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Abstract
Portal hypertension and its complications account for the majority of morbidity and mortality that
occurs in patients with cirrhosis. In addition to portal hypertension, a number of other vascular
syndromes are also of great importance especially the ischemia-reperfusion (IR) injury. With the
identification of major vascular defects that could account for many of the clinical sequelae of these
syndromes, the liver vasculature field has now integrated very closely with the broader vascular
biology discipline. In that spirit, the Henry and Lillian Stratton Basic Research Single Topic
Conference was held on the topic of Vascular Biology and Pathobiology of the Liver. The course
took place approximately 10 years after the first AASLD-sponsored conference on this topic that
occurred in Reston, Virginia. The conference initiated with an introduction to basic vascular cell
signaling and then explored vascular biology specifically as it relates to liver cells. Subsequently,
specific disease syndromes were discussed in more detail including portal hypertension and IR injury.
Finally, clinical and translational sessions focused on emerging therapies and technologies to treat
vascular diseases of the liver.

Principles of Vascular Biology in the Context of Hepatic Circulation
Many of the advances in liver vascular biology and treatment of liver disease have occurred
through translation of basic discoveries in the broader field of vascular biology. One of the key
pathways that transduce vascular cell signals is nitric oxide (NO). The first part of this review,
describes recent advances in NO signaling pathways, identifies recent important vascular
studies in model organisms, and applies this information to vascular cells in hepatic circulation.

Vascular cell signaling mediated by NO
Endothelial cells (EC) produce NO through the enzyme endothelial NO synthase (eNOS). NO
then regulates important vascular functions, such as vascular tone, angiogenesis and arterial
remodeling (1). eNOS is regulated in a multi-protein complex, (Figure 1) which includes the
activating kinase, Akt (1) and putative negative regulator caveolin-1 (Cav-1). While eNOS(−/
−) mice evidence impaired angiogenesis, overexpression of a constitutively active allele of
eNOS that mimics the phosphorylated and active state, rescues these angiogenic defects (2).
Since eNOS is an EC specific Akt substrate, EC from mice lacking the Akt1 isoform also have
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defects in eNOS phosphorylation, NO production, and angiogenesis which are correspondingly
rescued by Akt1 overexpression (3). One key mechanism by which the Akt-eNOS axis
promotes angiogenesis in vivo is through mobilization of endothelial progenitor cells and EC
migration to sites of vascular injury. In contradistinction to AKT, Cav-1 is a negative regulator
of eNOS. Mice deficient in Cav-1 have defective mechano-transduction, calcium signaling,
prostacyclin production and elevated NO production indicating that endothelial Cav-1 also
importantly regulates vascular function by regulating eNOS and other signaling pathways
(4).

Upon its generation in EC, NO also acts on adjacent vascular effector cells to modulate vascular
tone, cellular proliferation, apoptosis, migration, and synthesis of extracellular matrix (Figure
2). NO acts in part by stimulating soluble guanylate cyclase (sGC) to produce intracellular
second messenger cyclic guanosine monophosphate (cGMP), which in turn mediates
vasodilatation (Figure 2). Local or systemic administration of NO donors and transfer of genes
encoding NOS attenuate vascular injury through sGC activation (5,6). Interestingly, gene
transfer of the individual sGC subunits, sGC α1 and β1, further increase NO responsiveness
in vascular injury models (7). New NO-independent pharmacologic activators of sGC, such as
BAY41-2272 and BAY 58-2667, also have a remarkable ability to stimulate sGC and thus to
selectively dilate blood vessels (8). Thus, direct activation of sGC may provide an alternate
therapeutic target downstream from NO in vascular injury.

Besides the conventional NO signaling via cGMP, NO induced S-nitrosylation, has received
considerable attention recently. S-nitrosylation is the coupling of an NO moiety to a reactive
thiol side chain of cysteine to form an S-nitrosothiol, and has been proposed as a specific post-
translational regulatory mechanism for many proteins (9). One of the important factors that
determine the specificity of S-nitrosylation is the compartmentalization of eNOS with its target
proteins for S-nitrosylation. eNOS is unique among the NOS family members as it is localized
mainly to specific intracellular membrane domains including the cytoplasmic aspect of the
Golgi apparatus and the plasma membrane caveolae (1). Interestingly, high NO concentrations
are formed at these sites and correspond with increased S-nitrosylation of proteins at these
sites. eNOS based nitrosylation at sites of eNOS localization is important for EC biology since
nitrosylation of specific targets has recently been demonstrated to regulate exocytosis in EC
(1,10). Collectively, these observations suggest that the location of NOS determines S-
nitrosylation of specific proteins by creating a high NO concentration near the target proteins,
thereby favoring the S-nitrosylation reaction (10).

Model organisms for the study of vascular biology
The zebrafish (Danior rerio) is a powerful model organism for the study of vascular biology
due to a rapid development cycle that is easily visualized and readily amenable to morpholino-
based gene knockdown technology (11). Several genes have recently been found to be
important for zebrafish vasculature pathways that are conserved in mammals; including the
key angiogenic molecule, vascular endothelial growth factor (VEGF) (12), syndecan-2, a
heparan sulfate proteoglycan that functions genetically as a VEGF co-receptor, and MAGP-1,
a gene required for development of the vascular matrix (13,14). Thus, the zebrafish can provide
a unique genetic model for screening and discovery of new vascular targets.

Liver vascular cells important in hepatic circulation
Hepatic circulation is unique from most other vascular beds owing to complex interactions
between several liver specific cell-types, including specialized sinusoidal endothelial cells
(SEC), pericyte-like hepatic stellate cells (HSC), macrophage-like Kupffer cells and additional
blood-derived cells. Signaling between these cells maintains sinusoidal homeostasis and
conversely, alterations in signaling lead to sinusoidal pathobiology.
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SEC in liver have a unique morphology that facilitates their function. Anatomically they
maintain open, non-diaphragmed fenestrae and also lack an organized basement membrane in
order to facilitate oxygenation of hepatocytes and transport of macromolecules into the space
of Disse. It follows that alterations in SEC greatly influence hepatic microcirculation and
functions (Figure 3). For example, morphological changes of SEC, including capillarization,
the loss of SEC fenestration with formation of organized basement membrane, have been
observed in chronic liver disease and aging (15). SEC also signal in important ways with HSC.
HSC produce VEGF, which has important stimulatory effects on SEC (16). Furthermore, when
SEC and HSC are co-cultured, α-smooth muscle actin (α-SMA) expression is decreased in
HSC, suggesting that soluble mediators such as NO from SEC can maintain HSC in a quiescent
state (unpublished data, DeLeve). This cross-talk is disrupted in chronic liver disease and
contributes to alterations in the hepatic sinusoid including HSC activation.

It is becoming increasingly recognized that HSC are not the only liver myofibroblast-like cell
that undergo activation; portal fibroblasts are being recognized as a distinct and important cell
type in liver injury response as well (Figure 4) (17). Differentiation of myofibroblast cells in
liver requires a complex cytokine profile that includes transforming growth factor-β (TGF-β),
platelet-derived growth factor (PDGF), chemokines, adipokines, components of the renin-
angiotensin system, lectins, and others. In addition, mechanical factors such as stretch and other
dynamic mechanical changes are also being increasingly recognized to contribute to HSC and
portal fibroblast phenotype and activation (18). In addition to their important role in matrix
deposition during fibrogenesis, HSC regulation of sinusoidal structure and function is also of
great importance. Indeed, HSC have been termed liver specific pericytes owing to their putative
role in neovascularization and sinusoidal remodeling (19).

New Concepts in the Vascular Biology of Cirrhosis and Portal Hypertension
Portal hypertension and its complications account for the majority of morbidity and mortality
that occurs in patients with cirrhosis. Despite advances in treatment and improvements in
survival rates for some complications of portal hypertension, this syndrome continues to remain
a management challenge. Furthermore, despite many major advances over the years, the
pathogenesis of portal hypertension continues to be enigmatic. It is now well recognized that
increased intrahepatic resistance is the primary initiator in the development of portal
hypertension and that increased resistance occurs due to fibrosis and through dynamic changes
in sinusoidal tone and structure. SEC-HSC crosstalk is altered in liver injury and leads to these
defects in part through increased HSC contractility (Figure 5). One of the most well established
defects in SEC-HSC crosstalk in liver injury is the decreased bioavailability of the vasodilator
NO, concurrent with increased production of the constrictor, ET-1. ET-1 promotes alpha-SMA-
containing stress fibers and increased contractility thereby promoting increased intrahepatic
resistance (20). In addition to the well established upregulation of ET-1 production by TGF-
β, overproduction of endothelin-1 in cirrhotic liver is also due to dysregulation of the converting
enzyme that cleaves precursor endothelin-1 to the mature peptide (21). Interestingly, endothelin
converting enzyme-1 is up-regulated in HSC, rather than SEC, indicating that the major cellular
source of endothelin in the injured liver are HSC rather than SEC, thereby highlighting an
important autocrine activation loop in HSC. In addition to alterations in ET-1, eNOS derived
NO is reduced after liver injury, independent of changes in eNOS expression and through
defects in post-translational regulation of the enzyme within EC (22). One recently recognized
protein that contributes to this process is the G-protein-coupled receptor kinase 2 (GRK2),
which directly interacts with and inhibits Akt, thereby decreasing eNOS activity (22). Thus a
dynamic interplay of vasoconstrictive and vasorelaxing compounds within the hepatic
microcirculatory unit regulates intrahepatic vascular resistance.
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In addition to their regulation of resistance in cirrhosis, HSC are also critical to changes in
sinusoidal structure in liver injury. Recent studies have highlighted a link between angiogenesis
and fibrosis whereby changes in sinusoidal structure and blood flow may be required for
collagen deposition and scar formation, an extension of the prevalent concept of angiogenesis
and tumor growth. The migratory capacity of myofibroblasts promotes these pathways as
recently demonstrated in lung fibrosis (23). Changes in sinusoidal structure and matrix that
occur in response to HSC activation and matrix deposition are now recognized to be reversible
in some circumstances (24). Interestingly, macrophages contribute to both liver injury and
recovery from sinusoidal matrix deposition through distinct interactions with HSC and their
activation and quiescence (25). Two key elements for the resolution of altered sinusoidal
structure include apoptosis of HSC and degradation of deposited matrix through matrix
metalloproteinases (MMPs) (24). A number of potential therapies are focused on modulating
these pathways. For example, recent studies have demonstrated that treatment of rats with
experimental cirrhosis with PDGF receptor tyrosine kinase inhibitor, imatinib resulted in
reductions in portal pressure and attenuation of the numbers of HSC covering the sinusoids
(unpublished data, Semela and Shah). Thus, antiangiogenic therapies may be effective for
chronic liver diseases in which enhanced HSC coverage of sinusoids may be playing a
pathological role.

In addition to increased intrahepatic resistance, a hyperdynamic splanchnic and systemic
circulation is also typical of cirrhotic patients. It is likely initiated by arterial vasodilatation,
leading to central hypovolemia, sodium retention and an increased intravascular volume (26).
NO appears to be the primary vasodilator in the arterial vasodilatation and the hyperdynamic
circulatory state of liver cirrhosis. Degree of portal hypertension correlates with eNOS
activation in the splanchnic circulation, in an animal model of portal hypertension (27) and is
initiated by physical stimuli that induce Akt-dependent eNOS activation as well as through
increased production of VEGF (27–29). Thus, portal pressure itself, may be an important factor
that regulates vasodilatation in the splanchnic arterial circulation by means of eNOS activation
in the splanchnic circulation (27).

The formation of porto-systemic collateral vessels and gastroesophageal varices are another
important feature of portal hypertension that result in esophageal variceal hemorrhage. Recent
studies have focused on the potential role of angiogenic factors in the formation of porto-
systemic collateral vessels in portal hypertension as well as therapeutic implications of anti-
angiogenic therapies (30–32). Splanchnic neovascularization in portal hypertensive rats is
inhibited by the administration of a VEGF receptor-2 blocker. This VEGF-dependent process
may be mediated by NADPH oxidase dependent signaling. Besides VEGF other pro-
angiogenic factors, such as heme oxygenase and PDGF are also involved in this process (30–
32). This new and important line of work may have important implications for treatment of
portal hypertension and its complications.

Ischemia and Reperfusion Injury
Liver I/R-induced injury is a major cause of morbidity and mortality associated with liver
transplantation and resectional surgery as well as septic and hemorrhagic shock. Indeed, there
is a large body of experimental and clinical evidence suggesting that I/R induced by these
surgical procedures or pathophysiological events injures the liver and may ultimately lead to
tissue dysfunction and possibly liver failure. It is clear that post-ischemic heptocellular injury
occurs in two distinct phases consisting of an acute phase occurring within the first 6 hours of
reperfusion followed by a later, sub-acute phase occurring from 6 to 24 hours post-ischemia
(33). One of the earliest events that occur in the acute, polymorphonuclear leukocyte (PMN)-
independent phase is remarkable endothelial dysfunction characterized by profound decreases
in eNOS-derived NO. Reductions in NO bioavailability occur very quickly and appear to be
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due to decreased synthesis of NO, enhanced inactivation of NO by the overproduction of
superoxide (O2

−) or both. Since NO is a potent vasodilator, the net result of decreased steady
state levels of NO during the acute phase of I/R is significant alterations in the vascular
reactivity of the microvasculature. Intriguing new data demonstrates that eNOS activity is
inhibited in response to liver injury thereby promoting ET-1/ET-B receptor-mediated
contraction of HSC and sinusoid constriction (34). The resulting vasoconstriction within the
liver microcirculation produces heterogeneous blood flow patterns resulting in focal hypoxia
and potentiation of liver injury (35). In addition, interesting new evidence suggests that
microvascular dysfunction represents an important pathophysiological mechanism responsible
for the enhanced I/R liver injury observed in steatotic livers. This enhanced sensitivity to post-
ischemic liver injury in genetically obese mice (ob/ob) correlates well with a dramatic
dysfunction of the microcirculation (36). Surprisingly however, both inflammatory gene
expression and leukocyte infiltration are actually reduced in these post-ischemic steatotic livers
suggesting that much of the enhanced I/R liver injury in this model of steatosis is due to
dysfunction of the liver microcirculation rather than the resulting inflammatory response
(36). However, in a second model of alcohol-induced steatosis, the enhanced liver injury
induced by I/R is associated with increased PMN infiltration, yet the microvascular dysfunction
in these steatotic mice is minimal compared to the ob/ob mice. Taken together, these data
suggest that steatosis enhances post-ischemic hepatocellular injury by multiple mechanisms
that depend upon the degree of steatosis as well as the etiology behind the steatosis.

In addition to its potent vasodilatory activity, NO is also a potent scavenger of oxygen-derived
free radical species, suggesting that the rapid reduction in NO bioavailability following liver
I/R will result in alterations in the redox state of the tissue in favor of a more oxidative
environment (33). It is well appreciated that oxidative stress promotes the NF-κB (and AP-1)-
dependent expression of certain inflammatory cytokines known to be involved in the
pathophysiology of I/R-induced injury. Indeed, NFκ-B-dependent expression of tumor
necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), and IL-12 by Kupffer cells and/or
hepatocytes have been implicated as important mediators of reperfusion injury in the liver
(37). However, recent evidence suggests that NF-κB activation may also act to protect
hepatocytes from the injurious effects of I/R (38). The mechanisms by which NF-κB activation
protects the post-ischemic liver are poorly understood. It is known that NF-κB activation
induces several protective or “antiapoptotic” genes including MnSOD, a zinc finger protein
termed A20, cellular inhibitor of apoptosis-2 (c-IAP-2), and Bcl-2 family members such as
A1. Recent provocative data suggests that complete inhibition of NF-κB worsens liver I/R
injury suggesting a protective role for this transcription factor. These data agree well with those
of Beraza et al who recently reported that genetic ablation of the structural component (NEMO)
of the IKK complex enhances hepatocellular damage in response to liver I/R (38). These
investigators came to a similar conclusion as did Dr. Lentsch, which complete inhibition of
NF-κB activation within hepatocytes actually worsens post-ischemic liver injury. However,
the mechanisms by which this happens have not been identified.

In contrast to the acute PMN-independent phase of I/R-induced liver injury, the later, sub-acute
phase is characterized by a PMN-dependent process in which I/R-induced reactive oxygen
species generation is associated with cytokine and chemokine expression and complement
activation (39). There is good evidence to suggest that these inflammatory mediators promote
the invasion of PMNs into the interstitium via the up-regulation of adhesion molecules and
formation of chemotactic gradients. Although a number of different adhesion molecules (P-
and E-selectin, β2 integrins, α4, ICAM-1, VCAM-1) have been shown to play important roles
in the pathophysiology of splanchnic organ injury subjected to I/R, virtually none of these
adhesion molecules have been demonstrated to be used by PMNs to bind to the sinusoidal
endothelium (SEC) during liver I/R (40). Newer data demonstrates, for the first time, that PMNs
use CD44 to bind to hyuloronan expressed by SEC to promote their adhesion and extravasation

Iwakiri et al. Page 5

Hepatology. Author manuscript; available in PMC 2009 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



during inflammation. These studies may have important therapeutic ramifications as it is
known that adherent PMNs become metabolically activated and transmigrate through SEC to
the underlying hepatocytes where they generate additional reactive oxygen metabolites in
conjunction with the release of extracellular matrix degrading enzymes such as collagenase
and matrix metalloproteases. The net result is an amplification of the acute responses resulting
in extensive inflammatory tissue injury. P-selectin is a key cell adhesion molecule involved in
mediating the recruitment, rolling, and interaction of leukocytes (and platelets) under
inflammatory conditions through its ligand P-selectin glycoprotein ligand-1 (PSGL-1) (41–
44). These interactions likely contribute to impaired vascular function in I/R injury as well as
other vasculopathies as well (45,46).

Kupffer cells also can contribute to IR injury through their ability to produce cytokines and
reactive oxygen species (ROS) which contributes to SEC apoptosis (47,48). A confounding
factor in the I/R injury response is the existence of hepatic zonation. A recent study
demonstrated that SEC apoptosis was significantly enhanced in the presence of Kupffer cells,
and that this was blocked by inhibition of ROS and inhibitors of caspase 3 and 9, suggesting
that Kupffer cell derived ROS contributes to SEC apoptosis. Furthermore, perivenous SEC
were more susceptible to apoptosis than periportal-SEC, suggesting zonal variability in SEC
injury responses (49).

Emerging Therapies for Vascular Diseases of the Liver
A major directive in hepatic vascular biology is to identify new and emerging targets for therapy
for vascular diseases of the liver relating to vasoregulation, angiogenesis, and sinusoidal
remodeling. There are a number of new signaling pathways that may be amendable to
pharmacologic approaches. Furthermore, new molecular techniques to deliver compounds to
liver vasculature and even to reconstitute liver vascular cells are on the horizon.

Angiogenic and vasoactive signaling pathways amenable to pharmacologic therapy
(summarized in Table 1)

Hydrogen sulfide (H2S) is a gaseous neuromodulator that exerts potent vasodilatory effects on
the circulation (50,51). The major sources of H2S in the liver are from hepatocytes and HSC
where it is generated from methionine and L-cysteine by the activity of cystathionine β-
synthase (CBS) and cystathionine γ-lyase (CSE) (50,52). H2S has interesting parallels to NO;
both are gases that counteract HSC contraction and attenuate hepatic vasoconstriction, thus
supporting a parallel role of alterations in the H2S pathway in liver cirrhosis (51,52). Indeed,
inhibition of CBS and CSE is a common finding in patients with chronic liver disorders and
leads to hyperhomocysteinemia in many cirrhotic patients (50). Homocysteine, in turn,
promotes endothelial dysfunction by inactivating the generation of NO by SEC (52).
Furthermore, H2S can compensate for defective NO production in rodent models of portal
hypertension providing evidence that H2S and NO pathways may synergize in regulating
hepatic vasoconstriction (51,52). Current research directions are focused on modulation of
H2S generation in the liver and/or pharmacologic compounds that may deliver H2S within the
intrahepatic circulation in various liver diseases.

Nuclear receptors are another emerging signaling pathway in the context of EC biology that
are a major therapeutic target for the pharmaceutical industry. FXR nuclear receptor has
received significant attention in parenchymal liver cells however recent work has revealed the
expression and activation of FXR within the vasculature (53). FXR pathway appears to be
important in the process of smooth muscle cell apoptosis (53) and more recent studies have
also delineated a role for FXR in HSC and EC as well (54,55). For example, a recent study
demonstrated that FXR was important in regulation of matrix gene regulation in HSC with
important effects on liver fibrosis (54). Recent studies have also delineated an important role
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for FXR in EC function (55), including effects of FXR on endothelin production and cell
migration through activation and upregulation of MMP-9 (55,56). In total, these studies suggest
a potentially important role for FXR in the intrahepatic circulation. Particularly, as bile acid
gradients are highest in liver, especially in chronic liver disease states, activation of the FXR
pathway may result in numerous, unexpected, and yet-to-be discovered effects of bile acids on
liver nonparenchymal cells.

Angiogenesis is emerging as an important process within the liver circulation in numerous
diseases including liver cancer, liver fibrosis, and others (19). One of the dominant angiogenic
pathways is the VEGF pathway (19). VEGF is regulated by hypoxia inducible factor (HIF)
(57); a family of basic Helix Loop Helix transcription factors that activate gene transcription
through binding to hypoxia response elements (HREs) contained within regulatory regions of
hypoxia sensitive genes such as VEGF. Elegant studies using conditional knockout of specific
HIF subunits and regulators have demonstrated that different HIF isoforms play distinct roles
in the regulation of hypoxia-inducible transcriptional programs in the liver. For example, while
HIF target genes involved in glycolysis, such as PGK, are regulated by HIF-1 isoform, the
hypoxic induction of VEGF and liver angiogenesis appear to be predominantly HIF-2 isoform
dependent (58–61). Thus, targeting HIF could be an important pathway by which to regulate
VEGF and angiogenesis in liver.

There are also other important pathways that regulate liver angiogenesis. Hepatocellular cancer
(HCC) has a characteristic hypervascularity and depends on angiogenesis for tumor growth
(62). Pharmacological inhibition of the serine-threonine kinase mammalian target of rapamycin
(mTOR) with sirolimus impairs tumor growth by an antiangiogenic mechanism (63–65). In a
rat model of HCC, animals treated with mTOR inhibitors, developed smaller tumors, fewer
extrahepatic metastases, less ascites and had a longer survival. Further, analysis of tumor
vasculature in sirolimus treated animals by scanning electron microscopy revealed inhibition
of sprouting vessel formation. There are several other promising kinase inhibitors involved in
angiogenesis (i.e. sorafenib, sunitinib, imatinib), which are currently being evaluated in clinical
trials for HCC as well (66).

Molecular approaches towards modulating and reconstituting the vascular endothelium
(summarized in Table 2)

Recent studies have established the proof-in-concept of modulating SEC structure and function
in vivo through cell transplantation-based endothelial reconstitution. Various liver diseases are
associated with dysfunctional SEC including hemophilia A (67) and could be amenable to SEC
transplantation. To address whether defective SEC could be replaced with transplanted ones,
SEC from transgenic donor mice where a green fluorescent protein (GFP) reporter was
expressed in SEC by virtue of the Tie2 endothelial promoter, were injected into recipient mice
to assess engraftment in the hepatic sinusoidal bed (68). Transplanted LSEC proliferated over
time with progressive replacement of the liver endothelium, such that approximately 20% of
the endothelial compartment was replaced after 3 months (69). Transplanted cells became
integrated in the liver structure, were distinct from other sinusoidal liver cells and retained
normal function, including DiI-Ac-LDL incorporation and production of coagulation Factor
VIII (67). Thus, cell transplantation may not be limited to hepatocyte-based therapies and SEC
transplantation could one day have the potential for resolving numerous vascular diseases such
as veno-occlusive disease, portal hypertension, and hemophilia (67).

In addition to SEC transplantation, SEC specific targeting of nanocapsules into the liver is also
an exciting approach for future therapeutics especially owing to well-documented limitations
of adenoviral vectors in humans. Although many vector systems and particles have a propensity
to home to the liver in vivo, the cell type which takes them up may be variable. However, SEC
may be targeted in vivo through their expression of hyaluronan receptors (HAR) allowing
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nanocapsules coated with the HAR ligand, to target SEC in vivo. Proof-in-concept was first
demonstrated by using reporter genes encoding red fluorescent protein that were encapsulated
in the nanoparticles, and could be delivered selectively to SEC when injected in mice in vivo
(unpublished data, Kren and Steer). This work was extended by targeting transgenic hemophilia
A mice with nanocapsules containing Sleeping Beauty (SB) transposon construct. Transposons
are sequences of DNA that can translocate within the genome of cells and promote mutations
of endogenous DNA and integrations of transgene DNA. Although still under development,
this system may be a powerful tool for gene therapy and gene discovery in the future (70).
Indeed, these particles targeted liver EC and provided long-term expression of clinically
relevant gene products (unpublished data, Kren and Steer). Thus, new technologies that can
result in liver EC specific expression of transgenes may be on the horizon.

Summary
In conclusion, advances in basic vascular cell signaling are being translated into advances in
hepatic vascular biology, in the context of molecular signal transduction and subsequently
towards experimental therapeutics. Indeed delineation of such pathways may provide a pipeline
of new potential therapies for patients with vascular diseases of the liver.
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Figure 1. eNOS regulation by AKT and caveolin
One of the key pathways that transduce vascular cell signals is NO. Endothelial cells (EC)
produce NO through the enzyme endothelial NO synthase (eNOS). eNOS is regulated in a
multi-protein complex, which includes the activating kinase, Akt and putative negative
regulator caveolin-1 (Cav-1). Vascular endothelial growth factor (VEGF) is one of the most
potent activators of eNOS and especially relevant in the context of splanchnic vasodilation and
portal hypertension.
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Figure 2. NO signaling mechanisms
NO acts in part by stimulating soluble guanylate cyclase (sGC) to produce intracellular second
messenger cyclic guanosine monophosphate (cGMP), which in turn mediates vasodilatation.
Direct activation of sGC through drugs such as BAY41-2272 and BAY58-2667 has been shown
to have a remarkable ability to dilate blood vessels, and thus may provide an alternate
therapeutic target downstream from NO in vascular diseases that benefit from enhanced NO
signaling. Besides the conventional NO signaling via cGMP, NO induced S-nitrosylation, the
coupling of an NO moiety to a reactive thiol side chain of cysteine to form an S-nitrosothiol,
has been proposed as a specific post-translational regulatory mechanism for many proteins and
may mediate diverse biological functions.
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Figure 3. Interactions among hepatic cells and myofibroblast activation
Hepatic circulation is unique from most other vascular beds owing to complex interactions
between several liver specific cell-types, including specialized sinusoidal endothelial cells
(SEC), pericyte-like hepatic stellate cells (HSC), macrophage-like - Kupffer cells (Mϕ) and
additional blood-derived cells. Signaling between these cells maintains sinusoidal homeostasis
and conversely, alterations in signaling lead to sinusoidal pathobiology. In particular, SEC can
maintain HSC in a quiescent state and limit HSC mass through NO generation, conversely
HSC (and other cells) produce VEGF that maintains SEC phenotype and specialized function.
This cross-talk between SEC and HSC is disrupted in chronic liver disease and contributes to
alterations in the hepatic sinusoid including HSC activation.
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Figure 4. Myofibroblast phenotypes in portal hypertension
Differentiation of myofibroblast cells in liver requires a complex cytokine profile that includes
transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), chemokines,
adipokines, components of the renin-angiotensin system, lectins, and others. Mechanical
factors such as stretch and other dynamic mechanical changes are also being increasingly
recognized to contribute to HSC and portal fibroblast phenotype and activation. This activation
phenotype is multifaceted and includes components of proliferation, contractility, fibrogenesis,
and also perhaps angiogenesis. The role of HSC in liver angiogenesis is an area of active
investigation especially as it may relate to cirrhotic vascular changes and portal hypertension.
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Figure 5. Regulation of intrahepatic NO generation in liver cirrhosis and portal hypertension
One of the most well established defects in SEC-HSC crosstalk in liver injury is the decreased
bioavailability of the vasodilator NO. which occurs independent of changes in eNOS
expression and through defects in post-translational regulation of the enzyme within
endothelial cells. During the process of liver injury, reduction of NO bioavailability occurs due
to decreased synthesis of NO, enhanced inactivation of NO by the overproduction of superoxide
(O2

−) or both. An inactivation of eNOS occurs through an increase in cav-1 expression as well
as one recently recognized protein, the G-protein-coupled receptor kinase 2 (GRK2), which
directly interacts with and inhibits Akt, thereby decreasing eNOS activity.

Iwakiri et al. Page 17

Hepatology. Author manuscript; available in PMC 2009 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Iwakiri et al. Page 18

Table 1
New Targets for Portal Hypertension Therapy

• Hydrogen sulfide

• Nuclear receptors

• HSC apoptosis

• Anti-angiogenic therapy
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Table 2
Novel Delivery Approaches for Portal Hypertension

• Bone marrow transplantation

• Endothelial cell transplantation

• Sleeping Beauty Transposon

• Nanoparticle-based delivery
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