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Abstract

This study investigated a peripheral selective CB; antagonist 3,4,22-3-demethoxycarbonyl-3-hydroxylmethyl-4-deacetyl-vindo-
line 3,4-thionocarbonate (VD60) that efficiently inhibited hepatic fibrosis with lower psychological side effects. A competitive
radiolabeled ligand binding experiment and 3'-5’-cyclic adenosine monophosphate (CAMP) response element-driven luciferase
analysis were performed to evaluate the antagonistic activity of VD60. Cell viability and collagen production were examined in the
human hepatic stellate cell (HSC) line LX-2 and primary cultured rat HSCs. The antifibrotic effects of VD60 were investigated in a
CCl,-induced liver fibrosis mouse model. The concentration of VD60 in the blood and the brain was determined by high-perfor-
mance liquid chromatography—-mass spectrum analysis. Furthermore, the potential underlying mechanisms of VD60 were inves-
tigated by Western blot. VD60 selectively competed with the radiolabeled CB4 agonist to bind to CB4. VD60 antagonized CB;
agonist-induced Akt phosphorylation and increased the accumulation of intracellular cAMP. VD60 strongly reduced the expres-
sion of ay(l) pro-collagen mMRNA and exerted potent antiproliferative effects on primary HSCs and LX-2 cells. The inhibition of
reactive oxygen species production and phosphorylation of Akt, extracellular-signal-regulated kinase (ERK), and Smad3 may
explain the underlying mechanisms behind the antiproliferative effect of VD60. Moreover, the in vivo antifibrotic activity of VD60
was confirmed in a CCl4-induced liver fibrosis mouse model. Most importantly, the concentration of VD60 in the peripheral blood
was much higher than in the brain, suggesting that VD60 could act as a novel peripheral CB4 antagonist to efficiently inhibit hepatic
fibrosis and could be used as a lead compound with low brain side effects in peripheral antifibrotic agents.
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Cannabinoid receptors belong to the G-protein coupled
receptor superfamily, and their ligands are known as canna-
binoids or endocannabinoids.* To date, two cannabinoid
receptors, CB; and CB,, have been identified. Although
the CB; is mostly expressed in the central and peripheral
nervous systems,”® recent evidence has suggested that CB;
is also extensively involved in liver diseases, such as
Hepatitis C viral infection,” alcoholic liver disease,®’ and
hepatic fibrogenesis.'"** These receptors were found to be
upregulated in activated HSCs and human liver sections
with various chronic diseases, while inhibiting CB; by
gene knockout or pharmacological inhibition significantly

Introduction

Hepatic fibrosis is a severe public health problem world-
wide.! Patients with hepatic fibrosis risk life-threatening
complications, including portal hypertension, liver failure,
and incident hepatocellular carcinoma.> The fibrogenic
process is a common response to chronic liver injury
that is characterized by the intense accumulation of acti-
vated hepatic stellate cells (HSCs). Although some antifi-
brogenic strategies have been developed to reduce
fibrogenic cell accumulation by blocking their prolifer-
ation and/or inhibiting extracellular matrix synthesis or

enhancing its degradation,® effective antifibrotic therapies
are still lacking. Therefore, new targets for antifibrotic
drug design are urgently needed.
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attenuated fibrosis.'>'® These findings suggest a novel role
for a CB, antagonist for treating hepatic fibrosis, which has
been gradually confirmed by the growing evidence that
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selective CB, antagonist efficiently alleviates hepatic fibrosis
and its complications.*!”

Rimonabant is the first reported CB; antagonist, which
was first used clinically to ameliorate progressive obesity
and prolonged associated metabolic indices.'® " Although
rimonabant decreases appetite by inhibiting CB, signaling in
the brain and increases energy consumption by repressing
CB, in the peripheral tissue, the drug was suspended in 2008
due to its potential risk of psychiatric disorders. To date,
many chemicals with similar pharmacophores to that of
rimonabant have been synthesized as CB; antagonists.
Most of them are inverse agonists that stimulate signal trans-
duction in the absence of receptor stimulation and accumu-
late easily in the brain.”! New types of peripheral antagonists
with distinct novel structures from that of rimonabant have
become valuable for the re-evaluation of the potential clin-
ical use for CB; antagonists for treating hepatic fibrosis.?

In the current work, we discovered a novel compound,
3,4,22-3-demethoxycarbonyl-3-hydroxylmethyl-4-deacetyl-
vindoline 3,4-thionocarbonate (VD60), as a peripherally
specific CB; antagonist with distinct structure and potent
antihepatic fibrotic activities by randomly screening against
our in-house compound library (Figure 1(a)).

Methods and materials
Compounds

Unless otherwise mentioned, all chemicals and materials
were received from commercial suppliers without further
purification. CP55,940 was purchased from Sigma-
Aldrich; AM630, arachidonyl-2-chloroethylamide (ACEA),
and rimonabant were purchased from Tocris. [PH]CP55,940
was purchased from PerkinElmer.

Chemical data

The following data describe the results of nuclear magnetic
resonance of VD60: 'H NMR (CDCls, 300 MHz) &: 6.98 (d,
J=8.1Hz, 1H), 6.41 (dd, [=8.1, 21Hz, 1H), 6.16 (d, [=
24Hz, 1H), 597 (dd, |J=9.6, 24Hz, 1H), 527 (d,
J=9.6Hz, 1H), 4.29 (s, 1H), 4.00 (m, 2H), 3.77 (s, 3H), 3.57
(s,1H),3.54 (m,1H), 3.29 (m, 1H), 2.98 (s, 3 H), 2.72 (m, 2 H),
2.30 (m, 3H), 1.69 (m, 1H), 1.01 (m, 1H), 0.23 (t, [=7.5Hz,
3H).">C NMR (CDCl;, 75 MHz) §: 192.1, 160.7, 153.9, 129.9
(2C),127.6,123.6,106.3,97.9, 91.3, 85.3, 74.6, 70.9, 66.8, 55.6,
54.7,53.2, 51.0, 44.0, 42.2, 42.0, 28.0, 7.8. High performance
liquid chromatography (HPLC) purity: 100% (MeOH:H,O
80:20; retention time: 8.46 min). HRESIMS (m/z) 429.1848
([M + H]+, C23H29N204S+; cald. 429184:8)

Cell culture

HSCs were isolated from normal rat livers (male Sprague-
Dawley rats, 400-450g) according to the published
approach.” All the experiments were performed using 6-
day culture-activated HSCs. Human HSC line LX-2 was
kindly provided by Professor Frideman (Mount Sinai
School of Medicine, New York). The human hepatocyte
LO2 cell line was obtained from the American Type
Culture Collection. CHO cells over-expressing hCB;
(CHO-hCB;) or hCB, (CHO-hCB,) were constructed

according to the previous method.** Cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM) medium
supplemented with 10% fetal bovine serum (Gibco), peni-
cillin-streptomycin  (50U/mL, Gibco), and geneticin
(0.5mg/mL, Merck). The cells were cultured at 37°C in a
humidified atmosphere with 5% CO; in air.

Cell membrane preparation

CHO-hCB; or CHO-hCB, was used for binding assay. To
prepare cell membranes, cells were harvested by scraping,
washed in phosphate-buffered saline (PBS) containing
1mM ethylenediaminetetraacetic acid (EDTA) and Buffer
A (320mM sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid [HEPES], 1mM EDTA at pH 7.4),
and then Dounce homogenized. Cell homogenates were
centrifuged at 1600 ¢ for 10min, and the supernatant was
abandoned. The pellet was resuspended in Buffer A, homo-
genized and centrifuged as before, and then the super-
natant was gathered by further centrifugation at 50,000 g
for 2h. The supernatant was discarded and the pellet was
resuspended in Buffer B (50mM HEPES, 0.5mM EDTA,
10mM MgCl, at pH 7.4), aliquoted and stored at -80°C.

Radioligand binding assay

The radiolabeled ligand binding assay was used for investigat-
ing the specific affinity of VD60 against CB; according to the
published approach. The assay was performed by incubat-
ing 10 mg/well CHO-hCB; cell membranes with either 1.7 nM
[PH]CP55,940 (PerkinElmer) alone or 1.7nM [*H]CP55,940
containing different concentrations of VD60 in 50 mM Tris,
25mM EDTA, 5mM MgCl,, and 1mg/mL bovine serum
albumin buffer (pH 7.4) at 30°C for 90 min in a final volume
of 200 uL. A concentration range of the tested compound (the
known CB; antagonist rimonabant as a positive control or
VD60) was added before the addition of [PH]CP55,940.
Unlabeled CP55,940 (10nM) was used to define the non-spe-
cific binding for [3H]CP55,94O. After incubation, reactions
were filtered onto GF/B filter mats presoaked in 0.05% poly-
ethyleneimine. Filters were washed six times with ice-cold
buffer (50mM Tris, 2.5mM EDTA, 5mM MgCl,, pH 7.4),
then air-dried and the radioactivity was counted in a
Microbeta liquid scintillation counter (PerkinElmer).

cAMP response element (CRE)-dependent luciferase
reporter gene assay

For the cAMP response element (CRE) driven reporter gene
experiments, plasmid pTAL-CRE-luc that encodes firefly
luciferase was co-transfected with pRL-SV40 vector
(Promega) encoding renilla luciferase as an internal control
by using Lipofectamine 2000 (Invitrogen) into CHO-hCB,
cells.?® After 6-h transfection, cells were incubated with
5 uM forskolin and the tested compounds for 18 h, and luci-
ferase activities were determined by Dual Luciferase Assay
kit (Promega) according to the manufacturer’s instruction.

Western blot analysis

Western blot assay was carried out according to the stand-
ard approach.”’” After cells were lysed, proteins were
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Figure 1

VD60 functions as an antagonist/inverse agonist of CBj. (a) Chemical structure of VD60 (3,4,22-3-demethoxycarbonyl-3-hydroxylmethyl-4-deacetyl-

vindoline 3,4-thionocarbonate). (b) VD60 competed with *H-labeled CB4 agonist CP55,940 to bind CB; receptors isolated from CHO-hCB; cells. (c) VD60 was less
competitive when competing with [°H]-CP55,940 to bind CB, receptors isolated from CB,-CHO cells. (d) In the luciferase assay, the CRE-driven luciferase signals in
CHO-hCB; cells were increased by VD60 treatment (10 and 20 uM) for 18 h. Data were expressed as the mean + SEM of three independent experiments. (€) CHO-hCB;
cells were treated with the indicated concentrations of VD60 with or without 10 nM CP55,940 for 4 h. Compared with the dimethyl sulfoxide-treated control, CP55,940
increased the Akt phosphorylation. Co-incubation of VD60 with CP55,940 inhibited the CP55,940-activated Akt phosphorylation in a dose-dependent manner, similar
to the activity of the CB; antagonist rimonabant (5 uM). *P < 0.05 compared to the control group. (A color version of this figure is available in the online journal.)

denaturized, separated on 10% Sodium dodecyl sulfate
(SDS)-polyacrylamide gel, and electroblotted onto
Hybond-C extra membrane (Amersham Pharmacia
Biotech). The membrane was then stained with Ponceau S
(Sigma-Aldrich) to verify the equal amount of sample load-
ing, followed by incubation for 1h at room temperature
with 5% non-fat dry milk in T-PBS. The membrane was
probed overnight at 4°C with primary antibody and then
mixed with the horseradish peroxidise-conjugated second-
ary antibody diluted to 1:3000 (Dako Corporation). The
bound antibodies were detected by enhanced chemilumin-
escence (ECL) using ECL kit (Amersham Pharmacia
Biotech). The following primary antibodies were used:
a-smooth muscle actin (SMA) (monoclonal antibody, dilu-
tion 1:200) (BOSTER), Akt and p-Akt (polyclonal antibody,
dilution 1:3000) (Cell Signaling Technology), extracellular
signal-regulated kinase (ERK)1/2 and p-ERK1/2 (monoclo-
nal antibody, dilution 1:3000) (Cell Signaling Technology),
Smad3 and p-Smad3 (monoclonal antibody, dilution 1:3000)
(Cell Signaling Technology), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (polyclonal antibody, dilution
1:5000) (Sigma-Aldrich), CB; (polyclonal antibody, dilution
1:1000) (Abcam), CB; (polyclonal antibody, dilution 1:1000)
(Abcam).

Cell viability assay

The sulphorhodamine B (SRB) assay® was performed to
determine the antiproliferative effects of VD60 on rat pri-
mary HSCs and human LX-2 cells. In the assay, cells were

seeded into a 96-well plate by 3000 cells per well and incu-
bated overnight. The cells were treated with varied concen-
trations of tested compound in the presence of platelet-
derived growth factor-BB (PDGF-BB) (20ng/mL) for 72h,
fixed with 10% trichloroacetic acid, stained with 4 mg/mL
SRB solution, and finally dissolved with 10 mM unbuffered
Tris base. Cell viability was measured by detecting absorb-
ance at 550 nm (BioRAD spectrophotometer). Each experi-
ment was repeated for at least three times.

RNA interference

siRNA sequences against human cannabinoid CB, receptor
and negative control siRNA were purchased from
Genechemat. Transfection of siRNAs into LX-2 cells was
performed 24 h after plating as previous report.?’ In brief,
LX-2 cells were seeded at a density of 1 x 10" cells/100-mm
Petri dishes the day before transfection to achieve 50-60%
confluence. Transfections were carried out with 50 nmol
siRNA duplex using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. After 6-h
incubation, the transfection medium was replaced with
serum-free medium. After 48 h, transfected cells were trea-
ted with compounds or medium for 24 h followed by lysis,
harvest of proteins, and Western blot analysis.

Reactive oxygen species (ROS) production
measurement

The intracellular reactive oxygen species (ROS)
were detected using 2'-7'-dichlorofluorescein diacetate
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(DCFH-DA) as a probe according to the reported method.*
LX-2 cells were seeded into 96-well plates with cell density
of 3x10cells/well in complete DMEM media and
cultured for 24h. The cells were incubated with 5uM
DCFH-DA for 20min at 37°C, washed twice with PBS,
and preincubated with the known selective CB; agonist
ACEA (0 or 5uM, Tocris) at 37°C for 1h followed by incu-
bation with varied concentrations of tested compound for
2h (37°C). Finally, 20ng/mL PDGF-BB was added to
induce ROS. The fluorescent intensity was then detected
with GENios microplate reader (Tecan) using excitation
and emission wavelengths of 485 and 535 nm.

RNA isolation, reverse transcription, and real-time
polymerase chain reaction (PCR)

Quantitative PCR was carried out for measurement of
mRNA levels. In the assay, total RNA was isolated by
RNeasy Total RNA System (Qiagen) following the manu-
facturer’s instructions. RNA (1pg) was reversely tran-
scribed to cDNA using ReverTra Ace reverse transcription
kit (Takara). Real-time PCR was performed according to the
standard protocol by SYBR Green real-time PCR Master
Mix (Toyobo) and DNA Engine Opticon TM2 System (M]
Research). The following primer pairs were used: human
ay(I) procollagen, 5'-ACT CAG CCA CCC AGA GTG GA-¥
(sense) and 5-TCT TGC AGT GGT AGG TGA TG-3' (anti-
sense)”'; rat o, (I) procollagen, 5-AGA ATT CCG TGT GGA
GGT TG-3 (sense) and 5-GAG GGA GGG GAC TTA TCT
GG-3' (antisense); human B-actin: 5-GAT GAG ATT GGC
ATG GCT TT-3' (sense) and 5-GAG AAG TGG GGT GGC
TT-3' (antisense); rat 18 s RNA, 5-GTA ACC CGT TGA ACC
CCA TT-3' (sense) and 5-CCA TCC AAT CGG TAG TAG
CG-3' (antisense)'”; mouse transforming growth factor
(TGF)p 5-CCA CCT GCA AGA CCA TCG AC-3' (sense)
and 5-CTG GCG AGC CTT AGT TTG GAC-3' (antisense);
mouse fibronectin 5'-ATG TGG ACC CCT CCT GAT AGT-3
(sense) and 5-GCC CAG TGA TTT CAG CAA AGG-3¥
(antisense).

Chronic liver injury

In the chronic liver injury animal model, 40 C57/BL6 male
mice at 8-week age were obtained from Shanghai SLAC
Laboratory Animal Co. Ltd and maintained in a tempera-
ture controlled room at 25°C with a 12 h light-dark lighting
cycle. Animals were allowed a standard pellet chow and
water ad libitum. All the animals received humane care,
and the experiments were performed according to the insti-
tutional ethical guidelines on animal care.

The antihepatic fibrosis assay for VD60 was carried out
based on the CCl-intoxicated mouse model. The CCly-
induced liver fibrosis was generated in 32 mice (8 mice
each group) as described.’ VD60 (10, 15, and 25mg/kg,
daily) was dissolved in Tween-80 (a final concentration of
3%) and intraperitoneally injected into mice daily. At the
same time, the normal control group (eight mice) was trea-
ted with olive oil twice weekly and was intraperitoneally
injected with vehicle (Tween-80) daily. After 4 weeks, ani-
mals were starved overnight and sacrificed 48h after the

last CCly injection. Anesthesia was performed by intraper-
itoneal injection of chloral hydrate at a dose of 350 mg/kg.

Liver histology assay

Liver histology assay was performed according to the
reported approach.” The liver specimens of mice were
fixed in 10% formalin and embedded in paraffin. The
tissue sections (4um) were stained with hematoxylin-
eosin for routine examination or with Sirius red for visua-
lizing hepatic collagen deposition.

In immunehistochemical analysis, the sections were
deparaffinized and treated in citrate buffer for 10 min, fol-
lowed by 0.3% hydrogen peroxide for 10 min and incubated
with 5% bovine serum albumin for 30 min. The sections
were incubated with anti-a-SMA primary antibody (1:200
dilution, BOSTER) overnight at 4°C. After the primary anti-
body had been rinsed, the sections were treated with the
secondary biotinylated goat anti-rabbit antibody for 1h at
room temperature, and then incubated with ExtrAvidin-
Peroxidase and rinsed with PBS. The specific binding indi-
cated by diaminobenzidine was visualized with light
microscopy.

Blinded to the study conditions, we quantified fibrosis
from Sirius red-stained and immunohistochemical liver
tissue sections by morphometric analysis with Image-Pro
Plus software (MediaCybernetics, MicroMecanique).
Values were the mean of five fields taken from liver section
per mouse.

Hydroxyproline content detection

Liver collagen concentration was determined by measuring
the hydroxyproline content in liver samples based on the
previous method.*® Briefly, liver samples were homoge-
nized and hydrolyzed in 6 M HCl at 99°C for 15min.
After the sample temperature was decreased to room tem-
perature, chloramine T was added to a final concentration
of 2.5 mM. The mixture was then treated with 410 mM para-
dimethyl-amino-benzaldehyde and incubated at 60°C for
30min. The concentration of hydroxyproline in each
sample was determined spectrophotometrically at 560 nm
using the standard curve generated from the known quan-
tities of hydroxyproline. Each liver sample was measured in
triplicate, and the mean value of hydroxyproline was used
for analysis. The results were expressed as micrograms per
milligram of wet tissue.

High performance liquid chromatography-mass
spectra assay for VD60 levels in plasma and brain

After five C57/BL6 mice were injected intraperitoneally
with 25 mg/kg VD60, blood was collected into heparin-pre-
treated Eppendorf tubes at different time points (0.25, 0.5, 1,
2, and 4h). Blood samples and brain were immediately put
on ice and centrifuged at 4°C (3000 rpm, 15min). Plasma
was stored at -80°C. Chromatographic column of
SepaxHP-C18 (2.1 x 50mm, 5pum) was used for HPLC
assay with CH;OH-H,O (2:98, 0.1% NH4COOH), and
CH3;0OH-H,O (90:10, 0.1% NH4COOH) was used as the
mobile phase. For mass spectrum (MS) detection, positive



electrospray ionization (ESI) mode, selected reaction mon-
itoring (SRM) assay: n1/z 429.1—188.0. The specificity of the
assay was checked. The limit of quantification and limit of
detection of the assay were 5 and 2ng/mL, respectively.
The tR (retention time) of VD60 was 5 min.

Data analysis

Each set of experiments was repeated at least three times.
The results were expressed as mean +SEM and analyzed
either by Mann-Whitney test or analysis of variance. Data
statistical analysis was performed with statistical analysis
software SPSS 13.0. P <0.05 was considered as the min-
imum level of significance.

Results
VD60 is a specific CB4 antagonist/inverse agonist

A competitive radiolabeled-based assay was used to detect
the antagonistic binding mode of VD60 to cannabinoid
receptors. As shown in Figure 1(b), VD60 has been further
confirmed to exhibit strong binding activity. The ICs, value
against [*H]CP55,940 binding CB; was 0.118 uM and the Ki
value was 0.026 uM. The same values for CB, were 19.46
and 4.289 uM, respectively (Figure 1(c)).

As reported, most CB; antagonists are inverse agonists
that increase intracellular cAMP accumulation, induce CRE
binding protein phosphorylation through cAMP-dependent
protein kinases, and mediate CRE-driven gene transcrip-
tion.>®> We thus investigated the potential inverse agonistic
behavior of VD60. The effects of VD60 on the intracellular
cAMP level were detected by measuring CRE-dependent
luciferase activity. As expected, treating cells with VD60
increased the CRE-dependent luciferase activity
(Figure 1(d)), which is characteristic of a CB, inverse agonist.

In previous reports, CB; antagonism reduced Akt phos-
phorylation.> Therefore, we examined the potential effect
of this compound on CP55,940-induced Akt phosphoryl-
ation in CHO-hCB, cells to further evaluate the antagonis-
tic activity of VD60 against CB;. As shown in Figure 1(e),
VD60 decreased not only the 10nM CP55,940-induced Akt
phosphorylation in a dose-dependent manner, but also
reduced the basal phosphorylation of Akt, similar to the
action of the inverse agonist rimonabant. Taken together,
the data suggest that VD60 functions as a receptor antagon-
ist/inverse agonist.

VD60 inhibited HSC proliferation and ROS production

Due to the pivotal role of activated HSCs in hepatic fibro-
sis,! we evaluated the antiproliferative effects of VD60 on
human LX-2 cells and rat primary HSCs. The results
showed that VD60 inhibits the PDGF-BB-stimulated prolif-
eration of both LX-2 cells (Figure 2(a)) and rat primary
HSCs (Figure 2(b)) in a dose-dependent manner, while co-
incubation with the specific CB; agonist ACEA®® abolished
the antiproliferative effects of VD60. VD60 was also tested
on normal hepatocytes. Figure 2(c) shows that the antipro-
liferative effect of VD60 in the normal human hepatocyte
cell line LO2 was much lower than that in LX-2, implying
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that VD60 efficiently treats fibrotic HSCs without causing
cytotoxic effects in normal hepatocytes.

Incubating LX-2 cells with VD60 for 48 h decreased the
level of a-SMA protein, which is a marker of HSC activation
(Figure 2(d)). VD60 also inhibited two pathways, the canon-
ical PI3 Kinase-Akt pathway and the ERK signaling
pathway, that are linked to CB; antagonist-based anti-
PDGEF-BB effects. PDGF-BB stimulated ROS produc-
tion and proliferation in HSCs, while VD60 dose dependently
inhibited PDGF-BB-induced ROS (Figure 2(e)). The results
show that ACEA counteracts the VD60-based reduction of
ROS and confirmed its CBy-antagonistic behavior.

To exclude other targets involved in VD60's antifibrotic
effects, we examined the cell viability in CB; knockdown
cells. As shown in Figure 2(f), CB, receptor was knockdown
with specific siRNA transfection. However, 10 pM VD60
treatment for 48 h shows no further decrease in the cell via-
bility assay (Figure 2(g)), suggesting there is no effect of
VD60 via other targets.

We also performed comparison between VD60 and
Rimonabant on their antifibrotic effects in vitro. Both com-
pounds indicated no significant reduction on the CB; and
CB; receptors in LX-2 cells (Figure 2(h)). However, they
obviously decreased the cell viability (Figure 2(i)).

VD60 inhibited collagen production and extracellular
matrix synthesis in HSCs

Subsequently, the effects of VD60 on the major components
of extracellular matrix synthesis were also examined in
HSCs. Quantitative RT-PCR analysis revealed that VD60
(10 pM) significantly inhibited TGFB;-induced transcription
of the o, chain of type I procollagen mRNA in LX-2 cells
(Figure 3(a)). Moreover, co-incubation with 5pM ACEA
reversed VD60-induced inhibition of a, (I) procollagen
mRNA levels, suggesting that VD60 downregulated this
gene by antagonizing the CB, receptor. We also examined
the potential influences of VD60 on the relevant signaling
pathways. As indicated, VD60 reduced the phosphorylation
of Smad3 without altering its total protein levels (Figure
3(b)). Furthermore, both VD60 and Rimonabant reduced o,
(I) procollagen mRNA levels (Figure 3(c)) in a similar way.

VD60 attenuated fibrosis progression in
CCl,-intoxicated mouse model

Intrigued by the ability of VD60 to inhibit collagen expres-
sion in HSCs, we further inspected the antifibrotic activity
of VD60 in vivo in a CCls-induced hepatofibrotic mouse
model. First, the compound’s concentration in the plasma
and brain was measured to examine the absorption and
biodistribution of VD60 in the blood and the brain and to
collect useful information for subsequent assays. As pre-
sented in Table 1, the concentration of VD60 in the brain
was much less than that in the blood plasma at all time
points, suggesting that VD60 has difficulty penetrating
the blood-brain barrier and mainly accumulates in periph-
eral tissues. We next examined the ability of VD60 to inhibit
fibrosis progression in a CCly-induced mouse model. The
results showed that the vehicle group exhibited extensive
formation of septa with some nodules, while the
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VD60-treated group revealed limited formation of fibrotic ~ expression in this group was also reduced (Figure 4(d)).
septa (Figure 4(a)) and reduced o-SMA expression (Figure = Additionally, hepatic hydroxyproline (HYP) deposition in
4(b)). The quantitative data suggested that the fibrotic area  the VD60 (25 mg/kg)-treated group was decreased by 30%
was decreased by 40% in the VD60-treated group (25mg/  (Figure 4(e)). The results indicate that VD60 attenuated
kg) compared with the vehicle group (Figure 4(c)); o-SMA  hepatic fibrosis in a CCly-induced mouse model of
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20 uM), Western blot analysis was performed. VD60 significantly reduced «-SMA expression and the phosphorylation of ERK1/2, Akt, and Smad3. (e) In the LX-2 cells
treated with PDGF-BB (20 ng/mL, 30 min), preincubation of VD60 (10 and 20 uM) decreased the levels of ROS compared to the vehicle group, while co-incubation with
ACEA (5 uM) abolished the effect (*indicated P < 0.05 versus control). Data are expressed as the mean + SEM of three independent experiments. (f) After the can-
nabinoid CB; receptor was silenced by CB;-siRNA in LX-2 cells, VD60 could not indicate further inhibitory effect against cell viability (g). After indicated VD60 and
Rimonabant incubation for 48 h, the CB receptors were not obviously influenced (h) and the cell viability was indicated (i) (*indicated P < 0.05 versus control).



hepatic fibrosis. Furthermore, we have examined the
mRNA levels of two critical pro-fibrotic genes, TGFp and
fibronectin. VD60 treatment (25mg/kg) significantly
reduced both gene expression compared to the model
group (Figure 4(f)).

Although the previous report states that single rimona-
bant injection can reduce food intake in both normal and
obesity mice,*® there was no significant difference in food
intake between VD group and vehicle group (Figure 4(g)).
These data are consistent with the effects of VD60 being
mostly localized in the peripheral system.

Discussion

The endocannabinoid system is widely expressed in the
human body and is involved in a variety of physiological
functions. Since the identification of cannabinoid receptors,
growing efforts have been put into determining their spe-
cific ligands. The discovery of CB; antagonists has greatly
facilitated this research. CB; antagonists were first used
clinically to treat progressive obesity. In addition to its anti-
obesity effects, rimonabant was recently reported to
improve metabolic syndrome and reduce the risk of fatty

Table 1 VD60 concentrations in the blood plasma and the brain

Brain/plasma

Plasma Liver Brain ratio
15min 707 + 356 720+327 153 +41 0.217
30min 267 £ 142 274 +153 58 +25 0.219
1h 257 +£7.7 280+37.8 53 +21 0.207
2h 20+£7.7 19+9.8 44+11 0.22
4h 49+141 57+2.6 BLQ N/A
8h BLQ BLQ BLQ N/A

Wei et al.

BLQ: below the limit of quantification; N/A: no results.
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The peripheral cannabinoid receptor 1 antagonist VD60

liver disease.>”*® Moreover, CB, antagonists have also been
used to control fatty liver induced by ethanol®”*” or a high
fat diet.*' Therefore, discovering selective CB; antagonists
with novel structures is important to create new treatments
for these diseases. In this study, we found that VD60 acted as
a potent CB, antagonist with a structure distinct from that of
rimonabant and exhibited efficient antifibrotic activity.

VD60 is a selective antagonist that specifically antagon-
izes CB; over CB, when put up against the known CB;
agonist CP55,940. Consistent with most of the reported
CB, antagonists, VD60 also inhibited CP55,940-activated
Akt phosphorylation. Additionally, VD60 increased cellular
cAMP accumulation, which characterizes inverse CB, agon-
ist activity.

Both in vitro and in vivo hepatic fibrosis models were used
to evaluate the antifibrotic effects of VD60. The inhibition of
HSC proliferation and collagen synthesis by VD60 has
revealed its effectiveness against fibrosis because HSCs are
considered to be the key component of fibrosis. Such anti-
proliferative effects were mediated by VD60’s inhibition of
PDGE-BB-induced ROS production and of key pathway
activation (Akt and ERK1/2 phosphorylation). Moreover,
VD60 reduced the TGEFB;-induced o, (I) procollagen
mRNA expression, possibly due to its inhibition of Smad3
phosphorylation. Additionally, both the antiproliferative
and anticollagen synthesis of VD60 could be reversed by
treating with the selective CB; agonist ACEA, confirming
that VD60 is a specific antagonist for CB;. VD60 also atte-
nuated fibrosis progression in vivo, as indicated by notice-
able decrease in the fibrotic area and hydroxyproline
content in mice with chronic CCly-induced hepatic fibrosis.

Previous CB; antagonists were designed to easily pene-
trate the blood-brain barrier to antagonize the CB; recep-
tors in the central nervous system. Although rimonabant
was the first effective CB; antagonist used to treat hepatic

(b) p-Smad3 | == == = =l

t-Smad3 | apase>es e
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150
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Figure 3 VD60 attenuates key fibrogenesis-involved proteins in LX-2 cells by inhibiting CB;. (a) LX-2 cells were incubated with 10 uM VD60 in the presence of 2.5 ng/mL
TGFp+ for 24 h. The ability of VD60 to inhibit procollagen | o, mRNA expression was determined by real-time PCR assay. Co-incubation with ACEA (5 uM) abolished the
VD60-induced reduction in mRNA levels (* indicates P < 0.05 versus control). Data are expressed as the mean = SEM of three independent experiments. (b) In the LX-2
cells treated with indicated compounds for 48 h, the phosphorylation levels of Smad3 were inhibited by VD60. (c) LX-2 cells were treated with indicated compounds for
24 hin the presence of 2.5 ng/mL TGFp, to examine the procollagen | oo mRNA expression with real-time PCR assay (* indicates P < 0.05 versus control).
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Figure 4 VD60 attenuates liver fibrogenesis in CCls-induced fibrotic mice. Mice (n = 8 per group) were induced with CCl, for 4 weeks to produce hepatofibrosis, and
different concentrations of VD60 (0, 10, 15, and 25 mg/kg) were administered i.p. every day. (a) Sirius red staining (collagen fibers) was used to detect the fibrotic area.
(b) Immunostaining for a-SMA-positive cells in mouse livers. (c) Quantitative data for Sirius red staining indicated that the fibrotic area in the VD60 (25 mg/kg) treated
mice was significantly smaller compared with the vehicle group. *P < 0.05 versus vehicle group. (d) «-SMA staining data showed that VD60 treatment dose dependently
reduced the expression of a-SMA in CCl-induced fibrotic livers. *P < 0.05 versus vehicle group. (e) Hydroxyproline (HYP) deposition assay was performed in the livers
after 4 weeks of VD60 administration. The hydroxyproline content in the 25 mg/kg treated group was significantly reduced compared to the control liver fibrosis group.
*P < 0.05 versus vehicle group. (f) Real-time PCR detection was performed and the mRNA levels of TGFb and fibronectin were obviously reduced in 25 mg/kg VD60
treated group. *P < 0.05 versus model group. (g) There was no obvious change of the food intake in 25 mg/kg VD60-treated mice during 4-week treatment . (A color

version of this figure is available in the online journal.)

fibrosis, the compound induced severe depression and sui-
cidal tendencies. However, growing evidence indicates that
CB, antagonists not only work in the central nervous
system but also target peripheral CB,. Novel CB, antagon-
ists should primarily accumulate in the peripheral tissues to
reduce the psychological side effects of these antagonists.
VD60 is a peripheral CB; antagonist that accumulates at
much higher concentrations in the blood plasma than in
the brain, suggesting VD60 acts as a peripheral CB; antag-
onist. This characteristic should reduce the central nervous
system side effects of VD60 when using the compound to
treat peripheral diseases such as hepatic fibrosis.

In conclusion, we have designed a novel peripheral CB,
antagonist VD60, which demonstrates efficient inhibitory

activity against hepatic fibrosis progression, and have
investigated the underlying mechanisms of action for this
new compound. Our study provides new insights into the
antifibrotic application for this novel pharmacophore of a
CB; antagonist. VD60 could be used as a lead compound for
further antifibrotic agent development.
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