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Abstract
BACKGROUND & AIMS—Capillarization, characterized by loss of differentiation of liver
sinusoidal endothelial cell (LSEC), precedes the onset of hepatic fibrosis. We investigated whether
restoring differentiation to LSEC in liver affects their interactions with hepatic stellate cells
(HSCs) and thereby promotes quiescence of HSCs and regression of fibrosis.

METHODS—Rat LSECs were cultured with inhibitors and/or agonists and examined by scanning
electron microscopy for fenestrae in sieve plates. Cirrhosis was induced in rats using
thioacetamide, followed by administration of BAY 60-2770, an activator of soluble guanylate
cyclase (sGC). Fibrosis was assessed by Sirius red staining; expression of α-smooth muscle actin
was measured by immunoblot analysis.

RESULTS—Maintenance of LSEC differentiation requires vascular endothelial growth factor-A
stimulation of nitric oxide (NO)-dependent signaling (via sGC and cGMP) and NO-independent
signaling. In rats with thioacetamide-induced cirrhosis, BAY 60-2770 accelerated the complete
reversal of capillarization (restored differentiation of LSEC) without directly affecting activation
of HSC or fibrosis. Restoration of differentiation to LSEC led to quiescence of HSC and
regression of fibrosis, in the absence of further exposure to BAY 60-2770. Activation of sGC with
BAY 60-2770, prevented progression of cirrhosis, despite continued administration of
thioacetamide.

CONCLUSIONS—Differentiation of LSEC has an important role in activation of HSC and the
fibrotic process in rats.
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Introduction
The liver sinusoidal endothelial cell (LSEC) undergoes loss of its highly specialized
phenotype prior to activation of the hepatic stellate cell (HSC) and fibrosis 1, 2. If changes in
LSEC phenotype not only precede HSC activation, but also were causally linked to it, this
would significantly enhance our understanding of the development of chronic liver disease.

There is evidence that LSEC and HSC maintain each other’s differentiated phenotype.
VEGF-A (henceforth referred to as VEGF) production by either HSC or hepatocytes
maintains LSEC differentiation 3. Conversely, in vitro studies have shown that differentiated
LSEC (i.e. fenestrated LSEC) prevent HSC activation and promote reversal of activated
HSC to quiescence, but that LSEC lose this effect when they are de-differentiated or
“capillarized” 4. Capillarization is defined as the in vivo loss of LSEC fenestration with
development of an organized basement membrane 5. Capillarization occurs in fibrotic liver
in humans 5–7 and experimental animal models 8–10 and precedes onset of fibrosis in
alcoholic liver injury 1, in non-alcoholic fatty liver disease 2, and in experimental liver
disease models induced by either intragastric alcohol infusion or thioacetamide (DeLeve LD
et al, unpublished observations). Taken together, these findings suggest that capillarization
not only precedes fibrosis, but may also be permissive for it and that changes in LSEC
differentiation might be an integral part of the development of fibrosis.

LSEC fenestration is maintained by paracrine secretion of VEGF by hepatocytes or HSC
and downstream autocrine production of NO by VEGF-stimulated eNOS 3, 11. Nitric oxide
(NO) could act through either the soluble guanylate cyclase (sGC)/cyclic GMP (cGMP)/
protein kinase G (PKG) pathway 12 or through protein S-nitrosylation 13. To examine the
role of capillarization in the fibrotic process, we examined which of these signaling
pathways control LSEC differentiation in vitro, using the presence of fenestration as a
surrogate marker for LSEC differentiation and defenestration as a surrogate marker for
capillarization. In vivo studies examined whether reversal of capillarization by activation of
the relevant signaling pathway promotes HSC quiescence and regression of fibrosis, and
prevents progression of cirrhosis.

Methods
Reagents

Provided in supplemental material.

Animal studies
Male Sprague-Dawley rats (body weight 220 –250 g) were obtained from Bantin and
Kingman Laboratories (Fremont, CA). Thioacetamide, 200 mg/kg i.p., was given twice
weekly. BAY 60-2770 14, 0.3 mg/kg i.g., was administered daily. VEGF antisense
oligonucleotides, 20 mg/kg i.p., were given twice weekly for 4 weeks.

All protocols were reviewed and approved by the Animal Care and Use Committee at the
University of Southern California to ensure ethical and humane treatment of animals. This
study followed the guidelines outlined in the NIH “Guide for the Care and Use of
Laboratory Animals” prepared by the National Academy of Sciences and published by the
National Institutes of Health (NIH publication 86-23 revised 1985).
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Cell isolation and culture
LSEC were isolated by collagenase perfusion, iodixanol density gradient centrifugation, and
centrifugal elutriation as previously described and modified 15, 16. Yields from normal rat
liver averaged 100 million cells with >95% viability and 99% purity as determined by
uptake of formaldehyde-treated serum albumin, a specific marker of LSEC 17–19.

HSC were provided by the USC Non-parenchymal Liver Cell sub-core. HSC were isolated
by collagenase/pronase digestion and Stractan density gradient centrifugation. Co-culture of
HSC and LSEC was performed as previously described 4 (details in supplemental material).

Scanning electron microscopy and quantitative imaging
Sample preparation for scanning electron microscopy (SEM) and porosity (percentage of
LSEC surface occupied by fenestrae) measurements of cells and liver tissue were performed
as previously described 20 (details in supplemental material).

Evaluation of fibrosis and cirrhosis
Assessment of fibrosis and cirrhosis in Sirius red stained sections was performed blindly by
G.C.K. Whole section-scanning morphometric image analysis was performed blindly by
R.D.A. as previously described 2.

Statistics
All data, expressed as mean ± standard error of the mean (SE), were from at least three
separate experiments. Groups were compared by analysis of variance (ANOVA) with a
posteriori contrast by least significant difference; or by Student t test using the Microsoft
Excel Analysis ToolPak (Microsoft, Redmond, WA). Results with p < 0.05 were considered
significant.

Results
VEGF-stimulated NO/cGMP pathway is required to maintain LSEC differentiation

The key morphological features of differentiated LSEC, presence of fenestrae grouped into
sieve plates, are rapidly lost in vitro 3, 21, 22. LSEC cultured for 2 days lost fenestration, but
fenestration was well maintained in the presence of 40 ng/ml VEGF (Figure 1A).
Conversely, knockdown of hepatic VEGF protein by antisense oligonucleotides (Figure 1B)
led to marked sinusoidal defenestration (Figure 1C), confirming that VEGF maintains LSEC
fenestration in vivo. VEGF acts through eNOS-catalyzed NO production 3 and NO signaling
can occur through the soluble guanylate cyclase (sGC)/cGMP/protein kinase G (PKG)
pathway 12 and/or through protein S-nitrosylation 13.

Inhibition of sGC activity by 10 μM ODQ (Supplemental figure 1A) or PKG activity by 10
μM Rp-8-pCPT-PET-cGMPS (Supplemental figure 1B) completely blocked VEGF
maintenance of LSEC fenestration (Figure 2A and B), confirming that the VEGF/cGMP
pathway is necessary to maintain LSEC fenestration.

Maintenance of LSEC differentiation requires both VEGF stimulated-NO via the cGMP
pathway plus VEGF via an NO-independent pathway

Primary LSEC were cultured with YC-1 (an NO-independent sGC activator) or 8-pCPT-
cGMP (a cGMP analog) in the absence of VEGF to determine whether rescuing the cGMP
pathway alone is sufficient to maintain LSEC differentiation. Neither 30 μM YC-1 nor 100
μM 8-pCPT-cGMP was able to maintain normal LSEC fenestration and porosity in the
absence of VEGF (Figure 2C and D), though 30 μM YC-1 lead to cellular cGMP levels that
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were twice as high as in VEGF-stimulated LSEC. These data demonstrate that maintaining
the cGMP pathway by itself fails to maintain normal LSEC fenestration. Thus the cGMP
pathway is necessary, but not sufficient, to maintain LSEC differentiation.

In addition to the classical cGMP pathway, NO can also induce protein S-nitrosylation. To
determine whether protein S-nitrosylation is required, LSEC were treated with VEGF, 3mM
NG-nitro-L-arginine methyl ester (L-NAME) to inhibit VEGF-stimulated NO production,
and YC-1 to stimulate sGC. NO production is not stimulated under these conditions, yet
LSEC maintained normal fenestration (Figure 2C and D), demonstrating that protein S-
nitrosylation is not necessary to maintain fenestration. Furthermore, LSEC maintained
fenestration when cultured with VEGF, ODQ to block VEGF-stimulated cGMP production,
and the cGMP analog, 8-pCPT-cGMP (Figure 2C and D). In conjunction with the studies
described in the preceding paragraph, these two experiments demonstrate that maintenance
of LSEC differentiation requires both VEGF-stimulated NO working through the cGMP
pathway plus VEGF working independently of NO.

To confirm that VEGF-stimulated NO is needed, L-NAME was added to inhibit VEGF-
stimulated NO production. LSEC completely defenestrated after a 2-day incubation with
VEGF plus L-NAME (Figure 3). To further validate that the NO-independent pathway is
required, the following experiments were performed. To determine whether NO without
VEGF is sufficient, DETA-NONOate (an NO donor) was added to the culture medium.
6μM DETA-NONOate produced similar amounts of NO in the culture medium and cGMP
levels in LSEC to LSEC cultured with VEGF (data not shown), yet the NO donor failed to
maintain normal LSEC fenestration (Figure 3). This demonstrates that NO without VEGF is
not sufficient. However, when LSEC were incubated with VEGF, L-NAME (to block
VEGF-stimulated NO) plus DETA-NONOate, LSEC porosity was maintained (Figure 3).
Taken together, these data confirm that both VEGF-independent of NO plus VEGF-
stimulated NO are required to maintain normal LSEC fenestration.

Activation of sGC accelerates reversal of capillarization
Control sinusoids contain numerous fenestrae grouped into sieve plates (Figure 4A) and
treatment with 3 weeks of thioacetamide (TAA) significantly defenestrated sinusoids
(Figure 4A). Quantitative morphometry showed that TAA caused a 3 to 4-fold reduction of
porosity, which is an indicator of both number and size of fenestrae (Figure 4B). One week
after discontinuing TAA there was minimal restoration of fenestration (Figure 4A), as
confirmed by porosity measurement (Figure 4B). Furthermore, LSEC cGMP levels
decreased significantly after onset of capillarization and remained low 1 week after
discontinuation of TAA (Figure 4C), consistent with previous reports 23. However, when
rats received 3 weeks of TAA followed by 1 week of BAY 60-2770 (an NO-independent
sGC activator 14), LSEC cGMP levels were normalized (Figure 4C) and fenestration (Figure
4A) and porosity (Figure 4B) were restored. Spontaneous reversal of capillarization did not
occur until 2 weeks after discontinuation of TAA (data not shown). These results
demonstrate that the cGMP pathway is suppressed during capillarization and that rescuing
this pathway accelerates reversal of capillarization.

Normalization of LSEC phenotype promotes HSC quiescence and regression of fibrosis
To determine in vivo whether reversal of capillarization promotes regression of fibrosis, 5
treatment groups were studied (Figure 5A). First, we investigated whether sGC activation
has a direct effect on HSC. Three weeks of TAA (group 1) induced HSC activation (Figure
5B and C) and cirrhosis (Figure 5D) in rats. One week of solvent (group 2) or treatment with
the sGC activator, BAY 60-2770 (group 3), following cessation of TAA did not significantly
decrease HSC activation (Figure 5B and C) or fibrosis (Figure 5D and E). These data
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demonstrate that 1 week of the sGC activator did not directly decrease HSC activation in
vivo although, as noted in the previous paragraph, LSEC fenestration had completely
normalized. To examine whether restoration of LSEC differentiation would decrease HSC
activation and fibrosis, rats received solvent treatment alone for an additional week. HSC
activation, as assessed by α-SMA immunoblot analysis (Figure 5B) and
immunofluorescence (Figure 5C), was significantly reduced in cirrhotic rats that received 1
week of the sGC activator followed by 1 week of solvent treatment (group 5). Sirius red
staining and whole section-scanning morphometry (Figure 5B and C) showed a significant
decline in fibrosis compared to group 4 rats that received 2 weeks of solvent after TAA
(note: LSEC were capillarized after TAA and 1 week of solvent). These data demonstrate
that after resolution of capillarization, the normalized LSEC promotes HSC quiescence and
accelerates regression of fibrosis in the absence of the sGC activator. The decline in α-SMA
with sGC activator-induced regression of fibrosis (group 5) was substantially greater than
the decline in desmin (supplemental figure 2B), suggesting that the decrease in HSC
activation is due to a combination of reversion to quiescence and apoptosis of activated
HSC.

VEGF and VEGF-receptor 2 (VEGF-R2) expression and hepatic vein serum VEGF
increased with progression of fibrosis, consistent with reports in the literature 24–26, and
decreased with sGC activator-induced regression of fibrosis (group 5; Supplemental figure
3B–E). eNOS expression stayed unchanged during fibrogenesis, consistent with reports by
other groups 25, 26, but eNOS expression increased in the sGC activator-treated groups
(groups 3 and 5), i.e. in rats with reversal of LSEC capillarization (Supplemental figure 3B).

Despite ongoing treatment with TAA, sGC activation restores LSEC differentiation and
prevents progression of cirrhosis

Rats were treated with 6 weeks of TAA to induce cirrhosis and received co-treatment with
BAY 60-2770 or solvent from week 4 to 6 of TAA. SEM showed that LSEC were
defenestrated after both 3 and 6 weeks of TAA (group I and II), whereas rats that received 6
weeks of TAA and co-treatment with the sGC activator during the final 3 weeks (group III)
had completely normal fenestration and porosity at the end of week 6 (Figure 6B). There
was reduced expression of α-SMA in group III rats treated with TAA plus the sGC activator
(Figure 6C and D) compared to group II rats that received 6 weeks of TAA alone. Sirius red
staining and morphometric analysis showed more fibrosis after 6 weeks of TAA (group II)
compared to 3 weeks of TAA (group I) treatment, but there was no progression in fibrosis in
rats treated with 6 weeks of TAA plus the sGC activator from week 4 to 6 (group III)
compared to group I rats treated with just 3 weeks of TAA (Figure 6E and F). These data
indicate that in vivo sGC activation normalizes LSEC phenotype and completely prevents
progression of fibrosis despite ongoing TAA exposure.

VEGF and VEGF-R2 expression and hepatic vein serum VEGF increased after 6 weeks of
TAA (group II), but decreased significantly when sGC activator was given along with TAA
(group III vs group I and II) (Supplemental figure 4B–E). Increased eNOS expression was
also observed in rats treated with TAA plus the sGC activator, compared to rats treated TAA
without the sGC activator, i.e. rats with reversal of capillarization (Supplemental figure 4B).

Regression of more advanced fibrosis
Liver was assessed 4 weeks after cessation of treatment in rats that received 3 weeks of
TAA alone followed by an additional 3 weeks of TAA with (group V) or without (group IV)
3 weeks of co-treatment with the sGC activator. In group V rats that received the sGC
activator, α-SMA expression was markedly and significantly decreased 4 weeks after
discontinuation of treatment compared to 4 weeks earlier (group III) or compared to the
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TAA plus solvent control group (group IV, Figure 6C and D). Sirius red staining and
morphometric analysis showed that the sGC activator treatment group had significantly less
fibrosis than the solvent control group 4 weeks after discontinuation of treatment (Figure 6E
and F). VEGF and VEGF-R2 expression and hepatic vein serum VEGF were decreased,
while eNOS expression was increased in the sGC activator treatment group comparing to the
control group (Supplemental figure 4B–E). Both α-SMA and desmin decreased with
regression of fibrosis, but the decrease in α-SMA was substantially greater (Supplemental
figure 5B).

Mechanism of reversal of activated HSC to quiescence by sGC activation
The mechanism of action of the sGC activator on HSC was examined in vitro. HSC were
allowed to activate in culture over 3 days. From day 3 to day 6, HSC were cultured under 4
different conditions: cultured alone, cultured with 5μg/ml BAY 60-2770, in co-culture with
LSEC freshly isolated on day 3, or in co-culture with LSEC freshly isolated on day 3 plus
BAY 60-2770 (Figure 7A). HSC cultured alone became activated and co-culture with LSEC
did not decrease the number of activated HSC, presumably because these LSEC had become
capillarized (Supplemental Figure 6A). HSC cultured with sGC activator showed some
reduction in α-SMA positive cells compared with HSC cultured alone (Figure 7A;
47.4±2.6% versus 87.4±6.5% α-SMA positive cells; n = 4, p<0.001); doses of BAY
60-2770 greater than 5 μg provided no additional effect (data not shown). However, in the
presence of both LSEC and sGC activator, there was a dramatic reduction in α-SMA
positive HSC (6.3±1.0% α-SMA positive HSC) compared to culture with sGC activator
alone (n=4, p < 0.001). Thus while sGC activation has a limited benefit in reversing HSC
activation in vitro, near-complete reversal of the population to quiescence required co-
culture with both LSEC and sGC activator. LSEC cultured with activated HSC plus the sGC
activator maintained fenestration (Supplemental Figure 6B); differentiated LSEC cause
reversal of activated HSC to quiescence 4, which suggests that (near-)complete reversal of
activated HSC to quiescence by the sGC activator occurs through its action on LSEC
differentiation. Rat cardiac microvascular endothelial cells did not prevent HSC activation,
which indicates that this effect of LSEC is not a universal microvascular endothelial cell
property (Supplemental figure 7).

The studies in the previous paragraph support the concept that the sGC activator works on
HSC through an LSEC-dependent mechanism. We previously reported that LSEC-mediated
reversal of HSC activation was mediated by NO 4. We re-examined that in the current
studies. To determine whether exogenous NO alone promotes reversal of activated HSC to
quiescence, the NO donor DETA-NONOate was added to HSC that had been in culture for 3
days. DETA-NONOate did not reduce the number of α-SMA positive cells compared to
HSC cultured alone (Figure 7; 75.4±11.3% versus 87.4±6.5% α-SMA positive HSC; n = 4,
NS). To examine whether blocking NO production from LSEC abolishes the effect of LSEC
plus sGC activator on HSC activation, L-NAME was added to HSC that had been in culture
for 3 days (Figure 7B). L-NAME did not block the reversal of activated HSC to quiescence
induced by LSEC plus sGC activator. These two pieces of data suggest that NO does not
mediate the LSEC effect on HSC phenotype. Our previous report 4 was a misinterpretation
of the data: the most likely interpretation is that L-NAME blocked VEGF-stimulated NO
production, resulting in capillarized LSEC (Figure 3) that were unable to promote reversal
of activated HSC to quiescence.

Discussion
The major findings reported here are as follows. Maintenance of LSEC differentiation in
vitro requires VEGF-stimulated NO working through sGC activation plus VEGF working
through an NO-independent pathway. In vivo studies demonstrated that sGC activation can
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reverse LSEC capillarization in cirrhosis. Once sGC activation normalizes the LSEC
phenotype, there is subsequent accelerated reversal of HSC activation and fibrosis, even in
the absence of the sGC activator. The sGC activator had a limited effect on reversal of HSC
activation in vitro, but near-complete reversal of the HSC population to quiescence occurred
with co-culture with LSEC plus sGC activator. The sGC activator also reversed
capillarization and prevented progression of cirrhosis despite ongoing thioacetamide
treatment.

These findings demonstrate that restoration of LSEC differentiation promotes HSC
quiescence and thereby accelerates regression and prevents progression of fibrosis. These in
vivo findings confirm previous in vitro studies 4 of the effect of LSEC on HSC activation
and the lack of an effect once LSEC are capillarized. Thus the proposed paradigm is that
differentiated LSEC have a gatekeeper function that promotes HSC quiescence and that this
gatekeeper function is lost with capillarization. sGC activation-induced differentiation of
LSEC lead to a decrease in α-SMA expression of HSC with a decline in desmin-positive
cells. However as the decline in desmin-positive cells (total HSC number) was substantially
less than the decline in α-SMA-positive cells (activated HSC), this suggests that there was
both an element of HSC apoptosis as well as reversion of HSC to quiescence. This mix of
reversion to quiescence and apoptosis is consistent with recent reports by other
investigators 27, 28. TUNEL was negative (data not shown) in all groups, but this was likely
a false negative: TUNEL is a freeze frame of a rapidly turning over process and may be
difficult to capture.

The sGC activator prevented HSC activation in vitro (data not shown), consistent with
previous reports using cGMP analogues 29. However we observed no direct effect of the
sGC activator on HSC in vivo in established fibrosis and only a limited in vitro effect on
activated HSC. These seemingly contradictory findings are reconciled by the observation
that quiescent HSC express the α1β1 heterodimeric form of sGC required for cGMP
generation and downstream events, but that expression of α1β1 heterodimeric sGC is
undetectable in activated HSC 30. Thus sGC activation may work through both preservation
of LSEC phenotype and prevention of HSC activation when it prevents the transition from
normal to fibrotic liver. However once fibrosis is established, HSC are already activated and
non-responsive to the sGC activator. Thus in established fibrosis, sGC activation induces
regression of existing fibrosis and prevents progression of fibrosis by restoring LSEC
differentiation with subsequent crosstalk of SEC with HSC, rather than by directly acting on
the HSC.

VEGF-stimulated NO maintains LSEC differentiation 3. The current study examines the
downstream signaling and demonstrates that the VEGF-stimulated cGMP pathway is
necessary, but not sufficient, to maintain LSEC differentiation. Two VEGF pathways are
required to maintain LSEC differentiation: VEGF independent of NO plus VEGF
stimulated-NO acting through the cGMP pathway. Multiple signaling pathways are activated
by VEGF, including MAPK (mitogen-activated protein kinase), FAK (focal adhesion
kinase), PI3K/Akt (phosphatidylinositol 3-kinase), and PLC- γ (phospholipase C-γ) 31.
Actin cytoskeletal filaments may play a role in LSEC fenestration 32–34. The MAPK
pathway responsible for actin reorganization might therefore be a good candidate for the
NO-independent pathway. Although VEGF is a key factor in maintaining LSEC
differentiation, VEGF and VEGF-R2 are increased in fibrosis, suggesting that capillarization
is due to disruption of signaling downstream of VEGF. As restoration of cGMP levels in
vivo was sufficient to normalize the LSEC phenotype, this demonstrates that the limiting
defect responsible for capillarization in this model of cirrhosis was in the NO/sGC/cGMP
pathway. These findings are consistent with observed decreases in eNOS activity, NO
production and cellular cGMP levels in LSEC from cirrhotic liver 23, 35, 36.
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There are several clinical implications to the findings reported here. First, restoring LSEC
phenotype in capillarized liver may be a viable approach to promoting regression of fibrosis
or preventing progression of disease in the face of an ongoing insult. Second, in aging-
related pseudo-capillarization 37, 38, loss of fenestration decreases clearance of chylomicron
remnants. The increase in circulating chylomicron remnants is thought to play a key role in
initiation of atherosclerosis 39, 40. Furthermore, the decline in LSEC scavenger receptor-
mediated endocytosis with aging 41 may contribute to progression of atherosclerosis 41, 42.
Thus restoring LSEC differentiation could be a therapeutic approach for atherosclerosis.
Third, there is a large body of literature on endothelial cell-pericyte interactions in various
vascular beds 43–47. This suggests that the current findings might also pertain to other
organs, e.g. the lung or kidney, and provide a similar therapeutic strategy for fibrosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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α-SMA α-smooth muscle actin

eNOS endothelial nitric oxide synthase

HSC hepatic stellate cell

LSEC liver sinusoidal endothelial cell

L-NAME NG-nitro-L- arginine methyl ester

NO nitric oxide

OsO4 osmium tetroxide

PKG protein kinase G

SEM scanning electron microscopy

TAA thioacetamide

sGC soluble guanylate cyclase

VEGF vascular endothelial growth factor

VEGF-R2 vascular endothelial growth factor 2
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Figure 1. VEGF is required to maintain LSEC phenotype both in vitro and in vivo
(A) Representative SEM of LSEC cultured with (left panel) and without (right panel) VEGF
for 2 days show loss of fenestrae in sieve plates in vitro in the absence of VEGF. Scale bar,
5μm. (B) Hepatic expression of VEGF on immunoblot with densitometry and (C)
representative SEM of hepatic sinusoids from rats treated with VEGF ASO or control
oligonucleotides. * p<0.05. Scale bar, 2μm. All figures represent n ≥ 3.

Xie et al. Page 12

Gastroenterology. Author manuscript; available in PMC 2013 April 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. VEGF-stimulated cGMP is necessary but not sufficient to maintain LSEC phenotype
in vitro
Either ODQ (sGC inhibitor) or Rp-8-pCPT-PET-cGMPS (PKG inhibitor) completely blocks
VEGF-stimulated (A) fenestration and (B) porosity in LSEC cultured for 2 days. Scale bar:
5μm. * p<0.001 versus VEGF control, n=3. (C) Either YC-1 (sGC activator) or 8-pCPT-
cGMP (cGMP analog) without VEGF fails to normalize fenestration. However, VEGF+L-
NAME (eNOS inhibitor) +YC-1 or VEGF+ODQ+8-pCPT-cGMP normalizes LSEC
fenestration; thus both VEGF independent of NO plus the VEGF-stimulated cGMP pathway
are required, whereas the experiment with VEGF + L-NAME + YC-1 also demonstrates that
protein S-nitrosylation is not necessary. Scale bar: 5μm. (D) Porosity measurement of
experiments described in (C). * p<0.001 versus VEGF control; NS, not significant; n = 3.
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Figure 3. Both VEGF-independent of NO plus VEGF-stimulated NO are required to maintain
normal LSEC fenestration
LSEC cultured with VEGF+L-NAME (top left panel) or DETA-NONOate (NO donor; top
right panel) for 2 days lack fenestration, while LSEC cultured with VEGF+L-NAME
+DETA-NONOate (bottom left panel) for 2 days demonstrate normal fenestration. Porosity
is shown in the bottom right panel. Scale bar, 5μm. * p<0.001versus VEGF control; NS, not
significant; n = 3.
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Figure 4. In vivo sGC activation restores LSEC phenotype in thioacetamide (TAA) -induced
capillarization
(A) Representative SEM of hepatic sinusoids. Top left panel: normal hepatic sinusoid with
fenestrae grouped into sieve plates. Top right panel: capillarization after 3 weeks of TAA.
Bottom left panel: minimal reversal of capillarization 1 week after discontinuing TAA.
Bottom right panel: complete reversal of capillarization by 1-week of daily sGC activator
after discontinuing TAA. Scale bar: 2μm. (B) Porosity from rats treated as in (A). * P<0.
001. (C) Cellular cGMP level in LSEC isolated from rats treated as indicated in (A). *
P<0.001. n = 3.
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Figure 5. Restoration of the differentiated LSEC phenotype accelerates regression of
thioacetamide (TAA)-induced early cirrhosis
(A) Protocol for 5 treatment groups (n = 9–12). (B) Immunoblot with densitometry and (C)
immunohistochemistry show elevated α-SMA expression after 3 weeks of TAA treatment. 1
week of solvent or sGC activator after discontinuing TAA does not alter α-SMA expression,
but α-SMA expression is significantly reduced when the 1week of sGC activator is followed
by 1 week of solvent (group 5) compared to 2 weeks of solvent after TAA (group 4). *
p<0.001. Scale bar, 30 μm. (D) Representative Sirius red stain shows early cirrhosis in 3-
week TAA treated rats (top middle). Cirrhosis persists after 1 week of either solvent (top
right) or sGC activator (bottom left) after discontinuation of TAA, but only bridging fibrosis
is observed when the 1 week of sGC activator is followed by 1 week of solvent (bottom
right), compared to persistent cirrhosis in rats that received 2 weeks of solvent after TAA
(bottom middle). Scale bar, 1.2 mm. (E) Quantification of fibrosis by scanning
morphometry. * p<0.05.

Xie et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2013 April 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. In vivo sGC activation prevents progression and accelerates regression of cirrhosis by
restoration of LSEC differentiation
(A) Protocol for 5 treatment groups (n = 5). (B) Representative SEM (scale bar, 2μm) and
porosity measurements (n=4) show that sGC activator treatment complete reverses
capillarization despite ongoing TAA (group III) compared to solvent control (group II). *
P<0. 001. (C) Immunoblot (n = 5) and (D) immunohistochemistry show that co-treatment of
sGC with TAA from week 4 to 6 (group III) reduced α-SMA expression compared to 6-
week TAA treated rats (group II). 4 weeks after discontinuation of treatment, α-SMA
expression in group V was further decreased compared to 4 weeks earlier (group III) or
compared to the TAA solvent control group (group IV). * P<0.05. Scale bar, 30 μm. (E)
Representative Sirius red staining and (F) scanning morphometry thereof (n=5) show more
fibrosis after 6 weeks TAA (group II) compared to 3 weeks TAA (group I). Extent of
fibrosis is unchanged after 6 weeks TAA plus sGC activator from week 4 to 6 (group III)
compared to 3 weeks TAA (group I). 4 weeks after discontinuation of treatment, regression
of fibrosis is greater after sGC activator (group V) compared to the solvent group (group
IV). Scale bar, 1.2 mm. * P<0.001.
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Figure 7. Complete reversal of HSC activation by the sGC activator requires the presence of
LSEC and is independent of NO
(A) Upper panel: percentage α-SMA-positive HSC determined by confocal microscopy is
lower in HSC cultured with LSEC plus BAY60-2770 compared to BAY60-2770 alone
(p<0.0001, n=4); lower panel: representative photomicrographs of HSC. HSC day 6: HSC
cultured alone for 6 days; HSC day 0–6, LSEC day 3–6: HSC cultured alone from day 0–3,
followed by co-culture from day 3–6 with LSEC isolated on day 3 (note: LSEC cultured
with activated HSC for 3 days are capillarized); HSC day 0–6, sGC activator day 3–6: HSC
cultured alone from day 0–6, with BAY 60-2770 from day 3–6; HSC day 0–6, sGC activator
+ LSEC day 3–6: HSC cultured alone for 3 days, followed by co-culture from day 3–6 with
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LSEC isolated on day 3 plus BAY 60-2770 (note: LSEC cultured for 3 days with
BAY60-2770 remain differentiated) (Scale bar: 40μm. n = 4–6 for each group). (B) NO
does not promote HSC quiescence. The percentage α-SMA-positive HSC is not
significantly different in HSC cultured with or without DETA-NONOate or in HSC co-
cultured with LSEC and BAY 60-2770 with or without L-NAME. HSC day 6: HSC cultured
alone for 6 days; HSC day 0–6, DETA-NONOate day 3–6: HSC cultured alone from day 0–
6,with DETA-NONOate added on day 3; HSC day 0–6, BAY + LSEC day 3–6: HSC
cultured alone for 3 days, followed by co-culture from day 3–6 with LSEC isolated on day 3
plus BAY 60-2770; HSC day 0–6, sGC activator + LSEC + L-NAME day 3–6: HSC
cultured alone for 3 days, followed by co-culture from day 3–6 with LSEC isolated on day 3
plus BAY 60-2770 with L-NAME. n = 3–6 for each group.
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