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Fig. 2. A, effect of CB2 receptor activation (AM1241) and APJ blockade (F13A) on infiltrating cells. CD68 staining of representative liver sections
obtained from control rats, rats treated with vehicle, and rats receiving AM1241 (1 mg/kg per day b.wt.) or F13A (75 ng/kg per day b.wt.). Positive cells
were determined by counting the number of CD68-positive stained cells in 20 independent fields/animal. Original magnification, 400X. B, bars on the
right show the quantitative measurement of infiltrating cells in all the animals. Results are given as means = S.E. *, p < 0.05; #*%, p < 0.001.

Fig. 3. A, effect of CB2 receptor activation (AM1241) and APJ blockade (F13A) on vessel density. Immunolocalization of vWF was used to quantify
vessel density in liver sections obtained from control rats, rats receiving vehicle, or rats treated with either AM1241 (1 mg/kg per day b.wt.) or F13A
(75 pg/kg per day b.wt.). Positive staining was determined counting vWF-positive stained vessels in 20 independent fields/animal. Original
magnification, 100X. B, bars on the right show the quantitative measurement of vessel density in all animals. Results are given as means * S.E. s,

p < 0.001.

filtrated cells was significantly higher in CCl -treated rats com-
pared with that in controls. Chronic treatment with the CB2
receptor agonist or the APJ antagonist significantly decreased
the number of CD68-positive cells in the liver of fibrotic rats
(Fig. 2). Next, to evaluate whether AM1241 or F13A treatment
may exert an antiangiogenic effect, anti-vWF antibody was
used to quantify the number of vessels. There was a significant
decrease in the amount of blood vessels in both AM1241- and
F13A-treated animals compared with that for vehicle (Fig. 3).
To explore whether antifibrogenic treatments may modify
apoptosis, we performed in situ detection of nuclear DNA frag-
mentation by the TUNEL assay in liver sections of treated and
nontreated fibrotic rats. As a positive control of the TUNEL
assay, apoptosis was induced by incubation of liver sections

with DNase I. No staining was observed in the negative control
in which the terminal deoxynucleotidyl transferase enzyme was
omitted (data not shown). Liver sections from fibrotic rats
showed positive TUNEL staining cells with immunoreactivity
localized to the margin of the fibrous septa and parenchyma
(Fig. 4). However, the number of positive cells for TUNEL
staining significantly decreased in hepatic sections of animals
treated with AM1241 and F13A compared with the vehicle
group (6 = 1 versus 3 = 0 positive cells/field, p < 0.001 and 5 +
0 versus 3 * 1 positive cells/field, p < 0.001, respectively).
Finally, we measured the amount of active caspase-3 in livers of
control, vehicle-treated, AM1241-treated, or F13A-treated ani-
mals. As shown in Fig. 4, the amount of activated caspase-3 was
significantly higher in fibrotic rats than in controls. Of interest,
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Fig. 4. Effect of CB2 receptor activation and APJ blockade on apoptosis. A, representative TUNEL assay in hepatic tissue of control rats and fibrotic
rats receiving vehicle (CCl,) or treated with the CB2 receptor agonist (CCl, + AM1241) or the APJ antagonist (CCl, + F13A). The number of positive
cells was determined by counting the number of positively stained cells in eight independent fields per animal (original magnification, 200X). B, bars
at the bottom show the quantitative measurement of TUNEL-positive cells in all animals. C, Western blot for activated caspase-3 on liver tissue of
control rats (CT), fibrotic rats receiving vehicle (CCl,), and fibrotic rats treated with either AM1241 (CCl, + AM1241, 1 mg/kg per day b.wt.) or F13A
(CCl, + F13A, 75 pg/kg per day b.wt.) for 5 weeks. Eighty micrograms of protein was loaded per lane. D, bars at the bottom show the densitometric
analysis of all the samples normalized to B-actin. Results are given as means + S.E. a, p < 0.05; b, p < 0.01; ¢, p < 0.001 versus control; **, p < 0.01;
w0k, p < 0.001 versus CCl,.

both CB2 receptor stimulation and APJ blockade signifi- chronic in vivo CB2 stimulation or APJ blockade prevents
cantly reduced activated caspase-3 expression in the he- proangiogenic and apoptotic phenomena in the liver of
patic tissue of fibrotic rats. These findings indicate that CCl,-induced fibrotic rats.

TABLE 2

Gene expression of PDGFRB, TGFBR1, Colla2, a-SMA, MMP2, MMP9, TIMP1, and TIMP2, measured in the hepatic tissue of reference control
rats and in fibrotic rats receiving vehicle or treated with the CB2 agonist AM1241 or the APJ antagonist F13A
Results are given as means = S.E.

CCl,-Treated Rats

Genes

(fold change) Control (n = 10) CB2 Stimulation APJ Blockade
Vehicle (n = 10) AM1241 (n = 10) Vehicle (n = 10) F13A(n =17)

PDGFRB 1.02 = 0.11 3.74 = 0.817 1.22 + 0.27%* 4.87 + 0.92777 2.36 = 0.37*
TGFBR1 1.08 = 0.21 1.46 = 0.40 0.64 = 0.06 2.05 = 0.15%F 1.81 = 0.35
Colla2 1.04 = 0.12 9.40 = 1.3177 742 £ 1.61 9.80 = 1.95777 6.23 = 1.39
a-SMA 1.10 = 0.02 9.19 = 1.70%% 3.57 £ 0.89%* 6.39 = 0.487 2.27 + 1.30*
MMP2 0.97 = 0.08 8.13 = 1.3977 4.35 = 0.82% 9.49 = 1.2377 5.56 = 0.73*
MMP9 1.04 = 0.07 20.05 = 4.12FF 23.5 = 5.42 14.46 * 3.887F 14.32 = 1.18
TIMP1 1.05 = 0.18 12.42 = 1.90%F 6.28 = 1.10%* 8.97 + 1.39777 3.43 = 0.56%*
TIMP2 1.02 = 0.08 3.11 = 0.3577F 1.89 + 0.15%* 3.56 = 0.537F 2.42 = 0.36

*p < 0.05, compared with vehicle-treated rats (one-way ANOVA with the Newman-Keuls post hoc test and the Kruskal-Wallis test with the Dunn post hoc test when

appropriate).

#p < 0.01.

#E p < 0.001.

T p < 0.05, compared with control rats.

Tt p < 0.01.

+“ p < 0.05.
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Effect of CB2 Receptor Activation and APJ Blockade
on mRNA of Hepatic Profibrogenic Genes and Protein
Expression of PDGFRB and TIMP1. For further insight
into the effect of AM1241 and F13A in fibrotic rats, we
measured hepatic mRNA expression of a panel of selected
genes involved in cytokine signaling (TGFBR1 and
PDGFRp), collagen synthesis (Colla2), stellate cell activa-
tion (a-SMA), and extracellular matrix (ECM) turnover
(MMP2, MMP9, TIMP1, and TIMP2) (Table 2). After 13
weeks of CCl, treatment, all the genes analyzed were up-
regulated in fibrotic rats compared with control animals.
TGFBR1 was the least, albeit significantly, activated tran-
script (approximately a 2-fold increase), whereas the most
intensely up-regulated messengers were those related to
ECM turnover, such as MMP9 and TIMP1. The antifibro-
genic properties displayed by AM1241 and F13A were paral-

TABLE 3

MMP/TIMP ratios calculated from the mRNA expression of MMP2,
MMP9, TIMP1, and TIMP2 in liver tissue of fibrotic rats receiving vehicle
or treated with the CB2 agonist AM1241 or the APJ antagonist F13A

Results are given as means + S.E.

CCl,-Treated Rats

Gene Ratio CB2 Stimulation APJ Blockade
Vehicle AM1241 Vehicle F13A
MMP2/TIMP1  0.91 = 0.24 0.88 = 0.21 143 +0.27 1.56 = 0.12
MMP2/TIMP2 2.66 = 0.48 2.18 = 0.27 2.80 = 0.26 2.09 = 0.13
MMP9/TIMP1 1.79 = 0.40 4.56 = 0.96* 2.13 =0.54 4.91 = 1.0*
MMPY9/TIMP2 6.75 = 1.36 15.7 = 3.47* 439 +1.04 9.14 = 3.35
*p < 0.05; unpaired Student’s ¢ test.
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leled by a decrease in mRNA expression in these genes. In
fact, both the CB2 agonist and the APJ antagonist inhibited
PDGFRp expression and significantly reduced the degree of
activation of HSCs as shown by the decrease in the mRNA
expression of a-SMA. However, the most interesting finding
was that both treatments significantly altered the expression
balance of the transcripts involved in ECM turnover, thus
favoring ECM degradation. In fact, although neither AM1241
nor F13A treatment modified MMP9 expression, both com-
pounds induced a significant reduction in TIMP abundance,
which, in turn, resulted in a marked increase in the MMP/
TIMP gene expression ratio (Table 3).

Because inhibition of mRNA expression of PDGFRB and
TIMP1 appeared to be major contributory factors to the an-
tifibrotic properties of both AM1241 and F13A treatments,
we next assessed whether CB2 receptor stimulation or APJ
blockade was also associated with lower hepatic abundance
of PDGFRB and TIMP1 proteins. As shown in Fig. 5,
PDGFRp and TIMP1 expression were significantly reduced
in fibrotic rats treated with AM1241 or F13A compared with
fibrotic animals treated with vehicle.

Discussion

The results of this investigation indicate that chronic ad-
ministration of either AM1241 or F13A reduces hepatic col-
lagen deposition in rats under a non-discontinued fibrosis
induction program. These findings indicate that long-term
CB2 receptor stimulation or signaling disruption of the he-
patic apelin system prevents fibrosis progression in CCl,-
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Fig. 5. A, effect of CB2 receptor activation and APJ blockade on protein expression of PDGFRB and TIMP1. Representative Western blot for PDGFRA
and TIMP1 in liver tissue of control rats (CT), fibrotic rats receiving vehicle (CCl,), and fibrotic rats treated with either AM1241 (CCl, + AM1241, 1
mg/kg per day b.wt.) or F13A (CCl, + F13A, 75 png/kg per day b.wt.) for 5 weeks. Eighty micrograms of protein was loaded per lane. B, bars at the
bottom show the densitometric analysis of all the samples normalized to GAPDH. Results are given as means = S.E. a, p < 0.05; b, p < 0.01;¢,p <

0.001 versus control; *, p < 0.05; #*, p < 0.01; #+*, p < 0.001 versus CCl,.

/102 ‘g2 1snbny uo speuinor 134SY e Bio'seusnoiadseied( wouy papeojumoq


http://jpet.aspetjournals.org/

636

Reichenbach et al.

treated rats. Our results also indicate that the molecular
mechanisms ultimately underlying these phenomena are co-
incident despite the marked dissimilarities between the CB2
and APJ signaling pathways, thus opening new avenues for
preventing fibrosis progression in liver diseases.

In fact, the chronic administration of either AM1241 or
F13A to rats under a CCl,-induced fibrosis/cirrhosis protocol
resulted in significantly decreased hepatic collagen deposi-
tion, which was associated with a significant amelioration in
systemic and portal hemodynamics, reduced angiogenesis,
inflammatory infiltrate, and apoptosis compared with that in
rats under the same fibrosis induction protocol but treated
with vehicle. Moreover, animals receiving the CB2 agonist
also showed signs of attenuated liver inflammation as in-
dicated by decreased serum AST and ALT enzymes. All
these changes were framed by reduced expression of mes-
sengers related to PDGF signaling, HSC activation, and
ECM turnover.

Our group and others have previously described the anti-
fibrogenic properties of CB2 receptor stimulation in experi-
mental models of advanced liver disease (Julien et al., 2005;
Liu et al., 2008; Muroz-Luque et al., 2008). Whereas the
experimental design of these studies focused on fibrosis re-
gression, here we assessed whether CB2 agonism is able to
prevent fibrosis progression even under conditions of main-
taining the hepatic injury. We administered the CB2 receptor
agonist AM1241 to rats under a fibrosis induction protocol.
AM1241 is among the most selective receptor agonists cur-
rently available. For CB2 and CB1 receptors, the binding
affinity (K;) is 3.4 and 239.4 nM, respectively, and previous
experiments have provided pharmacological and biochemical
evidence that AM1241 selectively activates the CB2 receptor
in vivo in mice, rats, and human cell lines (Malan et al., 2001;
Ibrahim et al., 2003; Yao et al., 2006). The absence of central
effects induced by CB2 agonism has been the major rationale
to propose this mechanism as an antifibrogenic therapy.
However, previous studies showed that pharmacological ac-
tivation of the CB2 receptor signaling pathway may also
induce inflammation in adipose tissue but not in the liver
(Deveaux et al., 2009). In agreement with these findings,
treatment with the CB2 agonist, in addition to stopping
fibrosis progression and angiogenesis, was also associated
with decreased serum levels of AST and ALT and reduced
inflammatory infiltrate. An interesting finding of this study
was that in contrast to what we had previously found in
cirrhotic rats (Munioz-Luque et al., 2008), administration of
AM1241 inhibited apoptosis in fibrotic animals. Although we
do not have any experimental data to explain this phenom-
enon, we believe that it is probably related to the different
degrees of active fibrogenesis between the two groups of
CCl,-treated animals. In fact, in the former study, the rats
had fully established cirrhosis and the active fibrogenesis
was much lower than that in the animals of the current
investigation that were within the initial phases of fibrosis
development (Gressner et al., 2007; Iredale, 2007). There are
a number of potential mechanisms mediating the effects of
CB2 receptor stimulation on hepatic fibrosis. They are prob-
ably related to the strong abundance of these receptors in
nonparenchymal and biliary cells located within and at the
edges of fibrotic septa that directly mediate growth arrest
and antifibrotic and proapoptotic actions in hepatic cells (Ju-
lien et al., 2005; Liu et al., 2008). Whatever the case, how-

ever, our results indicate that selective pharmacological ac-
tivation of the CB2 receptor is effective in preventing fibrosis
progression in experimental liver disease.

There is much experimental evidence indicating that the
hepatic apelin system is an important mediator of the initi-
ation and maintenance of the inflammatory and fibrogenic
processes occurring in the cirrhotic liver (Principe et al.,
2008; Melgar-Lesmes et al., 2010, 2011). In fact, AP is selec-
tively expressed in HSCs of humans and rats with cirrhosis
and markedly stimulates PDGFR, collagen type 1 (Coll),
and cell viability in LX-2 cells, a human cell line of activated
stellate cells. In contrast, APJ blockade significantly re-
gressed hepatic fibrosis and angiogenesis in cirrhotic animals
and prevented the induction of PDGFRp and Coll expression
induced by profibrogenic agents in LX-2 cells. In the current
investigation, we chemically disrupted APJ signaling using
F13A. This is an analog of apelin-13 in which the phenylal-
anine at the C terminus of the peptide is substituted by an
alanine residue that behaves as an AP-specific antagonist
(Melgar-Lesmes et al., 2010). Interaction of this competitive
antagonist with APJ fully abolishes the biological activity of
AP (Lee et al., 2005).

Acquisition of a proliferative, proinflammatory, and con-
tractile phenotype by quiescent stellate cells is the most
characteristic response of activated HSCs to chronic liver
injury. Our experiments indicate that the APJ antagonist
exerts its antifibrogenic effect by acting on different steps of
this process. Chronic administration of F13A strongly re-
duced a-SMA, a well accepted marker of hepatic myofibro-
blasts, suggesting that APJ antagonism in vivo represses the
activation of HSCs in CCl,-treated rats.

The current investigation indicates that in addition to fa-
voring cell viability, CB2 stimulation or APJ blockade also
interferes with the production of profibrogenic mediators pro-
duced during chronic liver injury and the concomitant tissue
repair. In this regard, the inhibitory effect on PDGF signal-
ing shared by both AM1241 and F13A is noteworthy, consid-
ering that PDGF is the most potent proproliferative cytokine
for HSCs (Pinzani et al., 1989; Friedman, 2008).

Pharmacological stimulation of the CB2 receptor or inhi-
bition of AP activity also appears to affect the synthesis of
molecules implicated in ECM remodeling. The net deposition
of scar tissue depends on the balance between synthesis and
degradation. The latter reflects the relative activity of MMPs
and their inhibitor TIMPs, which are mainly produced by
HSCs and other inflammatory cells (Iredale, 2007; Friedman,
2008). In experimental and human cirrhosis, fibrosis appears
to be the result not only of excessive ECM synthesis but also
of reduced degradation, which is caused by the up-regulation
of TIMPs, inactivating the concurrently secreted MMPs (Ire-
dale, 2007). According to these mechanisms, the untreated
fibrotic rats in our experiments presented a marked induc-
tion of Colla2 gene expression as well as a significant up-
regulation of the MMPs. This result can be explained as a
compensatory mechanism designed to eliminate the excess of
scar tissue. However, the concomitant TIMP induction over-
whelmed MMP activity, thereby leading to a net ECM depo-
sition in the liver. ECM remodeling is indeed regulated by
the balance between MMPs and TIMPs rather than by their
absolute levels (Iredale, 2007). Therefore, several investiga-
tions have proposed that the inhibitory activity of TIMPs is
the leading regulator of the remodeling process (Arthur,
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2000; Iredale, 2007). In our study, treatment with both
AM1241 and F13A was associated with a significant increase
in the MMP/TIMP ratio in agreement with the inhibition of
fibrosis progression. This altered balance was due to TIMP1
inhibition rather than to a further activation of MMPs and
further supports the concept that TIMP activity is a major
regulator of the ECM degradation pattern in the injured liver
by controlling the activity of the secreted MMPs.

Tissue repair is a homeostatic response toward tissue in-
jury, in which multiple and complex proinflammatory, proan-
giogenic, and profibrogenic processes are activated. In the
liver, maintenance of tissue aggression results in the perpet-
uation of these phenomena, the wound-healing response pro-
gressively leading to advanced fibrosis and eventually cirrho-
sis. Breaking this vicious circle is a major challenge to
stopping fibrosis in patients with liver disease. In the current
investigation, we have shown that stimulation of CB2 recep-
tors or blocking the activity of the hepatic apelin system is
able to attenuate collagen deposition in CCl,-treated rats
through common mechanisms. In fact, despite the marked
differences in the signaling pathways driving endocannabi-
noids and AP antifibrogenic effects, both inhibit PDGFRB
expression and alter MMP/TIMP balance by decreasing
TIMP1 messenger and protein abundance. These results,
therefore, point to PDGF signaling and TIMP1 activity as
major targets for future antifibrotic therapies.
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