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Abstract
Recent investigations have established the existence of
robust cross talk between the liver and kidney. These bidi-
rectional interactions mediate deleterious effects of liver
disease on the development and progression of kidney dis-
ease as well as effects of kidney disease on liver injury and
hepatic drug metabolism. Although the full spectrum and
consequences of liver/kidney cross talk remains to be
elucidated, the clinical relevance of these interactions is clear.

INTRODUCTION

The association of liver disease with immunologically
mediated glomerular disease and tubulointerstitial renal
injury has long been recognized (Table 53.1). However,
more recently, attention has focused on the existence of
bidirectional cross talk between the liver and the kid-
neys. It has been suggested that chronic liver disease
may accelerate the progression of CKD and that CKD
may accelerate the progression of chronic liver disease,
as well as alter hepatic drug metabolism. The existence
of cross talk between the liver and the kidney may affect
therapeutic interventions directed toward slowing the
progression of both liver and kidney disease and may
significantly influence drug dosing in patients with com-
bined liver and renal disease.

HEPATORENAL SYNDROME

The most dramatic manifestation of liver/kidney
cross talk is the development of hepatorenal syndrome
(HRS).1e5 Our understanding of the pathogenesis of
the HRS has undergone a dramatic evolution in the
past decade. From its initial conception as a functional
disorder mediated by systemic circulatory dysfunction
accompanying decompensated liver failure, HRS has
been transformed into a more complex systemic

disorder characterized by systemic inflammation and
multiorgan dysfunction.1e5 In 2015, the International
Club of Ascites redefined HRS to incorporate a modified
version of the Kidney Disease: Improving Global Out-
comes criteria for the diagnosis of acute kidney injury
(AKI).6,7 HRS-AKI was defined as AKI that developed
in a patient with cirrhosis and ascites that did not
respond to diuretic withdrawal and plasma expansion
in the absence of shock, nephrotoxic drugs, or evidence
of structural renal injury.

The classification of HRS into types 1 and 2 was not
incorporated into the new definition. In earlier nomen-
clature, type 1 HRS was characterized by rapidly pro-
gressive renal failure, whereas type 2 HRS referred to
a more indolent decline in renal function that was
more moderate in severity. Type 2 HRS was character-
ized by refractory ascites and diuretic resistance, with
an average survival of 6 months.1,3 Type 2 HRS is now
referred to as HRS-CKD.

Role of Systemic Circulatory Dysfunction in
HRS

HRS-AKI has primarily been defined as a renal event;
however, new insights into the pathophysiology of
decompensated liver disease suggest that HRS is also
an indicator of severe systemic inflammation, indolent
multiorgan dysfunction, and failure of hemodynamic
compensatory mechanisms. Cirrhosis is characterized
by deranged liver architecture, leading to increased
intrahepatic vascular resistance that in turn leads to
increased portal vein pressure.1e5 Release of systemic
vasodilators, classically thought to arise as a response
to portal hypertension, leads to peripheral vasodilation
and decreased vascular resistance. Numerous vasodila-
tory agents have been proposed as pathogenetic
mediators.1e5 Decompensated cirrhosis is associated
with increased endothelial cell production of nitric
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oxide, carbon monoxide, prostacyclin, calcitonin gene-
related peptide, adrenomedullin, endocannabinoids,
and plasma substance P which may contribute to arte-
rial vasodilatation.1e5 An increase in regional blood

flow in response to portal hypertension, splanchnic
vasodilation, and portosystemic shunting leads to pool-
ing of blood in the splanchnic circulation.1e5 The
recruitment of compensatory mechanisms to maintain
renal perfusion in the face of reduced effective arterial
volume constitute the hallmark of HRS. These compen-
satory mechanisms include release of systemic vaso-
constrictors, upregulation of the renineangiotensin
system, and activation of the sympathetic nervous
system.

Animal models of portal vein hypertension support a
direct neural connection between hepatic osmo- and
baroreceptors and the kidney.8,9 Acute induction of
experimental portal hypertension activates hepatic baro-
receptors, which in turn increase renal sympathetic
efferent nerve activity. Activation of the renal sympa-
thetic nervous system is associated with renal vasocon-
striction and reduced renal blood flow, increased renin
release, and enhanced renal tubular salt and water
reabsorption.1e5 Reduced effective circulating volume
also leads to increased nonosmotic release of vaso-
pressin and increased generation of potent vasoconstric-
tors, including leukotrienes and endothelin-1.1e5 In
contrast, local compensatory renal vasodilators, such
as prostaglandins, are reduced.1e5 Consistent with this
scenario, an increased renal resistive index on renal
Doppler ultrasonography, an index of reduced diastolic
renal blood flow, predicts the subsequent development
of HRS.10e12

Lack of cardiac compensation in response to severe
systemic vasodilation worsens this cycle. In early stages
of cirrhosis, increased cardiac output maintains renal
perfusion.1e5 However, in advanced cirrhosis, the ability
of the heart to compensate is limited by cirrhotic cardio-
myopathy and cardiac output declines. In this setting,
beta blockers are deleterious to cardiac function and
worsen hemodynamic dysfunction by sensitizing the
sympathetic nervous system. In addition, renine
angiotensin blockade may increase renal vasoconstric-
tion and promote AKI. Because cardiac preload may
play a crucial role in cardiac function in this setting,
nitrates are also contraindicated.

Hepatorenal Syndrome as a Systemic
Inflammatory State

It has recently been suggested that the primary factor
responsible for the release of vasodilatory mediators in
HRS is increased circulating levels of cytokines and che-
mokines resulting from chronic inflammation associated
with decompensated liver disease.2,13 Cirrhosis is associ-
ated with increased gastrointestinal permeability,
altered gastrointestinal microbiome, and translocation

TABLE 53.1 Kidney Lesions Associated with Liver Disease*

Hepatitis C Membranoproliferative glomerulonephritis
with or without cryoglobulinemia

Membranous nephropathy

Focal and segmental glomerulosclerosis

Immunoglobulin A nephropathy

Fibrillary glomerulopathy

Immunotactoid glomerulopathy

Thrombotic microangiopathy

Amyloidosis

Interstitial nephritis

Diabetic nephropathy

Hepatitis B Membranous nephropathy

Immunoglobulin A nephropathy

Membranoproliferative glomerulonephritis

Minimal change disease

Focal and segmental glomerulosclerosis

Crescentic glomerulonephritis

Polyarteritis nodosa

Cryoglobulinemia

Amyloidosis

Alcoholic
cirrhosis

Immunoglobulin A nephropathy

Membranoproliferative glomerulonephritis
with immunoglobulin A deposition

Primary
sclerosing
cholangitis

Membranous nephropathy

Membranoproliferative glomerulonephritis

Tubulointerstitial nephritis

Antineutrophil cytoplasmic
antibody-associated vasculitis/glomerulonephritis

Primary
biliary
cirrhosis

Interstitial nephritis

Membranous nephropathy

Antineutrophil cytoplasmic
antibody-associated vasculitis/glomerulonephritis

Antiglomerular basement membrane disease

Alpha-1
antitrypsin
deficiency

Membranous nephropathy

Antiglomerular basement membrane disease

* Cause and effect relationships have not been established in all cases.
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of bacteria and bacterial products (pathogen-associated
molecular patterns) from the gastrointestinal tract into
the circulation.2 These bacterial products, along with
danger-associated molecular patterns released by
apoptotic and necrotic hepatocytes, stimulate the pro-
duction of proinflammatory cytokines and chemokines,
reactive oxygen and nitrogen species, and activate im-
mune cells, which in turn magnifies the proinflamma-
tory response.2

Decompensated cirrhosis is associated with increased
circulating levels of proinflammatory cytokines and che-
mokines including interleukin-6 (IL-6), IL-8, and tumor
necrosis factor-alpha (TNF-a), which may contribute to
renal injury.2,5,13,14 Circulating levels of IL-6, TNF-a,
and vascular cell adhesion molecules are higher in pa-
tients with cirrhosis and HRS-AKI compared with those
without HRS-AKI.5 Patients with spontaneous bacterial
peritonitis and renal dysfunction have higher IL-6 and
TNF-a levels than patients with spontaneous bacterial
peritonitis without renal dysfunction.14 Similarly, other
investigators have correlated renal dysfunction associ-
ated with decompensated liver failure with circulating
levels of IL-6, IL-8, and irreversibly oxidized nonmer-
captalbumin 2.13

The functional nature of HRS has recently been chal-
lenged. Renal histologic injury has never been system-
atically excluded because careful renal biopsy studies
in patients who satisfy the clinical criteria used to diag-
nose HRS have not been performed. Urinary bio-
markers suggest tubular injury in HRS-AKI
diagnosed by traditional criteria.5,15 Pathogen-
associated molecular patterns and danger-associated
molecular patterns may be injurious to proximal tubule
epithelial cells and downregulate mitochondrial meta-
bolism. Lastly, it has been suggested that cholestasis,
with resultant hyperbilirubinemia, may promote
deposition of bilirubin in the renal tubular lumen to
induce tubular obstruction and direct toxic tubular
injury.16,17 This disorder has been referred to as bile
cast nephropathy.16,17 Bile acid casts were demon-
strated in 11 of 13 renal specimens obtained from pa-
tients meeting the clinical criteria for HRS.17

HRS-CKD

HRS-CKD is uncommon, accounting for only 5e11%
of patients with cirrhosis and renal dysfunction. Treat-
ment with intravenous albumin and terlipressin or
noradrenaline can reverse HRS-CKD in more than half
the cases.18,19 However, responders experience a high
relapse rate early after withdrawal of therapy. Relapse
occurs in two-thirds of initial responders.18,19 Multiple
relapses in the same patient are also frequent.18,19 It
has been postulated that a persistent proinflammatory

state or rebound activation of vasoconstrictor pathways
are responsible for this high relapse rate.18

Treatment of HRS-CKD with albumin volume
expansion and vasoconstrictors is controversial and is
not recommended by international practice guidelines
due to inconsistent outcomes data.2,18 In a retrospective
study of 56 patients with “type 2” HRS awaiting liver
transplant and treated with terlipressin and albumin,
no difference in pretransplantation or posttransplanta-
tion outcomes was observed between responders and
nonresponders.19 There was no difference in the mor-
tality of wait-listed responders and nonresponders. Af-
ter liver transplantation, there was no difference in
estimated glomerular filtration rate (eGFR) or in the
development of CKD on follow-up, ranging up to
1 year, based on response to therapy. Length of
hospitalization, development of AKI, need for renal
replacement therapy (RRT), and survival did not differ
between responders and nonresponders. The authors
suggest that the failure of therapy to improve outcomes
in these patients may reflect unrecognized underlying
renal parenchymal injury.

Transjugular intrahepatic portosystemic shunting as a
bridge to orthotopic liver transplantation has been asso-
ciated with improved renal function in patients classi-
fied as type 2 HRS.20 European Association for the
Study of the Liver Clinical Practice Guidelines state
that transjugular intrahepatic portosystemic shunting
“could be suggested in selected patients with HRS-
NAKI.”2

Intra-abdominal hypertension may also contribute to
hemodynamic-mediated renal dysfunction in patients
with decompensated cirrhosis with ascites. Clinical
studies of decompensated liver disease have demon-
strated correlations between intra-abdominal pressure
and sodium avidity and azotemia. A reduction of
intra-abdominal pressure by paracentesis is associated
with an improvement in renal blood flow and urine
output in patients with decompensated cirrhosis and
intra-abdominal hypertension.4,21 In a murine model of
cirrhosis, increased intra-abdominal pressure was asso-
ciated with renal dysfunction.22 It is postulated that
nephro-congestion leads to an increase in intratubular
pressure, a reduced pressure gradient for filtration,
and reduced glomerular filtration rate.

Serum creatinine concentration (S[Cr]) is a poor
marker of renal disease in liver failure, frequently over-
estimating renal function and underestimating renal
injury. Because the Model for End-Stage Liver Disease
score uses S[Cr] as a marker of renal disease, the lack
of sensitivity of S[Cr] for the diagnosis of CKD or AKI
is highly problematic vis-a-vis allocation of donor liver
organs. In patients with cirrhosis, where significant
muscle atrophy, reduced hepatic conversion of creatine
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into creatinine, and reduced tubular secretion of creati-
nine are commonplace, significant renal dysfunction
may be masked by an ostensibly normal S[Cr] value.

HEPATITIS C VIRUS INFECTION

Hepatitis C virus (HCV) infection affects approxi-
mately 3.5 million Americans and over 71 million indi-
viduals worldwide.23 The annual incidence rate in the
US is estimated to be 13.9 cases per 100,000 population.24

HCV infection is among the most common causes of
liver transplantation in the US and Europe. HCV infec-
tion disproportionately affects patients with CKD and
end-stage renal disease (ESRD). Among CKD patients
who have never been transfused, the prevalence of
HCV antibody is approximately 10-fold higher than in
the blood donor population.25 HCV infection not only
represents a major cause of morbidity and mortality in
the CKD population but may also independently influ-
ence the natural history of the underlying kidney
disease.

Numerous investigators have suggested that HCV
infection is associated with the development and accel-
erated progression of CKD leading to an increased risk
for ESRD. Although many epidemiologic studies show
an association between HCV infection and CKD, as do
several meta-analyses, the results have not been entirely
consistent. In fact, some studies have found a protective
effect of HCV infection on CKD.

Fabrizi et al.26 performed a meta-analysis of 40
studies, containing over 4 million patients, that used
multivariate analysis to examine the association of
HCV infection with CKD. An association between
HCV infection and an increased incidence of CKD was
demonstrated in 15 longitudinal studies containing
2,299,134 patients (295,773 of whom were HCV-
infected) (HR 1.54). The diagnosis of HCV infection
was based on anti-HCV seropositivity, detection of
HCV RNA, or an administrative code indicating a diag-
nosis of HCV infection. The risk of CKD increased with
aging and duration of follow-up. HCV infection was also
associated with the prevalence of proteinuria in 10 cross-
sectional studies containing 378,769 patients (63,365 of
whomwere HCV-infected) (HR 1.63). Overall, no associ-
ation between HCVand an increased prevalence of CKD
was observed. However, an association between HCV
and an increased prevalence of CKD was demonstrable
in Asian populations (HR 1.2).

A recent report by Tartof et al.27 found that the risk of
a 25% reduction in eGFR or progression to ESRD was
greater in a cohort of 1603 subjects with CKD and
HCV infection compared with 151,974 subjects with
CKD alone.

Another meta-analysis examined the association of
HCV with CKD in human immunodeficiency virus
(HIV)/HCV coinfected patients.28 An association be-
tween HCV infection and increased risk of incident
CKD was demonstrated in eight longitudinal studies
of 105,462 coinfected patients (HR 1.64). HCV infection
was also an independent risk factor for proteinuria in
six studies that included 26,835 coinfected patients
(HR 1.23). In contrast, in five cross-sectional studies of
13,853 patients, the prevalence of CKD was not
increased in HIV/HCV coinfected patients.

Representative of studies that reported no effect or a
protective effect of HCV infection on CKD is a cohort of
over 13,000 anti-HCV seropositive subjects from an ur-
ban area with a high prevalence of HIV studied by Moe
at al.29 In a cross-sectional analysis of these subjects,
HCV infection was associated with a reduced preva-
lence of CKD compared with anti-HCV seronegative
subjects. In a longitudinal analysis of a subset of over
7000 subjects without CKD followed for a median of
3.5 years, there was no difference in the incidence of
CKD in adjusted analysis. In another adjusted analysis
of a demographically diverse cohort of insured individ-
uals followed for a mean of over 2 years, Asrani et al.30

found no difference in the prevalence, incidence, or rate
of progression of CKD among 13,384 HCV-infected
subjects compared with 154,185 subjects without HCV
infection.

HCV infection was associated with proteinuria and
an increased mean eGFR, but not with CKD, among par-
ticipants in the 1988e1994 and 1999e2012 National
Health and Nutritional Examination Survey
(n ¼ 33,729 and 15,029, respectively).31,32 Rogal et al.33

followed 71,528 US veterans for a mean of 6 years.
Recent HCV seroconversion was documented in 2599
of the cohort. They found that HCV-infected individuals
were less likely to develop CKD, but showed no differ-
ence in the rate of progression of CKD. However, in a
much larger cohort of 920,531 uninfected and 100,518
HCV-infected US Veterans, Molnar et al.34 found an as-
sociation between HCV infection and increased inci-
dence of CKD, progressive loss of renal function, and
the development of ESRD.

In adjusted analysis of HCV/HIV coinfected women,
Tsui et al.35 reported no association between HCV infec-
tion and the prevalence of CKD, but found that in those
with established CKD, HCV infection was associated
with accelerated progression. In a large cohort of
474,369 US Veterans (52,874 of whom were anti-HCV
seropositive), Tsui et al.36 found that although the prev-
alence of CKD was lower in infected patients and there
was no significant difference in the rate of progression
of CKD, HCV-infected patients who did progress did
so at a more rapid rate, leading to a higher incidence
of ESRD.
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Interpretation of available clinical studies is compli-
cated by heterogeneity in subject demographics,
including differences in age, sex, ethnicity, socioeco-
nomic status, alcohol use, angiotensin-converting
enzyme inhibitor therapy, and coinfection with HIV or
hepatitis B virus (HBV), and by differences in the num-
ber of treatment-naı̈ve vs. experienced patients.
Methods to identify HCV infection differ among the
studies, and include detection of anti-HCV antibody,
detection of HCV RNA, and use of administrative
codes to diagnose HCV infection. Because only
60e70% of HCV-infected patients demonstrate chronic
viremia, diagnosis of HCV infection solely by the detec-
tion of HCV RNA may miss mild cases, leading to
severity bias. Errors in administrative coding may
also lead to misclassification. In addition, multiple con-
founding factors must be considered. Patients infected
with HCV are more likely to suffer from diabetes, hy-
pertension, obesity, HIV, cirrhosis, coronary artery dis-
ease, and hyperlipidemia and to have a history of
intravenous drug use. Unmeasured confounding vari-
ables represent a significant issue in analyses of these
data. A longer duration of HCV infection has been asso-
ciated with an increased risk of CKD.37 In this regard,
many of the cohorts that failed to demonstrate an asso-
ciation between HCV infection and incident CKD were
followed for only 2e3 years. Patients with HCV may
also receive a higher intensity of medical care with
more frequent follow-up visits, leading to detection
bias due to earlier detection of CKD.

The REVEAL-HCV Study Group38 found an
increased CKD prevalence in those infected with geno-
type 2. This observation might help explain inconsistent
data regarding the association of HCV infection and
CKD. Meta-analysis has shown that the pooled risk for
CKD among HCV-infected cohorts is higher in
Asian populations than in the US or Europe.26 These
geographic variations in CKD risk parallel the relative
prevalence of the HCV genotype 2. However, another
publication from the REVEAL-HCV Study Group re-
ported that genotype 1, not genotype 2, was a strong pre-
dictor of ESRD in their cohort.39 Numerous other
investigators found no association between HCV geno-
type and the incidence or prevalence of CKD.37,40

Studies seeking to establish an association between
CKD and viremia in HCV-infected patients have also
yielded inconsistent results.37e43 Peters et al.40 reported
an association between HCV viremia and the incidence
rate of CKD among over 8000 HIV/HCV coinfected pa-
tients. Those who cleared their viremia showed an inci-
dence rate similar to anti-HCV seronegative patients.
Similarly, a high plasma HCV RNA level was associated
with the prevalence of CKD in separate cohorts of 434

and 552 anti-HCV seropositive patients, as well as
with the risk of progressive CKD in a third cohort of
34,441 HIV/HCV coinfected patients.37,38,42 However,
other investigators found no relationship between
viremia and the incidence, prevalence, or rate of pro-
gression of CKD.41,44

Numerous mechanisms have been suggested to
explain the purported association of HCV with CKD.
Glomerular disease is a well-described, albeit uncom-
mon, extrahepatic manifestation of HCV infection.45e47

A systemic immune response to HCV infection is
thought to contribute to glomerular injury. Glomerular
disease may be mediated by HCV-antibody immune
complex deposition with or without cryoglobulin for-
mation. Deposition of immune complexes containing
viral antigens has been demonstrated in mesangial and
subendothelial locations. The most common histologic
pattern of glomerular injury is membranoproliferative
glomerulonephritis; however, membranous glomerul-
opathy, focal and segmental glomerulosclerosis, IgA ne-
phropathy, immunotactoid and fibrillary
glomerulopathies, amyloidosis and thrombotic microan-
giopathy have been described in HCV-infected patients
(Table 53.1).45e49 The prevalence of membranoprolifera-
tive glomerulonephritis and of cryoglobulinemia in pa-
tients chronically infected with HCV, identified by
administrative codes reported to the National Inpatient
Sample of the Healthcare Cost and Utilization project,
has been reported to be 0.38% and 0.33%, respectively.50

Similarly, the prevalence of membranoproliferative
glomerulonephritis and of cryoglobulinemia, identified
by administrative codes, among 34,204 HCV-infected
hospitalized US veterans was 0.36% and 0.57%, respec-
tively.51 Postmortem series have identified a higher
prevalence of nondiabetic glomerular disease in HCV-
infected subjects, ranging from 8.8 to over 50% of
cases.47,52 A series of kidney biopsies obtained from liver
transplant recipients showed glomerulonephritis in over
83% of cases.49 Perhaps the inconsistencies in these data
can be reconciled by the observation that many patients
with membranoproliferative glomerulonephritis docu-
mented by kidney biopsy have clinically silent renal
involvement.49

HCV may also exert direct cytopathic effects in renal
tissue.45,46,53 HCV viral particles or antigen has been
identified in glomeruli, endothelial cells, and tubules
in renal biopsy specimens from HCV-infected pa-
tients.45,46 HCV exposure has also been associated with
increased expression of toll-like receptors in
renal glomeruli.54 HCV core protein also directly
inhibits insulin signaling, leading to a state of insulin
resistance associated with compensatory hyperinsuline-
mia.45,46,55 HCV activates the mammalian target of
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rapamycin/ribosomal S6 kinase signal transduction
pathway, which in turn alters the function of glucose
transporters, insulin receptors, and the gluconeogenesis
enzyme phosphoenolpyruvate carboxykinase 2, leading
to insulin resistance.45,46,55 HCV core protein induces
increased oxidative stress and induces endothelial
dysfunction by decreasing endothelial nitric oxide syn-
thase activity and nitric oxide synthesis. HCValso exerts
immunomodulatory effects.45,46,55 HCV infects periph-
eral dendritic cells, monocytes, and macrophages and
stimulates B cells, which in turn modulates B- and T-
cell function. HCV core protein increases the synthesis
of proinflammatory cytokines including IL-6, C-
reactive protein, and nuclear factor kappa-light-chain
enhancer of activated B cells (NF-kB).55 Other down-
stream effects of HCV include increased levels of
insulin-like growth factor-1, transforming growth
factor-beta (TGF-b), and endothelin-1, and increased
angiotensin II type 1 receptor density.

Use of DAA Medications to Eradicate HCV in
Patients with CKD

Newer and highly effective therapeutic strategies for
treatment of HCV have had a significant impact in the
CKD and ESRD populations and may play a role in
the prevention of HCV-related kidney injury. In the
past, interferon and ribavirin constituted the only treat-
ment option for HCV, and outcomes were suboptimal
because of adherence issues related to toxicity.56 By
far, the most serious complication was hemolytic ane-
mia associated with ribavirin, which precluded its use
in most CKD patients. Research into the HCV life cycle
identified the opportunity to arrest viral replication and
infectivity within hepatocytes.57 The four types of
direct acting antivirals (DAAs) that were developed
include (1) NS3/4A protease inhibitors, (2) NS5A in-
hibitors, (3) NS5B nonnucleoside polymerase inhibi-
tors, and (4) NS5B nucleoside polymerase inhibitors.57

They are given for a finite duration, usually in combina-
tion, avoid the difficult adverse effects of interferon-
based therapies, and are curative. HCV type 1 is most
successfully treated with combination DAA therapy,
with cure rates exceeding 90%.57 Initial DAA regimens
used these agents in conjunction with pegylated inter-
feron and ribavirin. Sofosbuvir-containing regimens
later supplanted these strategies, and though effective,
were contraindicated in patients with a GFR less than
30 mL/min.58 Sofosbuvir is a nucleotide prodrug inhib-
itor of NS5B polymerase whose active metabolite is
eliminated predominantly through the kidney.58,59

Phase 3 clinical studies examining sofosbuvir and led-
pasvir combinations did not include patients with
CKD.59e61 However, sofosbuvir was subsequently

found to be well tolerated and effective in patients
with stages 3e5 CKD, including dialysis-dependent
CKD.58,62e66 Notwithstanding these data, FDA
approval of sofosbuvir is limited to individuals with
an eGFR >30 mL/min/1.73 m2. Other regimens are
now available for advanced CKD58,62

The C-SURFER trial was the first to examine an all
oral, ribavirin-free treatment for HCV in patients with
stages 4 and 5 CKD.67 The regimen used was grazopre-
vir (NS 3/4A protease inhibitor) in combination with
elbasvir (NS5A inhibitor). The recruited patients were
infected with HCV genotype 1; 76% were dialysis-
dependent. Less than 1% of the grazoprevir and elbas-
vir combination is excreted by the kidney and less than
5% of grazoprevir is removed by hemodialysis.67,68 The
regimen was generally well tolerated and after
12 weeks of therapy, 99% achieved a sustained viro-
logic response (SVR).67 In the RUBY-1 trial of 20 pa-
tients with hepatitis C infection and stage 4 CKD (14
of whom required dialysis), the combination of ombi-
tasvir/partparevir/ritonavir and dasabuvir with or
without ribavirin was examined.69 After 12 weeks of
therapy, all 20 patients had completed the trial and 18
achieved SVR. A phase 3 multicenter, open-label trial
(EXPEDITION 4) evaluated a 12 week course of ther-
apy with combination of glecaprevir (NS3/4A protease
inhibitor) and pibrentasvir (NS5A inhibitor) in 104 pa-
tients infected with HCV genotypes 1, 2, 3, 4, 5, or 6 and
a baseline eGFR <30 mL/min/1.73 m2.70 SVR was
achieved in 98% of patients. The current DAA regimens
approved for use in patients with advanced CKD
(stages 4 and 5) include Zepatier (combination of
grazoprevir and elbasvir), Viekira (combination of
ombitasvir, paritaprevir, dasabuvir, and ritonavir),
and Mavyret (combination of glecaprevir and
pibrentasvir).

The European Association for the Study of the Liver
Recommendations on Treatment of Hepatitis C, 2018
state that “All patients with HCV infection must be
considered for therapy, including treatment-naı̈ve and
individuals who failed to achieve SVR after prior treat-
ment.”71 Many commentators have suggested that pa-
tients with mild to moderate CKD are especially
attractive candidates for therapy and strongly
recommended universal therapy of such patients.
They emphasize the potential benefits of SVR on pre-
vention of diabetes mellitus, improvement in glycemic
control and cardiovascular outcomes and amelioration
of CKD progression. The purported benefits of SVR on
CKD are based on an emerging body of evidence sug-
gesting that SVR is associated with a reduced incidence
and prevalence of CKD, an improvement in eGFR, a
slower rate of progression of CKD, and a reduced inci-
dence of ESRD. Although the benefit of HCV therapy
and SVR on renal outcomes in HCV-associated
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glomerulonephritis is well established, the effects of
therapy designed to achieve SVR on renal outcomes
in the broader CKD population have not been entirely
consistent. Moreover, studies are often compromised
by small numbers of subjects, the frequent lack of an
untreated control group, and heterogeneity in treat-
ment regimens. These studies must also be interpreted
in light of the bias inherent in the selection of patients
for treatment.

Feng et al.72 performed a meta-analysis of 11 clinical
trials involving 225 patients with HCV-associated
glomerulonephritis treated with interferon-based
antiviral therapy. They reported a 2.71 g/24 h decrease
in urinary protein excretion associated with SVR. Mean
S[Cr] fell by 0.23 mg/dL. Others have found that DAA
therapy is associated with a full or partial remission of
cryoglobulinemic glomerulonephritis in nearly two-
thirds of cases.73

Among 12,384 Taiwanese HCV-infected patients who
were treated with pegylated interferon plus ribavirin
and followed for over 8 years, the multivariate-
adjusted risk of ESRD, identified by administrative
codes, was reduced by 85% compared with propensity
score-matched untreated HCV controls.74 Among 919
HCV-infected patients treated with an interferon-based
regimen in the same Taiwanese cohort, the 7-year cumu-
lative incidence of CKD was lower by 58% in adjusted
analysis compared with propensity score-matched un-
treated HCV controls.75 Similar results have been re-
ported by other investigators using interferon-based
regimens to treat HCV.37,74,76,77 In a cross-sectional study
of 552 HCV-infected patients, there was a fivefold
decrease in CKD in those who were treated with an
interferon-based regimen during a 7-year follow-up.37

Among 650 HCV-infected patients treated with inter-
feron with or without ribavirin, the failure to achieve a
SVR was associated with a 2.67-fold greater risk of
developing CKD.76 Among 12,534 HCV-infected pa-
tients treated with pegylated interferon and ribavirin
and followed for a mean of 3.3 years, antiviral therapy
was associated with a lower risk of ESRD in adjusted
analysis (HR 0.15).74 Consistent with these observations,
Park et al.77 observed a 30% reduction in the risk of
developing CKD among 55,000 newly diagnosed HCV-
infected individuals treated with interferon with or
without ribavirin or boceprevir, telaprevir, sofosbuvir,
or simeprevir plus pegylated interferon and ribavirin
or all oral therapy.

Similar benefits have been described among pa-
tients treated exclusively with DAA therapies.58,78,79

Sise et al.58 treated 98 HCV-infected patients with
stages 1e3 CKD with a sofosbuvir-based regimen. In
those with an eGFR less than 60 mL/min/1.73 m2 at

baseline, a multivariate linear regression model indi-
cated that SVR was associated with a 9.3 mL/min/
1.73 m2 improvement in GFR over a 6-month posttreat-
ment follow-up period. In contrast, no change in
eGFR was observed in those with stage 1 or stage 2
CKD at baseline. However, this study did not include
an untreated control group. Medeiros et al.79

also observed an increase in eGFR in HCV-infected pa-
tients 1 year after treatment with a sofosbuvir-based
regimen.

In contrast, other studies show no improvement in
renal outcome after DAA therapy and SVR.43,80,81 A
pooled analysis of phase 3 clinical trials of therapy
with ombitasvir/paritaprevir/ritonavir or dasbuvir
with or without ribavirin involving 5539 genotype 1
HCV-infected patients with stages 2e5 CKD and 464
placebo-treated controls followed for 52 weeks post
treatment showed no significant change in eGFR from
baseline, assessed 52 weeks after therapy.81 However,
those patients with stage 1 CKD at baseline experienced
a significant decline in eGFR. One year after treatment of
523 HCV-infected patients with mostly sofosbuvir-
containing DAA regimens, the rate of decline in eGFR
in those who achieved SVR was not different from un-
treated HCV-infected patients but was less than in
treated patients who failed to achieve SVR.80 Rossi
et al.43 also failed to find an association between SVR
and the rate of eGFR decline in HCV/HIV coinfected
patients.

First-generation DAAs have been associated with
transient AKI during therapy, and in the case of telap-
revir, with long-term reductions in eGFR.82,83 Several
trials of second-generation DAAs report an increased,
albeit low, incidence of AKI during therapy, which
may occur more frequently with sofosbuvir-
containing regimens and in those with more advanced
CKD at baseline.43,84e88 However, this signal has not
been observed in other trials.58,89 The use of different
criteria among various trials to define adverse renal
events confounds interpretation of data. A persistent
reduction in eGFR measured 12 weeks after the end of
therapy with second-generation DAAs as compared
with baseline values has also been reported in many
studies.85,86,90,91 Saxena et al.84 reported AKI, identified
by administrative codes, in 2% of all patients treated
with a sofosbuvir-containing regimen. However, the
rate of AKI rose to 15% in those with an eGFR less
than 45 mL/min/1.73 m2 at baseline. Among 43 HCV-
infected patients treated with sofosbuvir-containing
regimens, eGFR fell more than 6 mL/min/1.73 m2 at
the end of therapy and, in those with cirrhosis, failed
to recover 24 weeks after therapy. A meta-analysis of
13 trials which included 6884 HCV-infected subjects
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found that DAA therapy was associated with renal
functional deterioration in those with advanced CKD
at baseline.92 In contrast, the incidence of
sosofovir-induced AKI was not increased among 98
HCV-infected patients with stages 1e3 CKD at baseline
who were treated with a sosofovir-based regimen.58

Although nearly 7% of patients experienced a transient
episode of AKI with full recovery of renal function, in
all but one case, the investigators deemed all these
episodes to be unrelated to sofosbuvir therapy.

Several studies suggest that therapy of HCV-infected
liver transplant recipients with antiviral therapy has a
beneficial effect on renal outcomes.93e95 Satapathy
et al.94 treated 204 liver transplant recipients with
interferon and/or DAA and followed them for a median
of 5.5 years. They found an 88% lower risk of CKD, a less
steep rate of decline of eGFR over time and an 85% lower
risk of ESRD in treated patients. Similarly, in a study of
99 HCV-infected liver transplant recipients with stage 2
CKD at baseline who were treated with pegylated inter-
feron and ribavirin and followed for up to 5 years, SVR
was associated with a 16 mL/min/1.73 m2 improve-
ment in eGFR compared with nonresponders.93 Howev-
er, among 31 treated patients with stage 3 CKD at
baseline, there was no difference in eGFR between re-
sponders and nonresponders.

The decision whether or not to treat an HCV-infected
individual suffering from late-stage CKD with a second-
generation DAA entails consideration of the individ-
ual’s kidney transplantation status. Immediate therapy
may be warranted in living donor kidney transplant
candidates, CKD due to HCV-related glomerulone-
phritis or in those suffering from advanced liver disease
at high risk for decompensated liver failure. However,
successful treatment of an HCV-positive candidate for
a deceased donor kidney may result in a substantial
delay or a lost opportunity for transplantation. The
wait list for a kidney harvested from a deceased HCV-
positive donor is on average one year shorter, and up
to several years shorter, than for a HCV-negative
deceased donor, giving HCV-positive recipients a sub-
stantial advantage in securing a kidney transplant.96

Thus, deferring DAA therapy until after kidney trans-
plantation may result in a substantial reduction in wait
time. This advantage is greater in geographic regions
with a high prevalence of anti-HCV seropositive
deceased kidney donors and in those regions with a
long wait list. Of course, patient preference and whether
or not the local kidney transplant center accepts anti-
HCV seropositive deceased donor kidneys are of para-
mount importance. Other considerations include HIV
coinfection, which may increase the risk of decompen-
sated liver failure, dialysis vintage which determines
accumulated wait time credit, the average wait time

for a deceased donor kidney in the local geographic
area, and the HCV genotype which determines the
complexity of treatment.

HEPATITIS B VIRUS INFECTION

Controversy also surrounds the relationship between
CKD and HBV infection. A meta-analysis of four longi-
tudinal studies which included 184,937 subjects, 36,192
of whomwere infected with HBV, found that HBV infec-
tion was associated with incident ESRD (HR 3.78
[1.48,6.25]) as well as incident CKD, however, the latter
association did not achieve statistical significance.97 In
contrast, the meta-analysis found no relationship be-
tween HBV infection and the prevalence of CKD in
seven cross-sectional or case-control studies which
included 109,889 subjects, 8023 of whom were infected
with HBV. The meta-analysis also found no relationship
between HBV infection and the prevalence of protein-
uria. More recently, several large studies have confirmed
the association of HBV with CKD. Si et al.98 found an as-
sociation between HBV infection and incident CKD,
identified by administrative codes, among 469,459 sub-
jects followed for 9.1 years, of which 14,871 were sero-
positive for HB surface antigen. Similarly, Hong et al.99

found an association between HBV infection and inci-
dent proteinuria, but not incident eGFR <60 mL/min/
1.73 m2, among 299,913 subjects followed for 5.6 years,
of which 11,209 were seropositive for HB surface anti-
gen. Unlike the aforementioned meta-analysis, Kim
et al.100 found an association between HBV infection
and prevalent eGFR <60 mL/min/1.73 m2 and protein-
uria among 265,086 subjects, of which 10,048 were sero-
positive for HB surface antigen.

Many of the same limitations identified in studies of
HCV infection and CKD also apply to studies that
address the relationship between HBV infection and
CKD. Similarly, the mechanisms invoked to explain
the effects of HBV infection on the development and
progression of CKD are analogous to those postulated
to mediate the effects of HCV infection on CKD. Pro-
posed mediators include enhanced oxidative stress,
upregulation of inflammatory cytokines, insulin resis-
tance, modulation of immune responses, and cytopathic
effects of HBV on renal tissue.

Therapy of HBV-associated glomerulonephritis with
an interferon-based regimen or with lamivudine leads
to remission of proteinuria in nearly two-thirds of cases
and reduces the risk of progression to ESRD.52,101e103

Eradication of HBV infection reduced the risk of incident
ESRD in a propensity-matched cohort of HBV-infected
subjects with CKD.103 On the other hand, most of the
nucleos(t)ide analogs used to treat HBV infection have
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been associated with deterioration of renal function,
likely related to the nephrotoxicity of these agents.104

The sole exception is tebivudine which was associated
with an increase in eGFR in treated patients which per-
sisted after 4e6 years of follow-up. The mechanisms
responsible for this effect are unclear insofar as no rela-
tionship was observed between sustained viral response
and the improvement in eGFR.104

NONALCOHOLIC FATTY LIVER DISEASE

Nonalcoholic fatty liver disease (NAFLD) represents
a burgeoning public health concern of enormous impor-
tance. NAFLD is defined by the accumulation of liver fat
exceeding 5% of liver weight in the absence of signifi-
cant alcohol intake or other secondary causes of chronic
liver disease.105e111 NAFLD encompasses a spectrum of
liver injury ranging from simple steatosis to the more se-
vere inflammatory form, nonalcoholic steatohepatitis
(NASH), and ultimately advanced fibrosis and
cirrhosis.105e111 20e30% of the adult population of west-
ern countries are estimated to suffer fromNAFLD.105e111

The prevalence of NALFD is even greater among the
obese and among diabetics. NAFLD is generally
regarded as the hepatic manifestation of the metabolic
syndrome.

Complex interrelationships have been proposed to
explain cross talk between the liver and kidney in
NAFLD. Cross talk may be mediated by the synthesis
and systemic release of proinflammatory and procoagu-
lant factors released by steatotic, necrotic, and apoptotic
hepatocytes, nonparenchymal Kupffer cells and hepatic
stellate cells. Cross talk may also be mediated by insulin
resistance or dyslipidemia associated with NAFLD. Spe-
cifically, NAFLD has been associated with increased
circulating levels of inflammatory cytokines and other
inflammatory mediators (TNF-a, TGF-b, IL-6, and C-
reactive protein), a procoagulant profile (increased
plasminogen activator inhibitor-1, decreased tissue plas-
minogen activator, and decreased fibrinolytic factors),
and evidence of increased oxidative stress.105e111

Increased production of fetuin A by the liver in NAFLD
promotes insulin resistance by inhibiting insulin signal
transduction and by reducing adiponectin levels in adi-
pose tissue and in plasma.105e111 A fall in adiponectin
levels reduces activation of the energy sensor, 50 adeno-
sine monophosphate activation protein kinase, which in
turn acts to decrease insulin sensitivity and induce insu-
lin resistance and dyslipidemia. These effects are medi-
ated by the influx of free fatty acids into the liver to
increase liver gluconeogenesis, lipogenesis, and fatty
acid oxidation.105e111 These actions promote hepatic
inflammation, cell proliferation, and fibrosis. An in-
crease in proinflammatory cytokines and a decrease in

protective adipokines released from inflamed visceral
adipose tissue may also contribute to both liver and kid-
ney injury.105e111 These metabolic alterations make the
liver both a target and a contributor to a systemic inflam-
matory response in which the kidney is also a target. In
addition, endothelial dysfunction and activation of the
renineangiotensin system have been postulated to
play a role in liver-kidney cross talk in NAFLD.

Despite the elucidation of intricate pathways that
might mediate liver-kidney cross talk in this disorder,
the clinical data supporting the role of NAFLD in pro-
moting CKD remains controversial. Recent studies
have demonstrated an association between NAFLD
and CKD which survives multivariate analysis, leading
to the suggestion that NAFLD may be an independent
risk factor for the development and progression of
CKD.105e111 However, NAFLD and CKD share multiple
common risk factors, and both have been associated
with abdominal obesity, hypertension, diabetes mellitus,
dyslipidemia, and insulin resistance.105e111 The para-
mount issue revolves around the role that common
pathogenic mechanisms and shared risk factors play,
and whether or not the purported effects of NAFLD
on the progression of CKD are truly independent of
these shared risk factors.

Most studies demonstrate an association between the
presence and the severity of NAFLD and the risk and
severity of CKD after adjusting for traditional risk fac-
tors. In these cohorts, the prevalence of CKD in patients
with NAFLD ranges from 10% to 20%.112 In addition,
most liver biopsy cohorts have shown a correlation be-
tween the histologic severity of NASH and renal
dysfunction.112

Musso et al.112 performed a meta-analysis of 20 cross-
sectional and 13 longitudinal studies that included
nearly 64,000 screened individuals. Patient-level data
were available in nearly half of the subjects. Prevalent
CKD was over twice as common in NAFLD compared
with controls, and incident CKD was 1.8 times more
common in NAFLD compared with controls. The
severity of NAFLD was associated with the severity of
CKD. In adjusted analyses of liver biopsy studies, the
presence of NASH increased the prevalence of CKD by
2.5-fold, and increased the incidence of CKD by over
2-fold compared with simple steatosis. The presence of
advanced fibrosis increased the prevalence of CKD by
5.2-fold and increased the incidence of CKD by
3.3-fold compared with nonadvanced fibrosis.

Mantovani et al.113 performed a meta-analysis of nine
prospective or retrospective observational cohorts con-
sisting of nearly 100,000 subjects followed for a mean
of 5.2 years. They found that NAFLD was associated
with a 40% increase in the incidence of CKD. Further-
more, increased severity of NAFLD was associated
with an increased risk of developing CKD.
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Newer noninvasive techniques to detect NAFLD
have recently been employed to study the relationship
between CKD and NAFLD. The use of transient elastog-
raphy to generate a controlled attenuation parameter
score to quantitate steatosis and a liver stiffness score
to quantitate fibrosis led to the observation that over
85% of patients with CKD had NAFLD, and that the
severity of CKD correlated with the severity of hepatic
steatosis.114 Similar findings have been reported by
other investigators.115,116

The limitations of the studies that report an associa-
tion between NAFLD and CKD are significant and argu-
ably compromise the validity of conclusions drawn from
the accumulated data. The observational nature of these
studies does not allow for a conclusion of causality.
Despite utilization of multivariate analysis, residual un-
measured confounding factors cannot be excluded.
Studied cohorts have been heterogeneous and vary by
age, ethnicity, duration of follow-up, and prevalence of
diabetes and hypertension. In addition, there is hetero-
geneity of kidney disease outcome parameters. Most
population-based cohort studies rely on liver enzyme
abnormalities or ultrasound examination to diagnose
NAFLD without liver biopsy confirmation. Even liver
biopsy diagnosis is subject to sampling error, because
NAFLD may be patchy in distribution. Moreover, co-
horts that underwent liver biopsies have been small in
size, generally lack a control group, and suffer from se-
lection bias. Misclassification of NAFLD cases due to the
low sensitivity of liver enzyme abnormalities and ultra-
sound examination may obscure relationships between
NAFLD and CKD. Ultrasound-based diagnosis is sub-
jective and qualitative in nature and in cases where
less than 30% of hepatocytes are steatotic, the sensitivity
is limited to 60e90%.105e111 However, in more severe
NAFLD, the sensitivity rises to 85e94% with a
specificity in the mid-90s range. Use of abnormal liver
enzymes as a surrogate marker for NAFLD lacks both
sensitivity and specificity. In fact, liver enzyme tests
may be normal in up to 50% of patients with
NAFLD.105e111

Misclassification of CKD cases due to overestima-
tion of kidney function in liver disease may also
obscure relationships between NAFLD and CKD. The
equations used to estimate GFR overestimate renal
function in severe liver disease and underestimate
the incidence and prevalence of CKD in this
population, which may mask relationships between
NAFLD and CKD. Although patients with cirrhosis
were excluded from most studies, S[Cr] tends to be
lower in patients with severe liver disease due to mus-
cle wasting, reduced hepatic generation of creatinine
from creatine, and increased tubular secretion of
creatinine.

MECHANISMS OF KIDNEY-LIVER
CROSS TALK

The existence of renal-hepatic cross talk has been
clearly established in animal models of CKD. However,
to what extent these experimental observations in ani-
mal models of CKD can be extrapolated to CKD in
humans is not clear. Unilateral nephrectomy promotes
liver injury and the development of steatohepatitis. Uni-
lateral nephrectomy is associated with dysregulation of
lipidmetabolism, insulin resistance, hyperglycemia, and
a redistribution of fat from adipose to nonadipose tis-
sue.117 There is evidence of ectopic fat deposition in
the liver and kidney and increased oxidative stress
and upregulation of TGF-b in both organs. These meta-
bolic alterations are mediated by the renineangiotensin
system insofar as angiotensin-converting enzyme inhib-
itors reverse these effects.

Studies performed by Park et al.118 have implicated
inflammatory cytokines as the primary mediators of
remote hepatic injury associated with renal disease.
Bilateral nephrectomy in the rat was associated with
elevated transaminase levels and hepatocellular injury
characterized by apoptosis and inflammation. These
distant effects on the liver were attributed to increased
synthesis and release of IL-17A by intestinal Paneth
cells. Increased systemic delivery of IL-17A to the liver
by circulating macrophages induced hepatic neutrophil
infiltration, hepatic cellular necrosis and apoptosis,
transaminitis, and increased hepatic expression and
release of IL-6 and TNF-a. The latter cytokines
magnified tissue injury. Administration of neutralizing
antibodies to IL-17A, genetic deficiency of IL-17A, or
genetic or pharmacologic depletion of Paneth cells
reduced hepatic injury after bilateral nephrectomy,
supporting the putative role of IL-17A in mediating
the remote effects of renal injury on the liver. Also of in-
terest is the observation that bilateral nephrectomy
exacerbated hepatic injury after hepatic ischemia
reperfusion.

Studies by other investigators have focused on the
role of oxidative stress in mediating remote hepatic
injury associated with renal disease.119e121 Following
bilateral nephrectomy in rats, hepatic lipid peroxidation
products increased, whereas levels of the antioxidant
molecule glutathione decreased.121 Enzyme markers of
liver injury were transiently increased in association
with histologic evidence of hepatic cellular injury
including apoptosis, leukocyte infiltration, and vascular
congestion. Levels of TNF-a and the antiinflammatory
cytokine IL-10 were elevated. An important role for
increased oxidant stress in mediating these remote ef-
fects on the liver was suggested by the ability of infused
reduced glutathione to partially prevent hepatic injury
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and blunt hepatic lipid peroxidation. An important role
for increased oxidative stress in mediating kidney/liver
cross talk was also demonstrated in a protein overload
nephropathy model.119,120

HEPATIC DRUG METABOLISM

CKD alters the pharmacokinetics of over 75 drugs
whose elimination depends on nonrenal, predominantly
hepatic, clearance. In general, CKD is associated with
reduced hepatic drug clearance, although in some cases
hepatic clearance is enhanced. The magnitude of the
change in hepatic drug clearance generally correlates
with the degree of renal functional impairment.

Cytochrome P450 (CYP) enzymes are a superfamily of
hemoproteins that play a key role in the metabolism of
endogenous substrates, therapeutic agents, and environ-
mental chemicals.116,122e128 The CYP3 family is respon-
sible for most CYP-mediated drug metabolism. These
enzymes are present in a variety of organs but are most
abundant in the liver.116,122e128 Experimental evidence
suggests CKD influences CYP-mediated hepatic drug
metabolism by multiple different mechanisms: by
directly inhibiting CYP enzyme activity, by influencing
CYP gene transcription, and by acting at posttranslational
and epigenetic levels.116,122e128 The remote effects of CKD
onCYP enzymes are likelymediated by both the accumu-
lation of uremic toxins and by the generation of cytokine
mediators.116,122e128 Although CKD generally inhibits
CYP enzyme activity and suppresses CYP protein expres-
sion, CYP inducibility is retained, with important clinical
implications.129,130

The effect of subtotal nephrectomy on hepatic drug
clearance pathways has been studied by several investi-
gators. Leblond et al.129,130 found a reduction in total he-
patic microsomal CYP activity associated with a
reduction in the protein expression of several hepatic
CYP proteins. These changes paralleled a reduction in
the clearance of drugs that are known substrates for
these hepatic CYP enzymes. The reduction in CYP activ-
ity correlated with the severity of renal functional
impairment in this as well as in other studies.129e133

Although total hepatic microsomal CYP activity was
reduced, inducibility by dexamethasone and phenobar-
bital was retained.129,130 The reduction in CYP protein
expression was transcriptionally mediated, as
evidenced by a parallel reduction in mRNA levels. The
relationship between subtotal nephrectomy and CYP ac-
tivity and protein expression has been replicated by
other investigators, although the pattern of CYP
alterations has not been entirely consistent.131e135

The metabolic activity of hepatic CYP2D was assessed
in an isolated rat liver preparation using a specific CYP
substrate as a probe. Hepatic drug clearance declined

when normal rat livers or livers from rats made uremic
with uranyl nitrate were perfused with uremic blood.136

Hepatic drug clearance was restored when livers from
uremic rats were perfused with normal blood. The
rapidity of onset of the effects of uremic serum suggests
a direct and reversible inhibitory effect of a circulating
uremic toxin on CYP enzyme activity.

Michaud et al.137 showed that incubation of normal
rat hepatocytes with serum from patients with CKD
had a widespread suppressive effect on CYP enzyme
activity and protein expression, and that these effects
were mediated at a transcriptional level. Several small
molecular weight uremic toxins have been identified
that inhibit CYP activity in vitro at concentrations
achieved in humans with CKD.131,138 Yoshitani
et al.138 found that incubation of hepatic microsomal
preparations from normal livers with uremic serum ob-
tained from rats with bilateral ureteral ligation reduced
the metabolism of a specific CYP substrate probe, and
that this effect was reproduced by exposure of the
microsomal preparations to the putative uremic toxin
indoxyl sulfate. Barnes et al.131 found a potent suppres-
sive effect of several known uremic toxins on CYP ac-
tivity in human liver microsomes. These data support
the hypothesis that circulating uremic toxins mediate
the inhibitory effects of CKD on CYP activity, protein
expression, and mRNA levels. It would follow that
removal of these toxins by RRT or kidney transplanta-
tion would restore hepatic drug metabolism. Several
studies have demonstrated that both RRT and kidney
transplantation reverse the inhibitory effects of uremic
serum on the hepatic clearance of drugs that are specific
substrates for hepatic CYP enzymes, as well as on
hepatic CYP protein expression and mRNA levels in
hepatocyte microsomal preparations and in isolated
hepatocytes.139,140

The inhibitory factor in CKD serum has been isolated
to a serum fraction that contained parathyroid hormone
and proinflammatory cytokines.137 Several investigators
have suggested that proinflammatory cytokines such as
IL-6, TNF-a, and NF-kB mediate the effects of CKD on
CYP activity and protein expression. The NF-kB
signaling pathway may be the final common pathway
transducing the suppressive effects of other proinflam-
matory cytokines. Michaud et al.139 proposed that the
inhibitory effects of uremic human serum on CYP
expression in normal rat hepatocytes were mediated
by NF-kB, because inhibition of NF-kB reversed these ef-
fects. Michaud et al.141 also suggested a prominent role
for elevated parathyroid hormone levels in mediating
the suppressive effects of uremic sera on CYP activity
and protein synthesis and went on to hypothesize that
this effect is mediated through NF-kB. The suppressive
effects of serum from rats made uremic with subtotal ne-
phrectomy on CYP protein expression, mRNA levels,
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and enzyme activity in preparations of normal rat
hepatocytes correlated with parathyroid levels. These ef-
fects were reversed by parathyroidectomy or depletion
of parathyroid hormone by immunoadsorption and
were restored by administration of exogenous parathy-
roid hormone. Inhibition of NF-kB prevented the effects
of exogenous parathyroid hormone on CYP activity.
However, other investigators failed to find a
correlation between CYP activity and parathyroid hor-
mone levels.140

In a subtotal nephrectomy model, Velenosi et al.142

proposed that the effects of CKD on hepatic CYP activ-
ity, protein expression, and mRNA levels occur both at
transcriptional and epigenetic levels. Several CYP iso-
forms are transcriptionally regulated by the nuclear re-
ceptors pregnane X receptor and hepatic nuclear factor
4a. These investigators demonstrated reduced nuclear
receptor binding and decreased histone acetylation of
CYP promoter regions in CKD animals. Interestingly,
Gu et al.143 have shown that the ability of TNF-a to sup-
press CYP3A4 is mediated by NF-kB. NF-kB prevents
the association of the pregnane X receptor with the reti-
noid X receptor, which in turn prevents the heterodimer
from binding to the promoter region of CYP3A4. Wata-
nabe et al.144 reported that CYP3Awas downregulated
in rat primary hepatoctyes by parathyroid hormone
through multiple signal transduction pathways.
Increased intracellular cyclic adenosine monophos-
phate levels led to activation of phosphatidylinositol
3-kinase-protein kinase B/protein kinase C/protein ki-
nase A/NF-kB pathways which ultimately suppressed
pregnane X receptor activity. They further demon-
strated that administration of a calcimimetic partially
reversed CYP inhibition in a subtotal nephrectomy
model. Thus, the NF-kB pathway may be crucial to
interactions between CKD and hepatic CYP activity
and may represent a final common pathway for the ef-
fects of proinflammatory cytokines and PTH on CYP
activity.

Using specific hepatic CYP substrates as probes to
assess hepatic CYP activity in humans, investigators
have confirmed that experimental observations on inter-
actions between CKD and CYP activity translate to clin-
ical practice.116,122e128 Reductions in CYP activity
observed in experimental models parallel increased
bioavailability of numerous drugs known to be specific
CYP substrates in humans with both dialysis-
dependent and nondialysis-dependent CKD.116,122e128

The magnitude of the effects of CKD on hepatic drug
metabolism correlates with renal function, and the
effects are reversed by RRT or kidney transplantation.

Active transport of drugs across the sinosoidal mem-
brane of hepatocytes to access hepatic metabolic

enzymes is mediated by transporters such as the organic
anion transporting polypeptide family of transporters,
expressed on the sinosoidal surface of
hepatocytes.116,122e128 P-glycoprotein and multidrug
resistance-associated protein-2 are energy-dependent
efflux transporters on the canalicular membrane of he-
patocytes, responsible for extrusion of drug metabolites
into bile canaliculi.116,122e128 Drug uptake and efflux
transporters regulate intracellular exposure of sub-
strates to hepatic CYP and may be rate-limiting for he-
patic drug metabolism. These transporters are also
expressed on renal proximal tubules and
enterocytes.116,122e128

Hepatic organic anion transporting polypeptide
protein-mediated uptake of specific drug probes is
reduced in humans with ESRD.126 In addition, organic
anion transporting polypeptide activity is inhibited
in vitro by uremic toxins.145 In a subtotal nephrectomy
model and in in vitro studies of normal rat hepatocytes
incubated with uremic rat serum, Naud et al.146

showed reduced organic anion transporting polypep-
tide protein expression in the absence of changes in
mRNA levels. However, data on the effects of CKD
on P-glycoprotein and multidrug resistance-
associated protein expression and mRNA levels in the
subtotal nephrectomy model have been
inconsistent.146,147

Although the majority of drug metabolized by the
liver undergoes oxidation, the hepatic elimination of
other drugs is mediated by conjugation reactions,
including glucuronidation and acetylation, mediated
by the enzyme uridine diphosphate-glucuronosyl trans-
ferase, and N-acetyl-transferase, respec-
tively.122,123,126,148 Using drug probes, investigators
have demonstrated reduced hepatic acetylation in
humans with ESRD.122,123 Reversal of the uremic milieu
by renal transplantation restores hepatic clearance of
drugs whose elimination is dependent on acetyla-
tion.122,123 Similarly, normal rat hepatocytes incubated
with uremic serum from rats which had undergone sub-
total nephrectomy show reduced N-acetyl-transferase
activity and protein expression mediated at a transcrip-
tional level.148 These effects were reversed by parathy-
roidectomy and reproduced by incubation of rat
hepatocytes with exogenous parathyroid hormone. Us-
ing drug probes, investigators have also demonstrated
reduced hepatic drug glycuronidation in humans with
CKD, the magnitude of which correlated with the level
of renal function.126 P-cresol, a putative uremic toxin,
inhibited uridine diphosphate-glucuronosyl transferase
activity in human liver microsomes.131 However, other
experimental data have yielded inconsistent results.
No changes in uridine diphosphate-glucuronosyl
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transferase activity or in protein expression were
observed in a subtotal nephrectomy model of CKD in
the rat.149

Adding further complexity to the situation is the fact
that effects of CKD on hepatic CYP and drug transporter
protein function may not necessarily translate into the
change in serum drug concentration that might be ex-
pected from the observed changes in hepatic meta-
bolism. CKD may have effects on CYP and drug
transporter protein activity in the intestine or kidney
than are opposite to those seen in the liver. Furthermore,
CKD may have additional effects on organ perfusion,
drug plasma protein binding and volume of distribu-
tion, renal clearance, and extrahepatic metabolism that
offset or magnify the effects of CKD on the hepatic
metabolism of a given drug. Thus, the net effect on
drug pharmacokinetics is a complex interplay between
all these competing or complementary actions, and
further translational research will be critical.

CONCLUSIONS

Accumulating evidence derived from basic science
and clinical studies supports the existence of bidirec-
tional cross talk between the kidney and the liver. These
studies suggest that chronic liver disease promotes the
development and accelerates the progression of CKD,
and that CKD accelerates the progression of chronic
liver disease. The data are most robust for interactions
between the kidney and decompensated liver disease
in the context of HRS-CKD, in HCV-related liver disease
and in NAFLD. Upregulation of proinflammatory cyto-
kines plays a paramount role in mediating these interac-
tions. CKD also alters hepatic drug metabolism via
effects on hepatic CYPs and hepatic drug transporter
proteins, mediated by the accumulation of uremic toxins
and release of proinflammatory cytokines. These inter-
actions significantly influence drug dosing in patients
with combined liver and renal disease. Opportunities
for future research may be directed toward enhancing
our understanding of the molecular pathways that
mediate liver-kidney cross talk. Elucidation of the com-
plex interactions between the liver and kidney may lead
to therapeutic interventions directed toward slowing the
progression of both liver and kidney disease and may
provide novel therapeutic strategies, directed primarily
toward the liver, to retard the progression of CKD in pa-
tients with combined liver and kidney disease. The
emergence of newer DAAs warrant a reappraisal of
the effects of sustained viral remission on the progres-
sion of CKD, to better inform our therapeutic decisions
in HCV-infected patients with CKD.
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QUESTIONS AND ANSWERS

Question 1

A 54-year-old man infected with HCV develops the
acute onset of oliguric AKI in the setting of decompen-
sated cirrhosis which fails to respond to diuretic with-
drawal or intravenous albumin infusion. Which of the
following statements about the patient is most likely to
be correct?

A. The renineangiotensin system is suppressed
B. Arginine vasopressin levels are reduced
C. Nitric oxide levels are low
D. Cardiac output is reduced
E. A beneficial effect of blockade of the

renineangiotensin system is anticipated

Answer: D
Cirrhosis is characterized by deranged liver architec-

ture leading to increased intrahepatic vascular resis-
tance which in turn leads to increased portal vein
pressure.1e5 Release of systemic vasodilators, classically
thought to arise as a response to portal hypertension,
leads to peripheral vasodilation and decreased vascular
resistance. The recruitment of compensatory mecha-
nisms to maintain renal perfusion in the face of reduced
effective arterial volume constitutes the hallmark of the
HRS. These compensatory mechanisms include release
of systemic vasoconstrictors, upregulation of the renine
angiotensin system, and activation of the sympathetic
nervous system, increased nonosmotic release of vaso-
pressin, and increased generation of potent vasocon-
strictors. In early stages of cirrhosis, increased cardiac
output maintains renal perfusion. However, in
advanced cirrhosis, the ability of the heart to compen-
sate is limited by cirrhotic cardiomyopathy and cardiac
output declines.

Question 2

A 35-year-old woman with alcoholic cirrhosis de-
velops the acute onset of oliguric AKI in the setting of
decompensated cirrhosis which fails to respond to
diuretic withdrawal or intravenous albumin infusion.
Which of the following statements about the patient is
most likely to be correct?

A. TNF-a levels are suppressed
B. Interleukin-6 levels are reduced
C. Urinary biomarkers of renal injury are absent
D. Circulating pathogen-associated molecular patterns

are absent
E. An inflammatory state exists

Answer: E
It has recently been suggested that the primary factor

responsible for the release of vasodilatory mediators in
the HRS is increased circulating levels of cytokines and
chemokines resulting from chronic inflammation associ-
ated with decompensated liver disease.2,13 Cirrhosis is
associated with increased gastrointestinal permeability,
altered gastrointestinal microbiome, and translocation
from the gastrointestinal tract of bacteria and bacterial
products into the circulation. These bacterial products
along with mediators released by apoptotic and necrotic
hepatocytes stimulate the production of proinflamma-
tory cytokines and chemokines, reactive oxygen species,
and nitrogen species and activate immune cells. Decom-
pensated cirrhosis is associated with increased levels of
interleukin-6, interleukin-8, and TNF-a. Renal dysfunc-
tion in patients with decompensated liver failure has
been correlated with circulating levels of proinflamma-
tory cytokines.

Question 3

A 24-year-old woman with alcoholic cirrhosis de-
velops a slowly progressive rise in the level of S[Cr]
from 0.4 to 1.6 mg/dL over 3 weeks, which fails to
respond to diuretic withdrawal or intravenous albumin
infusion. Which of the following statements about the
patient is most likely to be correct?

A. This is the most common clinical presentation of the
HRS

B. This disorder is likely to show a sustained response
to intravenous albumin and terlipressin

C. Post liver transplant renal outcomes are favorably
influenced by therapy with intravenous albumin and
terlipressin

D. This disorder is not associated with an inflammatory
state

E. Even if intravenous albumin and terlipressin
improve renal function in the short term, relapse is
frequent

Answer: E
HRS-CKD is uncommon, accounting for only 5e11%

of patients with cirrhosis and renal dysfunction. Treat-
ment with intravenous albumin and terlipressin or
noradrenaline can reverse HRS-CKD in more than half
the cases.18,19 However, responders experience a high
relapse rate early after withdrawal of therapy. Relapse
may occur in two-thirds of initial responders. Treatment
of HRS-CKDwith albumin volume expansion and vaso-
constrictors is controversial and is not recommended by
international practice guidelines due to inconsistent out-
comes data.2 After liver transplantation, there was no
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difference in eGFR or in the development of CKD on
follow-up, ranging up to 1 year, based on response to
therapy.19

Question 4

A 69-year-old man with stage 5 chronic kidney dis-
ease is begun on therapy with warfarin, a drug that is
subject to cytochrome P450 metabolism. Which of the
following statements about the patient is most likely to
be correct?

A. His chronic kidney disease status will have no effect
on hepatic drug metabolism

B. The patient may require a lower dose of warfarin as a
result of chronic kidney disease

C. Chronic kidney disease is associated with
upregulation of most cytochrome P450 enzymes

D. Parathyroid hormone is not involved in cross talk
between the kidney and hepatic drug metabolism

E. Chronic kidney disease does not influence
gastrointestinal absorption of some drugs

Answer: B
CKD alters the pharmacokinetics of over 75 drugs

whose elimination depends on nonrenal, predomi-
nantly hepatic clearance. In general, CKD is associated
with reduced hepatic drug clearance, although in some
cases hepatic clearance is enhanced. The magnitude of
the change in hepatic drug clearance generally corre-
lates with the degree of renal functional impairment.
The remote effects of CKD on cytochrome P450
enzymes and drug transport proteins in the liver, kid-
ney, and gastrointestinal tract are likely mediated by
both the accumulation of uremic toxins including para-
thyroid hormone and by the generation of cytokine
mediators.

Question 5

A 24-year-old HCV-infected man presents with
microscopic hematuria and nephrotic syndrome. Which
of the following statements about the patient is most
likely to be correct?

A. Focal and segmental glomerulosclerosis is the most
likely cause of nephrotic syndrome in this patient

B. Deposition of immune complexes containing viral
antigens will not be demonstrated on kidney biopsy

C. HCV infection probably did not play a role in the
development of glomerulonephritis in this patient

D. Interleukin-6 levels are reduced in this patient
E. Membranoproliferative glomerulonephritis is the

most likely cause of nephrotic syndrome in this
patient

Answer: E
Glomerular disease is a well-described extrahepatic

manifestation of HCV infection.45e47 A systemic im-
mune response to HCV infection is thought to contribute
to glomerular injury. Glomerular disease may be medi-
ated by HCV-antibody immune complex deposition
with or without cryoglobulin formation. Deposition of
immune complexes containing viral antigens has been
demonstrated in mesangial and subendothelial
locations. The most common histologic pattern of
glomerular injury is membranoproliferative glomerulo-
nephritis; however, membranous glomerulopathy, focal
and segmental glomerulosclerosis, IgA nephropathy,
immunotactoid and fibrillary glomerulopathies,
amyloidosis, and thrombotic microangiopathy have
been described in HCV-infected patients.

Question 6

A 35-year-old HCV-infected man with stage 5 chronic
kidney disease presents for antiviral therapy. Which of
the following statements about the patient is most likely
to be correct?

A. Sofosbuvir is approved by the Food and Drug
Administration to treat this patient

B. Newer DAA agents may be expected to achieve a
SVR in 25% of such cases

C. Transplantation status is not relevant to the decision
whether or not to delay antiviral therapy in this
patient

D. An interferon-based regimen is preferred due to the
patient’s age

E. A regimen containing grazoprevir and elbasvir is
approved by the Food and Drug Administration to
treat this patient

Answer: E
In the past, interferon and ribavirin constituted the

only treatment option for HCV, and outcomes were sub-
optimal because of adherence issues related to toxicity.56

Research into the HCV life cycle identified new opportu-
nities to arrest viral replication and infectivity within he-
patocytes. The four types of DAAs that were developed
include (1) NS3/4A protease inhibitors, (2) NS5A inhib-
itors, (3) NS5B nonnucleoside polymerase inhibitors,
and (4) NS5B nucleoside polymerase inhibitors.57 They
are given for a finite duration, usually in combination,
avoid the difficult adverse effects of interferon-based
therapies, and are curative. The current DAA regimens
approved for use in patients with advanced CKD (stages
4 and 5) include Zepatier (combination of grazoprevir
and elbasvir), Viekira (combination of ombitasvir, pari-
taprevir, dasabuvir, and ritonavir), and Mavyret
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(combination of glecaprevir and pibrentasvir). FDA
approval of sofosbuvir is limited to individuals with a
GFR>30 mL/min/m2. The decision whether or not to
treat an HCV-infected individuals suffering from late-
stage CKD with a second-generation DAA entails

consideration of the individual’s kidney transplantation
status. Successful treatment of an HCV-positive candi-
date for a deceased donor kidney may result in a sub-
stantial delay or a lost opportunity for transplantation.96
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