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Abstract
Hepatic stellate cells (HSCs) contribute to portal hypertension through multiple mechanisms that
include collagen deposition, vasoconstriction, and regulation of sinusoidal structure. Under normal
physiologic conditions, endothelial nitric oxide (NO) synthase–derived NO exerts paracrine effects
on HSCs; however, in cirrhosis, NO generation is impaired in association with concomitant HSC
activation and changes in sinusoidal structure, events that contribute significantly to the development
of portal hypertension. These concepts, in combination with recent evidence that induction of HSC-
selective apoptosis may represent a useful target for treatment of chronic liver disease, led us to
examine ifNO may further limit HSC function through apoptosis. Indeed, both NO donors and
endothelial NO synthase overexpression promoted HSC apoptotic pathways. HSC death conferred
by NO occurred through mitochondrial membrane depolarization and through a caspase-independent
pathway. Furthermore, NO-induced apoptosis of HSC did not occur through the canonical pathways
of soluble guanylate cyclase or protein nitration, but rather through the generation of superoxide and
hydroxyl radical intermediates. Lastly, HSC isolated from rats after bile duct ligation were more
susceptible to NO-induced apoptosis. These data indicate that NO promotes HSC apoptosis through
a signaling mechanism that involves mitochondria, is mediated by reactive oxygen species, and
occurs independent of caspase activation.

Conclusion—We postulate that NO-dependent apoptosis of HSCs may maintain sinusoidal
homeostasis, and may represent an additional beneficial effect of NO donors for therapy of portal
hypertension.

Hepatic stellate cells (HSCs) contribute to portal hypertension through multiple mechanisms
that include collagen deposition, vasoconstriction, and regulation of sinusoidal structure.1 In
this regard, there is active investigation into mediators that can selectively promote HSC
apoptosis, because they may have therapeutic use in portal hypertension.2

Under normal physiologic conditions, nitric oxide (NO) is generated constitutively from
sinusoidal endothelial cell-derived endothelial NO synthase (eNOS), which in turn exerts
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paracrine effects on adjacent HSCs, culminating in the inhibition of vasoconstriction,
proliferation, and migration.3–6 However, in cirrhosis, eNOS-derived NO generation is
impaired in association with concomitant HSC activation and changes in sinusoidal structure,
7 events that contribute significantly to the development of portal hypertension.1,8

The most characterized NO signaling pathway occurs through the canonical protein kinase G
pathway via activation of soluble guanylate cyclase.8 However, NO can also signal through
complementary guanylate cyclase-independent pathways.9,10 These include tyrosine nitration
and cysteine nitrosylation, which are protein modifications with wide-ranging effects. Finally,
NO also affects the overall cellular redox potential by contributing to the formation of reactive
nitrogen and oxygen species in the form of nitrosative stress and oxidative stress, respectively.
These reactive intermediates also regulate cellular responses, especially apoptotic signaling.
11

Apoptosis is generally initiated by death receptor activation (extrinsic pathway) or intracellular
stress (intrinsic pathway).12 Either pathway may culminate in permeabilization of the outer
membrane of mitochondria with resultant extrusion of mitochondrial proteins into cytoplasm.
Classically, apoptosis is associated with activation of caspase proteases13; activation of the
effector caspases 3 and 7 ultimately promotes chromatin condensation, cell fragmentation, and
apoptotic body formation. More recently, a mitochondrial-dependent, apoptosis-like cell death
that occurs independent of caspases has also been described.14

NO may reveal dichotomous effects on cell survival/death. For example, NO can directly
impair apoptotic pathways through nitrosylation of caspases that results in their inactivation.
15,16 However, NO can also contribute to apoptosis via nitrosylation or nitration of key
signaling molecules or via impairment of mitochondrial respiratory chain electron transfer.
17 Ultimately, multiple factors contribute to the determination of how NO affects cell survival,
including cell type, redox microenvironment, and the balance of other proapoptotic versus
antiapoptotic factors, and this paradigm has not been previously explored in the context of
HSCs.11

Given the negative regulatory properties of NO on HSC migration, contraction and
proliferation, we tested the hypothesis that NO may limit HSC mass by promoting HSC
apoptosis. Our data show that NO promotes HSC apoptosis through a signaling mechanism
that involves mitochondria, is mediated by reactive oxygen species, and is independent of
caspase activation. We postulate that NO-dependent apoptosis of HSCs may be a mechanism
that maintains sinusoidal homeostasis and may be disrupted in the context of cirrhosis and
portal hypertension. Furthermore, these studies predict that HSC apoptosis may represent an
additional beneficial effect of NO donors for therapy of portal hypertension.

Materials and Methods
Reagents

Pharmacologic compounds used in this study included: cycloheximide (3 µg/mL), tumor
necrosis factor-alpha (30 ng/mL; R&D Biosystems), 5,10,15,20-tetrakis(N-methyl-r′-pyridyl)
porphinato iron (III) chloride (FeTMPyP; 100 µM), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-
one (ODQ; 100 µM), 8-Bromo-cGMP (8-Br-cGMP; 100 µM; Calbiochem), tumor necrosis
factor–related apoptosis–inducing ligand (TRAIL; 10 ng/mL), sodium nitroprusside (SNP;
various doses), S-nitroso-N-acetylpenicillamine (SNAP), diethylamine NONOate (DEAN),
diethylenetriamine NONOate (DETA), buthionine sulfoximine (BSO; 200 µM), uric acid (1
mM), deferoxamine (5–500 µM), dimethylthiourea (50 µM), mannitol (50 µM; Sigma), and
compound 1799 (a generous gift from P. G. Heytden, E. I. du Pont, Bloomington, DE).18

Langer et al. Page 2

Hepatology. Author manuscript; available in PMC 2008 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell Isolation and Culture
All animal experiments were performed in accordance with and approved by the Mayo Clinic
Institutional Animal Care and Use Committee. Primary rat HSCs were isolated from male
Sprague-Dawley rats as described.3 Briefly, livers were perfusion digested with collagenase
and pronase. Parenchymal and nonparenchymal cell fractions were separated via
centrifugation. HSCs were purified via density-gradient centrifugation with 15.6% and 8.2%
Accudenz gradient layers. The gradient was then centrifuged at 20,000 rpm for 25 minutes at
20°C. The band located above the 8.2% Accudenz layer was retrieved, and cells were
resuspended in culture medium and plated on collagen-coated plastic culture dishes. Cell purity
was verified to be approximately 95% with α-smooth muscle actin immunofluorescence. Rat
HSCs were further cultured in plastic culture dishes using Dulbecco’s minimal essential
medium supplemented with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin. Rat
HSCs were used in experiments up to passage 2. Activation of the TRAIL pathway in rat HSCs
was achieved through incubation of rat HSCs with TRAIL ligand (10 ng/mL) plus a low dose
of cycloheximide (3 µg/mL).

In some experiments, primary rat HSCs were isolated from bile duct–ligated (BDL) or sham-
operated rats as controls 4 weeks after surgery. The technique of BDL has been described
previously.19 Briefly, male Sprague-Dawley rats were anesthetized with sodium pentobarbital
(50 mg/kg) and a small midline laparotomy performed under aseptic conditions. The common
bile duct was localized and ligated both distally and proximally, followed by transection of the
common bile duct between the ligatures. For sham controls, the common bile duct was exposed
but not ligated or transected. The incision was closed in 2 layers.

Some experiments that required high efficiency transductions were performed in the human
HSC line LX2, provided as a generous gift from Scott Friedman.20 Cells were cultured in
Dulbecco’s minimal essential medium supplemented with 10% fetal bovine serum, 1%
penicillin, and 1% streptomycin.

Primary rat hepatocytes were obtained from Cambrex Bioscience and cultured in media
recommended by the vendor (Hepatocyte Basal Medium). Hepatocytes were used at passage
0.

Viral Transduction
Human LX2 HSCs were adenovirally transduced to overexpress endothelial nitric oxide
synthase (eNOS) or green fluorescent protein control as described.3 Vectors were transduced
into LX2 at a multiplicity of infection of 25, which achieved approximately 90% transduction
efficiency with minimal toxicity. Activation of TRAIL pathway in LX2 was achieved through
incubation of LX2 cells with TRAIL ligand (10 ng/mL).

Morphologic Quantitation of Apoptosis
To quantitate apoptosis in response to various culture conditions, characteristic apoptotic nuclei
were counted as described.21 Briefly, 2.5 × 103 HSCs were plated in each well of 12-well
plates and allowed to attach overnight. The density of 2.5 × 103 HSCs per well was determined
to be the optimum value for studying cells in a logarithmic growth phase and optimizing
uniform and accurate counting of apoptotic cells. Furthermore, in more confluent conditions,
cells were more resistant to apoptotic stimuli. The following day, cells were washed and new
media were added with various reagents as discussed in Results. At the time of harvest, 4′,6-
diamidino-2-phenyindole (DAPI; 5 µg/mL) was added to culture media and cells counted
(approximately 300 per well with triplicate wells used in each experimental group and each
experiment repeated a minimum of three separate times) with characteristic DAPI stained
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nuclei being defined as positive for apoptosis. Data were expressed as the percentage of cells
that showed morphologic changes of apoptosis.

Proliferation Assay
The relative proliferation rates of rat HSCs were determined via MTS assay using 96-well
plates as described.6

Griess Assay
To determine NO donor-derived generation and NO generation from cells in response to eNOS
transduction, Griess assay was performed from cell culture supernatants as described.3

Measurement of Caspase Activity
Caspase activity of effector caspases 3 and 7 was determined using the APO-one assay kit
(Promega). Cell lysates were analyzed for conversion of Z-DEVD-rhodamine 110 to
fluorescent product, which was detected via fluorescent microplate reader.

Flow Cytometry
To further verify the apoptotic phenotype, cell cultures were also analyzed for annexin-V
positivity. Annexin-V immuno-cytofluorescence was detected with flow cytometry and
immuno-cytofluorescence according to the manufacturer’s instructions (Roche Applied
Sciences). Briefly, HSCs were collected after various treatment regimens and centrifuged. The
cell pellet was washed in phosphate-buffered saline and centrifuged again. The pellet was
resuspended in annexin-V according to the manufacturer’s protocol (Roche). Cells were
analyzed on a Becton-Dickinson flow cytometer, and the data were analyzed with WinMDI
software.

Western Blot Analysis
HSCs were isolated after treatment and cells were homogenized in lysis buffer consisting of
50 mM Tris-HCl, 0.1 mM ethylene glycol tetraacetic acid, 0.1 mM ethylene diamine tetraacetic
acid, 1% (vol/vol) NP-40, 0.1% deoxycholic acid (pH 7.5) with the addition of protease
inhibitor cocktail (Roche). Protein quantitation was determined via Lowry assay. Equal
quantities of protein were separated via sodium dodecyl sulfate–polyacrylamide gel
electrophoresis on 7.5% to 15% polyacrylamide gels followed by electroblotting to PVDF
membranes.4 Membranes were washed in Tris-buffered saline with 0.1% Tween and blocked
with 5% milk. Primary antibodies were incubated for 1 hour at room temperature or overnight
at 4°C. Primary antibodies included caspase 3 (Cell Signaling), β-actin (Sigma), and PARP-1
(Santa Cruz Biotechnology). Membranes were incubated with appropriate secondary antibody
and detection was performed via enhanced chemiluminescence (Amersham).

Mitochondrial Membrane Potential Assay
HSCs were cultured on glass-bottom plates (MatTek) and treated with reagents for 18 hours.
Mitochondrial membrane potential was determined as described.21 Briefly, cellular
fluorescence was quantitated after loading with mitochondrial-specific fluorophore
tetramethylrhodamine methylester (250 nM) and again after complete mitochondrial
depolarization with mitochondrial uncoupling compound 1799 (25 µM). The difference in
fluorescence was expressed as the mitochondrial membrane potential. A minimum of 15
randomly selected cells were analyzed per condition from multiple microscopic fields and the
experiment was replicated three times.
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Fluorescence Microscopy
HSCs were cultured on glass slides and exposed to experimental conditions. Cells were fixed
with 4% paraformaldehyde and permeabilized with 0.1% Triton-X for 5 minutes. Blocking
was performed with 3% milk and 10% goat serum. Primary antibody (3-nitrotyrosine, Cayman)
was incubated at room temperature for 2 hours. Alexafluor 488-tagged secondary antibody
was incubated for 2 hours at room temperature. Cells were analyzed with fluorescent
microscopy using a Zeiss LSM confocal microscope.

Peroxynitrite Quantitation
Primary rat HSCs were plated in 96-well plates at a density of 1000 cells per well and allowed
to attach overnight. Cells were washed and loaded with 2 µM fluorophore
dihydrorhodamine-123 (DHR123) in serum-free media for 30 minutes. When exposed to
peroxynitrite, intracellular DHR123 will become oxidized yielding a fluorescent product and
is sensitive and selective for peroxynitrite.22,23 Cells were washed and exposed to uric acid
1 mM or control for 30 minutes. Following an additional wash, cells were exposed to the
indicated experimental conditions for 3 hours. Cells were washed with PBS and fluorescence
determined with a Molecular Devices Spectramax Gemini XS fluorescent microplate reader
using 488 nm excitation and 530 nm emission wavelengths. Some experiments were also
performed after exposure to experimental conditions for 18 hours.

Statistical Analysis
Experiments were performed in triplicate with a minimum of three independent experiments
performed from different HSC preparations. Data are depicted as the mean ± standard error of
the mean. Comparisons were performed via Student t test or one-way analysis of variance when
comparing more than two sample groups, with statistical significance set at P < 0.05.

Results
NO Promotes HSC Apoptosis

To first test the concept that NO may promote HSC apoptosis, primary rat HSCs were exposed
to the prototypical NO donor SNP at varying concentrations and durations, and apoptosis was
measured via morphologic criteria with DAPI staining by fluorescent microscopy as well as
annexin-V positivity (Fig. 1A,B). The magnitude of apoptosis was both concentration and time-
dependent, with up to 40% of cells evidencing morphologic features of apoptosis at 18 hours
at a concentration of 250 µM (Fig. 1C,D). Annexin-V staining in response to SNP correlated
with morphologic measurements of apoptosis (SNP 50 µM after 18 hours; 14.3% with annexin
positivity and 17.5% with morphologic features of apoptosis; Fig. 1B,C). To avoid nonspecific
actions of SNP, all subsequent experiments were performed using an SNP concentration of 50
µM or lower. This dose is consistent with the literature and generated a concentration of 5.0
µM of nitrite after 4 hours as measured by Griess assay, a level that is comparable to prior
studies that have examined NO generation in response to NO donors in more detail.24–26 To
confirm that the effect of SNP was not increasing apoptosis by reducing cell proliferation, an
MTS assay was used to measure HSC proliferation in response to SNP. At doses up to 50 µM
SNP, there was no significant effect of SNP on HSC proliferation rate [SNP (50 µM), 147%
± 20%, vehicle, 146% ± 2%, at 24 hours; n=3, P value not significant]. SNP-mediated apoptosis
of HSCs was cell-type selective, because hepatocytes were resistant to increased apoptosis in
response to SNP compared with HSCs (Fig. 1E). Because SNP may also have effects on cells
independent of the NO moiety owing to its CN group, we used the analogous compound iron
(III) hexacyanide [Fe(III)(CN)6], which does not contain the NO moiety to confirm NO-
dependent specificity of effect. At up to 10-fold higher concentrations, iron (III) hexacyanide
did not result in any appreciable apoptosis. Furthermore, two other NO donors that do not
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contain the Fe or CN moiety, SNAP and DEAN, also increased HSC apoptosis rate, albeit at
higher concentrations [DEAN (1 mM), 24.8% ± 0.4; SNAP (1 mM), 32.5% ± 8.8; vehicle,
7.5% ± 0.7]. A third NO donor, DETA, was also tested, which, at a concentration of 1 mM, is
thought to generate an NO flux of approximately 2.6 µM, a level akin to that observed in
response to pathological conditions in vivo.27,28 DETA also increased HSC apoptosis in a
concentration-dependent manner with up to 44% apoptosis after exposure to 1000 µM [vehicle,
5.2% ± 1.2; DETA (50 µM), 25.7% ± 0.9; DETA (500 µM), 32.4% ± 2.4; DETA (1000 µM),
43.9% ± 6.6; n = 3, P < 0.01 all values compared with control]. We chose to use SNP for
subsequent experiments because of the more potent effects of this compound as well as the
greater clinical applicability of SNP, which is a compound that is approved for human use. As
another complementary approach to establish the NO dependency of the NO donor studies,
cells were adenovirally transduced to overexpress eNOS or green fluorescent protein control
to determine whether enhanced endogenous NO favors apoptotic pathways in HSCs (Fig. 1F).
For this experiment, we used human LX2 cells, which are more amenable to high level
transduction than primary HSCs. Although eNOS overexpression by itself did not increase
basal apoptosis, eNOS overexpression significantly sensitized HSCs to apoptosis mediated by
the prototypical HSC death receptor agonist TRAIL (Fig. 1F). This high-level adenoviral eNOS
overexpression system resulted in a 10-fold increase in NO metabolite concentration in culture
media after 4 hours compared with control cells.

NO Donor-Mediated Apoptosis Is Caused by Mitochondrial Dysfunction but Is Caspase-
Independent

We next sought to probe the mechanism by which NO induces HSC apoptosis. Apoptotic
pathways can lead to mitochondrial dysfunction characterized by mitochondrial membrane
depolarization and permeabilization of the mitochondrial outer membrane.14 First, to
determine whether HSCs undergoing SNP-mediated apoptosis develop mitochondrial
dysfunction, we quantitated the mitochondrial membrane potential (ΔΨm

; Fig. 2A). Under
normal culture conditions, HSCs demonstrated a high resting ΔΨm. However, when exposed
to SNP (50 µM), there was a large and significant decrease in ΔΨm comparable to that observed
in cells exposed to TRAIL pathway activation. Next, to determine the role of classical caspase-
dependent apoptotic signaling, we examined the effects of the pancaspase inhibitors z-VAD-
fmk and qVD-OPH on SNP-induced HSC apoptosis. Pancaspase inhibitors did not attenuate
SNP-induced apoptosis in HSCs (Fig. 2B), although they did protect cells from apoptosis
induced by the TRAIL pathway. To explore this further, we determined the activity of effector
caspases via direct activity assay (caspases 3 and 7) and also via western blot analysis for
cleaved caspase 3 from HSCs exposed to SNP (Fig. 2C and D). Although the TRAIL pathway
increased effector caspase activity, there was no significant increase in effector caspase activity
in HSCs exposed to SNP (Fig. 2C). Western blot and densitometry analysis for cleaved caspase
3 levels corroborated the caspase activity results and furthermore, PARP-1 cleavage, another
marker of caspase-dependent apoptosis mirrored the changes observed in cleaved caspase 3
levels (Fig. 2D). In fact, cells exposed to TRAIL pathway activation and SNP displayed
significant inhibition of caspase activity on both activity assay and western blot analysis
compared with cells exposed to TRAIL alone (Fig. 2D). This finding is probably due to the
ability of NO to nitrosylate the active site of caspase 3, thereby impairing its activity as shown
previously. 29 Nonetheless, the combination of TRAIL pathway activation and SNP resulted
in a 90% rate of apoptosis based on morphologic criteria in response to both compounds
together (data not shown). These complementary observations highlight the distinct caspase-
dependent apoptosis conferred by TRAIL pathway activation as opposed to the caspase-
independent apoptosis conferred by SNP and the additive effects of both pathways in
combination.
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SNP-Mediated Apoptosis Is Independent of Soluble Guanylate Cyclase and Protein Nitration
but Is Dependent on Superoxide and Hydroxyl Radical Generation

We next explored which specific NO signaling pathways were responsible for SNP-induced
apoptosis of HSCs. First, to evaluate the canonical soluble guanylate cyclase pathway, we used
the degradation-resistant protein kinase G agonist, 8-Br-cGMP, and the guanylate cyclase
antagonist, ODQ. In pilot experiments, both compounds demonstrated specific biological
activity at a concentration of 100 µM as described.3 8-Br-cGMP did not mimic the apoptotic
phenotype of SNP, nor did ODQ inhibit SNP-induced apoptosis (Fig. 3A), suggesting that SNP
induces HSC apoptosis through a guanylate cyclase/protein kinase G–independent signaling
pathway.

NO interaction with superoxide anion can generate peroxynitrite, which in turn promotes
signaling through tyrosine nitration-dependent regulation of target proteins.30 However, SNP
did not generate peroxynitrite in HSCs as evaluated with the peroxynitrite-specific fluorescent
probe DHR123 at neither 3 hours nor after 18 hours of incubation with SNP22,23 (Fig. 3B
shows 3-hour data) nor via immunocytochemistry using a 3-nitrotyrosine antibody (Fig. 3C).
In these experiments, we used SIN-1, a known generator of peroxynitrite, as a positive control,
30,31 and uric acid as a scavenger of peroxynitrite generation.32 Interestingly, the peroxynitrite
generator, SIN-1, unlike SNP, did not cause HSC apoptosis (data not shown), further
supporting the role of a peroxynitrite-independent mechanism of SNP.

NO can also activate redox pathways, which generate oxidative stress mediators. To explore
the role of these potential stress mediators in the process of SNP-induced HSC apoptosis, we
used complementary mechanism-based antioxidants, including the superoxide dismutase
(SOD) mimetic, FeTMPyP, the hydroxyl ion scavenger, deferoxamine, and the peroxynitrite
scavenger, uric acid.33–36 Although FeTMPyP significantly blunted SNP-mediated apoptosis
by approximately 40% (Fig. 4A), an even more prominent effect was observed with hydroxyl
radical scavenger deferoxamine, which significantly impaired SNP-mediated apoptosis in a
concentration-dependent manner (Fig. 4B) and also impaired apoptosis induced by a different
NO donor, DEAN (Fig. 4C). These observations were also confirmed by using two additional,
mechanistically distinct hydroxyl radical scavengers, dimethylurea and mannitol (Fig. 4D).
33–35 Conversely, uric acid, a peroxynitrite scavenger, did not protect HSCs from SNP-
mediated apoptosis (Fig. 4E), consistent with results from Fig. 3. Although uric acid has been
implicated in hydroxyl radical scavenging as well, these experiments in total, conducted with
three distinct and well characterized hydroxyl radical scavengers, suggest an important role
for oxidative stress, especially hydroxyl radicals and to a lesser extent, superoxide anion, in
the process of NO-mediated apoptosis of HSCs.

Enhanced Oxidative Stress Exacerbates SNP-Mediated Apoptosis
Given the importance of oxidative stress in the process of SNP-mediated apoptosis of HSCs,
we postulated that this pathway may be accentuated in conditions of elevated oxidative stress.
To pursue this concept further, HSCs were treated with the glutathione-depleting compound
BSO,37 prior to exposure to SNP. Indeed, BSO increased SNP-mediated apoptosis in a
synergistic manner (Fig. 5A). Lastly, because oxidative stress is enhanced in the cirrhotic
microenvironment,38,39 we determined whether HSCs isolated from rats after BDL were more
sensitive to SNP-mediated apoptosis. Indeed, HSCs isolated from BDL rats were significantly
more sensitive to apoptosis induced by SNP compared with HSCs isolated from sham [Fig.
5B; despite similar rates of proliferation between sham and BDL HSCs (sham, 182.2% ± 3.1,
and BDL, 182.9% ± 1.6%, at 24 hours; n = 3, P value not significant)], suggesting in vivo
relevance to the process of SNP-induced HSC apoptosis.
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Discussion
NO negatively regulates diverse HSC functions that lead to the HSC “activation” phenotype
of portal hypertension, including HSC proliferation, migration, and contraction.3–6 In this
study, we demonstrated that NO also has the capacity to promote HSC apoptosis, thereby
providing an additional mechanism by which NO maintains a check on HSC activation in portal
hypertension. Interestingly, extensive experimental data indicates that oxidative stress
contributes to the development of fibrosis and vascular remodeling in portal hypertension.
40–42 However, a complementary line of work, including the present study, indicates that
oxidative stress can also promote HSC apoptosis,43,44 thus highlighting the paradoxical
effects of oxidative stress in liver pathobiology. Indeed, in the present studies, when HSCs
were preincubated with BSO, there was significantly increased sensitivity to NO donor-
mediated apoptosis.37 Furthermore, HSCs isolated from rats after BDL, which are exposed to
increased oxidative stress in vivo, also displayed an increased sensitivity to NO donor-mediated
apoptosis.45 These data suggest that increased oxidative stress, such as that observed in the
cirrhotic microenvironment, may predispose HSCs to NO-dependent apoptosis. Conversely,
impaired NO generation in cirrhotic liver may allow for increased HSC mass.

NO may have dichotomous effects on cell apoptosis depending on cell type, microenvironment,
and other unrecognized factors.11,46,47 For example, NO promotes endothelial cell growth
and resistance to apoptosis.46 Alternatively, in other cell types, NO displays inhibitory and
proapoptotic characteristics.11 These dichotomous effects of NO on apoptosis may relate in
part to divergent mechanisms by which NO induces oxidative stress as opposed to NO actions
as an antioxidant. For example, in support of the latter concept, NO binds superoxide, thereby
quenching potential ROS signaling. Yet in reacting with superoxide, NO may promote the
formation of a more potent oxidant, peroxynitrite. Furthermore, recent work from Moncada’s
group demonstrates that NO also impairs the respiratory electron transport chain by inhibition
of cytochrome oxidase, thereby resulting in the formation of superoxide: a process referred to
as metabolic hypoxia.17,48 In our study, the apoptotic actions of NO associated with changes
in mitochondrial membrane potential, and partial inhibition of this process by SOD mimetics
support the concept that NO stimulates generation of mitochondrial oxidative stress in HSCs
through this process. Furthermore, recent studies have indicated that lysosomal stress may also
contribute to caspase-independent cell death. Indeed, the protective effect of deferoxamine
observed in this study may be related to suppression of the Fenton reaction within lysosomes
whereby hydroxyl radical generation is impaired by the chelation of lysosomal iron.37,49–
51 Alternatively, hydroxyl radicals may be then “scavenged” by deferoxamine. Although the
precise mechanism of action of deferoxamine remains uncertain, the ability of two
complementary hydroxyl radical scavengers not implicated in disruption of the Fenton reaction
(dimethylurea and mannitol) to impair SNP-induced apoptosis clearly implicates hydroxyl
radicals in the process of NO-induced apoptosis of HSCs. These complementary effects of
SOD mimetic agents and hydroxyl radical scavengers provide evidence for lysosomal synergy
with mitochondria in the process of SNP-dependent cell death signaling in HSCs.

Although apoptotic cell death has traditionally been associated with caspase activation, recent
work has highlighted a process whereby cell death occurs in association with characteristic
morphologic features of apoptosis yet is not attenuated by inhibitors of caspases.14 Although
not fully understood, current concepts suggest that this occurs through increased mitochondrial
permeability that leads to extrusion and nuclear translocation of mitochondrial proteins. This
in turn, leads to ROS generation and chromatin condensation independent of effector caspase
activation.14,52,53 Thus, regulation of mitochondrial outer membrane permeability appears
to be a critical and lethal step in caspase-independent apoptotic cell death. Indeed, in the present
study, SNP significantly reduced mitochondrial membrane potential in HSCs.
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In vivo studies support the concept that NO delivery to the hepatic vasculature may improve
portal hypertension through complementary mechanisms. For example, the liver-specific NO
donors NCX-1000 and V-PYRRO/NO improve portal hemodynamics in complementary
models of portal hypertension largely through vasoregulatory effects of NO.54–56 The present
study identifies new vasodilation-independent, HSC apoptosis–dependent pathways by which
NO supplementation in chronic liver disease may be beneficial. Furthermore, HSCs displayed
greater sensitivity to NO-mediated apoptosis compared with hepatocytes, a point that may be
important when considering the therapeutic potential of this approach. Interestingly, in the
present study, SNP was a more potent apoptotic stimulus of HSCs than other NO donors that
were evaluated and also more potent compared with NO derived from eNOS. This may relate
to the rapid NO burst characteristics of SNP compared with other NO donors.57,58 Indeed,
the NO release kinetics of SNP account for its use as a therapeutic agent in humans with
malignant hypertension and its potency for HSC-selective ROS generation provides a
potentially translational clinical correlate to our work. Nonetheless, lack of liver selectivity
continues to be a hurdle with the use of traditional NO donors in portal hypertension owing to
systemic side effects. As work continues toward developing liver-selective compounds, the
present study suggests that certain NO-donating moieties may be preferable to others
depending on their specific NO release kinetics and the specific NO-dependent biological
outcome that is desired (HSC apoptosis, vasodilation, or others). For example, although DEAN
is not a potent stimulus for HSC apoptosis, it nicely promotes HSC relaxation, another
important biological endpoint that retards portal hypertension.3 The present study suggests
that the HSC selectivity of NO-mediated apoptosis may provide a process for normalization
of HSC mass and sinusoidal structure in cirrhosis and portal hypertension, providing additional
mechanisms by which NO promotes hepatic vascular homeostasis.
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Fig. 1. NO promotes HSC apoptosis
(A) Representative photomicrograph of primary rat HSCs visualized after exposure to NO
donor, SNP 50 µM for 18 hours. Cells displayed characteristic chromatin condensation
consistent with an apoptotic phenotype by fluorescent microscopy after staining with DAPI 5
µg/mL. (B) Rat HSCs displayed increased annexin-V positivity by flow cytometry after
exposure to NO donor SNP 50 µM for 3 hours. (C) Rat HSCs were exposed to increasing
concentrations of SNP for 18 hours. Apoptosis was quantitated via DAPI and fluorescent
microscopy; HSC apoptosis was concentration-dependent (0 to 250 µM). *P < 0.01 compared
with all other groups (n = 10). (D) Rat HSCs were exposed to 50 µM SNP for increasing time
intervals. Apoptosis was quantitated via DAPI and fluorescent microscopy; HSC apoptosis
was time-dependent. *P < 0.05 compared with all other groups (n = 3). (E) Primary rat HSCs
and hepatocytes were exposed to 50 µM SNP for 18 hours, and apoptosis was quantitated.
Unlike HSCs, hepatocyte apoptosis was not influenced by SNP. *P < 0.05 compared with
control HSCs (n = 3). (F) Human HSC line LX2 was adenovirally transduced with green
fluorescent protein, eNOS, or no virus followed by exposure to death receptor agonist TRAIL
(10 ng/mL). Cells overexpressing eNOS were significantly more sensitive to death receptor–
mediated apoptotic signaling. *P < 0.01 compared with green fluorescent protein plus TRAIL
and control plus TRAIL (n = 3).
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Fig. 2. NO donor-mediated apoptosis is associated with mitochondrial dysfunction and is caspase-
independent
(A) HSCs were incubated with SNP for 18 hours and mitochondrial membrane potential
(ΔΨm) was determined as described in Materials and Methods. SNP resulted in significant
mitochondrial membrane depolarization in HSCs. TRAIL pathway activation (10 ng/mL plus
cycloheximide; 3 µg/mL) served as a positive control (bottom graph). *P < 0.05 compared
with control (n = 15). Representative low magnification micrograph of a cell in response to
SNP versus control is depicted [inset: higher magnification (400×)]. (B) HSCs were
preincubated with pancaspase inhibitors z-VAD-fmk (50 µM) and qVD-OPH (20 µM)
followed by SNP or vehicle control for 18 hours. Pancaspase inhibition did not impair SNP-
mediated apoptosis but did significantly blunt apoptosis in response to TRAIL (10 ng/mL plus
cycloheximide 3 µg/mL) death receptor positive control. *P < 0.05 compared with TRAIL
receptor stimulation (n = 6). (C) Caspase 3 and 7 activity was quantitated from HSCs after
exposure to indicated reagents for 18 hours as described in Materials and Methods. There was
no increase in effector caspase activity upon exposure to NO donor SNP. Furthermore, SNP
abrogated caspase activity induced by TRAIL death receptor stimulation. *P < 0.05 compared
with all other groups (n = 3). (D) Western blot analysis for cleaved caspase 3 and downstream
effector PARP-1 demonstrate lack of SNP-induced activation of caspase or PARP-1 cleavage
in HSCs (representative western blotted membrane and densitometric quantitation are shown).
Cleaved products indicated activation of proenzymes.
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Fig. 3. SNP-mediated apoptosis does not require soluble guanylate cyclase or protein nitration
(A) HSCs were preincubated with the cGMP mimetic, 8-Br-cGMP, or guanylate cyclase
antagonist, ODQ (100 µM), followed by exposure to SNP for 18 hours. SNP-mediated
apoptosis was not significantly changed by 8-Br-cGMP or ODQ. (B) HSCs were incubated
with SNP or the peroxynitrite donor SIN-1 as a positive control for 3 hours in the presence or
absence of uric acid (1 mM), a peroxynitrite scavenger. Peroxynitrite generation was measured
using the specific fluorescent probe, DHR123. Unlike SIN-1, SNP did not stimulate
peroxynitrite generation. *P < 0.05 compared with all other groups (n = 3). (C) HSCs were
exposed to SNP or SIN-1 in the presence or absence of uric acid (1 mM) for 3 hours and then
prepared for immunofluorescence microscopy using an antibody that recognizes nitrated
tyrosine residues. SIN-1 promoted pancellular protein nitration that was blocked by uric acid,
whereas SNP did not promote protein nitration.
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Fig. 4. SNP stimulation of apoptosis is dependent on generation of oxidative stress
(A) HSCs were preincubated with the SOD mimetic FeTMPyP, then stimulated with SNP and
analyzed for apoptosis after 18 hours. FeTMPyP significantly inhibited SNP induced apoptosis
by 40%. *P < 0.05, FeTMPyP compared with FeTMPyP plus SNP (n = 3). (B) HSCs were
preincubated with varying concentrations of hydroxyl ion scavengers deferoxamine, and
apoptosis was determined in response to SNP (50 µM). Deferoxamine attenuated SNP-induced
apoptosis in a concentration-dependent manner with complete abrogation of apoptosis at the
highest concentration of deferoxamine. *P < 0.05 compared with SNP 50 µM in the absence
of deferoxamine (n = 3). (C) Deferoxamine also attenuated apoptosis induced by an alternative
NO donor, DEAN. *P < 0.05 compared with 1 mM DEAN in the absence of deferoxamine (n
= 3). (D) HSCs were preincubated with hydroxyl ion scavengers deferoxamine, mannitol (50
µM), or dimethylthiourea (50 µM), and apoptosis was determined in response to SNP (50 µM).
Similar to deferoxamine, both mannitol and dimethylthiourea inhibited SNP-induced apoptosis
of HSCs. *P < 0.05 compared with SNP 50 µM (n = 3). (E) HSCs were preincubated with the
peroxynitrite scavenger uric acid (1 mM) followed by incubation with SNP. Uric acid did not
influence SNP-mediated apoptosis.
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Fig. 5. Oxidative stress exacerbates SNP-dependent apoptosis
(A) HSCs were preincubated with the glutathione-depleting agent, BSO, then exposed to SNP
or vehicle, and analyzed for apoptosis. BSO sensitized HSCs to SNP-mediated apoptosis. *P
< 0.05 compared with all other groups (n = 3). (B) HSCs were isolated and cultured from BDL
and sham-operated rats. Cells were exposed to SNP or vehicle and then analyzed for apoptosis
after 18 hours. HSCs isolated from BDL rats were significantly more susceptible to SNP-
mediated apoptosis compared with HSCs isolated from sham-operated rats. *P < 0.05
compared with all other groups (n = 3).
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