healthcare) and data was analyzed
with the INCell Analyzer analysis software. Each treatment
was repeated in 3 wells and pictures of 5 fields were taken for
each well. The ratio of fluorescence intensity in the nuclear
and cytoplasm was defined as Nuc/Cyto Smad2 to indicate
nuclear location of Smad2. The experiment was repeated for
at least twice.

Data analysis

Results are expressed as meantSD. The statistical difference
between multiple treatments and control was analyzed using
one way ANOVA, followed with the Dunnett’s post test. A
P value of less than 0.05 was considered statistically signifi-
cant.

Results

Leukamenin F attenuated CCl,-induced liver fibrosis in mice

As reported, prolonged low dose CCl, administration induces
hepatic fibrogenesis, which largely resembles the hepatic
fibrosis in human disease™. We thereby constructed the CCl,-
induced mouse hepatic fibrosis model for the current research.
In the assay, the effects of Leukamenin F on the liver of CCl,
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administrated mice were initially evaluated by histological
analysis. As shown in Figure 2A, compared with the control
group, hematoxylin and eosin (HE) staining of the liver sec-
tions of the model group showed prominent hepatic steatosis,
necrosis, and regenerative nodule and fibrotic septa formation
between the nodules as indicated by arrows. Leukamenin F
administration (0.1-1 mg/kg) precluded the steatosis progres-
sion and fibrogenesis as indicated by attenuated vesicular ste-
atosis and reduced thickness of bridging fibrotic septa.

To further assess the protective effect of Leukamenin F
on liver fibrogenesis, Sirius red staining, a collagen specific
staining method was used to quantify collagen depositions.
As indicated in Figure 2B, liver sections of the model group
showed prominent red staining compared with the control
group. Leukamenin F treatment (0.1-1 mg/kg) reduced Sirius
red stained area in comparison with the model group (P<0.01-
0.001) as quantified by the Image-Pro Plus software (Figure
2D).

As the unique marker of activated HSC, a-SMA was stained
immunohistochemically to investigate the cellular events in
mice. Compared with the control group, which showed scarce
staining, the model group was extensively (P<0.001) stained
(Figure 2C), indicating that HSC was activated in the CCl,-
treated mouse model. However, an obvious decrease was dis-
covered for a-SMA staining in Leukamenin F-treated group at
the dose of 1 mg/kg compared with the model group (Figure
2E, P<0.05). Additionally, Leukamenin F (1 mg/kg) dramati-
cally decreased CCl;-induced serum AST (Figure 3A, P<0.5)
and ALT (Figure 3B, P<0.01) activities with dose-dependency,
although high doses of Leukamenin F failed to exert these
effects (Figure S2).

Taken together, Leukamenin F attenuated CCl;-induced
liver fibrosis in mice.

Figure 2. Leukamenin F protects the liver against CCl,-induced
hepatic fibrosis in mice. Mice were induced with CCl, (Model
group) or vehicle (CTR group) and model mice were treated
with 0.1, 0.3, and 1 mg/kg Leukamenin F (groups 0.1, 0.3,
and 1). Representative views of liver slices from each group
(n=9) stained with hematoxylin and eosin (HE) (A), Sirius red
(B) and immunohistochemically stained with antibody against
a-SMA (C) are presented (scale bar=50 um). Sites of fibrotic
changes in HE staining are indicated by arrows. Quantitative
analysis of B and C is performed (D and E). n=9. °P<0.05,
°P<0.01 compared with the Model group.
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Figure 3. Leukamenin F decreases CCl, induced serum AST and ALT
activities. Mice were induced with CCl, (Model group) or vehicle (CTR
group) and model mice were treated with 0.1, 0.3, and 1 mg/kg Leuka-
menin F (groups 0.1, 0.3, and 1). Serum from mice in each group (n=9)
was collected and activities of AST (A) and ALT (B) were analyzed. n=9.
°P<0.05, °P<0.01 compared with the Model group.

Leukamenin F suppressed HSC activation and proliferation
Activation and proliferation of hepatic stellate cells play piv-
otal roles in liver fibrosis progression. To explore the potential
mechanism responsible for the attenuation of CCl,-induced
liver fibrosis by Leukamenin F, we isolated rat primary HSCs
and performed the relevant studies. The results showed that
Leukamenin F treatment (0-2 pmol/L, 24 h) dose-dependently
reduced a-SMA levels in culture activated HSC (Figure 4A,
left panel). In addition, the effect of Leukamenin F on HSC
proliferation was determined using SRB assay. The results
demonstrated that Leukamenin F treatment (0.625-20 pmol/L)
for 48 h (as well as 24 and 72 h, data not shown) dramatically
reduced rat primary HSC viability (P<0.001) in a dose-depen-
dent manner (Figure 4B).

To further investigate the inhibition feature of Leukamenin
F on hepatic stellate cells in vitro, human hepatic stellate cell
line LX-2 was also applied. Similar to that of primary HSC,
Leukamenin F treatment (0-2 pmol/L, 24 h) dose-dependently
decreased a-SMA level in LX-2 cells (Figure 4A, right panel).
The SRB assay showed that Leukamenin F (0-20 pmol/L, 48 h)
dramatically (P<0.5-0.001) reduced LX-2 viability (Figure 4C).
In contrast to LX-2 cells, normal human hepatocytes (LO2
cells) were resistant to the cytotoxic effects of Leukamenin F,
with a marked effect on cell death (P<0.001) observed only
at the maximum concentrations (10 and 20 pmol/L) after
48 h treatment (Figure 4C), which was almost 50% less than
the effects of the same dose of Leukamenin F on LX-2 cells.
Similar results were observed after 24 h and 72 h treatment
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Figure 4. Leukamenin F suppresses HSC activation and proliferation.
(a) Leukamenin F suppresses a-SMA expression. Primary rat HSC and
LX-2 human hepatic stellate cell were treated with indicated concentra-
tions of Leukamenin F (0—2 pmol/L) for 24 h, expression of a-SMA was
determined by Western blotting. GAPDH was used as a loading control.
The results shown are representative of three independent experiments.
Primary rat HSC (b), LX-2 cell and LO2 hepatocyte (c) were treated with
a series of concentrations (0—20 umol/L) of Leukamenin F for 48 h, and
cell viability was determined using SRB assay. n=3. °P<0.05, °P<0.01
compared with DMSO treated cells (O pmol/L).

(data not shown). Thus Leukamenin F appears to be capable
of inducing cytotoxic effects on human hepatic stellate cells
without incurring apparent cytotoxic effects on normal human
hepatocytes.

Leukamenin F induced S-phase arrest in HSC
Since Leukamenin F has been discovered to strongly inhibit
HSC, we thereby explored the possible mechanism for its anti-
proliferative ability. During the assay, the effect of Leuka-
menin F on cell cycle progression in LX-2 cells was determined
following 24 h of Leukamenin F treatment (0-2 pmol/L) using
flow cytometry. As indicated in Figure 5A, Leukamenin F
treatment of LX-2 cells caused a dose-dependent increase of
S phase cells and a corresponding decrease of G; phase cells
with minimal change in G,-M cell population, compared with
the DMSO-treated control cells.

As the treatment of LX-2 cells with Leukamenin F induced
S phase arrest, we then assessed the effect of Leukamenin F
(2 pmol/L) on cell cycle regulatory proteins after different
time periods (0-24 h). Cyclin D1, which controls G;-S transi-
tion, was initially induced by Leukamenin F treatment and
subsequently decreased after 12 h of treatment, while cyclin
B1, the G,-phase cyclin, was continuously decreased after
Leukamenin F treatment (Figure 5B). These results suggested
that Leukamenin F may initially promote entry into S phase
through upregulation of cyclin D1, and there seems to be a
negative feed back response that subsequently decreased
cyclin D1 level. However, progression to G, phase was
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hindered by reduction of cyclin B1, and the cells were there-
fore blocked in S phase.

Leukamenin F induced apoptosis in HSC

Since the decrease of cell viability might be due to the
decreased cell proliferation or induction of apoptosis, to
determine whether the viability loss of Leukamenin F-treated
LX-2 cells (Figure 4B) was also attributable to the induction
of apoptosis, we examined the morphological changes with
Hoechst33342 staining. As shown in Figure 6A, the nuclei
were round and homogeneously stained with Hoechst33342
in the control cells, while Leukamenin F treatment (1 and 2
pmol/L, 24 h) dose-dependently induced nuclei condensa-
tion and fragmentation in LX-2 cells (indicated by the arrows).
Quantitative analysis of the apoptotic morphology (Figure 6B)
showed that Leukamenin F induced apoptosis in LX-2 cells at
both concentrations used (P<0.01 for 1 pmol/L and P<0.001
for 2 pmol/L).

To further investigate the possible mechanism of Leuka-
menin F induced apoptosis in LX-2 cells, we examined the
expression of apoptotic proteins 24 h after Leukamenin F
treatment (Figure 6C), when Leukamenin F induced maxi-
mum apoptosis but limited cell death. As reported, the
bcl-2 family proteins mediate cell apoptosis mainly through
the mitochondria pathway™!, we thus determined the pro-
tein levels of bcl-2 and bax. Leukamenin F treatment dose-
dependently decreased the anti-apoptotic protein bcl-2 level
while increased the pro-apoptotic protein bax. Mitochondrial
release of cytochrome c activates caspase 3, followed by the
subsequent cleavage of poly (ADP-ribose) polymerase (PARP)
and other cellular targets, finally leading to apoptosis®®l. Tt is
discovered that cleaved-caspase 3 was slightly increased, cor-
responding to a decrease of full length caspase 3 levels after
Leukamenin F treatment. Interestingly, Leukamenin F dose-
dependently decreased total PARP levels with a concomitant
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Figure 5. Leukamenin F induces S-
phase arrest. (A) Leukamenin F arrests
the cells at S phase of cell cycle. LX-2
cells were incubated with indicated
concentrations of Leukamenin F (0-2
pmol/L) for 24 h. The cells were fixed,
stained with propidium iodide, and ana-
lyzed for DNA content by flow cytometry
as detailed in Methods. (B) Leuka-
menin F modulates cell cycle regulatory
proteins. LX-2 cells were incubated with
2 ymol/L Leukamenin F for the indi-
cated time points (0—24 h). The cells
were harvested and cell lysates were
subjected to Western blot analysis to de-
termine cyclin D1 and cyclin B1 levels.
GAPDH was used as a loading control.
The results shown are representative of
three independent experiments.
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Figure 6. Leukamenin F induces apoptosis. (A) Leukamenin F induces
apoptotic morphology in LX-2 cells. LX-2 cells were treated with indicated
concentrations of Leukamenin F (0—2 pmol/L) for 24 h. The cells were
fixed, stained with Hoechst 33342, and visualized with a fluorescence
microscope (Scale bar=50 ym). Representative views from five fields for
each slide are shown; the treatments are performed in triplicates. (B)
Cells with nuclei condensation and fragmentation (indicated by arrows)
were counted and apoptotic morphology was quantified. (C) Leukamenin
F regulates apoptotic proteins. LX-2 cells were treated with indicated
concentrations of Leukamenin F (0—2 umol/L) for 24 h. The cells were
harvested and cell lysates were subjected to Western blot analysis for
the expression of bcl-2, bax, cleaved-caspase 3 (c-caspase 3), and PARP.
GAPDH was used as a loading control. The results shown are represen-
tative of three independent experiments. n=3. °P<0.01 compared with
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decrease of the cleaved form. The slight changes of caspase 3
and obvious effects on other apoptotic proteins thus suggested
that Leukamenin F may affect the mitochondria pathway and
subsequent targets beside the caspase cascade to induce apop-
tosis in LX-2 cells.

Leukamenin F inhibited procollagen | expression in HSC

Since type I collagen is the major ECM component in fibrotic
liver™, we thereby determined al/a2 procollagen I mRNA
levels by real-time PCR analysis in primary HSC (Figure 7A
and 7B) to evaluate the effect of Leukamenin F on ECM pro-
duction. As indicated, al and a2 procollagen I levels were
obvious (P<0.001) upregulated by TGFP stimulation (2 ng/
mL) compared with the control group, while decreased almost
to the basal level (P<0.001) after Leukamenin F (0-2 pmol/L,
24 h) treatment in comparison with the TGFp stimulated
group. In addition, basal level expression of al procollagen
I was also inhibited by Leukamenin F treatment, and basal
expression of a2 procollagen I was almost unaffected.

Similar to rat primary hepatic stellate cells, LX-2 cell
expressed high levels of ECM component proteins including
procollagen I upon TGFf stimulation. Leukamenin F exhib-
ited similar inhibitory effect on procollagen I expression in
LX-2 cell as that in primary HSC (Figure 7C and 7D).

Leukamenin F suppressed Akt pathway
Akt pathway promotes cellular proliferation and collagen
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Figure 7. Leukamenin F inhibits procollagen | mMRNA expression. Primary
rat HSC was treated with indicated concentrations of Leukamenin F (0—2
pmol/L) in the absence or presence of TGFB (2 ng/mL) for 24 h in DMEM
supplemented with 0.2% BSA. mRNA levels of (A) a1 procollagen | and (B)
a2 procollagen | were analyzed by real-time PCR assays. Ribosomal 18s
RNA was used as an internal control for calculating mRNA fold changes. (C)
al procollagen | and (D) a2 procollagen | of LX-2 cells were analyzed as
that of primary HSC. °P<0.01 compared with DMSO (O umol/L) and TGFB
treated cells. P<0.01 compared with DMSO (O pmol/L) treated control
cells.
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gene expression in HSC*, we examined the potential influ-
ence of Leukamenin F on Akt activation. Leukamenin F treat-
ment (1-2 pmol/L, 24 h) dose-dependently decreased Akt
phosphorylation at Serine 473, without affecting Akt protein
levels. Subsequently, we investigated the effect of Leuka-
menin F on the proteins downstream of Akt (Figure 8). Leu-
kamenin F suppressed mTOR phosphorylation at Serine 2448,
a reported Akt phosphorylation site”), and suppressed the
mTOR substrate p70S6 kinse phosphorylation at Threonine
421/Serine 424, phosphorylation of which was thought to acti-
vate p70S6K™. Since Leukamenin F had no effect on the total
proteins of Akt and p70S6K, which are upstream and down-
stream of mTOR, it is thus expected that this compounds was
not likely to affect the total protein of mTOR. Similar results

have been also published elsewhere/®="),

Leukamenin F suppressed TGFPB stimulated Smad2/3 phos-
phorylation and nuclear translocation

Considering the fact that TGFB/Smad pathway plays critical
role in TGFp stimulated collagen gene expression, we thereby
examined the phosphorylation features of the Smad proteins
to further investigate the mechanism for the inhibition of TGF
stimulated type I collagen gene expression by Leukamenin F.

Leuk F (umol/L)
p-AKT

AKT

p-mTOP
p-p70S6K
p70S6K

GAPDH

1.54
3 P-AKT @@ p-mTOR EM p-p70S6K
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Figure 8. Leukamenin F inhibits Akt pathway. (A) Primary rat HSC was
incubated with indicated concentrations of Leukamenin F (0—2 umol/L)
for 24 h. The cells were harvested and subjected to Western blot analysis
for phosphorylated Akt (Ser 473), Akt, phosphorylated mTOR (Ser 2448),
phosphorylated p70S6K (Thr 421/Ser 424), and p70S6K. GAPDH was
used as a loading control. The results shown are representative of three
independent experiments. (B) The bands were quantified using Image-Pro
Plus software. °P<0.01 compared with control cells.
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As shown in Figure 9A, TGFp (2 ng/mL) potently upregulated
Smad?2 and Smad3 phosphorylation, Leukamenin F treatment
(0-2 umol/L, 24 h) efficiently inhibited TGFP induced Smad2
phosphorylation, without affecting Smad2 protein levels.
However, TGFP stimulated phosphorylation of Smad3 was
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Figure 9. Leukamenin F inhibits TGFB stimulated Smad2/3 phosphoryla-
tion and nuclear translocation. (A) Leukamenin F inhibits TGF( stimulated
Smad2/3 phosphorylation. Primary rat HSC was treated with indicated
concentrations of Leukamenin F (0O—2 pmol/L) in the absence or presence
of TGFB (2 ng/mL) for 24 h in DMEM supplemented with 0.2% BSA. The
cells were harvested and subjected to Western blot analysis for phos-
phorylated Smad2 (Ser 465/467), Smad2, phosphorylated Smad3 (Ser
432/425), and Smad3. GAPDH was used as a loading control. The re-
sults shown are representative of three independent experiments. (B) The
bands were quantified using Image-Pro Plus software. (C, D) Leukamenin
F inhibits TGFB stimulated Smad2 nuclear translocation. CHO/EGFP-
Smad?2 cells were pretreated with Leukamenin F (0, 1, and 2 umol/L) for
10 h, and then stimulated with TGFB (2 ng/mL) for 2h in serum free F-12
medium supplemented with 0.2% BSA. Cells were stained with 2 ymol/L
hoechst 33342 for 15 min and images were taken by INCell Analyzer
1000. Each treatment was repeated in 3 wells and 5 fields for each well
were photographed. (c) Representative views are shown (scale bar=50
pum) and (d) data was quantified using the INCell Analyzer analysis soft-
ware. °P<0.05, °P<0.01 compared with TGFB stimulated cells.
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only slightly decreased by Leukamenin F treatment, without
changes in Smad3 protein levels.

Phosphorylated Smad proteins translocate to the nucleus
to regulate collagen gene transcription, therefore we also
assessed whether Leukamenin F could block TGFp stimulated
Smad2 translocation. As shown in Figure 9B, the majority of
EGFP-Smad?2 protein localized in the cytoplasm in unstimu-
lated cells and translocated to the nucleus upon TGFp stimula-
tion. While Leukamenin F dose-dependently blocked TGFf
stimulated Smad?2 nuclear translocation, which was quantified
in Figure 9C (P<0.01).

Discussion
The Rabdosia speices has long been used in traditional Chi-
nese medicine, with diterpenoids as the major biological

active components“z].

Here, we reported that Leukamenin F,
a diterpenoid extracted from the Rabdosia species, could effi-
ciently ameliorate CCl, induced liver fibrosis in mice. Further
research suggested that this natural product may exert its anti-
fibrotic role through inhibition of HSC proliferation and ECM
production, involving the AKT/mTOR/p70S6K and TGEB/

Smad pathways (Figure 10).
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Figure 10. Proposed model illustrating the anti-fibrotic mechanism of
Leukamenin F. During liver fibrosis, stimulatory signals from the fibro-
genic cytokines including PDGF and TGFp are transduced to into the cells
through their corresponding receptors, which in turn activate the Akt and
Smad proteins by phosphorylation. Leukamenin F inhibited the phospho-
rylation of Akt and its down stream targets mTOR and p70S6K, and finally
led to reduced HSC proliferation. Meanwhile, Leukamenin F suppressed
Smad2/3 phosphorylation and therefore blocked their translocation into
the nucleus, thus resulted in reduced transcription of ECM proteins.

To our knowledge, most of the published natural com-
pounds exhibited liver-protecting activities at high doses. For
example, curcumin decreased CCl,-induced AST and ALT
activity by 36% at 200 mg/ kg[lf’]. Another well-known natural
product berberine was reported to decrease CCl,-induced AST



and ALT activity by about 30% at 200 mg/kg®". Leukamenin
F in our study could decrease AST and ALT activities (by
around 30%) at very low dose (1 mg/kg), suggesting that Leu-
kamenin F might be a potent liver-protective natural product
for further research. Besides, according to theoretical correla-
tion, 2 pmol/L in the cellular assay is equivalent to about 1
mg/kg in animal studies.

The isolation and culture of rodent primary HSC”? and
establishment of human hepatic stellate cell line™! have
greatly facilitated researches on liver fibrosis. In our work,
Leukamenin F showed strong inhibition against the activation
marker a-SMA, the cell viability and collagen I expression in
both rat primary HSC and human LX-2 cell line, thus implying
that this compound might find its potential application in both
rodents and man, although the regulation of HSC activation
and a-SMA expression is quite complicated and further inves-
tigations are required.

Inhibition of proliferation and induction of apoptosis in
HSC are both effective ways to clear activated HSC®!. Our
work demonstrated Leukamenin F reduced HSC viability
by inhibition of cell proliferation and induction of apoptosis.
Further studies indicated that the anti-proliferative activity
of Leukamenin F was possibly due to S phase arrest through
dynamic regulation of Cyclin D1 and Cylin B1l. Beside inhibi-
tion of HSC proliferation, Leukamenin F also induced LX-2
cell apoptosis, as indicated by the induction of apoptotic mor-
phology and apoptotic proteins. These results suggested that
Leukamenin F may potently reduce the number of activated
HSC, which is also evidenced by reduced a-SMA staining in
vivo.

The PI3K-Akt signaling pathway promotes cell proliferation
and collagen gene expression in HSC. PI3K inhibition sup-
presses cell proliferation and type I collagen gene expression
in activated HSC*. p70S6K regulates protein synthesis and
proliferation, blocking of its upstream kinase mTOR inhibited
DNA synthesis and cyclin D1 expression in HSC".. Besides,
the Akt pathway also promotes cell survival by inhibition of
apoptosis™. Our work showed that Leukamenin F decreased
Akt, mTOR and p70S6K phosphorylation levels, indicating
that the Akt/mTOR/p70S6K signaling pathway may at least
partially account for the inhibitory effect of Leukamenin F on
HSC proliferation and survival.

The accumulation of ECM proteins distorts the hepatic
architecture by forming a fibrous scar, and the subsequent
development of nodules of regenerating hepatocytes defines
cirrhosis®. Our work showed that Leukamenin F reduced
TGFp stimulated al and a2 procollagen I mRNA expression
in both rat primary HSC and LX-2 human hepatic stellate
cells. What’s more, Leukamenin F reduced collagen specific
Sirius red staining in CCl,-treated mouse livers, which may
contribute to the improved liver architecture as analyzed by
HE staining. These results demonstrated that Leukamenin F
could potently inhibit both collagen al and a2 chain expres-
sions, thus ameliorate liver fibrosis in vivo. Upon TGFp stimu-
lation, the receptor kinase TGF{-R1 phosphorylates Smad2
(Ser465/467) and Smad3 (Ser423/425) at their carboxy-termini.
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Phosphorylated Smad2 and Smad3 form a heteromeric com-
plex with the co-Smad and then translocate to the nucleus
to bind DNA and regulate gene transcription™. Our results
demonstrated that Leukamenin F inhibited TGFp stimulated
Smad2/3 phosphorylation and Smad2 nuclear transloca-
tion, therefore, inhibition of TGFp-induced a2(I) procollagen
expression by Leukamenin F was likely due to impaired tran-
scriptional machinery. Leukamenin F exerts slight effects on
Smad3 compared with Smad2. This differential regulation
might be due to the difference in phosphorylation sites of
Smad2 and Smad3. Since Smad?2 is an essential regulator that
translocates to nucleus in response to TGF(, our results might
implicate that Leukamenin F mainly affects Smad2 phospho-
rylation to block TGF signaling. While TGFP stimulated
COL1A1 gene expression is reported to be regulated through a
hydrogen peroxide and C/EBPp dependent mechanism®™!, our
work showed that Leukamenin F did not affect TGFp-induced
hydrogen peroxide as analyzed by the DCFH-DA fluorescein
probe as indicated in Figure S1. Therefore, Leukamenin F may
inhibit TGFp-induced al(I) procollagen transcription through
other mechanisms. Besides, Leukamenin F decreased basal
level al(I) procollagen mRNA expression but not that of a2(I)
procollagen, which may be attributable to differential regula-
tion of basal COL1A1 and COL1A2 genes. Inhibition of basal
level al(I) procollagen mRNA by Leukamenin F may be attrib-
utable to decreased Akt activity, as reported by Reif et al™.

In conclusion, the present study provides evidence that
Leukamenin F, a diterpenoid extracted from the Rabdosia spe-
cies, protected mouse liver from CCls-induced liver fibrosis
through inhibition of HSC proliferation and ECM production.
The obtained results have further provided additional under-
standings on the biological activities and underlying mecha-
nisms of the Rabdosia species.
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