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Abstract

The endocannabinoid system (CS) has been implicated in the development of hepatic fibrosis such
as schistosomiasis-associated liver fibrosis (SSLF). However, the mechanisms mediating the
action of the CS in hepatic fibrosis are unclear. The present study hypothesized that Schistosoma J.
infection upregulates cannabinoid receptor 1 (CB1) due to activation of NADPH oxidase leading
to a fibrotic phenotype in hepatic stellate cells (HSCs). The SSLF model was developed by
infecting mice with Schistosoma J. cercariae in the skin, and HSCs from control and infected mice
were then isolated, cultured, and confirmed by analysis of HSC markers a-SMA and desmin. CB1
significantly increased in HSCs isolated from mice with SSLF, which was accompanied by a
greater expression of fibrotic markers a-SMA, collagen I, and TIMP-1. CB1 upregulation and
enhanced fibrotic changes were also observed in normal HSCs treated with soluble egg antigen
(SEA) from Schistosoma J. Electron spin resonance (ESR) analysis further demonstrated that

superoxide (0'2‘) production was increased in infected HSCs or normal HSCs stimulated with
SEA. Both Nox4 and Nox1 siRNA prevented SEA-induced upregulation of CB1, a-SMA,
collagen I, and TIMP-1 by inhibition of O, production, while CB1 siRNA blocked SEA-induced

fibrotic changes without effect on O, production in these HSCs. Taken together, these data

suggest that the fibrotic activation of HSCs on Schistosoma J. infection or SEA stimulation is
associated with NADPH oxidase-mediated redox regulation of CB1 expression, which may be a
triggering mechanism for SSLF.
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Introduction

Schistosomiasis is a common parasitic trematode infection in humans that is prevalent in
Africa, South America, and Asia [1,2], where more than 600 million people live in
schistosomiasis transmission zones [3]. Infection with Schistosoma japonicum (Schistosoma
J.)is a common cause for chronic liver and intestinal fibrosis, which occurs in
approximately one million people who are infected with another 50 million at risk of this
fibrosis in China alone [4]. The major pathology in schistosomiasis is the formation of egg
granulomas in the liver or intestines, and the death of patients suffering from schistosomiasis
is mainly due to hepatic fibrosis, termed schistosomiasis-associated liver fibrosis (SSLF) [5].
Many studies have shown that the granuloma inflammatory reactions and fibrosis in the liver
continue aggressively even though efficacious schistosomicides are used for treatment [6-8].
So far, there has been little success in the development of antifibrotic drugs with low toxicity
and high efficacy in the prevention or reversal of hepatic fibrosis during schistosomiasis. The
major reason may be due to the poor understanding of the early mechanisms leading to the
formation of egg granulomas in the liver, which is a major focus of the present study.

Liver fibrosis is characterized by two major events: activation and proliferation of hepatic
stellate cells (HSCs) and an increase in extracellular matrix (ECM) deposition, particularly
collagen type I [9]. It has been reported that the abnormal activation and consequent
proliferation of HSCs along with disturbed ECM metabolism play critical roles in the
initiation and development of liver fibrosis including SSLF [10,11]. Although some reports
have indicated that Schistosoma J. eggs or their soluble egg antigens (SEA) activate HSCs
and promote the formation of fibrotic phenotype in these cells, the mechanisms mediating
this response of HSCs to Schistosoma J. eggs or SEA are still poorly understood. In this
regard, recent studies have reported that the endocannabinoid system is a novel activating
mechanism in the pathogenesis of liver fibrosis. In particular, the cannabinoid receptors 1
and 2 (CB1 and CB2) have been demonstrated to contribute to the regulation of pro- and
antifibrogenic effects in the liver [12,13]. CBL1 silencing by markedly ameliorated
dimethylnitrosamine-induced hepatic fibrosis in rat HSCs and livers [14]. In our previous
studies, CB1 was found to be increased in the area of the liver with Schistosoma J. egg
granulomas from SSLF mice [15]. However, it remains unknown whether the
endocannabinoid system is implicated in the activation of HSCs and consequent pathological
fibrotic changes such as abnormal metabolism of ECM in these cells during Schistosoma J.
infection or on SEA stimulation. The present study tried to answer this important question
and explored the possible mechanisms mediating the action of cannabinoid receptors on the
activation of HSCs and the formation of their fibrotic phenotypes. These mechanisms may
involve the expression of CB1 and CB2 receptors as well as redox signaling, given that the
generation of reactive oxygen species (ROS) has been reported to play a relevant role in liver
fibrosis, especially those derived from NADPH oxidases (Noxs) [16-18].
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The present study hypothesized that Schistosoma J. infection upregulates cannabinoid
receptor 1 (CB1) by activation of NADPH oxidase to produce superoxide (0, ), thereby

leading to a fibrotic phenotype of HSCs. To test this hypothesis, we first characterized the
expression of CB1 and CB2 in HSCs from Schistosoma J.-infected mice as well as in HSCs
exposed to SEA and then observed the fibrotic changes in HSCs. Next, we determined
whether the activation of HSCs and the formation of a fibrotic phenotype are associated with
altered expression of cannabinoid receptors. Finally, we explored whether CB1 is
upregulated by Schistosoma J. infection or by SEA through redox signaling associated with
the activation of NADPH oxidase in HSCs.

Materials and methods

Animals and reagents

Healthy 4- to 6-week-old male BALB/C mice were obtained from a Schistosomiasis Control
Laboratory in Hubei province, China. The SSLF model was established by abdominal
infection with Schistosoma J. cercariae according to the method used in a previous study
[19]. In brief, mice in the model group were percutaneously infected with Schistosoma J. by
placing a glass slide carrying 20+2 cercariae in nonchlorinated water in the abdomen for 15
min. Mice in the control group were treated with nonchlorinated water containing no
cercariae. The control and infected mice were raised for 6 weeks under pathogen-free
conditions with free access to food and water. All animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals of the Chinese
Council on Animal Care. Liver samples taken from mice were fixed in 4% (v/v)
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for morphological
examinations and other analyses. Schistosoma J. egg antigen [0.01 g/ml in PBS] was
obtained from the Hubei Schistosomiasis Control Laboratory and diluted to the working
concentration in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2%
FBS before use.

Hepatic stellate cell isolation and culture

In different groups of control and infected mice, HSCs were prepared by the discontinuous
density gradient centrifugation technique previously described by Schafer et al. [19] with
minor modifications. Briefly, the liver was perfused through the hepatic portal vein with
solution I (137 mM NaCl, 5.4 mM KCI, 0.6 mM NaH,P0O4.2H,0, 0.8 mM
NayHPO4.12H,0, 10 mM Hepes, 0.5 mM EGTA, 4.2 mM NaHCOg3, 5 mM glucose, 100
U/ml penicillium, and 100 U/ml streptomycin (Gibco, Grand Island, NY), pH 7.4) and
solution Il (137 mM NaCl, 5.4 mM KCI, 0.6 mM NaH,P0O4.2H,0, 0.8 mM
NayHPO4.12H,0, 10 mM Hepes, 3.8 mM CaCl,.2H,0, 24.2 mM NaHCO3, 5 mM glucose,
600 mg/L collagenase 1V (Gibco), 400 mg/L pronase (Sigma-Aldrich, St. Louis, MO), 20
mg/L DNAase (Gibco), pH 7.4). The digested liver tissues were removed and forced through
a 200-gauge mesh. Parenchymal cells were separated by centrifugation at 20 g for 5 min.
The supernatant was transferred to a 50-ml centrifuge tube and centrifuged at 500 g for 7
min. The pellet was resuspended in 15% OptiPrep (Sigma), 5 ml 11% OptiPrep, and 5 ml
GBSS (120 mM NaCl, 5 mM KCl, 0.84 mM NayHPO4.2H,0, 0.22 mM KH,POy4, 1.9 mM
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MgCl,.6H,0, 1.5 mM CaCl,.2H,0, 27 mM NaHCO3, 5 mM glucose, pH 7.4) were then
layered on top of the 15% OptiPrep. With such gradient the sample was centrifuged at 1400
g for 17 min. The interface between the 11% OptiPrep and the GBSS was collected and
washed twice with GBSS. The collected cells were cultured in DMEM containing 10% fetal
bovine serum (FBS) (Gibco). The cell viability, measured by a Trypan Blue exclusion assay,
was approximately 90%.

For SEA stimulation, the HSCs were seeded onto 6-well plates (Greiner Bio-One, Monroe,
NC) at a density of about 1 x 106 cells per well and under serum-starved conditions. Then,
Schistosoma J. soluble egg antigens (SEA, 50 mg/ml) or vehicle without SEA were added to
different wells with HSCs. After a 24-h treatment, HSCs were collected for corresponding
experiments as described below.

Masson staining

Masson staining was performed using standard methods as described previously [20] to
observe collagen deposition in liver tissue slides. The data were represented by the area
percentage of each slide positive for the blue stain, which was calculated in Image Pro Plus
6.0 software.

Real-time reverse transcription—polymerase chain reaction (RT-PCR)

Total RNA from HSCs was isolated using TriZol reagent (Life Technologies, Grand Island,
NY) according to the protocol described by the manufacturer. Isolated RNA samples were
analyzed by measurement of optic absorbance at 260 and 280 nm in a spectrophotometer,
with the A260/A280 ratio ranging from 1.8 to 2.0, indicating a high purity of RNA. The
concentrations of RNA were calculated by the absorbance at 260 nm. Aliquots of total RNA
(1 ug) from each sample were reverse-transcribed into cDNA according to the instructions of
the first-strand cDNA synthesis kit of the manufacturer (BioRad, Hercules, CA) Equal
amounts of the reverse transcriptional products were subjected to PCR amplification using
SYBR Green as a fluorescent indicator on a CFX Connect Real-Time PCR Detection
System (BioRad). The mRNA levels of target genes were normalized to the B-actin mMRNA
levels. The primers used in this study were synthesized by Eurofins MWG Operon
(Huntsville, AL) and the sequences were a-SMA sense 5’-
CCCAGACATCAGGGAGTAATGG-3’, a-SMA antisense 5'-
TCTATCGGATACTTCAGCGTCA-3’; desmin sense, 5 -GTGGATGCAGCCA
CTCTAGC-3’, desmin antisense 5"-TTAGCCGCGATGGTCTCATAC-3; CB1 sense 5’-
AAGTCGATCTTAGACGGCCTT-3’, CB1 antisense 5'-
TCCTAATTTGGATGCCATGTCTC-3; CB2 sense 5'-
ACGGTGGCTTGGAGTTCAAC-3’, CB2 antisense 5'-GCCGGGAGGACAGGATAAT-3;
B-actin sense 5'-TCGCTGCGCTGGTCGTC-3’, antisense 5'-
GGCCTCGTCACCCACATAGGA-3" (all primer refer to http://pga.mgh.harvard.edu/
primerbank).

Western blotting

After various treatment, HSCs were washed twice with PBS and scraped in a lysis buffer (20
mM Tris-HCI, 250 mM sucrose, pH 7.2) containing 1X protease inhibitor mixture (Roche,
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Indianapolis, IN). Proteins were denatured with SDS buffer and boiled for 5 min. Samples
were run by SDS-PAGE, transferred onto a PVDF membrane, and blocked using 5% nonfat
dry milk (NFDM) in Tris-buffered saline with 0.1% Tween 20 (TBST). Then, the
membranes were probed with the following primary antibodies overnight at 4 °C: anti-a-
SMA (1:1000, Abcam, Cambridge, MA), anti-desmin (1:500, BD Pharmingen, San Jose,
CA), anti-CB1 (1:1000, Thermo, Waltham, MA), anti-CB2 (1:1000, Abcam), anti-TIMP-1
(1:500, Santa Cruz, Dallas, TX), anti-collagen I (1:1000, Calbiochem, Billerica, MA), anti-
Nox1 (1:500, Abcam), anti-Nox4 (1:500, Santa Cruz), anti-Nrf2 (1:1000, Santa Cruz), and
anti-p-actin (1:10000, Santa Cruz). After washing with TBST three times, membranes were
incubated with the following secondary antibodies for 1 h at room temperature, respectively
with corresponding goat anti-rabbit-HRP or rabbit anti-mouse-HRP (1:10000, Santa Cruz)
based on animals used for raising primary antibody. After washing for the final three times,
bands were detected by the addition of a chemiluminescent substrate and visualized on
Kodak Omat X-ray film.

Immunofluorescent staining

Immunofluorescent staining of a-SMA was used to identify the isolated HSCs. Briefly, cells
on 8-well chamber slides were fixed with 4% paraformaldehyde and then incubated with a
blocking solution of 0.1% Triton X-100 in 5% bovine serum albumin (BSA). This was
followed by incubation with anti-a-SMA (1:200, Abcam) or anti-Nrf2 (1:100, Santa Cruz)
primary antibodies at 4 1C overnight. After washing with phosphate-buffered saline
containing 0.1% Tween 20 (PBST) three times, the slides were incubated with Alexa-488 or
Alexa555 secondary antibodies (Life Technologies) for 1 h at 37 °C and then mounted in
Vectorshield mounting medium with DAPI (Mector Laboratories Inc.). Staining was
visualized through sequential scanning on an Olympus laser scanning confocal microscope
(Fluoview FVV1000, Olympus, Japan) or fluorescent microscopy (BX41TF, Olympus, Japan).

ESR detection of 0,

For detection of NADPH oxidase-dependent O, ™ production, protein was gently isolated

from 1 x 106 cells and resuspended with modified Krebs—4-(2-hydroxyethyl)- 1-
piperazineethanesulfonic acid buffer containing deferoximine (100 pM, Sigma) and
diethyldithiocarbamate (5 uM; Sigma). A spin trap, 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (CMH, Noxygen, Elzach, Germany) (1 mM final concentration), was
then added to the mixture in the presence or absence of manganese-dependent superoxide
dismutase (SOD, 200 U/ml; Sigma). The mixtures were loaded into glass capillaries and
immediately analyzed for superoxide formation kinetics for 10 min in a Miniscope MS200
ESR spectrometer (Magnettech, Berlin, Germany). The ESR was set according to the
following parameters: biofield, 3350; field sweep, 60 G; microwave frequency, 9.78 GHz;
microwave power, 20 mW,; modulation amplitude, 3 G; 4096 points of resolution; and
receiver gain, 50 for cells. The ESR signal strength was recorded in arbitrary units and the
final results were expressed as the fold changes of the treatment group compared to the
control as recently described [21].
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RNA interference

Nox1 and Nox4 small interfering RNAs (SiRNAs) were purchased from Invitrogen
(Valencia, CA). The DNA target sequences for the siRNAs are as follows: Nox1-5"-
AAGGCCGTGAGTTTCTACCT-3’, Nox4-5"-AAGCGCTGGGAGACTTTCTA-3". CB1
SiRNA and Nrf2 siRNA were purchased from Santa Cruz (CB1 siRNA sc-142443; Nrf2
siRNA sc-37049). The scrambled siRNA (5"-AATTCTCCGAACGTGTCACGT-3’) has
been confirmed as nonsilencing double-stranded RNA and was used as a control in the
present study. In these experiments, siRNA transfection was performed according to the
manufacturer’s instruction of BioRad’s SiLentFect lipid reagent (BioRad). Protein
expression of each target was examined by Western blot to assess transfection efficiency of
each siRNA.

Statistical analysis

Results

The results of multiple observations were presented as the means + SE of at least 3
independent experiments. The Student test was used to evaluate the differences in the ratio
of collagen deposited area against the total between infected and normal mouse livers. One-
way ANOVA was used to evaluate all other differences among multiple groups of data. The
Pvalues in the description or figures of results were two-sided and £<0.05 was considered to
be statistically significant. All statistical analyses were performed using SigmaStat 11.0 (San
Jose, CA).

Mouse model of SSLF

After 6 weeks of infection with Schistosoma J. cercariae, the mouse liver exhibited collagen
deposition at the periphery of the eosinophilic granuloma while Schistosoma J. eggs
remained in the hepatic portal vein. These characteristics of SSLF were not observed in the
livers of control mice (Fig. 1A). Acidophilic necrosis was also observed in Schistosoma J.-
infected livers (Supplementary Fig. S1). These results suggest the successful establishment
of the SSLF model in Schistosoma J.-infected mice. Quantification of the area percentage
positive for collagen staining in the liver revealed that significantly more collagen deposited
in the liver from Schistosoma J.-infected mice compared to that from control mice, which
was associated with an upregulation of CB1 expression (Fig. 1B). Further, these
Schistosoma J-induced increases in collagen deposition and CB1 expression were markedly
reduced in mice pretreated with a NADPH oxidase inhibitor diphenyleneiodonium (DPI)
(purchased from Sigma).

Identification of isolated HSCs

To confirm the identity of isolated and cultured mouse HSCs, the expression of a-SMA and
desmin as classic markers for this type of cell was analyzed. As shown in Fig. 2A, both a-
SMA and desmin were markedly increased at the mRNA level in infected HSCs compared
to those from uninfected mice. Similarly displayed in Fig. 2B, Western blot analysis
demonstrated that the infected HSCs had significantly elevated a-SMA and desmin proteins.
The expression patterns of a-SMA and desmin in HSCs were similar to those in mouse
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podocytes and coronary arterial smooth muscle cells (Supplementary Fig. 2). Utilizing
confocal microscopy, immunocytochemical detections further confirmed an increase in the
expression of a-SMA in infected HSCs (Fig. 2C). Together, these results suggest that
primary HSCs, which are enriched with a-SMA and desmin, were successfully isolated
from normal and Schistosoma J-infected mice and that Schistosoma J. infection elevates the
levels of both markers in HSCs.

Effect of in vivo chronic Schistosoma J. infection on the expression of cannabinoid
receptors and the fibrogenic phenotype in HSCs

By real-time RT-PCR, the mRNA level of CB1, but not CB2, was increased in HSCs isolated
from chronic Schistosoma J.-infected mice compared to HSCs isolated from uninfected mice
(Fig. 3A). Western blot analysis demonstrated the same pattern, where infected HSCs
showed increased protein expression of CB1 compared to normal HSCs, without significant
changes in CB2 expression (Fig. 3B). Furthermore, we observed an upregulation of collagen
I and TIMP-1 expression in infected HSCs (Fig. 3C), indicative of a Schistosoma J.
infection-induced fibrogenic phenotype. These results tell us that chronic Schistosoma J.
infection primarily increases the expression of CB1, rather than CB2, which may induce
changes in HSC fibrogenic phenotype.

Effect of Schistosoma J. egg antigen on the expression of cannabinoid receptors and
fibrogenic markers in HSCs

As described above, chronic Schistosoma J. infection increased CB1 expression and led to
the fibrogenic phenotype of HSCs. In another series of studies, we tested whether changes in
CB1 expression and fibrogenic markers are associated with stimulation of Schistosoma J.
eggs since they are widely known to stimulate liver cirrhosis during Schistosoma J. infection
due to antigen-induced immunological or adaptive responses. We treated normal HSCs with
50 pg/ml SEA, a concentration selected based on previous reports [22]. By real-time RT-
PCR, basal mRNA levels of CB1 and CB2 were detected in these HSCs (Fig. 3D). When
HSCs were treated with SEA for 24 h, CB1 mRNA expression significantly increased
compared to untreated HSCs, while CB2 mRNA levels remained unchanged. To further
verify this SEA-induced increase in CB1 expression but not CB2 mRNA, Western blot
analysis was performed, where the expression of CB1 in HSCs was found to be obviously
augmented on SEA stimulation (Fig. 3E). We next addressed whether SEA had any direct
effect on induction of the fibrogenic phenotype of HSCs. As shown in Fig. 3F, both fibrotic
markers collagen | and TIMP-1 increased when HSCs were treated with SEA. It is noted
that both Schistosoma J. infection and SEA had more pronounced increases in protein level
of CB1 than its mRNA level, which may suggest that posttranscriptional and/or
posttranslational regulations are also changed in HSCs. Taken together, these results showed
that SEA was able to increase the expression of CB1 and promote the fibrogenic phenotype
of HSCs.

CB1 silencing blocked fibrotic changes induced by SEA

We next investigated whether the CB1 receptor is involved in the SEA-induced fibrogenic
phenotype change of HSCs. With previous reports suggesting a profibrotic role for CB1, we
determined whether CB1 gene silencing could prevent SEA-induced fibrotic changes in
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HSCs. We transfected normal HSCs with CB1 siRNA followed by treatment with SEA for
24 h, and then analyzed HSC protein lysates by Western blot. The efficiency of CB1 gene
silencing by CB1 siRNA was about 65% (Fig. 4A). We also demonstrated that CB1 siRNA
inhibited typical signaling pathway such as Akt phosphorylation following CB1 receptor
activation by its ligand anadamide (Supplementary Fig. S3). As shown in Fig. 4B, the
protein expression of a-SMA, collagen I, and TIMP-1 increased after HSCs were treated
with SEA, which was significantly attenuated when CB1 siRNA was transfected.

Contribution of Nox1 or Nox4 to SEA-induced superoxide (0'2‘) production in normal HSCs

To explore the mechanism by which SEA or Schistosoma J. infection increased CB1
expression, we tested the role of O, given the implication of a redox signaling pathway in

CB1-mediated actions [23]. By ESR measurement, the production of O, was significantly
increased in HSCs from chronically infected mice and SEA-treated HSCs compared to
normal HSCs without treatment of SEA (Fig. 5A). In the presence of a pharmacological
NADPH oxidase inhibitor, DPI, SEA-induced O, production was substantially attenuated

(Fig. 5B). To determine whether SEA-induced increase in O,~ production is mediated by

Nox1 or Nox4, two major isoforms of NADPH oxidase in HSCs [16,24], we transfected
HSCs and efficiently inhibited the expression of Nox1 and Nox4 with the corresponding
SiRNA (Fig. 5C and D). Interestingly, knockdown of Nox1 decreased Nox4 expression,
while knockdown of Nox4 had no effect on Nox1 expression (Fig. 5C and D). In contrast,
CB1 siRNA transfection did not affect the expression of either Nox1 or Nox4. (Fig. 5E).

After transfection, HSCs were treated with SEA for 24 h and then analyzed for 0,~
production. As shown in Fig. 5F, both Nox1 and Nox4-mediated O, production on SEA

stimulations was markedly attenuated in the siRNA-transfected HSCs. However, CB1
siRNA had no significant effect on the increase in O, production induced by SEA in HSCs.

Upregulation of CB1 expression associated with Nox1 and Nox4

We next tested whether NADPH oxidase-mediated ROS is responsible for the upregulation
of CB1 expression stimulated by SEA, thereby mediating the action of SEA-induced hepatic
fibrogenic phenotypes of HSCs. The siRNAs specific to both NADPH oxidase isoforms and
the pharmacologic inhibitor DP1 were used to reduce the expression and activity of NADPH
oxidase, followed by SEA stimulation of HSCs. By Western blot analysis it was found that
SEA-induced increases in the expression of CB1 in HSCs were blocked by DPI (Fig. 6A),
Nox1 siRNA, and Nox4 siRNA (Fig. 6B). However, none of these treatments had effects on
the expression of CB2 receptors (Fig. 6A and B). In contrast, Nox2 gene silencing did not
affect SEA-induced CB1 upregulation in HSCs (Supplementary Fig. S4).

Activation of Nrf2 mediates SEA-induced CB1 upregulation

We further examined whether activation of nuclear factor E2-related factor 2 (Nrf2), a ROS-
sensitive transcription factor, by Nox1/Nox4 contributes to SEA-induced CB1 upregulation
in HSCs. Stimulation of HSCs with SEA resulted in a nuclear translocation of Nrf2 (Fig.
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7A) in HSCs, a characteristic event of Nrf2 activation, which was blocked by either Nox1
SiRNA or Nox4 siRNA transfection. Nrf2 activity was further assayed using a Nrf2
transcription factor assay kit (Cayman Chemical) following the manufacturer’s instruction.
Consistently, SEA-induced Nrf2 activation in HSCs was inhibited by Nox1 or Nox4 gene
silencing (Fig. 7B). Moreover, SEA-induced CB1 upregulation was abolished in HSCs by
Nrf2 siRNA (Fig. 7C).

Effects of DPI or Nox1 and Nox4 silencing on SEA-induced fibrotic phenotype changes in

HSCs

Thus far, we have demonstrated that CB1 mediates SEA-induced fibrotic phenotype changes
in HSCs and that NADPH oxidase-derived O, can regulate the expression of CB1, but not

CB2. We next investigated the role of NADPH oxidase activity in SEA-induced fibrotic
changes in HSCs. As shown in Fig. 8A, the fibrotic markers a-SMA, collagen I, and
TIMP-1 increased in HSCs on SEA stimulation, which was blocked by pretreatment of
HSCs with DPI. Similarly, these SEA-induced increases in the expression of fibrotic
markers were blocked in HSCs transfected with either Nox1 siRNA or Nox4 siRNA (Fig.
8B).

Discussion

There is accumulating evidence that the endocannabinoid system is activated in response to
a number of fibrogenic stimuli in the liver and thereby participates in the development of
liver fibrosis or cirrhosis [12,25-28]. This action of the endocannabinoid system in liver
cirrhosis has been reported to be associated with the upregulation of CB1 receptors, which
may affect ECM metabolism, thereby leading to fibrosis [26,29-32]. Abnormal ECM
metabolism depends on both excessive synthesis and deregulated degradation of ECM
components [33-36]. However, the cell and molecular mechanisms mediating this CB
receptor-associated abnormal ECM metabolism remain unknown. The present study used
isolated HSCs from the liver of mice with Schistosoma J. infection to explore the possible
mechanisms mediating a CB1 receptor-mediated derangement of ECM metabolism. We
demonstrated that Schistosoma J. infection or Schistosoma J. egg antigen extracts activate

NADPH oxidase to produce O, ", leading to redox activation of CB1 receptor upregulation,

which causes the abnormal metabolism of ECM in HSCs. These HSCs with phenotype
changes may constitute an important fibrogenic mechanism in the liver after Schistosoma J.
infection.

In our experiments, HSCs isolated from Schistosoma J.-infected mice were found to express
significantly higher levels of a-SMA and desmin compared to those from uninfected mice,
indicating that Schistosoma J. infection activates HSCs in the liver. In these activated HSCs,
the expression of CB1, but not CB2 receptors, was markedly increased at both mRNA and
protein levels, which was accompanied by a significant abundance of collagen 1 and
TIMP-1. The upregulation of ECM components in HSCs indicates the fibrogenic phenotype
in infected HSCs, which could be substantially blocked by CB1 gene silencing using its
specific SIRNA. All these changes in the expression of CB1 receptors and ECM components
in HSCs during Schistosoma J. infection were mimicked by stimulation of normal HSCs

Free Radic Biol Med. Author manuscript; available in PMC 2019 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 10

with SEA. To our knowledge, these findings for the first time provide evidence that
Schistosoma J. infection or SEA upregulates CB1 receptors, which is responsible for the
phenotype changes of HSCs to become more fibrogenic. In previous studies using
immunohistochemical (IHC) staining, we indeed demonstrated that the expression of CB1
receptors was obviously enhanced in hepatocytes and hepatic sinusoids of Schistosoma J.-
infected mice [15]. Although CB2 was also found to be increased in hepatocytes and hepatic
sinusoids of Schistosoma J.-infected mice that previous study did not further localize such
enhanced expression in HSCs. In other types of liver cirrhosis, such as alcohol-induced liver
fibrosis, CB1 receptors were also demonstrated to be upregulated, and deletion of CB1
receptors protected against alcoholic-induced fibrosis in vivo in mice and in vitro in HSCs
[13]. It should be noted that the present study did not find any significant changes in CB2
receptor expression in HSCs from Schistosoma J.-infected mice or HSCs exposed to SEA,
which is different from some studies using other models of liver cirrhosis. In those studies,
CB2 receptors were found upregulated as a compensatory antifibrogenic mechanism to
counteract the action of HSCs as one of the fibrogenic determinants during liver fibrosis
[37]. The reason for the failure of our studies to observe changes in CB2 receptor expression
is unknown. It is possible that our experimental model with Schistosoma J. infection is at a
relatively early stage of liver injury. In particular, our results from a short time stimulation of
HSCs by SEA may indicate that the upregulation of CB1 receptors during Schistosoma J.
egg stimulation is an early event in HSCs during liver fibrosis. In addition, recent studies
have also indicated that CB2 receptors may not be necessarily required for the antifibrogenic
action of cannabinoids given that there is evidence indicating that the apoptosis in activated
HSCs during some fibrogenic stimuli occurs through a cannabinoid receptor-independent
mechanism [38].

One of the important findings of the present study is that NADPH oxidase-derived ROS are
involved in the regulation of CB1 receptors and associated fibrogenic phenotype formation
in HSCs in SSLF. Chronic liver diseases are characterized by both increased ROS
production and decreased activity of antioxidant systems, which may result in local
oxidative stress and acute and chronic injury including fibrotic pathology [39]. It has been

well known that NADPH oxidase is a multiprotein complex that generates O, or ROS in

response to a large body of stimuli [40]. Three isoforms of NADPH oxidase (Nox1 and
Nox2 and Nox4) have been involved in HSC activation and liver fibrosis [17,24,41]. Indeed,
cellular oxidative stress contributes to the upregulation of CB1 receptors in human retinal
pigment epithelial cells and to the activation of human and mouse HSCs [13,23]. The
present study demonstrated that that blockade of NADPH oxidase activity by DPI inhibited
Schistosoma J. infection-induced liver fibrosis and CB1 upregulation in mice (Fig. 1).

Schistosoma J--infected HSCs produced much more O, than normal HSCs and that SEA

stimulation also significantly increased O,~ production. This indicates that O, production

in HSCs occurs even when they are exposed early to Schistosoma J. eggs and therefore the
redox signaling—mediated actions may represent a very early event for HSC activation and
consequent conversion of these cells into a fibrogenic phenotype. Our results further showed
that gene silencing of either Nox1 or Nox4 substantially blocked SEA-induced increases in

0, production and CB1 upregulation, and fibrogenic phenotype formation. In contrast to
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Nox1 and Nox4, silencing of Nox2, another NADPH oxidase isoform expressed in HSCs,
did not affect SEA-induced CB1 upregulation (Supplementary Fig. 4), excluding a role of
Nox2 in CB1-mediated fibrogenic changes in SSLF. Thus, these results suggest that

stimulation of HSCs by SEA may stimulate Nox1 or Nox4 to thereby produce O,~ which

then upregulates CBL1 receptors to lead to HSCs change to a more fibrogenic phenotype. It
should be noted that Nox1 regulated Nox4 expression in HSCs since Nox1 gene silencing
decreased Nox4 expression (Fig. 5C), while knockdown of Nox4 had no effect on Nox1

expression (Fig. 5D), suggesting that Nox1-mediated action on O, production and

consequent fibrogenic phenotype changes may be through regulation of Nox4. Previous
studies have suggested that activation of CB receptors can be an upstream signaling
mechanism regulating Nox2 and Nox4-derived oxidative stress in human leukemia cells or
mouse kidney [42,43]. However, in the present study, silencing of CB1 receptor did not alter

either the expression of Nox1/Nox4 or the SEA-induced O, production (Fig. 5E and F).

Thus, our data support the view that Nox1/Nox4-derived O~ production is upstream of CB1

upregulation in SSLF. The mechanism by which Schistosoma J. activates NADPH oxidase
in HSCs is currently unknown. In this regard, toll-like receptors (TLRs) including TLR2 and
TLR9 were involved in the recognition of Schistosome antigens, especially SEA, in
regulatory T cells and dendritic cells [44-46], or in the host-pathogen interaction in mouse
liver [47]. Given the expression of these TLRs in HSCs and their coupling with NADPH
oxidase activity in many other mammalian cells [48,49], it is possible that TLR2/TLR9 are
involved in activation of NADPH oxidase in SSLF. Taken together, the NADPH oxidase-
CBL1 redox signaling axis may be an important early mechanisms triggering fibrogenesis in
HSCs during Schistosoma J. infection.

Our data further suggest that activation of transcription factor Nrf2 by Nox1/Nox4-mediated
ROS production is crucial for CB1 upregulation in SSLF. Nrf2 is a lucine zipper-type
transcription factor that plays a key role in maintaining cellular redox homeostasis via its
interaction with redox-sensitive protein Kelch-like ECH-associated protein 1 (Keapl) [50].
Under resting conditions, Nrf2 interacts with Keapl to form a protein complex, which is
degraded by proteasomes. Increased oxidative stress may cause conformational changes of
Keapl or phosphorylation of Nrf2, resulting in dissociation of Nrf2 from the Nrf2—Keapl
complex, translocation of Nrf2 to the nucleus, and induction of expression of a variety of
genes including antioxidant proteins and anti-inflammatory factors [50]. Here, we
demonstrated that SEA-induced nuclear translocation of Nrf2 and increase in its activity in
HSCs were both blocked by Nox1 or Nox4 gene silencing. These data suggest that Nrf2
activation depends on Nox1/Nox4-derived ROS. More importantly, when Nrf2 gene was
silenced, CB1 upregulation by SEA was markedly inhibited in HSCs. Thus, the present
study, for the first time, links Nrf2 activation with CB1 upregulation implicating a
detrimental role of Nrf2 in the development of SSLF. Interestingly, several recent studies
have indicated that the Nrf2-signaling pathway may play a protective role in none-SSLF
liver fibrosis models [51,52]. Nrf2 deficiency caused defective repair of the liver injury,
enhanced inflammatory and profibrotic response, and aggravated liver fibrosis in
hepatotoxin carbon tetrachloride-treated mice [51]. Further, pharmacological activation of
Nrf2 by sulforaphane was reported to inhibit the development of early stage hepatic fibrosis
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in bile duct-ligated mice, accompanied by reduced expression of profibrogenic genes or
HSC activation markers [53]. Taken together, these findings from previous studies and our
study suggest that Nrf2 may play both detrimental and protective roles in the
pathophysiology of liver fibrosis depending on the animal models used (SSLF vs none-SSLF
models). Therefore, the potential application of Nrf2 as a therapeutic target to prevent and
treat liver diseases should be cautious.

Previous studies have demonstrated that genetic or pharmacological inactivation of CB1
receptors decreased fibrogenesis by lowering hepatic transforming growth factor (TGF)-p1
and reducing accumulation of fibrogenic cells in the liver of mice [25]. However, we did not
observe an increase TGFP1 release or cellular TGFB1 level in HSCs on SEA stimulation
with or without CBL1 silencing (Supplementary Fig. S5). Our data suggest that the role of
CB1 upregulation in SSLF is independent of TGFP1 production. Further, our data also
exclude the possibility of this cytokine in the regulation of NADPH oxidase activity and
phenotypic properties in the HSCs by SEA stimulation.

In summary, the present study demonstrated that Schistosoma J. infection and SEA
stimulation significantly upregulated CB1 receptors in mouse HSCs, which was dependent

on O, production by activation of NADPH oxidase. CB1 upregulation by ROS contributes

to the action and phenotype changes in HSCs during Schistosoma J. infection or on SEA
stimulation, implicating a role of CB1 upregulation in the development of SSLF. NADPH
oxidase-mediated redox signaling in HSCs may be a novel therapeutic target for prevention
or treatment of liver cirrhosis during schistosomiasis because blockade of redox upregulation
of CBL1 receptors is able to prevent an early event in this pathological process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Pathological changes and CB1 expression in livers from mice infected with Schistosoma J.

for 6 weeks. (A) Representative images of Masson-stained liver tissue from normal mice
with minor fiber deposition around the vein (Ctrl), from infected mice showing the
formation of liver fibrosis (Infected), or from infected mice treated with
diphenyleneiodonium (DPI) (ip, 1 mg/kg/day). Arrows indicate different pathological
changes (100 x magnification). Summarized data from three control mice, six infected mice,
or six infected mice with DPI showing the area percentage of positive stain (blue color) for
collagen fiber deposition in the liver tissue sections. (B) Western blot gels representing the

Free Radic Biol Med. Author manuscript; available in PMC 2019 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 18

expression of CB1 in liver homogenates from three control mice, four infected mice, or four
infected mice with DPI. The bar summarized densitometric analysis from Western blot gel
documents of CB1 and p-actin. */<0.05 vs control group; # P<0.05 vs infected group.
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infection. (A) Summarized relative MRNA levels of a-SMA and desmin in normal and
infected HSCs (/7=6). (B) Western blot gels representing the upregulation of a-SMA and
desmin in infected HSCs when compared to normal HSCs. The bar summarized
densitometric analysis from Western blot gel documents of a-SMA and desmin (/7=6). (C)
Confocal images demonstrating increased staining of a-SMA protein in infected HSCs.

*pP<0.05 vs Normal HSCs.
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Fig. 3.

Efgfects of chronic Schistosoma J. infection or acute Schistosoma J. soluble egg antigen
(SEA) treatment on the expression of CB1 and CB2 receptors and of fibrotic markers in
HSCs. (A) Relative mRNA levels of CB1 and CB2 in normal control (Ctrl) and infected
HSCs (n=4). (B) Western blot gels and summarized densitometric analysis representing the
difference in expression of CB1 and CB2 receptors between normal and infected HSCs
(m=6). (C) Western blot gels and summarized data showing the expression of collagen I and
TIMP-1 expression in normal and infected HSCs (7=6). D. Relative mRNA levels of CB1
and CB2 in SEA-treated HSCs (/7=6). E. Western blot gels and summarized data
representing the effect of SEA on CB1 and CB2 receptors in normal and SEA-treated HSCs
(m=6). (F) Western blot gels and summarized data showing the expression of collagen | and
TIMP-1 expression in normal and SEA-treated HSCs (/7=6). *P<0.05 vs Ctrl.
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CB1 gene silencing blocked fibrotic changes in HSCs induced by SEA. (A) Western blot

gels showing the efficiency of CB1 siRNAs to specifically silence corresponding genes in
normal HSCs. The following bar summarized densitometric analysis from Western blot gel
documents. (B) Western blot gels showing that CB1 siRNA prevented SEA-induced
expression of collagen I, a-SMA, and TIMP-1. The following bar summarized densitometric
analysis from Western blot gel documents of collagen I, a-SMA, and TIMP-1, respectively
(rm=6). *P<0.05 vs Scram siRNA, # P<0.05 vs Scram-SEA.
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Superoxide production in Schistosoma J.-infected or SEA-stimulated HSCs. (A)

Representative ESR traces of superoxide (0'2‘) trapped by CMH using NADPH as a

substrate. The bar summarized ESR data showing that SEA stimulated greater O,

production in HSCs during chronic and acute infection (/=6). *£<0.05 vs Ctrl. (B)
Summarized ESR data showing that NADPH oxidase pharmacologic inhibitor DPI (20 uM)
blocked its activity. *£<0.05 vs Ctrl; # <0.05 vs SEA. (C-E) Western blot gels and
summarized data showing the effects of Nox1 siRNA, Nox4 siRNA, or CB1 siRNA on
protein expression of Nox1 or Nox4 in normal HSCs (/7=4-6). *£<0.05 vs Scram. (F)
Summarized data showing that Nox1 and Nox4 siRNA, but not CB1 siRNA, blocked SEA-

induced O, production (n=5-6). *P<0.05 vs Scram Ctrl; # £<0.05 vs Scram-SEA. DPI,

diphenyleneiodonium; Nox, NADPH oxidase; Scram: Scramble siRNA.
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Effects of NADPH oxidase inhibition and gene silencing on SEA-induced CB1 and CB2
expression in HSCs. (A) Western blot gels demonstrating that DP1 (20 uM) blocked SEA-

induced increased expression of CB1 in normal HSCs. The following bars separately

summarized densitometric analysis from Western blot gel documents of CB1 and CB2
protein expression (r7=4). *P<0.05 vs Vehl Ctrl; # P<0.05 vs SEA alone. (B) Representative
Western blot gels showing that both Nox1 and Nox4 gene silencing by siRNA blocked SEA-
induced increased expression of CB1 in normal HSCs. The below bars summarized
densitometric analysis from Western blot gel documents of CB1 and CB2 (/7=4). *P<0.05 vs
Scram-Vehl; # P<0.05 vs Scram-SEA.

Free Radic Biol Med. Author manuscript; available in PMC 2019 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

DAPI Overlay

Nrf2
e ---
B

4

w
|

Nrf2 Activity (vs.Ctrl)
- N
1 1

*
I |
i [
Scram Scram Nox1si Nox4si
Vehl SEA

Fig. 7.

Page 24

C
NIT2- | —
CBI-| i - &8 o
B-actin- | ssm—— ——
Vehl SEA Vehl SEA
Scram Nrf2si
151 == Vehl
= SEA
£ ¥
o 1.0
&
@ 0.5
(&)
0.0~
Scram Nrf2si
3 == Vehl
* == SEA
k=
5 2
o,
g 1
z #
*
0-— ,i-,
Scram Nrf2si

NADPH oxidase-mediated CB1 upregulation requires Nrf2 activity in HSCs on SEA
stimulation. (A) Immunofluorescence images showing the effect of SEA stimulation on the

nuclear translocation of Nrf2 in normal HSCs with scram or Nox1/4 siRNAs (/=6). (B) Nrf2
activity in scram, or Nox1/4 siRNAs-transfected HSCs with or without SEA stimulation
(r=6). (C) Western blot gels and summarized data showing the effects of Nrf2 siRNA on the
protein expression of CB1 in normal HSCs with or without SEA stimulation (/7=4-6).

*P<0.05 vs Scram Vehl; # P<0.05 vs Scram SEA.
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Fig. 8.

Blockade of NADPH oxidase by DPI and Nox1 or Nox4 gene silencing inhibited SEA-
induced fibrotic changes in HSCs. (A) Western blot gels and summarized data showing that
DPI blocked the effect of SEA-induced increased a-SMA, collagen I, and TIMP-1 protein
expression (/7=6). *P<0.05 vs Vehl Ctrl; # P<0.05 vs Ctrl SEA. (B) Western blot gels
showing that Nox4 and Nox1 siRNA blocked the effect of SEA-induced increases in fibrotic
markers a-SMA, collagen I, and TIMP-1 (/7=4). *P<0.05 vs Scram Vehl; # P<0.05 vs Scram
SEA.
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