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Abstract

Constancy of hepatic blood flow (HBF) is crucial for several homeostatic roles. The present
conceptual review focuses on interrelated mechanisms that act to maintain a constant HBF per
liver mass. The liver cannot directly control portal blood flow (PF); therefore, these mechanisms
largely operate to compensate for PF changes. A reduction in PF leads to reduced intrahepatic
distending pressure, resulting in the highly compliant hepatic vasculature passively expelling up to
50% of its blood volume, thus adding to venous return, cardiac output and HBF. Also activated
immediately upon reduction of PF are the hepatic arterial buffer response and an HBF-dependent
hepatorenal reflex. Adenosine is secreted at a constant rate into the small fluid space of Mall
which surrounds the terminal branches of the hepatic arterioles, portal venules and sensory nerves.
The concentration of adenosine is regulated by washout into the portal venules. Reduced PF
reduces the washout and the accumulated adenosine causes dilation of the hepatic artery, thus
buffering the PF change. Adenosine also activates hepatic sensory nerves to cause reflex renal
fluid retention, thus increasing circulating blood volume and maintaining cardiac output and PF. If
these mechanisms are not able to maintain total HBF, the hemodynamic imbalance results in
hepatocyte proliferation, or apoptosis, by a shear stress/nitric oxide-dependent mechanism, to
adjust total liver mass to match the blood supply. These mechanisms are specific to this unique
vascular bed and provide an excellent example of multiple integrative regulation of a major
homeostatic organ.
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INTRODUCTION

Constancy of hepatic blood flow is crucial for the homeostatic integration of nutrient and
hormone fluxes and cardiovascular stability. The hepatic clearance of many drugs and
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hormones is blood flow dependent and a relatively constant rate of removal of hormones
from the plasma is necessary to allow fine control of blood levels by the endocrine glands.

There are multiple interrelated mechanisms that act acutely and chronically to maintain a
constant hepatic blood flow-to-liver mass ratio. Maintenance of hepatic blood flow is made
more complex by the unique characteristics of the hepatic vascular bed. The liver receives
approximately 25% of the entire cardiac output and three-quarters of that blood flow is
provided to the liver through the portal venous drainage from the stomach, intestines, spleen,
pancreas, and visceral fat. The liver is not capable of directly controlling portal blood flow.
Yet, as will be discussed, the liver can have very significant indirect effects to regulate portal
blood flow via mechanisms impacting on blood flow to the splanchnic organs that drain into
the portal vein. The first mechanism is a simple physical consequence of the very high
vascular capacitance (blood volume) and compliance (change in hepatic blood volume per
unit change in intrahepatic pressure). A decrease in portal blood flow leads to a passive
decrease in intrahepatic pressure and a passive expulsion of blood from the large hepatic
reservoir into the central venous system. This increase in venous return leads to increased
cardiac output which, in turn, leads to elevated blood flow in the splanchnic arteries that feed
the portal venous bed, thus at least partially correcting the initial flow deficit.

At the same time, the reduced portal flow activates the hepatic arterial buffer response
(HABR) secondary to reduced washout of adenosine from the space of Mall which
surrounds the terminal branches of the portal vein and hepatic artery before they drain into
the hepatic sinusoidal syncytium. Adenosine appears to be secreted at a constant rate into the
space of Mall, with the local concentration of the potent vasodilator being regulated by the
rate of washout into the portal blood. By this mechanism, reduced portal flow leads to
accumulation of adenosine and hepatic arterial dilation, thereby serving to buffer the impact
that changes in portal flow have on total hepatic blood flow. This is the mechanism of the
HABR.

The accumulated adenosine also activates sensory nerves in the liver, which results in
activation of a hepatorenal reflex. This reflex leads to reduced renal output and fluid
retention, thereby elevating blood volume, venous return, cardiac output, and splanchnic
blood flow. The elevated adenosine level that occurs in response to reduced portal flow leads
to rapid responses. The hepatic artery is dilated within seconds and the response is well
maintained. The hepatorenal reflex is also activated immediately but the renal fluid retention
has cardiovascular consequences only after a much longer time scale, until fluid retention
becomes significant.

Hepatocyte proliferation is also rapidly activated but is modulated over a longer period of
time by a hemodynamic mechanism related to vascular shear stress. Hepatic vascular shear
stress regulates nitric oxide and prostaglandin release to trigger a cascade leading to
hepatocyte proliferation or apoptosis. By this mechanism, hepatic cell mass is adjusted to
maintain a constant ratio to the mean chronic hepatic blood supply.

Nitric oxide and adenosine play distinct roles to inhibit vasoconstrictors: nitric oxide acts if
constriction raises shear stress; adenosine acts if hepatic blood flow is reduced.
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The focus in the present review will be on concepts. Detailed references are available in the
original articles and reviews. Figure 1 presents a conceptual summary.

HEPATIC COMPLIANCE

The liver is an exceptionally vascular organ. Although it constitutes only 2.5% of
bodyweight, it receives about 25% of the cardiac output. The liver accounts for 12% of the
total blood volume and half of that blood can be rapidly expelled from the liver in response
to both active and passive influences, thus giving the liver a dramatic role as a blood volume
reservoir.1

The determinants of the volume of blood in an organ are the distending transmural pressure,
the compliance of the vessels, and the unstressed volume. Compliance is the extent to which
the volume of the vessel changes in response to a change in transmural pressure. The
concept of stressed and unstressed capacitance with specific reference to the role of the
splanchnic circulation has previously been reviewed.? Unstressed volume is a hypothetical
volume of blood that would remain within the organ at a vascular pressure of zero. This
measurement is obtainable only through extrapolation of pressure-volume curves through
the zero pressure axis. All known active constrictors of hepatic blood volume do so through
changes in the unstressed volume. Stressed volume is the volume of blood in the organ due
to distension by the intravascular transmural pressure acting against the compliant vascular
bed. The relationship between distending pressure and hepatic blood volume is linear over
the physiological range of portal venous pressure.3 Portal venous pressure provides a good
estimate of the intrahepatic distending pressure that acts upon the compliant hepatic vascular
bed.

The impact of changes in portal flow on portal pressure are made more complex by the fact
that the venous resistance sites within the liver are passively distensible, with the
intrahepatic vascular resistance being related to 1/distending pressure cubed. Thus a large
change in portal blood flow can be partially compensated for by what we have referred to as
portal pressure autoregulation? so that doubling portal flow or reducing it by 50% results in
changes of only a few mmHg in portal pressure. Nevertheless, the extremely compliant
vascular bed of the liver responds rapidly and dramatically to small changes in distending
pressure, with an increase in distending pressure of 8 mmHg resulting in doubling of the
hepatic blood volume.>

The impact of the passive consequences of portal pressure on hepatic blood volume are
dramatically demonstrated in experiments using an /n7 vivo hepatic plethysmograph in cats
where the active regulators of hepatic blood volume have been largely eliminated by removal
of the pituitary gland, the adrenal glands, the kidneys, and hepatic denervation. In this
model, hemorrhage results in a decrease in splanchnic blood flow and portal venous pressure
with hepatic blood volume rapidly decreasing to compensate for 25% of the hemorrhaged
blood volume. Through the use of vascular snares on the arteries supplying the splanchnic
beds, an equal reduction in portal blood flow to that produced by the hemorrhage lead to an
equal decrease in hepatic blood volume, which is presumed to result entirely in response to
the reduction in intrahepatic blood pressure.8 Partial occlusion of the superior mesenteric
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artery in dogs led to a reduction of portal venous pressure of 2.8 mmHg and a rise in cardiac
output of 19%.’

Thus, a decrease in portal blood flow results in a decrease in portal pressure and a passive
expulsion of blood from the liver into the central venous compartment. Depending upon the
mechanism that caused the reduction in portal flow, the hepatic blood volume response
serves either to maintain the venous return (preload to the heart) or to actually increase it,
thus maintaining or elevating the cardiac output which, in turn, results in increased flow to
the splanchnic arteries and a partial correction of the portal flow.

The role of hepatic compliance in diseased livers is not clear. The hepatic blood volume
response to hemorrhage was dramatically decreased in a 14 day chronic bile duct ligation
model of liver disease in cats. However, hepatic compliance was, unexpectedly, not affected
despite the presence of severe biliary hyperplasia, portal tract distortion, and fibrosis. The
reduction in hepatic vascular response to hemorrhage appeared to be accounted for by
dysfunction of hepatic sympathetic nerves, as the direct response to nerve stimulation was
severely impaired whereas the response to infused norepinephrine was well maintained®
(stressed volume was not altered, unstressed volume was impaired).

Although research has not been specifically carried out to examine the stressed and
unstressed liver volume responses in the more severely diseased liver, it seems reasonable to
anticipate that a cirrhotic liver is less distensible and therefore plays a reduced role in this
disease state. Similarly, when cirrhosis results in extensive portacaval shunting, any change
in portal inflow is reflected as changes in the outflow via the portacaval shunt. The liver
would not be exposed to the changed flow or pressure and portal inflow would not impact on
hepatic capacitance thus eliminating this mechanism as a regulator of hepatic blood flow.

THE HEPATIC ARTERIAL BUFFER RESPONSE

The historical perspective of the development of the modern hepatic arterial buffer response
(HABR) concept has previously been reviewed.? Prior to 197710 it was the consensus,
strongly and commonly stated in textbooks and reviews, that hepatic metabolic supply and
demand regulated hepatic arterial blood flow in the same manner as arterial blood flow was
regulated in other organs. A survey of the literature indicates that there does not appear to
ever have existed experimental evidence to support this contention. Although many extrinsic
factors such as hepatic sympathetic nerves, circulating hormones and nutrients may
dramatically affect hepatic arterial blood flow, the primary intrinsic regulator of the arterial
flow appears to be the inverse reaction of the hepatic artery to changes in portal blood flow.
Child, 1 in his classical treatise on the portal vascular circulation, attributed the first
observation of the effect of changes in portal perfusion on hepatic arterial blood flow to Betz
in 186312 and Gad in 1873.13

The discovery of the mechanism of the HABR is an example of pure serendipity where it
was observed that hemodilution, resulting in a dramatic decrease in hepatic oxygen delivery,
did not result in the anticipated dilation of the hepatic artery. Subsequent studies showed that
both increases and decreases in hepatic metabolic activity were without the anticipated
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effects on hepatic arterial blood flow and that the only parameter that appeared to correlate
with changes in hepatic arterial blood flow was the opposite changes in portal flow.10 A
number of alternative hypotheses were tested and rejected prior to demonstration of the
adenosine washout theory.14

The hepatic vascular bed is unique in many ways including the fact that it receives blood
flow from the portal vein as well as a separate hepatic arterial supply. These blood vessels
undergo progressive parallel divisions that eventually travel as their terminal branches
through a small space referred to as the space of Mall, which is surrounded by a limiting
plate of hepatocytes. The space of Mall is seen in the portal triad, which is most typically
identified as an enclosed space arranged in a hexagonal pattern around a central hepatic
venule. In the space of Mall, the hepatic artery is intimately intertwined with the portal
venule. The two vessels eventually drain into the hepatic sinusoids. Adenosine appears to be
produced at a constant rate, independent of oxygen supply or demand, and is secreted into
the space of Mall where it serves as a powerful dilator of the hepatic artery. The
concentration of adenosine is regulated by the rate of washout into the blood vessels that
pass through the space of Mall. According to this theory, a decrease in portal blood flow
results in a reduced washout of adenosine and the accumulated adenosine concentration
results in dilation of the hepatic artery thus partially compensating for the decrease in portal
blood flow. A similar mechanism accounts for autoregulation of the hepatic artery whereby
an increase in hepatic arterial flow leads to an increased washout of adenosine and a
subsequent constriction of the artery.1® Thus, adenosine was the first blood flow-dependent
blood flow regulator to be identified. Although the buffer capacity of this mechanism results
only in a partial compensation for changes in portal flow, it often results in a full
compensation for the decrease in oxygen delivery® even in cirrhotic livers.16

The role of adenosine as the regulator of the HABR initially appears inconsistent with the
statement that the hepatic artery is not controlled by the oxygen supply or demand to the
liver, especially considering that the known primary sources of adenosine are breakdown
products of the adenine nucleotides and cyclic AMP. However, adenosine production by
oxygen-independent demethylation of S-adenosyl-homocysteine accounts for basal
adenosine production in the heart!” and could also account for its production in the liver.

Evidence consistent with the HABR hypothesis? includes the observation that adenosine is
an extremely potent dilator of the hepatic artery. In addition, the hypothesis requires that
portal blood must have access to the arterial resistance vessels so that portal flow can wash
adenosine away from the area of the resistance vessels. This is shown by the observation that
adenosine given into the portal blood has ready access to the arterial resistance vessel sites
and results in dose-dependent arterial vasodilation. Potentiators of the effects of exogenous
adenosine also potentiate the buffer response and blockers of the effects of exogenous
adenosine also inhibit the buffer response. Consistent with classical pharmacological theory,
adenosine receptor antagonists are more effective at blocking exogenously given adenosine
than adenosine released endogenously. Nevertheless, full dose—response studies indicate that
a complete and selective blockade of the dilator effect of adenosine and the HABR can be
achieved using 8-phenyltheophylline, which leaves the response to other dilators, including
isoproterenol, intact,18:19
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One area that continues to cause confusion related to the adenosine hypothesis is based upon
the unusual anatomy of the hepatic microcirculation. Hepatic microvascular terminology
remains controversial. The ‘lobular’ concept has the microvascular unit of the liver as a
tissue mass supplied by six sets of inlet vessels (terminal hepatic arteriole and portal venule)
and one outlet vessel (the central venule). The ‘acinar’ concept has one set of inlet vessels
and six outlet venous drainage channels. The regulatory processes related to the hepatic
arterial buffer response and to a hepatorenal reflex are clearly related to the inlet side of the
hepatic vasculature. Moreover, other vascular beds typically show tissue perfusion via one
arterial inlet with several alternate venous pathways. The HABR hypothesis is most easily
interpreted from the acinar perspective where the microvascular unit is the tissue mass
supplied by the paired terminal branches of the hepatic artery and portal vein. The concepts
reviewed in this manuscript are explained using the acinus; however, they could as easily be
explained using the lobular terminology.

The terminal branches of the hepatic portal venules and arterioles drain into the center of the
hepatic acinus, which represents a sphere of hepatic tissue of approximately 2 mm in
diameter. Blood flows concurrently in adjacent sinusoids and passes approximately 16
hepatocytes prior to draining into the terminal hepatic venules. The microvascular anatomy
is such that this unique separation of inlet and outlet vessels precludes diffusion of products
produced by the hepatocytes from moving upstream to act on the arterial resistance vessels.
Thus, although the liver is capable of producing huge amounts of adenosine in response to
hypoxia, this adenosine is produced by hepatocytes that export the adenosine into the
sinusoidal blood. The blood flows away from the resistance vessels so that the resistance
vessels are not affected by hepatic parenchymal cell adenosine production or by other dilator
substances released from these parenchymal or sinusoidal cells. Although the role for
adenosine in regulating the hepatic arterial buffer response has been clearly demonstrated,
the site of adenosine production, the cell type, and the specific biochemical pathway of
production have not been identified, primarily due to the inaccessibility of the very small
fluid space of Mall and the inability to sample directly from that space.

The hepatic arterial buffer capacity is difficult to quantitate. To accurately quantitate the
buffer capacity, changes in portal flow must be induced in the absence of reflex, hormonal,
or arterial pressure changes. These conditions are virtually impossible to attain except in
very invasive surgical protocols. Simple occlusion of the portal vein will result in splanchnic
pooling and reduced arterial pressure, and occlusion of the superior mesenteric artery will
result in reduced portal flow but increased arterial pressure. Nevertheless, these simple
procedures are a useful means by which to demonstrate the presence but not the
quantification of the buffer response.

The HABR is fully maintained in transplanted human livers2%:21 and appears to be
maintained in liver diseases of considerable severity.16:22-26 portal flow remains high as
long as 2 years after liver transplantation, mainly as a result of elevated splenic blood flow,
and is associated with reduced hepatic arterial flow.20

Elevated intra-abdominal pressure that occurs as a result of the inflation of peritoneal spaces
using CO», during laparoscopic surgery results in decreased blood flow to the splanchnic
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organs but the HABR results in preservation of the hepatic arterial flow, thus providing
protection for liver function during sustained elevations in intra-abdominal pressure.27-29
However, it has been reported that a CO, pneumoperitoneum resulted in a decrease in portal
flow without compensatory HABR and resulted in evidence of hepatic tissue damage after 2
h of pneumoperitoneum in rats.30

The HABR is activated during an acute hemorrhage response, thereby offering protection to
the liver.31 The HABR also tends to maintain hepatic blood flow constant in the face of
systemically administered vasoactive compounds, leading some to incorrect conclusions as
to the effect of pharmacological agents on the hepatic artery. For example, adenosine,
isoproterenol, and glucagon all produce vasodilation of the hepatic artery when infused
directly into the hepatic artery. However when given systemically they lead to an increased
portal blood flow with resultant activation of the HABR, leading to constriction of the
hepatic artery, depending upon the dose, and can actually lead to a decrease in hepatic
arterial blood flow.32

Although the exact site of interaction of the hepatic artery and portal vein has not been
identified, it is clearly occurring at a very localized level. Selective ligation of the portal
inflow into a lobar vein leads to an increase in portal flow in the unligated lobes associated
with activation of the HABR and a decrease in arterial flow; the lobes with ligated portal
flow had an increase in the hepatic arterial flow.33 Richter et a/. have suggested that the
merging of increased hepatic arterial flow, induced by occlusion of the portal vein, occurs
well upstream from the sinusoids and results in maintenance of homogeneity of sinusoidal
perfusion.19

If a HABR response to brief portal occlusion does not occur prior to establishment of a
portacaval shunt to reduce portal hypertension, those patients will show the greatest
reduction in portal pressure.3* Unfortunately, those are the same patients with the poorest
prognosis for survival.3® The demonstration of an intact HABR, by observing an elevated
portal and decreased arterial flow after a balanced liquid meal,36 has been suggested as a
tool to assess the severity of liver disease.3”

In the presence of significant portacaval shunts, the HABR may become totally
dysfunctional in that changes in portal flow will be reflected in changes through the
portacaval shunts rather than through the liver, thereby having no impact on local adenosine
concentrations. Changes in portal blood flow can normally result in the full range of arterial
vascular responses from full constriction to full dilation. Therefore, it would be anticipated
that the hepatic artery, in instances of complete portacaval shunting, would be fully dilated,
thus benefiting oxygen supply. However, it has been suggested that the buffer capacity may
be insufficient to maintain a normal oxygen supply in cirrhotic livers.3® A complete
portacaval shunt leads to arterial flow effluxing retrograde through the portal vein and is
associated with long-term microvascular reorganization.3?
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HEPATORENAL REFLEX

Patients who die from liver disease die in renal failure. Renal dysfunction is demonstrable at
the early stages of liver disease. As liver injury progresses, functional renal failure develops
with sodium and water retention, decreased renal blood flow and glomerular filtration rate in
the absence of significant morphological changes in the kidney. Various mechanisms have
been suggested for the pathogenesis of renal insufficiency secondary to acute and chronic
liver injury including: peripheral arterial vasodilation secondary to overproduction of
vasodilator substances in the splanchnic circulation leading to splanchnic pooling and
decreased effective systemic arterial plasma volume;#%-43 overproduction of endothelin due
to endotoxemia leading to renal vasoconstriction;0-43 and activation of a hepatorenal
baroreflex that stimulates renal sympathetic nerves leading to sodium retention.#244-47 We
have recently suggested that a hepatic blood flow-dependent hepatorenal reflex is the
primary pathophysiological mechanism for renal dysfunction in liver disease. This reflex is
activated by adenosine in the space of Mall that is regulated by hepatic blood flow.48-51

It has long been recognized that in hepatic cirrhosis, the disturbance in hepatic portal
circulation relates to the pathogenesis of sodium and water retention through the activation
of a hepatorenal reflex.52 Liver cirrhosis is characterized by increases in renal sympathetic
nerve activity.** Selective bilateral renal denervation produced by lumbar sympathetic
anesthetic block promotes renal water and sodium excretion in these patients.>3 Animal
models of cirrhosis show an increase in renal efferent sympathetic nerve activity that
contributes significantly to the pathophysiological renal retention of sodium and water
resulting from activation of a hepatic afferent limb.54-56 Although the efferent limb of the
renal disturbance is reasonably defined, the afferent limb has, until recently, remained
unclear.

A consensus appears to have arisen that the intrahepatic vascular resistance that occurs in
chronic liver disease results in portal hypertension with the elevated portal pressure
activating the afferent limb of the hepatorenal reflex. However, such a reflex implies a
positive feedback situation whereby the normal physiology would result in an increase in
portal blood flow causing an increase in portal pressure and activation of the hepatorenal
reflex. This would result in salt and water retention and an expanded blood volume, leading
to increased cardiac output and increased portal flow with a further increase in portal
pressure. The alternative hypothesis of portal flow being the sensed parameter regulating the
hepatorenal reflex had not been previously suggested, in fact there had never been a
suggestion of regional blood flow being monitored by sensory nerves in any organ.
Nevertheless, a number of earlier studies had suggested that the hepatorenal reflex is
unlikely to be activated in response to baroreceptors. Using anesthetized dogs, Koyoma et al.
observed that the partial occlusion of the portal vein resulted in activation of renal
sympathetic nerves that was not related to increases in either extrahepatic portal pressure or
intrahepatic sinusoidal pressure because intrahepatic sinusoidal pressure was decreased in
these studies.* Levy and Wexler found that sodium retention persisted in cirrhotic dogs
after end-to-side portacaval anastomoses, a maneuver that normalized intrahepatic
hypertension but was still associated with a dramatic decrease in intrahepatic portal blood
flow.5” Liang reported a lack of correlation of increased portal pressure with the rate of urine
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flow at portal pressure elevations up to 15 cm of water; only at pressures above this level,
when portal blood flow would have been reduced, did the urine flow rate begin to decrease.
58 Most of the studies purporting to show evidence for portal pressure regulation of the
hepatorenal reflex have also resulted in reduction of intrahepatic portal flow. Cirrhosis is
characterized by a hyperdynamic splanchnic circulation and portal hypertension#2:59 but,
because of the presence of portacaval shunts directing flow around the liver, the blood flow
that directly perfuses functional sinusoidal and parenchymal hepatocytes is actually
decreased.®0

The hypothesis relating intrahepatic blood flow to the hepatorenal reflex is supported by a
recent series of publications and ongoing studies reported by us. The hypothesis is that
functional portal blood flow through the liver results in reduced washout of adenosine from
the space of Mall, as described in the previous section related to the hepatic arterial buffer
response. Adenosine acts on sensory nerves arising in the space of Mall and activates the
hepatorenal reflex.

We established a vascular shunt connecting the portal vein and vena cava in rats to allow for
control of the portal venous blood flow.® Partial occlusion of the portal vein close to the
hilum of the liver decreased intrahepatic portal flow and the extra portal flow was allowed to
bypass the liver through the shunt to prevent splanchnic congestion. A 50% decrease in
intrahepatic portal flow through this mechanism did not cause significant changes in
systemic arterial blood pressure but decreased urine flow by 38% and sodium excretion by
44%. The renal effect of reduced portal blood flow was prevented by hepatic denervation or
intraportal administration of the adenosine receptor antagonist, 8-phenyltheophylline.
Involvement of intrahepatic baroreceptors was eliminated because intrahepatic sinusoidal
pressure was decreased following partial portal vein occlusion. These studies provided the
first evidence that intrahepatic portal flow could activate a hepatorenal reflex.

Our prior studies related to the HABR indicated that adenosine in the space of Mall was
regulated by intrahepatic blood flow. The observation that the hepatic perivascular region is
also rich in sensory nerves8! supported the feasibility of an adenosine-mediated afferent
limb in the hepatorenal reflex. Adenaosine has previously been shown to activate sensory
nerves in the carotid body®2 and in the heart.53 Stimulation of myocardial adenosine A;
receptors increased the discharge of cardiac afferent fibers and resulted in an increase in
neural discharge of the renal sympathetic efferent fibers in anesthetized dogs.63:64 To test if
adenosine could activate a hepatic afferent reflex, adenosine was infused directly into the
portal vein and resulted in a significant decrease in urine flow and sodium excretion. In
contrast, intravenous adenosine at the same dose was without any effect on renal function,
thereby indicating that the effect of the infused adenosine was through the liver and not a
direct action on the kidney. Intraportal infusion of the adenosine receptor antagonist, 8-
phenyltheophylline, abolished the renal response to intraportal adenosine. Further, both
hepatic and renal denervation abolished the renal response to adenosine, thereby proving the
reflex connection.*8 Thus, these data taken together are consistent with the hypothesis that
reduction in intraportal blood flow leads to an adenosine-mediated activation of hepatic
afferent nerves which results in a sympathetic reflex to the kidneys leading to fluid retention.
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This response would serve a useful function in normal physiological conditions where the
reduced portal flow would cause fluid retention, thereby increasing the circulating blood
volume and cardiac output. The elevated cardiac output would result in elevated portal flow,
thus correcting the flow imbalance to the liver. The hypothesis also proposes that, in the
diseased state, with portacaval shunts existing, the signal would be anticipated to occur as a
result of the decreased intrahepatic portal flow. However, in this state, the salt and water
retention would not lead to a correction of the intrahepatic flow but, rather, would lead to
elevated cardiac output and elevated portal inflow which would simply bypass the liver
through the shunts and lead to a progressive, inappropriate reflex accumulation of fluid.

We have recently demonstrated that renal dysfunction is mediated through this adenosine-
dependent hepatorenal reflex in both acute and chronic liver disease models in rats. Chronic
administration of the hepatotoxin, thioacetamide, resulted in severe fibrosis consistent with
advanced liver disease. Reduced basal urine flow and a reduced ability to excrete a saline
load were demonstrated. The renal dysfunction was partially corrected by intrahepatic
administration of the adenosine receptor antagonist, 8-phenyltheophylline.>® The acute
model of liver injury involved intraperitoneal injection of thioacetamide (500 mg/kg) in rats.
Severe liver injury was demonstrated 24 h after the insult and was associated with reduced
renal arterial blood flow and glomerular filtration rate and sodium retention. The response to
a saline volume expansion challenge was inhibited. As with the other models, 8-
phenylpheophylline improved urine production. To specify the adenosine receptor subtype,
selective adenosine A; and A, receptor antagonists were compared. The selective Aq
antagonist, 8-cyclopentyl-1,3-dipropylxanthine, greatly improved the impaired renal
function induced by acute liver injury and this beneficial effect was blunted in rats with liver
denervation. In contrast, intravenous administration of the antagonist was only effective at
higher doses, thereby confirming that the adenosine receptor antagonist was acting on the
liver and not directly on the kidney. The adenosine A, agonist was without impact on the
renal function.®!

Although both the chronic and acute liver disease models clearly demonstrated an
adenosine-dependent hepatorenal reflex impairment of renal function, the relationship to
intrahepatic portal flow in diseased livers cannot be assumed. Adenosine concentrations in
the space of Mall can be elevated by reduced portal flow or intrahepatic vascular shunting
but it is equally possible that adenosine levels could be elevated independent of blood flow
secondary to hepatic inflammation8°-7 or by a decrease in the recycling of adenosine
through the adenosine kinase pathway.58 Regardless of the source of increased adenosine in
the diseased state, the normal physiology is strongly supportive of a hepatic reflex
mechanism by which the liver indirectly affects its own blood flow. The involvement of this
reflex in liver disease suggests a therapeutic approach treating the early renal dysfunction
and, perhaps, even the late-stage hepatorenal syndrome through the blockade of intrahepatic
adenosine A; receptors.
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MODULATION OF VASOCONSTRICTORS BY ADENOSINE AND NITRIC

OXIDE

Vasoconstriction of the hepatic artery, whether produced by sympathetic nerve activation or
delivery of vasoconstrictors to the resistance vessels through the circulation, leads to
reductions in hepatic arterial flow. The portal circulation, however, responds to constrictors
by an elevation in portal pressure with portal flow remaining constant, as portal flow is
regulated by the outflow of the extrahepatic splanchnic organs. Nitric oxide and adenosine
play an additional protective role tending to minimize the impact of vasoconstrictors on
hepatic blood flow.

The role of nitric oxide in modulating vasoconstrictors in the liver appears to be dependent
upon shear stress.89 If vasoconstriction leads to increased shear stress (flow held steady,
pressure increasing), nitric oxide release suppresses the constriction thus protecting the
hepatic endothelial cells from shear stress-induced disruption. Blockade of nitric oxide
synthase potentiates the response of both the hepatic artery and portal vein to sympathetic
nerve stimulation and norepinephrine infusion. However, if shear stress is not increased
during the constriction (flow allowed to decrease, pressure held steady), nitric oxide is not
released and blockade of nitric oxide synthase is without impact.’® The hepatic artery
responds to vasoconstriction by an initial reduction in blood flow but, in the face of
continued stimulation, the flow returns toward baseline by a process referred to as vascular
escape. Vascular escape in the hepatic artery is mediated by nitric oxide’? probably
secondary to shear stress induced in the portal vein, as vascular constriction in the portal
venules does not reduce portal flow but does increase portal pressure and therefore shear
stress.

Adenosine has been shown to antagonize the vasoconstriction of the hepatic artery induced
by a range of endogenous constrictors including sympathetic nerves, norepinephrine,
angiotensin, and vasopressin.’! In contrast, adenosine has insignificant effects on either the
basal portal vascular tone or on the action of vasoconstrictors on the portal vein or
capacitance vessels in cats at doses that significantly modulated the arterial responses.’2
Adenosine may therefore play a modest role in suppressing vasoconstriction and reduced
blood flow via the hepatic artery.

Thus, the combination of adenosine and nitric oxide provide the liver with a unique ability to
escape from severe vasoconstrictor influences. The role of adenosine is likely only activated
if total hepatic blood flow is reduced and results in local accumulation of adenosine at the
vascular resistance site. In contrast, local constriction restricted to the liver is antagonized by
shear stress/nitric oxide-induced vasodilation. By this mechanism, shear stress is minimized
in the portal circulation and the rise in portal pressure is attenuated and the reduction in
blood flow in the hepatic artery is antagonized. By these mechanisms, the liver can protect
itself from excess vasoconstriction whether blood flow is reduced or shear stress is increased
and whether generalized or regional hepatic vasoconstriction occurs. This is important in the
liver in contrast to other vascular beds where vasoconstriction results in regional hypoxia
and release of vasodilator substances that inhibit the constriction. This mechanism is not
tenable in the liver because vasodilator substances released from hypoxic hepatocytes enter

Hepatol Res. Author manuscript; available in PMC 2010 November 15.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Lautt Page 12

the sinusoidal blood and are swept downstream to the hepatic veins without the opportunity
for contact with the resistance vessels upstream.

BLOOD FLOW REGULATION OF HEPATOCYTE PROLIFERATION

We now discuss the hypothesis, first proposed in 1997,73 that changes in portal blood flow
lead to shear stress-dependent changes in hepatic nitric oxide production which serves as the
initial trigger for the activation of a complex cascade of events leading to cellular
proliferation in the case of elevated portal flow or apoptosis in the case of reduced portal
flow.

Prior to 1954, there were a number of studies that were compatible with the hypothesis that
hepatic blood flow regulated liver cell mass, but a few poorly conducted and improperly
interpreted studies led to a rapid consensus that hepatic blood flow was not a significant
regulator of liver mass. However, in a review on hepatic circulation, Greenway and Lautt
suggested that the coincidence of enzyme induction and elevated portal flow that had been
interpreted to suggest that an increase in hepatic metabolism and liver volume led to an
increase in portal flow was inconsistent with several clearly defined studies demonstrating
that the liver cannot directly control portal blood flow.! We suggested that the data were
better accounted for by blood flow controlling liver cell mass rather than liver cell mass
controlling blood flow.

The liver is well recognized to have a unique ability to rapidly regenerate. Perhaps even the
ancient Greeks knew of this remarkable ability because the legend of Prometheus describes
the wrathful punishment by Zeus for the sin of revealing the secret of fire to mankind by the
unique torture of the chained Prometheus having his liver plucked out by an eagle by day
only to have it regenerated by night, thus perpetuating his torment indefinitely. Although the
extent of hepatic liver regeneration is exaggerated by this legend, it remains a striking
observation that following a two-thirds partial hepatectomy in rats, full restoration of liver
volume can be obtained within approximately 1 week and 50% of the recovery occurs within
48 h. In a review of hepatic regeneration, Michalopolous and DeFrances indicated that,
despite over 100 years of research, the trigger of liver regeneration remained unknown and
that the discovery of this trigger would be akin to the big bang theory of evolution of the
universe.’

For a finite event to be proposed as a trigger for the regeneration cascade, the event must
occur immediately after the partial hepatectomy and serve as a trigger for the entire cascade.
A dramatic hemodynamic stimulus occurs at the time of surgical removal of liver lobes or
selective ligation of portal lobar veins. With the classical model of a two-thirds partial
hepatectomy, all of the portal blood flow is forced to pass through the remaining liver mass
thereby increasing the flow-to-mass ratio to three times normal levels. Vascular shear stress
in the liver can be assessed from changes in portal pressure and results in the release of nitric
oxide which has a significant impact on vascular and metabolic responses to sympathetic
nerve stimulation.”® The first studies to test this shear stress/nitric oxide hypothesis’3:76
were based on previous observations that a wide range of hepatic proliferating factors
appeared in the plasma of animals that had been subjected to a partial hepatectomy. We
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developed a bioassay to detect the presence of proliferating factors utilizing the ability of
plasma from a rat with partial hepatectomy to stimulate hepatocyte proliferation in vitro.
Blood removed from animals that had been subjected to a two-thirds partial hepatectomy
showed maximal proliferative stimulation from samples drawn 4 h after the partial
hepatectomy. The nitric oxide synthase antagonist, L-NAME, was given to prevent shear
stress-induced stimulation of nitric oxide production. Blood from these animals showed no
proliferative activity.”® The response was restored by provision of a nitric oxide donor to the
liver.”

Subsequent studies evaluated the earliest and latest stages of the regeneration cascade. At the
early stage, we utilized the expression of an immediate early gene that had previously been
shown to reach a peak activation 15 min after partial hepatectomy and was dependent on the
degree of partial hepatectomy performed.”8 C-fos activation was shown to occur in the
remnant liver following partial hepatectomy and not in sham-operated animals.”® C-fos
MRNA expression was prevented by blocking hepatic nitric oxide synthase activation and by
blocking prostaglandin production, both of which are regulated by shear stress. Activation of
c-fos was inhibited by blockade of nitric oxide synthase or cyclooxygenase and could be
reversed in both cases by giving nitric oxide donors and the prostaglandins, PGE2 and PGI2,
suggesting that there is an interaction between nitric oxide and prostaglandins in triggering
the liver regeneration cascade.89 The late response was quantified from liver mass
restoration determined 48 h after the partial hepatectomy. The phosphodiesterase V
antagonist, zaprinast, the nitric oxide donor, SNAP, and PGI2 potentiated early c-fos mRNA
expression and 48 h hepatocyte mass restoration.

The relationship between hepatic blood flow and regulation of hepatocyte proliferation was
strongly supported by the demonstration that prevention of shear stress following partial
hepatectomy blocked the activation of the regeneration cascade. Occlusion of the superior
mesenteric artery decreases hepatic blood flow by approximately two-thirds; a two-thirds
partial hepatectomy delivers the entire portal flow to one-third of the normal liver mass
thereby increasing hepatic blood flow per remaining liver mass by three times. Therefore,
occlusion of the superior mesenteric artery following a two-thirds partial hepatectomy
should prevent the development of shear stress in the remnant liver. This was shown by a
lack of activation of c-fos in this model.”® Selective ligation of portal lobar veins leads to
decreased portal flow in the ligated lobes with elevated flow to the unligated lobes. Liver
volume adjusts so that flow per unit liver weight is restored after 1 week by hypertrophy of
the unligated lobes and atrophy of the ligated lobes.33 The selective ligation of the left
branch of the portal vein resulted in increased portal flow to the unligated two-thirds of the
liver and led to similar elevation in portal pressure as was achieved by two-thirds partial
hepatectomy of the same lobes thus indicating similar elevations of shear stress. The
resultant elevations in c-fos in the unligated lobes and the appearance of proliferating factors
in plasma were similar to what was seen after surgical removal of the ligated lobes and could
be blocked by nitric oxide synthase antagonists.”® This study confirmed that the trigger for
regeneration was hemodynamic in nature and regulated by nitric oxide and was not
dependent upon reduction of liver parenchymal cell mass.
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The relationship of portal pressure (shear stress) to the triggering of regeneration was also
shown by Sato et al. who suggested that there was an upper limit to a beneficial effect of
elevated portal pressure.81 A 90% partial hepatectomy raised portal pressure to an extent that
was suggested to account for a lesser degree of effective regeneration. C-fos activation 15
min after partial hepatectomy also increased in proportion to the degree of ablation but the
90% hepatectomy was less effective.’8 Maintained hyperdynamic portal circulation, seen
after human liver transplant, was also associated with more rapid liver regeneration.82

These hemodynamic relationships to shear stress and liver volume do not appear to have
been studied in liver disease but the presence of portacaval shunts and altered intrahepatic
hemodynamics could be a major cause of reduced hepatic regenerative capacity in diseased
states.

CONCLUSIONS

The hepatic vascular bed plays several major roles in homeostasis. Liver blood volume is
rapidly expanded or contracted in response to both active and passive stimuli to regulate
venous return and therefore cardiac preload and cardiac output. Changes in portal blood flow
are determined entirely by the splanchnic organs that drain into the portal vein and the liver
has no direct means by which to control its portal inflow. Changes in portal flow lead to
changes in portal and intrahepatic pressure which result in passive action against the
compliant vascular bed so that the liver serves as a volume buffer to regulate cardiac output.
By this mechanism, a decrease in portal blood flow leads to a passive expulsion of blood
from the liver thereby leading to an elevation in cardiac output and at least partial restoration
of portal blood flow.

A reduction in portal blood flow also simultaneously activates the hepatic arterial buffer
response by virtue of the reduced portal flow washing away less adenosine from the space of
Mall surrounding the hepatic arteriole resistance vessels. Adenosine results in vasodilation
of the hepatic artery, thereby accounting for the mechanism of the hepatic arterial buffer
response. The impact of the buffer response is immediate. At the same time, the elevated
adenosine concentration acts on hepatic afferent nerves to stimulate a hepatorenal reflex
resulting in decreased urine output and sodium retention, thereby leading to a prolonged
fluid retention and resultant increase in cardiac output. This mechanism, while serving the
normal physiological role of tending to maintain hepatic blood flow, is proposed to be the
mechanism of renal dysfunction in liver disease where portal flow is directed around the
liver through portacaval shunts or where adenosine production supplying the space of Mall
is elevated secondary to the metabolic dysfunctions occurring in the diseased liver.

The liver also has a unique response to severe vasoconstriction. Under normal physiological
situations, regional intrahepatic vasoconstriction results in a lack of impact on portal flow
but the intrahepatic portal resistance increases portal pressure and shear stress and causes
release of nitric oxide which inhibits the constriction and accounts for vascular escape from
the constrictors. If vasoconstriction is more systemic and results in reduced portal flow, the
accumulated adenosine counteracts the constriction of the hepatic artery but not the portal or
capacitance vessels.
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Finally, if these mechanisms do not correct an imbalance in the blood flow-to-liver mass
ratio, the liver responds by adjusting the hepatocyte total mass through a hemodynamic
mechanism whereby hepatic blood flow results in shear stress-induced regulation of hepatic
nitric oxide and prostaglandins which, in turn, serves as a trigger for a complex cascade of
events regulating hepatocyte proliferation. Thus, if the ratio of total hepatic blood flow-to-
liver mass cannot be maintained by adjustments to blood flow, the liver adjusts the
hepatocyte mass.
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Figure 1.
The space of Mall is a minute fluid space surrounding the hepatic arterioles (HA), bile

ductules (BD), portal venules (PV), and sensory nerves (N) receptive to adenosine.
Adenosine (A) is secreted into the space of Mall and its concentration is regulated by the
rate of washout from the space of Mall into the blood vessels. A reduction in blood flow
leads to immediate increase in adenosine levels which acts on the HA causing vasodilation
and inhibition of vasoconstrictors. Adenosine does not modulate the PV. Portal and arterial
blood flow wash adenosine from the space of Mall thus controlling HA vascular tone and
blood flow. Adenosine also acts on hepatic sensory nerves that serve to reflexly regulate
renal fluid retention and therefore, indirectly, cardiac output (CO) and hepatic blood flow
(HBF). Outside the space of Mall, a highly vascular and distensible liver responds to
changes in intrahepatic distending blood pressure to regulate the large hepatic blood
reservoir. The hepatic cells (probably endothelial) respond to blood flow that is sensed via
shear stress. Vascular shear stress results in the release of nitric oxide (NO). NO dilates the
resistance vessels in the HA and PV and blocks vasoconstrictors. NO causes vascular escape
from vasoconstriction in the HA. NO also activates the machinery of hepatic proliferation
serving as the trigger to adjust the functional cell mass of the liver. HV, hepatic vein; S,
sinusoid.
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