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Hepatic fibrosis is characterized by excess type I collagen deposition and exacerbated inflammatory
response. Naltrexone, an opioid receptor antagonist used for treating alcohol abuse, attenuates
hepatocellular injury in fibrotic animal models, which can be accompanied by deleterious side effects.
Additionally, opioid neurotransmission is upregulated in patients with inflammatory liver disease.
Several derivatives of Naltrexone, Nalmefene (Nal) and JKB-119, exert immunomodulatory activity;

Keywords: however, unlike Nal, JKB-119 does not show significant opioid receptor antagonism. To delineate the
ggﬁ)aigc stellate cell potential hepatoprotective effects of these compounds, we investigated if JKB-119 and Nal could
Inflammation modulate activation of hepatic stellate cells (HSCs), primary effector cells that secrete type I collagen and
Fibrosis inflammatory mediators during liver injury. Our results demonstrated that Nal or JKB-119 treatment
Nalmefene decreased smooth muscle a-actin, a marker of HSC activation, mRNA and protein expression. Despite

decreased collagen mRNA expression, both compounds increased intracellular collagen protein
expression; however, inhibition of collagen secretion was observed. To address a possible mechanism
for suppressed collagen secretion or retention of intracellular collagen, endoplasmic (ER) protein
expression and matrix metalloproteinase (MMP) activity were examined. While no change in ER protein
expression (Grp78, PDI, Hsp47) was observed, MMP13 mRNA expression was dramatically increased. In
an acute LPS inflammatory injury animal model, JKB-119 treatment decreased liver injury (ALT), plasma
TNFa and PMN liver infiltration. Overall, these results suggest that JKB-119 can directly inhibit HSC
activation attributed to anti-inflammatory activity and may, therefore, attenuate inflammation
associated with HSC activation and liver disease.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Opiate drugs, through interactions with specific receptors,
modulate antibody response, natural killer cell activity, T-cell
development and expression of cytokines and chemokines both in
vitro and in vivo. Opioid neurotransmission is well documented in
patients with inflammatory liver disease, including billiary
cirrhosis, steatohepatitis, and hepatic fibrosis [1]. Increased
secretion and deposition of type I collagen by activated hepatic
stellate cells (HSCs) is ultimately the major cause of organ
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dysfunction during fibrosis. As a result of hepatic injury, HSCs
undergo an activation and transdifferentiation process wherein
they acquire hyper-contractile, pro-inflammatory, and pro-fibro-
genic properties [2,3]. Activated HSCs are characterized by loss of
vitamin A stores, expression of cytoskeletal smooth muscle ac-actin
(SMA), and increased proliferation [3]. Initiation of HSC activa-
tion is associated with increases in several inflammatory cytokines
which modulate collagen expression, including TGF(31, TNFa, IL-
1B [2] and IL-6 [4-7]. Specifically in HSCs, TNFa and IL-6 induce
cellular transdifferentiation and activation, ultimately resulting in
secretion of pro-fibrotic and proliferative factors, culminating in
fibrosis [8]. Stellate cell-mediated increases in TNFa results in
enhanced proliferation, overexpression of TIMPs (tissue inhibitors
of metalloproteinases) and increases in MMP2 and MMP13
expression, two matrix metalloproteinases required for normal
ECM degradation [9-11]. Activated HSCs also secrete IL-6 [12]
further exacerbating type I collagen production via autocrine
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signaling [2]. Increased and sustained inflammation as a result of
liver injury/disease states perpetuates activation of the stellate cell
ultimately leading to increased hepatic injury, thus many studies
have been performed to investigate the use of anti-inflammatory
drugs to abrogate HSC-mediated hepatic injury.

All opioid receptor classes are expressed by HSCs at both mRNA
and protein levels and are increased as a consequence of liver
injury in both tissue and plasma [13]. Cholestatic models have
demonstrated opioid transmission is increased post insult
suggesting a linkage between hepatic injury and opioid receptor
stimulation [14]. Accordingly, activation of receptors by endoge-
nous opioids increases HSC proliferation and type I collagen
secretion via PKC/ERK/PI3K pathways [13]. Furthermore, opioid
antagonists Naloxone and Naltrexone decreased severity of fibrosis
via modulation of HSC activation and collagen expression in bile
duct-ligated (BDL)/dimethylnitrosamine (DMN) treated animals
[13-15]. Naltrexone, with additive anti-inflammatory properties,
attenuated damage in BDL rats with positive regulation of collagen
synthesis by decreased MMP2 expression, which directs extracel-
lular matrix (ECM) remodeling through degradation of collagen
(type 1V), consequently providing area for fibrotic type I collagen
deposition by HSCs [16]. Likewise, Nalmefene, an analog of
Naltrexone, is predicted to demonstrate similar efficacy. JKB-
119, a proprietary morphinan analog, is an opioid-like compound
with immunomodulatory activity in the absence of significant
opiate receptor binding affinity possessed by Nalmefene. Previ-
ously published works demonstrate the efficacy of anti-inflamma-
tory compounds for the treatment of hepatic fibrosis, such as S-
adenosyl-.-methionine [17] and vitamin E [18-21]; however,
translation of these data from rodent models to the human
condition has been devoid of therapeutic benefit, further
supporting the need for development of novel compounds. JKB-
119 and Nalmefene both exhibit immunomodulatory properties
and novel anti-inflammatory profiles with Nalmefene possessing
opioid receptor antagonist capabilities. To delineate whether
potential hepatoprotective effects ascribed to both compounds can
be attributed to inhibition of opioid or inflammatory signaling
pathways, we determined the effects of each compound on HSC
activation, a key component to hepatic damage and disease.
Additionally, JKB-119 was examined in vivo for protective effects.
In vitro studies demonstrated HSCs treated with these compounds
showed decreased activation and collagen secretion independent
of canonical ERK and NFkB pathways. JKB-119 and Nalmefene also
significantly reduced HSC proliferation and increased cell death,
suggesting these compounds act directly on HSC activation and
collagen production independent of opiate receptor interaction.
Further analyses of novel compound JKB-119 in vivo demonstrated
reduced inflammatory liver injury as indicated by decreased
plasma TNF«, PMN infiltration and serum ALT.

2. Materials and methods
2.1. Animal model of liver injury and damage assessment

Wistar-Kyoto rats were randomly assigned to the following
groups: (I) control group: treated with vehicle (saline; i.v.); (II) JKB-
119 group: treated with JKB-119 (4 mg/kg, i.v.); (IIl) LPS group:
treated with E. coli lipopolysaccharide serotype 0127:B8 [LPS,
(Sigma-Aldrich, St. Louis, MO) 10 mg/kg, i.v.]; (IV) JKB-119 post-
treatment group (LPS/JKB-119): treated with JKB-119 (4 mg/kg,
i.v.) at 30 min after LPS (10 mg/kg; i.v.). Blood was collected at
indicated time points and tested for presence of alanine
aminotransferase (ALT), a bio-marker for liver damage, and TNFa.
Livers were harvested 8 h post treatment for histopathological
studies, which was quantitatively analyzed as an index of injury
severity. Index was determined by counting number of polymor-

phonuclear neutrophils (PMN) in 10 randomly selected high-
power fields and by histological changes.

2.2. Cell culture and treatments

Primary hepatic stellate cells (HSCs) were isolated from male
Sprague-Dawley rats (>500g) as previously described [22].
Freshly isolated HSCs were cultured in DMEM (Sigma-Aldrich)
supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville,
GA), 1x Antibiotic/Antimycotic (Cellgro, Kansas City, MO), and
200 mM glutamine (Gibco, Carlsbad, California) and grown in a 5%
C0O,-95% air atmosphere at 37 °C. Growth medium was exchanged
every other day. Culturing HSCs on plastic is routinely used to
mimic the in vivo activation process. All animal procedures were
performed under the guidelines set by the University of North
Carolina at Charlotte Institutional Animal Care and Use Committee
and are in accordance with those set by the National Institutes of
Health. In vivo studies were approved by the internationally
accepted principles in the care and the use of experimental animals
of the National Defense Medical Center. JKB-119 and Nalmefene
(Nal), were provided by Jenken Biosciences, Inc. (Research Triangle
Park, NC) JKB-119 and Nal were solubilized in sterile water at 2 mg/
mL, and 10 mg/mL respectively. Dose responses with JKB-119
(0.2 pg/mL, 2 pg/mL, and 20 pg/mL) and Nal (1 pug/mL, 10 pg/mL,
and 100 pg/mL) were performed and most effective doses were
chosen. No treatment was used as a negative control for all
experiments. Prior to treatment, culture-activated HSCs were
serum starved for 24 h. After 24 h of serum starvation, day 5
culture-activated HSCs were treated with either opioid compound
JKB-119 (20 pg/mL) or Nal (100 pg/mL) in 0% FBS DMEM. For p-
ERK experiments, day 5 culture-activated HSCs were treated with
or without serum in combination with either compound.

2.3. Isolation of RNA and reverse transcription PCR (RT-PCR)

Total RNA was isolated from HSCs after 48 h of JKB-119 or Nal
treatment using TRIzol (Invitrogen Corporation, Baltimore, MD),
followed by integrity gels and quantitation as previously described
[22]. RNA was reverse transcribed with Superscript II (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. RT-PCR
amplifications were performed as previously described for 18-22
cycles. Densitometric quantitation of band intensity was performed
using Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA).

2.4. Cell lysate preparation and immunoblotting

Whole cell extracts were harvested from HSCs after 30 min,
48 h or 72 h of JKB-119 or Nal treatment with protein lysis buffer
(50 mM Tris-HCl, 0.1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 2% SDS, EDTA 1 mM, aprotinin, and protease inhibitor
cocktail) at 4 °C. Lysates were centrifuged at 16,000 x g for 10 min
at 4 °C and supernatants collected. For secreted protein analysis,
after 48 or 72 h of JKB-119 or Nal treatment, cell culture media was
centrifuged at 14,000 x g for 10 min at 4 °C in Nanosep filtration
tubes (Pall Corporation; Ann Arbor, MI). Concentrated protein was
washed with 1x PBS, and equal amounts of protein lysis buffer
with protease inhibitors were added. Protein concentrations were
measured by Bradford assay (Bio-Rad Laboratories, Inc.). Mem-
branes were washed, and bound enzymes were detected with
enhanced chemiluminescent (ECL) solution (Pierce Biotechnology,
Inc., Rockford, IL). Densitometric quantification of Western blot
signal intensity was performed using a densitometric analysis
program (Quantity One, Bio-Rad Laboratories, Inc.). Western blot
analysis was performed as previously described [23]. p-ERK,
Hsp47, Grp78, PDI and (3-actin antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). GAPDH and aSMA



998 S.A. Day et al./Biochemical Pharmacology 81 (2011) 996-1003

antibodies were purchased from Millipore (Billerica, MA) and Dako
Corporation (Carpinteria, CA) respectively.

2.5. Proliferation assays

Cellular viability and proliferation were assessed by direct cell
count and BrdU incorporation assays. HSCs were seeded at 1 million
cells per 9.5 cm? well for 4 days in standard culture medium (as
described in Section 2.1). After 24 h of serum starvation, day 5
culture-activated HSCs were treated with either JKB-119 (20 g/
mL) or Nal (100 pg/mL) in 0% FBS DMEM for 48 or 72 h. Cells were
then trypsinized using 1x 0.5% Trypsin—-EDTA (Gibco, Invitrogen
Corporation, Baltimore, MD), centrifuged at 500 x g for 5 min to
pellet, and counted on a hemocytometer (Hausser Scientific,
Horsham, PA). Trypan blue analyses were performed to determine
cellular viability following treatment. For BrdU incorporation assays,
HSCs were seeded on a 96-well plate (0.32 cm?/well) at a density of
60,000 cells per well. For cell cycle synchronization, day 4 culture-
activated HSCs were serum starved for 24 h. Proliferation of day 5
HSCs was induced by 10% FBS exposure in culture medium
containing JKB-119 or Nal, and BrdU added for the last 24 h of
treatment. BrdU proliferation assay was performed according to the
manufacturer’s instructions (Exalpha Biological, Inc., Watertown,
MA) 48 or 72 h post treatment with JKB-119 or Nal.

2.6. Zymography

MMP enzymatic activity was determined using media har-
vested from HSCs 72 h after treatment with or without JKB-119 or
Nal. MMP2 and MMP13 enzymatic activity was determined using
10% pre-cast gels with gelatin or 12% pre-cast gels with casein (Bio-
Rad Laboratories, Inc.) respectively. Zymogram assays were
performed according to the manufacturers instructions (Bio-Rad
Laboratories, Inc.) following 72 h of treatment with JKB-119 or Nal.
2.7. Statistical analysis

Results of a minimum of three independent experiments per
condition are presented as mean + standard error of mean. Analyses
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performed include paired t-tests, repeated measures one-way ANOVA
or Mann-Whitney Rank Sum test where appropriate to determine
overall significance. A p-value of <0.05 was considered significant.

3. Results

3.1. JKB-119 and Nalmefene alter pro-fibrotic collagen and oSMA
expression

OR antagonists have been shown to be hepatoprotective in liver
injury animal models [13,14]; therefore, we wanted to determine if
two such compounds, JKB-119 and Nalmefene (Nal), could
abrogate pro-fibrotic activities of HSCs and which property, either
anti-inflammatory or opioid antagonism provides maximal bene-
fit. To verify HSCs have the ability to respond to opioids and
OR antagonists, we examined OR mRNA expression. Total RNA
was harvested from day 5 culture-activated HSCs, and RT-PCR
determined mRNA expression of all three opioid receptor classes
(B0R, KOR, WOR) (data not shown). Additionally, DeMinicis et al.
showed HSCs express these three OR classes at the protein level
[24].

We next examined mRNA expression of type I collagen, the
hallmark of liver fibrosis, and «SMA, a marker of activated HSCs.
RT-PCR analyses determined treatment with JKB-119 for 48 h
caused a 44% decrease in a1(I) collagen mRNA expression, a 32%
decrease in a2(I) collagen and a 53% decrease in aSMA mRNA
compared to control (Fig. 1A). Treatment with Nal for 48 h caused a
49% decrease in a1(I) collagen mRNA expression, a 40% decrease in
a2(I) collagen mRNA expression, and a 48% decrease «SMA mRNA
expression compared to the control (Fig. 1A). Additionally,
Western blot analyses showed that both JKB-119 and Nal
significantly decreased aSMA protein expression by 47% and
44%, respectively, after 48 h compared to control (Fig. 1B).
Surprisingly, a significant increase was seen in intracellular type
I collagen following 48 h of JKB-119 treatment with no significant
changes observed as a result of Nal exposure. Constitutively
expressed [3-actin was used to verify equal protein loading in
Western blot analyses. Although protein concentrations were
measured by Bradford assay it appeared JKB-119 was modulating
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Fig. 1. Effects of JKB-119 and Nalmefene (Nal) on type I collagen and «SMA mRNA and protein expression. Day 5 culture-activated HSCs were treated with or without JKB-119 or
Nal and total RNA and protein were harvested after 48 h.(A) mRNA expression of procollagens, o 1(I) and a2(1), and «SMA as detected by RT-PCR. (B) Western blot analyses of type |
collagen and aSMA. Representative gels/blots, top panel; densitometric analysis, bottom panel. Data expressed as mean + SEM. *p < 0.05 vs control (CTRL), **p < 0.001 vs CTRL.
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expression of [3-actin; therefore, blots were re-probed with
GAPDH, another invariant control, and we observed that changes
in aSMA and type I collagen expression would only be further
altered if normalized to GAPDH (data not shown).

3.2. JKB-119 and Nalmefene decrease secreted type I collagen protein
expression

Activated HSCs are the main source of fibrillar collagens in
hepatic fibrosis. Specifically, type I collagen is considered the
primary collagen, followed by type III, which alters basic hepatic
architecture post liver injury [25]; therefore, secretion of this
protein is critical in development and progression of the disease
state. Treatment of activated HSCs with JKB-119 for 48 h resulted
in significantly decreased collagen secretion, whereas Nal treat-
ment decreased secretion of the protein but not significantly
compared to control (Fig. 2).

3.3. JKB-119 and Nalmefene alter MMP2 and MMP13 expression and
activity

Since JKB-119 and Nal were shown to inhibit type I collagen
mMRNA expression and decrease secretion, effects of these
compounds on MMP/TIMP expression and activity were deter-
mined. Day 5 culture-activated HSCs were treated with or without
JKB-119 or Nal for 48 h. Total RNA was harvested and analyzed by
RT-PCR. Culture media was harvested at 72 h and analyzed by
zymogram staining for enzymatic activity. RT-PCR analyses
determined these compounds had no significant effect on MMP2
mMRNA expression; however, JKB-119 treatment significantly
increased MMP13 mRNA expression (Fig. 3A). Additionally, RT-
PCR determined Nal significantly reduced TIMP1 mRNA expres-
sion, and while both compounds decreased TIMP2 mRNA
expression, these changes were not found to be statistically
significant (data not shown). However, zymogram analyses
determined JKB-119 significantly increased enzymatic activity of
MMP2, while Nal had a minimal effect. Additionally, both JKB-119
and Nal decreased MMP13 activity (Fig. 3B).

3.4. JKB-119 and Nalmefene treatment do not alter ER protein
expression

JKB-119 and Nal treatments decreased secreted type I collagen
protein expression, suggesting these compounds may interfere

with intricate processing and/or folding of type I collagen, thus
inhibiting secretion. Since type I collagen is processed in the ER
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Fig. 2. JKB-119 and Nal decrease secreted type I collagen. Day 5 culture-activated
HSCs were treated with or without JKB-119 or Nal and culture media harvested.
Secreted proteins were concentrated and type I collagen detected using Western
blot analysis. Representative blot, top panel; densitometric analysis, bottom panel.
Data expressed as mean + SEM. *p < 0.05 vs control (CTRL).
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Fig. 3. Effects of JKB-119 and Nal on MMP13 and MMP2 mRNA expression and
activity. Day 5 culture-activated HSCs were treated with or without JKB-119 or Nal
and total RNA and culture media harvested at 48 h. (A) RT-PCR analyses of MMP13
and MMP2. (B) Zymography analyses of MMP enzymatic activity. Data are
presented as mean =+ SEM. *p < 0.05 vs control (CTRL).

prior to secretion, we examined the effects of JKB-119 and Nal on
several regulatory ER proteins, including heat shock protein 47
(Hsp47), 78-kDa glucose regulated protein (Grp78), and protein
disulfide isomerase (PDI). No change in resident ER protein
expression was observed upon treatment with JKB-119 or Nal at 48
or 72 h (Fig. 4).

3.5. JKB-119 and Nalmefene decrease HSC proliferation independently
of p-ERK

Cellular viability after drug treatment was determined by
performing trypan blue exclusion assay. JKB-119 decreased
cellular viability at 48 and 72 h, whereas Nal had no significant
affect (Fig. 5A). Proliferation was significantly decreased after both
48 and 72 h of JKB-119 treatment and after 72 h with Nal. (Fig. 5B).
As treatment resulted in altered cellular viability and proliferation,
we further explored effects of these compounds on canonical
proliferation pathways. We observed the effects of JKB-119 or Nal
on p-ERK, a key signaling component in sustained HSC activation
and subsequent accumulation of type I collagen. Day 5 HSCs were
treated with or without 10% serum to induce proliferation.
Additionally, cells were treated with or without JKB-119 or Nal
in 10% serum. Treatment with either derivative for 15 or 30 min did
not significantly alter p-ERK expression (Fig. 5C).
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Fig. 4. JKB-119 and Nal do not alter ER protein expression. Day 5 culture-activated
HSCs were treated with or without JKB-119 or Nal and total protein harvested at 48
and 72 h. Representative blots, top panel; densitometric analysis, bottom panel.
Data expressed as mean =+ SEM.

3.6. JKB-119 inhibits inflammatory liver injury

Increased inflammation and cytokine signaling are critical
components in progression of liver disease. Bacterial endotoxin
(lipopolysaccharide, LPS), provides a reproducible and well
controlled model of inflammatory stress that can be observed in
a variety of hepatic injury/disease states [17]. LPS administration
allows for proof-of-concept that use of JKB-119 is able to prevent
an exacerbated inflammatory response observed in liver disease
(specifically, steatosis and fibrosis). Furthermore, JKB-119 was a
more significant inhibitor of HSC activation which is the major
contributor to development of fibrosis and thus an important
therapeutic target. As indicated in Fig. 6A, LPS treatment (1-2 h)
resulted in significant increases in serum TNFa levels. However,
when LPS was administered in combination with JKB-119 this
effect was abrogated. Additionally, similar results were observed
with liver PMN infiltration (Fig. 6B), where JKB-119 treatment
significantly blunted the acute deleterious inflammatory response.
Not only did JKB-119 reduce inflammation, but reduced overall
hepatic injury as serum ALT levels were significantly decreased
compared to control (Fig. 6C).

4. Discussion

Hepatic fibrosis is correlated with increased opioid expression
with numerous models of liver injury demonstrating increased
tissue and plasma opioid peptide levels [15,26-30] indicative of
neurotransmission [14]. Additional roles for opioids include
regulation of cytokine and cytokine receptor expression, such as
TNFa, IL-1 and IL-6, all of which are both pro-infammatory and
pro-fibrotic. Inhibition of endogenous opioid signaling via OR
antagonists was previously proposed as a therapeutic strategy for
treatment of liver injury. Antagonist anti-inflammatory com-
pounds Naltrexone and Naloxone were shown to decrease liver
injury in several animal models [13,15,31]. Despite effective anti-
fibrotic activity of Naltrexone, the FDA'’s black box label warning of
hepatotoxicity discourages its use. Moreover, Naloxone is associ-
ated with a greater variety of risks and complications, including
drug dependence resulting in restricted access in the United States.
Therefore, new opioid compounds devoid of deleterious side-
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Fig. 5. Effects of JKB-119 and Nal on HSC viability and proliferation. Day 5 culture-
activated HSCs were treated with or without JKB-119 or Nal for 48 and 72 h in 10%
serum. (A) Cell viability was assessed by trypan blue exclusion assay. Positive cells
were counted and results expressed as percent dead cells normalized to control
(CTRL). **p <0.001 vs CTRL. (B) HSC proliferation was assessed by BrdU
incorporation assay and normalized to CTRL. *p < 0.05 vs CTRL. (C) Cells were
treated with or without JKB-119 for 15 or 30 min (m) and phopsphorylated-ERK (p-
ERK) protein expression was detected by Western blot. Representative blot from p-
ERK, top panel; densitometric analysis, bottom panel. Data expressed as
mean + SEM, *p < 0.05 vs 0% FBS.

effects are being developed for anti-fibrotic therapies. JKB-119 is a
morphinan analog of Naltrexone and is predicted to possess
immunomodulatory properties without significant opioid receptor
binding as opposed to Nalmefene (Nal, Naltrexone derivative)
which displays opioid receptor antagonism and immunomodula-
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Fig. 6. In vivo effects of JKB-119 in a model of hepatic inflammation. Animals were
randomly assigned to experimental groups. After indicated time points, blood and
tissue were harvested for analysis of plasma TNFa (A), histopathological examination
or tissue stained for polymorphonuclear neutrophils (PMN) at 8 h (B) and serum ALT
(C). Data expressed as mean + SEM, *p < 0.05 vs LPS, **p < 0.001 vs LPS.

tory properties. In vitro studies enabled us to compare which
mechanism, immunomodulatory or opioid antagonism, was most
effective in suppressing pro-fibrotic activation of HSCs. Addition-
ally, using an inflammatory LPS injury animal model, we were able
to test the novel compound JKB-119 for therapeutic benefit in vivo
as opposed to previously investigated compound Nal [32-34].
To discern whether compounds possessing immunomodulato-
ry or OR antagonist properties were more effective at reducing
injurious HSC activation, both JKB-119 and Nal were tested on
primary rat HSCs. Treatment with JKB-119 or Nal significantly
reduced collagen a1(1), collagen a2(I) and «SMA mRNAs with both
compounds significantly reducing o«SMA protein expression.
Interestingly, intracellular type I collagen protein was increased
as a result of JKB-119 administration, but significantly decreased
by Nal, an unexpected result due to decreased mRNA expression
observed following treatment with both derivatives. Although
increased intracellular type I collagen is a consequence of HSC
activation, it is the secretion of this protein that is the foundation of
hepatic fibrosis. Following 48 h of JKB-119 treatment, type I
collagen secretion by activated HSCs was significantly reduced as
compared to control and Nal. These data suggest that JKB-119 may
interfere with the processing and/or folding of type I collagen,
thereby inhibiting secretion, which would be important in

prevention of fibrotic disease. Type I collagen, like other secretory
proteins, must be extensively and properly processed in the
endoplasmic reticulum prior to secretion. Several regulatory
proteins, most notably Hsp47, Grp78 and PDI, are involved with
the intricate processing of collagen. However; expression of all
aforementioned regulatory proteins appeared unaltered as a result
of either JKB-119 or Nal treatment, suggesting that JKB-119 may
specifically block secretion of type I collagen through an alternate
mechanism. The exact mechanism by which JKB-119 interferes
with type I collagen secretion remains unknown and it would be
interesting to determine whether this particular compound affects
other secretory proteins. Additionally, reduced changes in aSMA
and type I collagen expression may be due to reduced oxidative
stress and inhibition of TGFf3 signaling. Studies from our group
have shown that S-adenosyl-L.-methionine (SAMe), a precursor to
glutathione, can inhibit oxidative stress and TGFf3 signaling thus
decreasing collagen and SMA expression in activated HSCs [17].
Furthermore, Naltrexone, an opioid compound similar to JKB-119,
also demonstrated reduced collagen and SMA expression in a
fibrotic liver animal model, while levels of GSH were increased
suggesting reduced oxidative stress as a possible mechanism [14].

HSC activation is characterized by significant increases in
cellular proliferation which ultimately contribute to increased
deposition of fibrotic scar matrix. Treatment with JKB-119
significantly reduced proliferation of activated HSCs after 48 h
of administration, whereas Nal only reached significant reduction
after 72 h of treatment. However, canonical ERK phosphorylation
was not significantly altered despite the decreased proliferation
detected by BrdU, suggesting these compounds act through
alternate pathways including p38 MAPK and JNK. In addition to
reduced DNA synthesis, total cell number was also significantly
reduced (data not shown). Upon further analysis, trypan blue
exclusion assays revealed a detrimental effect on HSC viability
after 48 and 72 h of JKB-119 treatment. While non-specific
cytotoxicity is alarming, specific killing of activated HSCs would
be extremely beneficial in a therapeutic setting if concentrations
needed did not affect neighboring cell types. Preliminary studies in
our lab using parenchymal hepatocytes showed JKB-119 does not
cause similar decreases in cell viability; however, further
experimentation is necessary not only in hepatocytes but also in
other non-parenchymal cells and in HSC co-culture systems. Since
JKB-119 and Nal inhibited type I collagen expression and decreased
collagen secretion, in the case of JKB-119, MMP and TIMP
expression/activity were also determined. In rats, MMP13
degrades type I collagen, whereas MMP2 directs ECM remodeling
via degradation of type IV collagen. If either treatment decreased
collagen levels by modulating MMP enzymatic activity, we would
expect to see decreased MMP2 reducing normal matrix degrada-
tion and increased MMP13 activity, promoting type I collagen
degradation. Treatment with JKB-119 or Nal had no significant
effect on MMP2 expression; however, JKB-119 markedly increased
MMP13 mRNA. In contrast to expression data, JKB-119 signifi-
cantly decreased MMP13 activity and significantly increased
MMP2, with Nal having no significant effects. Future in vitro
studies should examine the discrepancy between MMP13 mRNA
and activity. As a putative mechanism miRNAs 27a and 27b are
predicted (by TargetScan) to bind to MMP13 mRNA suggesting that
these miRNAs could inhibit mRNA translation and thus decrease
protein expression and activity even in the presence of increased
message. Additionally, these miRNAs have already been shown to
influence HSC activation [35], making this an interesting avenue to
explore in future studies.

In this study we observed that JKB-119 was capable of
protecting against hepatic inflammation in vivo. Administration
of the compound significantly decreased levels of TNFa and
hepatic PMN infiltration signifying decreased inflammation and
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liver damage compared to LPS-treated animals. Finally, in vivo
studies showed that JKB-119 administration significantly reduced
serum ALT levels, showing that not only is inflammation reduced
but overall liver damage is decreased by JKB-119. A primary role
for TNFa in inflammatory liver injury/disease has been proposed in
initiation of HSC activation. Studies utilizing TNFa knockout mice
in a fibrotic model demonstrated these mice possessed lower
hepatic collagen expression and decreased fibrosis. Additionally,
levels of aSMA, a marker for activated HSCs, were markedly
reduced compared to wild-type mice [36]. Additionally, although
large contributors, HSCs are not the primary source of TNFa in the
liver, future studies should examine the effect of JKB-119 on
resident macrophages (Kupffer cells, KCs). It is likely that JKB-119
will impede TNFa secretion from KCs, since unpublished studies
from our group demonstrated that Nal inhibits LPS-induced TNFa
secretion from KCs.

Overall our studies showed that the morphinan derivative JKB-
119 is anti-inflammatory in vivo, which holds clinical promise.
Additionally, both JKB-119 and Nal appear to exert anti-fibrotic
effects through decreased HSC activation. As similar results were
obtained using JKB-119 and Nal in vitro, our data suggest the
effects seen on HSC activation are independent of opiate receptor
antagonism. Although we and others have demonstrated opioid
receptor expression in activated HSCs, our system did not employ
agonists, further suggesting that both compounds act primarily
through modulation of inflammatory responses.

Currently, there are no FDA-approved drug regimes for the
treatment of liver fibrosis. The use of anti-oxidants to diminish
deleterious inflammation associated with pathology of the disease
is common; however, limited clinical benefit in humans has been
observed. It is apparent that JKB-119 possesses promise for
therapeutic use by inhibiting HSC activation and decreasing liver
injury in an inflammatory animal model. Interestingly, this
compound did not modulate canonical signaling pathways and/
or molecules associated with HSC proliferation and secretion of
fibrotic type I collagen. Future studies should focus on elucidating
the exact mechanism by which JKB-119 is able to suppress HSC
activation. During the process of HSC activation, numerous
changes in gene expression profile and morphology are observed
[22], in particular toll-like receptor 4 (TLR4) signaling is increased
and perpetuates the fibrotic response through downstream
activation of pro-fibrogenic cytokine TGF(3 [37]. Recent studies
have shown that opioid-antagonists, Naloxone and Naltrexone, are
capable of suppressing glial cell activation, which display similar
HSC markers of origin, via TLR4 antagonism [38], making this an
attractive potential mechanism to investigate. HSCs are involved in
the hepatic immune response through TLR4 signaling and antigen
presentation [39]. TLR4-mediated upregulation of NFkB and JNK
leads to overexpression of adhesion molecules and chemokines
promoting the inflammatory response [40]. Thus, a treatment that
could modulate HSC activation and inflammation could be an
effective therapeutic for treating liver disease. Therefore, future
studies will be aimed at examining the anti-inflammatory effects
of JKB-119 in a fibrotic animal model.
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