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Reduced production of nitric oxide (NO) in the cirrhotic liver results from a defect in hepatic
endothelial cell nitric oxide synthase (ecNOS) and appears to contribute to the high intrahepatic
resistance and portal hypertension typical of cirrhosis. Therefore, we postulated that targeting a het-
erologous NOS isoform to sinusoidal endothelial cells or other perisinusoidal cells, such as hepatic
stellate cells, would counter the defect in NO production and reduce resistance to blood flow. Recom-
binant adenovirus (Ad) carrying the neuronal NOS gene (nNOS) targeted liver sinusoidal endothe-
lial cells, stellate cells, and hepatocytes more efficiently than the corresponding cells in cirrhotic liv-
ers, but transduction rates were substantial even in cirrhotic animals. Expression of nNOS in each
liver cell type, whether from normal or injured liver, caused increased NO production and inhibited
endothelin-1-induced contractility of perisinusoidal stellate cells. Finally, in 2 different in vivo mod-
els of cirrhosis and portal hypertension, transduction of livers with recombinant Ad.nNOS signifi-
cantly reduced intrahepatic resistance and portal pressure. The data highlight the feasibility of gene
transfer to diseased liver and hepatic cells and demonstrate the potential of a novel therapy for por-

tal hypertension caused by cirrhosis.

J. Clin. Invest. 105:741-748 (2000).

Introduction

The common result of many types of chronic liver
injury is cirrhosis, which leads to increased intrahepat-
ic resistance and portal hypertension (1). Portal hyper-
tension in turn has profound clinical consequences,
many of which are associated with substantial morbid-
ity and mortality. The pathological basis of portal
hypertension is complex and involves multiple factors
(2). However, in most instances an increase in intra-
hepatic resistance to blood flow is an early and critical
component. Recent evidence links perisinusoidal stel-
late cells (also known as Ito cells or lipocytes), which are
analogous to tissue pericytes or vascular smooth mus-
cle cells, to a role in portal hypertension via their capac-
ity to regulate blood flow within the liver by contrac-
tion and constriction of sinusoids (3-7).

In the injured liver, stellate cells undergo a striking
functional transition termed activation. A critical fea-
ture of activation is the acquisition by stellate cells of
smooth muscle proteins, including smooth muscle
isoforms of actin and myosin (8). This transition is
associated with an enhanced contractile phenotype; as
aresult of activation, stellate cell contractility is great-
est in the injured liver (5, 9). Recent data indicate that
the family of endothelins are potent stimulators of
stellate cell contraction, whereas vasorelaxing sub-

stances including nitric oxide (NO) counterbalance
the contractile response. Further, in the injured liver,
ET-1 production is increased (as a result of enhanced
production by stellate cells [refs. 10-12]), and in addi-
tion, NO release from sinusoidal endothelial cells is
reduced, ostensibly owing to impaired function of
endothelial cell NOS (ecNOS) (13-16). These data
indicate that the dynamic balance of ET-1 and NO is
abnormal in cirrhosis, favoring sinusoidal and possi-
bly vascular wall constriction by perisinusoidal stellate
cells and perhaps by hepatic vascular smooth muscle
cells, respectively. Further, the data suggest thaton a
cellular level, anomalous production of each ET-1 and
NO in the injured liver contributes to elevated intra-
hepatic resistance and portal hypertension.

Given the apparent defect in ecNOS function in sinu-
soidal endothelial cells in cirrhotic liver, we aimed to
determine whether transduction of sinusoidal cells
with a heterologous isoform of NOS (rather than
ecNOS itself) was possible, and if so, to understand the
physiological effect of its gene transfer into isolated
liver cells as well as in the whole liver. In this study, we
demonstrate efficient adenovirus-mediated (Ad-medi-
ated) transduction of neuronal NOS (nNOS) in liver
sinusoidal (each sinusoidal endothelial and stellate)
cells and in hepatocytes both in vitro and in vivo. Addi-
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tionally, expression of nNOS in each cell type led to
enhanced NO release, an effect that resulted in inhibi-
tion of stellate cell contraction. Finally, gene transfer of
nNOS to liver cells after development of cirrhosis led
to significant reduction in portal pressure and intra-
hepatic resistance to flow.

Methods

Animals and liver injury. Hepatic injury was induced in
male retired breeder Sprague-Dawley rats (450-550 g)
by bile duct ligation (BDL) for 9 days or by intragastric
administration of carbon tetrachloride (CCly; adminis-
tered at a concentration of 1 mL/kg once per week for
10 weeks), each as described previously (17, 18). All ani-
mals received humane care according to National Insti-
tutes of Health guidelines.

Cell isolation and culture. Hepatocytes, stellate cells, and
sinusoidal endothelial cells were isolated as described
previously (19-21). For nonparenchymal cells, after in
situ perfusion of the liver with 20 mg% pronase
(Boehringer Mannheim, Indianapolis, Indiana, USA) fol-
lowed by collagenase (Crescent Chemical Co., Haup-
pauge, New York, USA), dispersed cell suspensions were
layered on a discontinuous density gradient of 8.2% and
15.6% Accudenz (Accurate Chemical and Scientific,
Westbury, New York, USA). The resulting upper layer
consists of more than 95% stellate cells. Endothelial cells
in the lower layer were further purified by centrifugal
elutriation (18 mL/min flow). Hepatocytes isolated after
collagenase perfusion (as just described) were placed in
modified medium 199 OR (22) containing 5% FBS
(GIBCO BRL, Grand Island, New York, USA); non-
parenchymal cells were grown in the same medium con-
taining 20% serum (10% horse/10% calf) (Flow Labora-
tories, Inc., Naperville, Illinois, USA). The viability of all
cells was verified by phase contrast microscopy and the
ability to exclude propidium iodide. Cell viability of cul-
tures used for study was greater than 95%.

Inhibition of NOS in vivo. NOS was inhibited in vivo
using 7-nitroindazole (7-NI; Sigma Chemical Co., St.
Louis, Missouri, USA), a selective nNOS inhibitor (23).
7-NI was dissolved in solution containing dimethyl sul-
foxide/propylene glycol/distilled water (ratio of 1:3:6)
and administered by intraperitoneal injection in a vol-
ume of 2.0 mL/kg. 7-NI was injected 1 day before BDL
or the last dose of CCly at the dose of 25 mg/kg for a
total of 4 doses.

Ad preparation. Ad.nNOS, containing a cDNA-encod-
ing rat neuronal NOS, driven by the cytomegalovirus
immediate-early enhancer, was generated as described
previously (24). A recombinant Ad encoding 3-galac-
tosidase (Ad.-gal), in the same cassette as Ad.nNOS,
served as a control virus.

For cellular transduction with Ad, isolated cells were
plated at a density of 1 x 106 cells/mL in 35- or 60-mm
plastic or collagen-coated (hepatocytes and sinusoidal
endothelial cells) culture and exposed to indicated con-
centrations of Ad for 2 hours at 37°C. Subsequently,
Ad-containing medium was exchanged for standard

medium. For in vivo experiments, rats were anesthetized
and Ad.nNOS or Ad.}-gal was administered via the
femoral vein at the indicated titer. In these experiments,
we timed Ad administration to occur such that gene
expression (i.e., 7-10 days after Ad injection) would be
present at the time of cell harvest or physiological har-
vest. For the BDL model, Ad was administered 2 days
after BDL; for the CCly model, Ad was administered 2
days after the 10th and final dose of CCl4. Cells were
routinely harvested (and perfusion experiments per-
formed) 7 days after Ad administration. In preliminary
experiments, we found that concentrations of 1.0 X 101°
pfu/kg to 6.0 x 10! pfu/kg effectively transduced high
proportions of each parenchymal and stellate and
endothelial cells, with small variation in transduction
rate. Therefore, we chose a concentration of 1.5 x 10!
pfu/kg of Ad.nNOS to examine nNOS gene transfer.
Heparinized blood was obtained from all rats at the
time they were sacrificed.

NADPH-diaphorase activity, immunobistochemistry. To
determine transduction efficiency after Ad.nNOS expo-
sure, NADPH-diaphorase activity were assessed. Cells
were washed and fixed for 30 minutes followed by per-
meabilization with 0.3% Triton X-100 in PBS for anoth-
er 30 minutes. Finally, cells were stained with 1.33 uL/mL
nitroblue tetrazolium and 2 mg/mL NADPH in the same
bufter for approximately 1 hour until the development of
blue-purple staining was observed. Mock-infected cells
were stained in parallel for the same period.

Immunohistochemistry to identify nNOS expression
was performed as described elsewhere (25). Briefly, liver
tissues were fixed in 4% buffered-paraformaldehyde,
embedded in paraffin, sectioned (6-8 Um), and deparaf-
finized by standard methods. After incubation of sec-
tions with 10% sheep serum in PBS with 0.1% Triton X-
100, sections were incubated overnight with monoclonal
anti-nNOS antibody (Transduction Laboratories, Lex-
ington, Kentucky, USA), diluted 1:100. The first anti-
body was viewed using an avidin-biotin complex /alka-
line phosphatase substrate detection method (Vector
Laboratories, Burlingame, California, USA). Sections
were lightly counterstained with Methyl Green (Vector
Laboratories), viewed, and photographed with a Nikon
TE 300 photomicroscope (Nikon Co., Tokyo, Japan).

Nitrite determination. Nitrite levels were measured
using the Griess assay as described previously (26).
Nitrite concentrations determined in conditioned
supernatants were normalized to total protein concen-
trations in the cell monolayer. In preliminary experi-
ments, we measured both nitrite and nitrate produc-
tion (the latter by enzymatically reducing nitrate to
nitrite using nitrate reductase). Nitrate levels were
approximately 30% of nitrite levels, and these propor-
tions remained highly consistent between experiments.
We therefore chose to measure nitrite alone to confirm
NOS activity and NO production.

Immunoblot. nNOS was detected by immunoblot with
commercially available anti-nNOS (Transduction Labo-
ratories). In brief; freshly isolated cells or those in culture
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were washed twice with PBS and lysed with a solution
containing 1% SDS, 1.0 mM sodium vanadate, and 10
mM Tris (pH 7.4). Proteins (25 Hg total) were separated
by SDS-PAGE and transferred to nitrocellulose. The
membrane was incubated in 5% nonfat milk and then
with anti-nNOS for 1 hour at room temperature. nNOS
was detected with anti-mouse IgG horseradish peroxi-
dase-conjugated antibody followed by chemilumines-
cence (ECL Western blotting analysis system; Amersham
Life Sciences, Arlington Heights, Illinois, USA). Bands
were viewed on multiple exposures to autoradiography
film (Eastman Kodak Co., Rochester, New York, USA),
and data were collected over a narrow range of x-ray film
linearity and quantitated by scanning densitometry.
Stellate cell contractility. Stellate cell contractility was
quantitated as described previously (9). Briefly, culture
vessels were preincubated with PBS containing 1% BSA
for at least 1 hour at 37°C, then washed twice with
PBS and air dried. A combination of Vitrogen (Celltrix
Co., Santa Clara, California, USA), 10x MEM (GIBCO
BRL) and 0.2 M HEPES (final collagen concentration
of approximately 2.4 mg/mL) is mixed at 4°C. After
the solution hardened, cell suspensions were layered
on top of formed lattices in standard culture medium.
After a specified duration in culture, serum-free con-
ditions are introduced, contractile mediators added,
and collagen lattices containing cells are detached by
gentle circumferential dislodgment of the lattice using

Figure 1

Ad-mediated nNOS gene delivery and
activity of nNOS. Parenchymal and non-
parenchymal cells were prepared as in
Methods. After isolation, cells were grown
for 48-72 hours under standard condi-
tions and then transduced with Ad.-gal
or Ad.nNOS as in Methods. In a and b,
cells were transduced with Ad.B-gal or
Ad.nNOS, respectively, and stained for
NADPH diaphorase. In ¢, the transduc-
tion efficiency after exposure to Ad.nNOS
was determined by cell counting as in
Methods (Ad.B-gal is used as an addition-
al control). In d, cell lysates (25 pg total
protein) were immunoblotted for nNOS.
In e, 24 hours after transduction, culture
supernatants were collected and nitrite
detected. AP < 0.01 compared with con-
trol or Ad.p-gal for each cell type (n = 3).
H, hepatocyte; SEC, sinusoidal endothe-
lial cells; HSC, hepatic stellate cells.
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a micropipette tip. Contraction was monitored as
change in lattice diameter (which is used to calculate
area) over time.

Portal pressure and isolated liver perfusion. Portal pressure
was measured in vivo by cannulating the portal vein with
a polyethylene catheter (PE-50) and recorded with a
strain gauge transducer. Subsequently, the liver was pre-
pared as described previously and perfused with Krebs
solution oxygenated with 95% O,/5% CO; at 37°C (27).
The flow rate was adjusted to 0, 10, 20, 40, and 50
mL/min in a pseudorandom order and the inlet pressure
was set at zero flow (Pq-o). Multiple-point P-Q relation-
ships were generated as described elsewhere (28). The
slope of the P-Q relationship (Slopepqr) reflects the flow-
dependent incremental resistance of the portal system.

Statistics. ANOVA or the Student’s ¢ test was used for
statistical comparisons. Cells from different animals
were used in each experiment. For calculation of mean
values and statistical variation, » indicates the number
of separate experiments. Error bars depict the SEM;
absence of error bars indicates that the SEM was less
than 1% of the mean, unless stated otherwise.

Results

Ad-mediated nNOS expression in hepatocytes, sinusoidal
endothelial cells, and stellate cells. We first tested the ability
of recombinant Ad vectors to transude hepatocytes,
sinusoidal endothelial cells, and stellate cells in vitro.
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Liver cells were isolated, cultured, and incubated with 1
% 10° pfu/mL Ad.B-gal. Although approximately 50% of
hepatocytes were transduced at this titer, the transduc-
tion efficiency of sinusoidal endothelial and stellate
cells was uniformly greater than 70% (data not shown);
as expected, transduction efficiency was directly
dependent on Ad titer (data not shown) for all cell types.
Given the high-level transduction with Ad.-gal at a
titer of 10° pfu/mL, we tested the same concentration
using the Ad.nNOS construct. Cultured cells were
exposed to Ad.nNOS as in Methods, and after 24 hours,
nNOS was detected by NADPH diaphorase staining
(Figure 1, a-c); although all cell types expressed nNOS
as assessed by NADPH diaphorase staining, the pro-
portion of liver cells expressing NOS after transduction
was highestin stellate cells (Figure 1c). Further, stellate
cells expressed abundant nNOS as established by
immunoblot (Figure 1d). Finally, NOS activity was con-
firmed by determination of nitrite concentrations in
conditioned culture supernatants in hepatocytes and
sinusoidal endothelial and stellate cells (Figure 1e).
Ad-mediated nNOS transduction in normal and injured
liver in vivo. To determine the effectiveness of in vivo
gene transfer of Ad, Ad.nNOS or Ad.-gal (same titer)

Figure 2
nNOS expression in vivo in normal and injured liver. Ad (1.5 X 10" pfu/kg via femoral vein) was administered to normal rats or those after
liver injury as described in Methods. Liver tissue was fixed and probed for nNOS. In controls (a and ¢), immunoreactive nNOS is absent in
normal and injured liver (BDL liver is shown; note the prominent bile duct proliferation) transduced with Ad.-gal. In contrast, in both nor-
mal and injured livers transduced with nNOS (b and d), immunoreactive nNOS is identified in sinusoidal lining cells (arrows) and in hepa-
tocytes. Immunoreactive nNOS is less prominent in the injured (d) than in the normal (b) liver. Results were similar for the BDL and the CCl4
models of injury (the latter, not shown). Data shown are representative of 6 experiments.

Table 1
In vivo transduction efficiency of nANOS in liver cells from normal and
injured livers

Cell type Normal BDL CCly

H 41.9+33 39.2+£33 37.3+3.1
SEC 63.1+7.8 52.7 +4.8% 41.2 +3.64
HSC 65.9+4.5 50.4+2.94 40.4 £2.74

Ad.nNOS was administered via the femoral vein (1.5 X 10" pfu/kg). For BDL
rats, Ad.nNOS was infused 2 days after BDL, and for CCl, injury, virus was
given 2 days after the 10th dose. Cell harvest was performed 7 days after Ad
administration. After cell isolation, cells were allowed to adhere for 18 hours,
and NADPH-diaphorase staining was performed as in Methods. Numbers
shown represent percent of total NADPH-diaphorase-positive cells (i.e., trans-
duced with nNOS, n = 3). AP < 0.05 versus normal. H, hepatocyte; SEC, sinu-
soidal endothelial cells; HSC, hepatic stellate cells.

was administered via the femoral vein to normal rats or
to those after liver injury (each BDL and CCl, as in
Methods). nNOS expression was identified in the liver
by immunohistochemical techniques (Figure 2) as well
as by quantitative methods (Figure 3). nNOS was
absent in livers transduced with control vector (Figure
2,aand c), whereas nNOS was prominent in cells lin-
ing sinusoids (consistent with either sinusoidal
endothelial cells or stellate cell expression) and was also

The Journal of Clinical Investigation | March2000 | Volume105 | Number6



detected in hepatocytes and in vascular smooth muscle
cells of portal veins (Figure 2, b and d). The global
transduction rate of nNOS in the injured liver was less
than that in normal livers (Figure 2, b and d). We more
precisely examined nNOS transduction in vivo with
Ad.nNOS by isolating cells from each normal and
injured rat livers and in vivo gene therapy; nNOS was
readily detectable in hepatocytes as well as sinusoidal
endothelial and stellate cells (Figure 3, a-c), whether
quantitated by immunoblot of isolated cells (Figure 3,
a-c) or counting of NADPH-diaphorase-positive iso-
lated cells (Table 1). Transduction efficiency, as
assessed by either method (as well as immunohisto-
chemistry as in Figure 2) was reduced after liver injury,
but remained significant. Further, nitrite production,
increased in all cell types after each form of liver injury,
was less in cells from injured livers than in those from
normal liver cells (Table 2). In the BDL model of injury,
iNOS can be upregulated to a minor degree in sinu-
soidal endothelial and stellate cells and can account for
increased levels of nitrite in this situation (29). Addi-
tionally, basal NOS activity was markedly decreased in
sinusoidal endothelial cells after CCly-induced liver
injury, consistent with previous data (14, 15). These
data indicate that even after severe injury, Ad.nNOS
transduced nNOS in injured hepatocytes and sinu-
soidal endothelial and stellate cells and led to increased
NO production compared with control cells.

Transduced nINOS reduces stellate cell contractility. Given
the data demonstrating transduction of nNOS in vitro
and in vivo by Ad.nNOS, we next asked whether trans-
duced nNOS had biologic effects on liver cells. Initial-
ly, we evaluated the effect of nNOS-derived NO on stel-
late cell contractility in an in vitro assay. Stellate cells
isolated from normal rats that had undergone sponta-
neous activation on collagen lattices were exposed to
Ad.nNOS. Contraction of culture-activated stellate
cells was significantly decreased in Ad.nNOS-trans-
fected cells compared with Ad.B-gal controls (Figure
4a). Additionally, cells isolated from injured livers
transduced with Ad.nNOS in vivo were also less con-
tractile after exposure to endothelin-1 (2 nM) than were
those exposed to control Ad.3-gal (Figure 4b).

To test the possibility that NO produced in a
paracrine fashion might also have effects on stellate
cells, we transduced normal rats with Ad.nNOS (or as

Table 2
Relative NO (nitrite) production in normal and injured liver cells after in vivo gene transfer
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Figure 3

nNOS transduction in vivo in normal and injured hepatic cells. Liver
injury (BDL or CCl, administration) was induced as in Methods. Ad
(1.5 x 10" pfu/kg via femoral vein) was administered to normal rats
or to injured rats 2 days after BDL or the final dose of CCls. Hepa-
tocytes, sinusoidal endothelial cells, and stellate cells were isolated
7 days after Ad administration and lysed immediately in sample
buffer. Data in a are representative of 4 immunoblots (25 pg total
protein) probing cells isolated from normal liver. In b and c are
shown immunoblots of cells isolated from BDL and CCly-treated ani-
mals, respectively. H, hepatocyte; SEC, sinusoidal endothelial cells;
HSC, hepatic stellate cells.

a control, Ad.3-gal) and subsequently determined the
effect of transduced NO on contractility of activated
stellate cells. NO generated from transduced hepato-
cytes cocultured with activated stellate cells resulted in
a 30-40% decrease in stellate cell contraction (Figure S).
In hepatocyte-stellate cell cocultures exposed to L-
NMMA (100 pM), an inhibitor of NOS, the effect of
nNOS was abrogated (data not shown).

Transduced nINOS reduces portal pressure and intrahepatic
resistance after cirrhosis and portal hypertension. To investi-
gate the physiological effect of transduced nNOS in the

Normal
Cell type  Control Ad.(-gal Ad.nNOS Control
H 0.2+0.0 0.2+0.0 1.3+0.34 0.3+0.0
SEC 5.7+0.1 5.6+0.1 8.9 +0.44 10.8+0.2
HSC 0.4+0.1 0.4+£0.1 6.2+0.8" 2.0+0.5

BDL CCly
Ad.p-gal  Ad.nNOS Control Ad.B-gal  Ad.nNOS
0.4+0.0 1.3+0.34 0.2+0.0 0.2+0.0 0.3£0.1A
11.4+£03 16.9+0.54 0.4+0.0 0.4+£0.0 2.1+£044
1.9+£0.3 4.4+0.84 0.3£0.1 0.3+0.1 1.3+£0.3A

Liver injury was induced as in Table 1. Ad.3-gal or Ad.nNOS was administered via femoral vein 1.5 X 10"" pfu/kg 2 days after BDL or the last dose of CCls. Liver
cells were isolated 7 days later and were cultured for 24 hours, after which nitrite concentrations in conditioned supernatants were determined. Shown are
means + SEM (UM/g protein). AP < 0.05 for Ad.nNOS transfected compared with control or Ad.B-gal-transfected (n = 3, for each condition). H, hepatocyte;
SEC, sinusoidal endothelial cells; HSC, hepatic stellate cells.
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Figure 4

Effect of nNOS gene transfer on stellate cell contractility in vitro and
in vivo. In a, the effect of transduced nNOS on stellate cell contrac-
tility in vitro was determined. Stellate cells from normal livers were
isolated, placed on thick collagen lattices, and allowed to undergo
spontaneous activation. Cells were transduced with Ad.nNOS, and
24 hours later contraction assays were performed. In b, BDL was per-
formed and Ad containing nNOS or B-galactosidase was adminis-
tered 2 days later; stellate cells were isolated as in Methods and
placed on thick collagen matrices. After adherence (for 18 hours),
lattices containing cells were placed in serum-free medium, after
which endothelin-1 was added at the indicated concentrations, lat-
tices were detached, and contraction was measured for a further 24
hours. The open bars represent cells from control animals (i.e., vehi-
cle alone); the crossed bars represent cells from rats receiving Ad.[3-
gal; and the filled bars depict cells from animals receiving Ad.nNOS.
AP <0.01 compared with control or Ad.3-gal (n = 3); 8 P < 0.001
compared with control or Ad.B-gal (n = 3).

intact organism, we measured portal pressure and intra-
hepatic resistance in normal rats and in those after liver
injury (either BDL or CCly). In the BDL model,
Ad.nNOS significantly reduced portal pressure in situ;
portal pressure was 13.75 + 0.48 cm H,O and 13.98 +
0.40 cm H,O in control and Ad.[3-gal-treated animals,
respectively, compared with 12.03 + 0.39 cm H,O in
Ad.nNOS-treated animals (n =4; all 1 x 101! pfu/kg; P <
0.05S for control or Ad.-gal compared with Ad.nNOS).
Further, in the isolated perfused liver, the inlet pressure
at zero flow (Pq-) was reduced in animals exposed to
Ad.nNOS compared with either control or Ad.3-gal ani-
mals (Table 3). Similarly, in the CCl4; model of cirrhosis
and portal hypertension, portal pressure in situ was
reduced from 16.1 + 0.4 cmH,0 and 16.0 £0.2 cmH,O

(control and Ad.3-gal, respectively) to 13.3 £ 0.2 cmH,O
(Ad.nNOS) (n = 3). For this model, in the isolated per-
fused liver, Pq-o was reduced in Ad.nNOS-exposed ani-
mals compared with either control or Ad.p-gal-exposed
animals, whereas Slopepor Was not significantly altered
by nNOS transduction (Table 3). Because changes in
Slopepqr reflect predominantly presinusoidal events,
and changes in Pq-g reflect sinusoidal events (28), the
data suggest that the effects of transduced Ad.nNOS are
likely to be at the level of the sinusoid. Finally, to estab-
lish that the effect of nNOS was due to NO production,
we examined the effect of 7-NI, a selective nNOS
inhibitor (Table 3). As expected, this inhibitor signifi-
cantly abrogated the effect of Ad.nNOS.

Discussion

In this study, we have established that Ad leads to gene
transfer not only of hepatocytes, as has been estab-
lished previously (30, 31), but also of sinusoidal
endothelial cells and stellate cells, the latter consistent
with a previous report that demonstrated efficient in
vitro transduction of cultured stellate cells (32). More-
over, we found that the transduction efficiency of sinu-
soidal endothelial and stellate cells in vivo was high.
Even though this result has not been described previ-
ously, we believe it is predictable, as hematogenous
compounds must traverse the sinusoidal endothelium
as well as the sinusoidal space of Disse (wherein reside
stellate cells) before coming into contact with hepato-
cytes. In addition, Ad transduced all cell types in vivo
even after profound liver injury (17, 18). Although the
transduction efficiency of each hepatocyte and non-
parenchymal cells was reduced after injury, it remained
of high magnitude and resulted in prominent NOS
activity in the injured liver. This finding has important
implications for gene therapy in diseased liver as well as
in other parenchymal organs that have been injured.

In endothelial cells, ecNOS must undergo extensive
post-translational processing including myristolation
and disassociation from caveolae in order to be func-
tionally active (33-35). Because of the potential of a
post-translational handling defect in ecNOS after liver
injury (14, 16), we chose to transduce a heterologous
NOS isoform, nNOS, to sinusoidal endothelial cells
(and other liver cells). This resulted in significant pro-
duction of NO and important effects on stellate cells
individually as well as on the whole liver in an impor-
tant physiological manner. That this occurred even in
injured endothelial cells, despite a presumed defect in
post-translational handling of ecNOS, is consistent
with a lack of a requirement for extensive post-transla-
tional nNOS modification (36).

The use of nNOS in our experiments is significant for
several additional reasons. First, it has established a
“vasorelaxing” effect with a nonendothelial cell NOS
isoform in the liver and therefore has important thera-
peutic implications for endothelial disorders in which
ecNOS may be dysfunctional. Second, the data suggest
that liver injury does not impair, in endothelial or other
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Figure 5 = 100

Paracrine effect of transduced nNOS on stellate cell contractility. c ?B A
Stellate cells from normal livers were isolated, placed on thick col- o, B8

lagen lattices, and allowed to undergo spontaneous activation. Ad © g 60

(1.5 % 10" pfu/kg via femoral vein) containing nNOS or -gal was g :_"-l 0

administered to normal rats as in Methods, and hepatocytes were g :g

isolated 4 days later. Hepatocytes were then layered on top of stel- OEgE 20

late cells and contraction was induced by serum (20%) 24 hours 2 o

later. # P < 0.017 compared with control or Ad.3-gal (n = 3).

cell types, the function of nNOS. Although these data
make the use of nNOS an attractive approach in cir-
rhosis (and for other vascular disorders), we have not
excluded the possibility that overexpression of ecNOS
could lead to similar effects. Indeed, overexpression of
ecNOS in injured endothelial cells is likely to provide
important insight into mechanisms of post-transla-
tional handling of ecNOS.

Given that an important site of potential regulation of
sinusoidal blood flow is at the level of the sinusoid,
which is made up of both sinusoidal endothelial cells
and perisinusoidal stellate cells, we speculate that the
physiological effect of nNOS demonstrated in the whole
liver was a result of NO production by sinusoidal
endothelial or perisinusoidal stellate cells (and its likely
action on stellate cells). Moreover, we demonstrated
relaxing effects of transduced nNOS on highly contrac-
tile stellate cells. In addition, our finding in perfusion
studies that transduced nNOS affected primarily Po-g
rather than Slopepqgr, suggested that the effect of nNOS
was at the level of the sinusoid. Although the effects of
transduced nNOS in the whole organ were likely to be in
part from due to those on stellate and endothelial cells
(i.e., the major components of the hepatic “vascular
space”), it is important to emphasize that hepatocytes
were also transduced by the Ad.nNOS vector used and
that transduced hepatocytes produced NO, which had
physiological effects on stellate cells (Figure 5). Further,
we did not specifically examine Kupfter cells, which were
also likely to be transduced, and which could have pro-
duced physiologically active NO. Thus, we cannot

Table 3
Effect of transduced nNOS on portal pressure

Serum Free
Control
Ad.p-gal
Ad.nNOS

exclude the possibility that hepatocyte or Kupffer
cell-generated NO plays a role in the models studied.
Finally, we found that some smooth muscle cells in por-
tal vein radicles were transduced (Figure 2); although we
cannot exclude the possibility that transduced nNOS
had effects on smooth muscle cells within the liver,
which in turn contributed to the demonstrated reduc-
tion in portal pressure and intrahepatic resistance, the
major effect of transduced nNOS appeared to be at the
level of the sinusoid (based on the lack of a change in
Slopepqr). Further studies are under way to explore the
precise anatomic site in the liver at which transduced
nNOS may have its physiological effects.

The results presented in this study are consistent with
previous data indicating that nitrogenous compounds
are capable of affecting portal vascular resistance (37).
From a therapeutic standpoint, however, amounts of
nitrogenous compounds administered systemically that
are required to reduce portal (intrahepatic) resistance
are large and often are associated with significant side
effects. In contrast, because Ad is preferentially taken up
by the liver, Ad vectors provide particularly favorable
vehicles for targeting biologically active agents such as
nNOS specifically to the liver. Further, given the data
demonstrating uptake of Ad in liver cells even in the
presence of significant underlying liver injury, our find-
ings have significant therapeutic implications for

Perfusion pressure (cmH,O)

Flow rate (mL/min) Pq-o Slopepqr

Transduction state 20 30 40 50 (cmH,0) (cmH;O min-ml-")
Normal 41+£0.2 56+04 74+0.7 10.4+0.5 0.81+0.10 0.15+0.01
CCly

Ad.-gal 8.5+0.5% 11.1+£0.94 14.7 £ 0.1 16.9 £ 0.3A 2.98+0.137 0.28 +0.02A

Ad.nNOS 6.3 £0.208 8.7+£0.3/8 12.0 £+ 0.278 14.9 + 0.448 1.16 £ 0.0378 0.27£0.014
BDL

Ad.B-gal 8.8+0.14 11.0+0.64 13.6 +0.5% 15.4+0.64 3.32+0.17A 0.25+0.024

Ad.nNOS 7.4+0.1/8 9.0+ 0.28 11.2£0.478 13.9 £ 0.478 2.00+0.1078 0.24+0.01°

7-NI 9.1+0.14 11.9+0.24 13.8+0.14 16.2+0.24 3.33+0.22~ 0.27 +£0.024

7-NI/Ad.nNOS 9.0 £0.34¢ 11.6 + 0.2A¢ 13.5£0.3A¢ 15.8 £0.54¢ 3.24+0.104¢ 0.26 +0.054

Liver injury (BDL or CCls) was as in Methods. Either Ad.nNOS or Ad.3-gal (each 1.5 x 10" pfu/kg) was injected via the femoral vein 7 days before isolated liver
perfusion as in Methods. Portal pressure, monitored continuously, was recorded at incremental flow rates, and portal resistance was calculated as in Meth-
ods. In experiments in which 7 NI was used, this compound was administered by intraperitoneal injection 1 day before BDL (25 mg/kg) and every 2 days there-
after. AP < 0.05 vs. normal. 8P < 0.05 vs. Ad.[3-gal for each injury model. P < 0.05 vs. Ad.nNOS (all, n = 4).
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patients with cirrhosis. Although we did not detect sig-
nificant hepatocellular toxicity at the concentration of
Ad used in our in vivo experiments, potential toxicity
remains an important concern, particularly in humans.
The endothelium plays a central role in the local reg-
ulation of vascular tone (38-40). Mounting evidence
suggests that secondary endothelial dysfunction is an
important component of many forms of vascular dis-
ease, including in such states as congestive heart failure
and hypertension (41). In pathological states, in par-
ticular, an imbalance between ET-1 and EDRF (NO)
appears to be prominent (42). Further, we and others
have demonstrated that a similar situation exists in the
cirrhotic liver (5, 13, 15), with enhanced ET-1 produc-
tion and reduced NO production. Given that insuffi-
cient NO production appears to be a key common
denominator of many of these forms of endothelial
dysfunction (43, 44), the data presented in this study
have fundamental implications for treatment of a wide
variety of diseases in which endothelial dysfunction
resulting in a defect in NO production plays a role.
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