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Abstract

Emerging evidence and perspectives have pointed towards the heart playing an
important role in hepatorenal syndrome (HRS), outside of conventional understanding
that liver cirrhosis is traditionally considered the sole origin of a cascade of
pathophysiological mechanisms directly affecting the kidneys in this context. In the
absence of established heart disease, cirrhotic cardiomyopathy may occur more
frequently in those with liver cirrhosis and kidney disease. It is a specific form of
cardiac dysfunction characterized by blunted contractile responsiveness to stress
stimuli and altered diastolic relaxation with electrophysiological abnormalities. Despite
the clinical description of these potential cardiac-related complications of the liver, the
role of the heart has traditionally been an overlooked aspect of circulatory dysfunction
in HRS. Yet from a physiological sense, temporality (prior onset) of cardiorenal
interactions in HRS and positive effects stemming from portosystemic shunting
demonstrated an important role of the heart in the development and progression of
kidney dysfunction in cirrhotic patients. In this review, we discuss current concepts
surrounding how the heart may influence the development and progression of HRS,
and the role of systemic inflammation and endothelial dysfunction causing circulatory
dysfunction within this setting. The temporality of heart and kidney dysfunction in
HRS will be discussed. For a subgroup of patients who receive portosystemic shunting,
the dynamics of cardiorenal interactions following treatment is reviewed. Continued
research to determine the unknowns in this topic is anticipated, hopefully to further
clarify the intricacies surrounding the liver-heart-kidney connection and improve

strategies for management.
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Core Tip: There is emerging evidence to suggest that the heart plays an important role
in advanced liver disease and contributes significantly to hepatorenal syndrome (HRS)
progression. It is now increasingly agreed upon that circulatory dysfunction in HRS is
at least in part due to cardiac impairment, which can exist prior to kidney dysfunction
in cirrhotic patients who develop HRS. There are numerous pathophysiological
mechanisms which may co-exist in both hepatorenal and cardiorenal syndrome
pathways, and treatments which ameliorate kidney dysfunction in HRS are likely to
also address the mechanisms which lie within this intricate hepatocardiorenal

syndrome entity that is being postulated.

INTRODUCTION

Hepatorenal syndrome (HRS) is a condition that occurs during decompensated liver
disease defined by volume-unresponsive kidney dysfunction in the absence of
circulatory shock, identified structural kidney disease, and nephrotoxins!'l. Our current
understanding of the condition recognizes the liver as the centerpiece of various
pathophysiological processes which leads to multisystem failurel23. A major
characteristic feature of HRS which represents the liver-kidney connection is functional
kidney failure due to portal hypertension and splanchnic arterial vasodilation,
triggering a cascade of pathophysiologic events including maladaptive neurohormonal
activation, which leads to intense renal vasoconstriction and subsequently urine sodium
excretion!"l, This results in progressive kidney function decline and fluid overload.
Whilst there has been recognition on the negative impact of liver dysfunction upon
the cardiovascular system, understanding the exact mechanisms which lead to this have
not been fully established®$l. Ongoing advancement of laboratory technology and
discovery of biomarkers certainly allowed for a more precise and closer monitoring of
cardiac and circulatory function in HRSPL It is thought that cirrhotic cardiomyopathy

occurs in HRS settings in the absence of previous cardiac co-morbidities because of
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blunted contractile responsiveness to stress stimuli and altered diastolic relaxation with
electrophysiological abnormalities(?l.

The former mainstream opinion in medicine views HRS and cardiorenal syndrome
(CRS) as two separate conditions with distinct pathophysiological pathways. One with
acute or chronic liver disease and the other with acute or chronic heart failure leading to
kidney complications (in the case of CRS, acute or chronic kidney disease may also
result in cardiac dysfunction)[!ll. Evidence building from previous clinical observations
is gradually pointing towards a significant relationship which connects between the
liver, heart, and kidneys mechanistically in diseasel!2l.

Throughout this review, we aim to explore the cardiac contribution towards
circulatory changes and dysfunction in HRS, and whether there is indeed an
undervalued element of CRS within the HRS pathway. We will also specifically explore
the role of inflammation and endothelial dysfunction in the HRS pathway, given
previous suggestions of its significance towards cardiorenal interactions in HRS. The
temporality (prior onset) of cardiorenal interactions in HRS will be reviewed. With a
substantial number of patients who may receive portosystemic shunting in advanced
liver disease, we will also discuss the dynamics of cardiorenal interaction following
treatment. Advancing our understanding in the intertwined relationship across the
liver-heart-kidney connection is important to inform clinicians on the diagnostic and

therapeutic implications within this complex setting.

The heart and its role in circulatory dysfunction in cirrhosis and HRS

Circulatory function in the early stages of cirrhotic liver disease is characterized by
maintenance of its homeostasis through development of a hyperdynamic circulation!'3l.
This involves an increased cardiac output, heart rate and plasma volume. Because there
is a normal or increased cardiac output in the initial phase of cirrhosis, general opinion
considers the heart to be largely intact throughout the early disease processes[!14. The
progression of circulatory dysfunction in cirrhosis is thought to be mainly led by

systemic vascular resistance and arterial underfilling in the form of central
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hypovolemial'l. It is now increasingly acknowledged that hemodynamic derangement
typically occurs in later stages of cirrhosis because progressive decline in hemodynamic
status in cardiac afterload is no longer responded to by an increase in cardiac
output(11415] Previous l(ﬁgitudinal studies have demonstrated that baseline cardiac
function markers such as cardiac output and stroke volume were significantly lower in
cirrhotic patients who subsequently developed HRS, and these markers further
decreased with HRS progressionli6l.

What is significant in linking the pathophysiology that exist between the heart and
liver and kidney dysfunction here is that neurohormonal activation is the cornerstone
pathway which result in the development of both CRS and HRS[!7.18]. In the case of CRS,
numerous factors in cardiac dysfunction from a low cardiac output to diuretic treatment
may result in heightened neurohormone levels and adverse consequences for the
kidneys with their downstream!™l. Decline in estimated glomerular filtration rate and
impairment in sodium and water excretion would be expected”l. Furthermore,
deterioration in the hemodynamics and function of the kidneys may occur with
elevated right-sided cardiac pressure, leading to increased congestion in the kidney
venous systeml2)l. The heart is a key driving factor for higher neurohormonal activity in
later stages of cirrhosis progressing to HRS, considering abnormal cardiac output in the
face of unaltered systemic vascular resistancel??2, This is supported by seminal results
from a study by Krag et all2®l, which found patients with cirrhosis who developed
kidney failure during spontaneous bacterial peritonitis had a reduced cardiac output
compared to those without kidney failure. Following treatment and resolution of
spontaneous bacterial peritonitis, an even lower cardiac output was observed amongst
patients with kidney failure. This is important to support the claim that abnormalities in
cardiac inotropic and chronotropic function is an instrumental component of circulatory
dysfunction in HRS, given current evidence point out irregulated neurohormonal
activation as a key mechanism in HRS-related cardiac dysfunction[17.18.231,

Nevertheless, there have been more recent observations that it is an increased cardiac

output, rather than low cardiac output, that is the instigator for progression to HRSI?2+
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2], Using dobutamine stress echocardiography to monitor patients with cirrhosis,
Koshy et all?’l indicated that it is not the hyperdynamic cardiac output at rest, but rather
an inability to incremfat this cardiac output during periods of physiological stress such
as where there is infection and hemodynamic stress, that predisposes to the
development of HRS. They noted that an impaired cardiac reserve (defined by a change
in cardiac reserve < 25% with low-dose dobutamine), was associated with a 4-fold risk
of progressing to HRSI5I. The investigators ultimately concluded that a hyperdynamic
resting cardiac function may in fact represent patients encroaching on their resting state
cardiac reservel?sl. This may have therapeutic implications because the use of p-blockers
in this patient group can be harmful. Further study is required before we can verify the

pathophysiological claims from this stance more confidently.

Impact of inflammation and endothelial dysfunction towards hepatocardiorenal
interactions

Whilst hemodynamic and neurohormonal dysregulation has been primarily thought of
as the main pathways of HRS manifestation and circulatory dysfunction in HRS, there
is increasing evidence to suggest that systemic inflammation and endothelial
dysfunction have a major role in this scenario by triggering splanchnic arterial
vasodilation and other pathways[11.27.28]  Inflammatory response and endothelial
dysfunction also lead to derangements of other organs such as the heart in
decompensated liver disease and HRSI'827I. The pathophysiological hallmarks of liver
cirrhosis are associated with inflammation. Increased macrophage activation, pro-
inflammatory cytokines, systemic oxidative stress and activated circulating monocytes
and neutrophils are observed in cirrhotic diseasel’827]. In decompensated liver disease,
such as when spontaneous bacterial peritonitis is present, it has been described that the
degree of inflammation and endothelial dysfunction correlates with the severity of
hepatic, cardiac and kidney dysfunction®l. Commonly it is bacterial infections which
precipitate the progression to HRS. The development of an aggressive inflammatory

response is stimulated by translocation of bacteria and pathogen-associated molecular
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patterns from the intestineP’. Animal models of cirrhosis suggest these profound
inflammatory responses, especially the build-up of oxidative stress and tumor necrosis
factor-a, may result in P-receptor signaling alterations and cardiac systolic function
impairmentl®l It has been demonstrated that serum levels of lipopolysaccharide-
binding protein are independently associated with the severity of left ventricular
diastolic dysfunction (LVDD)323]. Lipopolysaccharide-binding protein is a marker of
bacterial endotoxin exposurel?2l. Coupled with convincing evidence demonstrating the
instrumental role played by endothelial dysfunction in CRS, such observations are
important to indicate that inflammation is a very plausible pathophysiological process

linking the liver-heart-kidney connection together in HRS.

temporality of heart and kidney dysfunction in HRS

It is logical to assume that cardiac dysfunction would precede the manifestations of
HRS in cirrhosis here given the postulations of how cardiac dysfunction may
mechanistically contribute towards kidney dysfunction in cirrhosis. The original
observational study by Ruiz-del-Arbol et all**] have found that cirrhotic patients who
develop HRS already presented with clinical features of cardiac dysfunction in the form
of low stroke volume, for example, prior to kidney function decline. In their cohort of
patients, Ruiz-del-Arbol et all3] noted that a low cardiac output and increased plasma-
renin activity at baseline appeared to be the only independent predictors for HRS
development. Krag et allz] found that there were more patients with low cardiac index
at baseline (defined as < 1.5 L/min/m? measured by gated myocardial perfusion
imaging) who developed HRS compared to those with higher cardiac index levels.
Albeit significant additional cardiovascular stress during the procedure, the general
direction of evidence have pointed towards liver transplantation reversing these aspects
of cardiac dysfunction which are commonly observed in HRS, resulting in improved
cardiac performance and restored hemodynamics post-transplantation®3¢. These
observations highlighted a temporal pattern of cardiac and kidney dysfunction in HRS,

suggesting perhaps there is pathophysiological involvement of the heart in the
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manifestation of HRS and cardiac dysfunction is not simply just the consequence of a

HRS-associated complicationl23371.

Clinical and therapeutic implications of hepatocardiorenal interactions in HRS
Given there could be cardiac contribution towards a myriad of pathophysiological
effects in HRS as outlined from our review, it would be prudent to systematically
evaluate and monitor cardiac function in advanced liver disease patients, including for
those without previously known cardiac impairment. In cirrhotic disease and early
HRS, abnormalities in left ventricular systolic function is usually identified late and
often only diagnosed when individuals display a blunted response during
hemodynamic or pharmacologic stressi®l. Therefore, an abnormal left ventricular
systolic function may be clinically utilized as a specific prognostic indicator to
determine at-risk subgroups of cirrhotic patients who are at higher risk of developing
HRSI'®l, The advent of more recently developed imaging methods ﬁlay allow for better
identification of subclinical cardiac dysfunction in HRS. For one, 2-dimensional speckle-
tracking echocardiography assesses left ventricular regional myocardial function and
global longitudinal strain (GLS) through tracking natural acoustic markers such as
speckles[3.40l. This technique is likely to be less dependent on cardiac preload or
afterload in comparison to standard echocardiography. A previolﬁ study by Altekin et
all¥ll using 2-dimensional speckle-tracking echocardiography has revealed that a
reduced longitudinal systolic function is common amongst cirrhosis patients despite a
normal ejection fraction.
A very recent study by Danielsen et all°! utilized magnetic resonance imaging to
assess cardiac function and peripheral blood flow in patients across a spectrum of liver
disease, including those with HRS. The investigators characterized renal blood flow in
their study where despite a high cardiac output in patients with HRS, they
demonstrated lower renal artery flow compared to non-HRS groupsl?l. These findings
indicate that even with a hyperdynamic resting cardiac output there was inadequate

kidney perfusion in early stages of HRS triggered by activation of the renin-
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angiotensin-aldosterone systeml’l. It confirms the pathophysiological link of cardiac
dysfunction being manifested during periods of physiological stress in cirrhosis
resulting in progression to HRS. Moreover, contrary to updated consensus guidance
that GLS is a prognostically accurate marker of systolic dysfunction in subclinical
myocardial dysfunction in HRS, this study by Danielsen et all°l concluded no significant
differences were found in GLS in HRS patients with different levels of cardiac output.

Although it remains debatable, diastolic dysfunction could be a useful marker for
prognostication in cirrhotic cardiomyopathy and HRS, which is often overlooked
compared to gystolic dysfunction within the clinical settingl4244]. Ruiz-del-Arbol et all43]
investigated LVDD and its relationship with circulatory function and prognosis in
cirrhotic patients with portal hypertension and normal serum creatinine levels.
Monitoring 80 patients prospectively with conventional and tissue Doppler
echocardiography as well as their systemic and hepatic hemodynamics and the activity
of endogenous vasoactive systems, Ruiz-del-Arbol et all*3 noted 37 patients out of the 80
presenting with LVDD in which 14 of these 37 patients went on to develop HRS,_They
concluded that patient survival was associated with the extent of LVDD, and VDD
occurs simultaneously with changes in cardiac structure and function and is associated
with an impairment of effective arterial blood volume in cirrhosis. Ultimately, LVDD
demonstrated to be a sensitive marker for progression from cirrhosis to HRS and
mortalityl*3l. These conclusions were concurred in the study from Premkumar et all#],
where their group additionally found that the degree of LVDD is significantly
associated with health-related quality of life outcomes in cirrhotic patients.

Whilst guidelines are constantly revised and optimized focusing on the utilization of
serum pro-brain natriuretic peptide (pro-BNP) as a screening marker for acute and
chronic heart failure, there is emerging discussions over the past decade on its clinical
utility to project cirrhosis severity, the presence of cirrhotic cardiomyopathy, and
HRSI5461, Kapoor et all¥7] performed a prospective observational study for 53 cirrhosis
patients who underwent 2-dimensional Doppler echocardiography, and had their

serum pro-BNP and troponin T levels measured. This study showed that diastolic
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dysfunction is highly prevalent in cirrhotic patients (56.6% of cohort), and that serum
pro-BNP as well as QTc intervals were also significantly raised in those with diastolic
dysfunction¥l. Moreover, this group of patients were also more likely to progress to
HRS, as well as developing other complications of cirrhosis such as spontaneous
bacterial peritonitis and hepatic encephalopathy compared to those without cardiac
dysfunction’l. Overall, despite encouraging developments in research and updated
findings, further studies are imperative to inform clinicians on which cardiac testing
and imaging methods are cost-effective and clinically reliable to reflect cardiac function
in cirrhosis and HRS.

Many patients with decompensated liver disease may receive transjugular
intrahepatic shunting (TIPS) to treat portal hypertension[4391. The changes in
hepatocardiorenal interactions following TIPS are of interest as immediately after the
procedure, blood from the splanchnic bed and portal system is unloaded into the
systemic circulation[4849. The kidney’s hemodynamic status is typically not affected
unless there is change in the state of kidney perfusion with renal veins draining directly
into the systemic circulation(®l. TIPS have shown efficacy on improving kidney function
in patients across all stages of kidney status, where there is evidence of increased
urinary sodium excretion indicative of improved kidney perfusion, and improved
creatinine clearancel®l, Better kidney perfusion following TIPS is thought to be due to
the mediating effects from cardiorenal interplay, which enhances cardiac inotropic
function resulting in increased central blood volume and subsequently kidney
perfusion52l. Another positive effect which can result from TIPS to improve kidney
function is its ability to improve endothelial functitﬁ which follows the amelioration of
systemic inflammation®*%l. This is achieved from lowering pressures and shear stress
in the portal system and preventing the intestinal translocation of bacterial®!. More
studies are needed to further distinguish the hepatocardiorenal interactions before TIPS
and following TIPS in advanced liver disease.

In terms of other medical treatments, beyond its utility as a potent plasma and

volume expander, the anti-inflammatory properties of albumin and its role in
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improving endothelial dysfunction during decompensated liver disease and HRS has
further supported the notion that inflammation and endothelial dysfunction are key
pathophysiological processes in the proposed hepatocardiorenal syndrome entityl>°l.
Rat studies have shown the infusion of albumin increases cardiac contractility through
ﬁ)unteracting myocardial oxidative stress and inflammation/*!l. It has been found that
in spontaneous bacterial peritonitis, albumin instead of hydroxyethyl starch increased
systemic vascular resistance and the left ventricular stroke work index/57l. The incidence
of HRS and mortality rate more than halved in cirrhotic patients with spontaneous
bacterial peritonitis if albumin is added to antibiotic treatment(3l.

The use of card'ﬁc inotropes to reverse cardiac and kidney dysfunction in HRS have
been considered. There are reports of successful use to reverse kidney dysfunction in
refractory HRS, which indicates the contributive role of cardiorenal pathways within
the HRS setting!> %], Otherwise, f-agonists have been thought of as being unsuitable in
this setting, given there is downregulation of p-adrenergic receptors in cirrhosisl612]. Tt
remains to be clarified what is the optimized strategy in prescribing cardiac inotrope
therapy in HRS. There are other emerging treatment options with potential benefits in
heart failure such as empagliflozin, urodilatin and urocortin which are currently
investigated for use in HRSI®-#7l. Serelaxin, which is a recombinant human relaxin-2
with cardioprotective effects in acute heart failure, has been evaluated in a phase II
randomized-controlled triall’l. The investigators noted significantly improved kidney
perfusion in patients with decompensated liver disease who were prescribed serelaxin
compared to the control group.

It is concurred from the majority of published evidence that there is a positive long-
term cardiac outlook for patients with HRS following liver transplantationP®. An
important factor would be the individual's pre-existing cardiac status prior to
transplantation, although cardiac dysfunction in cirrhosis does not appear to be linearly
associated with severity of liver diseasel36869. Whilst international consensus on an
optimal strategy of assessing pre-transplant cardiac status remains desirable, it is now

established that cirrhotic patients with cardiac risk factors selected for liver transplant
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should undergo a rigid evaluation for operative risk. There is significant cardiovascular
stress associated with this major operation, particularly for those with pre-existing
cardiac dysfunction due to cirrhosis, hence an accurate patient selection for liver
transplantation and precise investigation for degree of cirrhotic cardiomyopathy is
vitall’?l. Pre-transplant screening for cirrhotic cardiomyopathy should be conducted
independently of Child-Pugh or model for end-stage liver disease classifications.
Results from electrocardiography may demonstrate early indications of cirrhotic
cardiomyopathy in potential transplant candidates from the presence of QT interval
prolongation. QT interval prolongation is considered the earliest sign of cirrhotic
cardiomyopathy, with the prevalence of QT interval prolongation amongst cirrhotic
patients shown to be reaching 60% in those with Child Pugh class C (compared with
25% in Child Pugh class A vs 51% in Child Pugh class B)[71.72]. Otherwise, the American
Association for the Study of Liver Diseases currently recommends that it is mandatory
for all liver transplant candidates to undergo transthoracic echocardiography as the
minimum pre-transplant cardiac investigation(73l.

Changes in cardiac preload and afterload due to fluid infusion and clamping of the
hepatic vein would result in tremendous stress towards a post-transplant patient’s
cardiovascular homeostasis, irrespective of pre-existing cardiac statusll. Meticulous
management to ensure appropriate responses in myocardial contractility is important,
and prompt fluid management with cardiac monitoring through transesophageal
echocardiography and/or pulmonary artery catheterization are often required in the
early post-transplant scenariol?5l. There remains much uncertainty as to the optimal
timing to restore to restore hemodynamics during the post-transplant phase, but it is
expected that a progressive correction of portal hypertension and hyperdynamic status
would ensue with a transplanted liverl7¢l. Previous studies have reported a high
prevalence of post-transplant subtle, sub-clinical cardiac complications such as diastolic
function deterioration and ventricular dysfunctionl”7.78l. Nevertheless, the prognostic

ability of these events to predict short- and long-term cardiac and overall clinical
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outcomes remain in discussion due to a relative paucity of data currently. Further work

to address this is needed.

CONCLUSION

Our historical understanding of HRS and the mechanisms affecting circulatory
dysfunction is being challenged, with the emergence of data and hypotheses which
consider the extent of the heart’s involvement and contributory role in cirrhosis and
HRS. Although the impact of the heart in HRS may result in varying levels of disease
severity and clinical presentations, it is now increasingly established that circulatory
dysfunction in HRS is at least in part due to cardiac impairment; that cardiac
dysfunction commonly exist prior to kidney dysfunction in cirrhotic patients who
develop HRS; that numerous cardinal pathophysiological pathways such as
neurohormonal activation, inflammation and endothelial dysfunction are interlinked
between HRS and CRS; and that treatments which are known to improve kidney
dysfunction in HRS may also address pathophysiological mechanisms within the liver-
heart-kidney connection (Figure 1).

Despite our increased knowledge, insight and appreciation into the existence of a
hepatocardiorenal syndrome entity, there are still many unknowns in this novel model
that requires further investigation (Table 1). We are still not at a stage where there is
clarity on defining the criteria of hepatocardiorenal syndrome or even cirrhotic
cardiomyopathy itself. The cardiac and circulatory disturbances within the HRS
definition which are discussed in our review could instead represent a hepatic form of
CRS, for example. In this scenario, the liver affects the kidneys primarily via cardiorenal
pathways. Addressing the unknowns in this topic would be challenging due to the
current scarcity of data and importantly, given the pathophysiological interactions
which occur in HRS and CRS are still not entirely understood. There should also be
consideration on how other metabolic pathways (i.e., lipid and cholesterol metabolism)
could potentially affect the liver-heart-kidney connection, given prior evidence of these

being risk factors for disease in each organ!”®l. We anticipate research efforts to
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hopefully provide further answers on current knowledge gaps, and to optimize the

diagnostic and treatment approach for this patient population.
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