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A B S T R A C T

Background. Hepatorenal syndrome (HRS) is a life-
threatening complication of advanced liver cirrhosis that is
characterized by hemodynamic alterations in the kidney and
other vascular beds. Cytochrome P(CYP)-450 enzymes metabo-
lize arachidonic acid to epoxyeicosatrienoic acids (EETs) and
20-hydroxyeicosatetraenoic acids. These eicosanoids regulate
blood pressure, vascular tone and renal tubular sodium trans-
port under both physiological and pathophysiological states.
Methods. Experiments were performed to investigate the role of
the CYP system in the pathogenesis of renal dysfunction during
cirrhosis. Rats underwent bile duct ligation (BDL) or sham sur-
gery and were studied at 2, 4 and 5 weeks post-surgery. In addi-
tional experiments, post-BDL rats were treated with three daily
intraperitoneal doses of either the selective epoxygenase inhibitor
N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide
(MSPPOH) or a vehicle, starting on Day 22 after surgery.
Results. BDL led to progressive renal dysfunction that was asso-
ciated with reduced renal cortical perfusion but without any
overt histologic changes, consistent with HRS. CYP isoform
enzyme expression was significantly altered in BDL rats. In the
kidney, CYP2C23 expression was upregulated at both the
mRNA and protein levels in BDL rats, while CYP2C11 was
downregulated. Histologically, the changes in CYP2C23 and
CYP2C11 expression were localized to the renal tubules. EET
production was increased in the kidneys of BDL rats as assessed
by urinary eicosanoid levels. Finally, treatment with the selective
epoxygenase inhibitor MSPPOH significantly reduced renal
function and renal cortical perfusion in BDL rats, suggesting a
homeostatic role for epoxygenase-derived eicosanoids.
Conclusions. The CYP/EET pathway might represent a novel
therapeutic target for modulating renal dysfunction in advanced
cirrhosis.
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I N T R O D U C T I O N

Hepatorenal syndrome (HRS) is a common and severe compli-
cation of advanced cirrhosis and fulminant acute liver failure. It
occurs in 11% of cirrhotics with refractory ascites and is associ-
ated with very high mortality [1–6]. HRS is the result of pro-
found hemodynamic derangement that is initiated by portal
hypertension and is characterized by intense intrarenal vaso-
constriction in the setting of marked visceral vasodilatation
[4, 7, 8]. Portal hypertension leads to increased shear stress in
the splanchnic vasculature, which in addition to bacterial trans-
location from the bowel and the associated systemic inflamma-
tory response, results in the generation of endogenous
vasodilators like nitric oxide (NO) and prostacyclins that are
responsible for splanchnic vasodilatation, pooling of blood and
reduced effective circulating blood volume [9–13]. The fore-
going initially leads to the establishment of a hyperdynamic cir-
culation that involves increased heart rate and cardiac output
[14, 15]. As the liver cirrhosis advances, neurohumoral vaso-
constrictor mediators like the sympathetic nervous system
(SNS), renin–angiotension–aldosterone system (RAAS) and
vasopressin are activated. These vasoconstrictor mechanisms,
while necessary for maintaining an adequate circulating blood
volume, are associated with detrimental vasoconstriction in
many organs. In the kidney, the consequences include afferent
arteriolar vasoconstriction, reduction in blood flow, decreased
glomerular filtration rate (GFR) and salt and water retention
that causes ascites and volume overload [16–19].

Despite the significant advances in our understanding of the
pathophysiology and treatment of this potentially fatal condition
in the past two decades, the knowledge is incomplete and this
has limited therapeutic options for patients with HRS.
Importantly, the effectiveness of the current pharmacological
therapies is only modest and they are mostly used as a bridge to
liver transplantation [20–22]. Therefore, novel treatment options
are needed to improve the long-term survival of these patients.
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Arachidonic acid (AA) is metabolized by key enzymes to
small molecule mediators with diverse pathophysiological
effects [23]. Specifically, the cytochrome P (CYP)-450 enzymes
have two main pathways: epoxygenases (mostly the CYP2C
and CYP2J family of enzymes) metabolize AA to four bioactive
regioisomeric epoxyeicosatrienoic acids (EETs; 5,6-EET, 8,9-
EET, 11,12-EET and 14,15-EET) and omega-hydroxylases
(mostly the CYP4A family of enzymes in the rat) metabolize
AA to 20-hydroxyeicosatetraenoic acid (20-HETE). EETs are
produced in many tissues, including the kidney, heart, lung and
liver, and possess anti-inflammatory and other renoprotective
effects. EETs act as endothelium-dependent hyperpolarizing
factors (EDHFs) on the renal microcirculation, mediating vaso-
dilatory effects, in addition to regulation of renal tubular water
and sodium absorption. On the other hand, 20-HETE constricts
afferent arterioles and participates in renal blood flow autoregu-
lation [24–30].

In this study we examined the hypothesis that the CYP/EET
system modulates renal dysfunction during cirrhosis.

M A T E R I A L S A N D M E T H O D S

Materials

All chemicals were purchased from Sigma-Aldrich (St Louis,
MO, USA) unless otherwise noted. Anti-CYP2C23, CYP2C11
and CYP4A1 antibodies were prepared by Dr J. Capdevila
(Vanderbilt University, Nashville, TN, USA). N-(methylsul-
fonyl)-2-(2-propynyloxy)-benzenehexanamide (MSPPOH)
(CAS 206052-02-0) was purchased from Cayman Chemical
(Ann Arbor, MI, USA).

Animals

Male Sprague Dawley rats weighing 225–250 g (Envigo,
Indianapolis, IN, USA) were used. Animals were kept in a
temperature-controlled environment with a 12-h light–dark
cycle and were allowed free access to water and standard rat
chow. Rats were acclimatized for a minimum of 1 week before
experimentation. All animals received humane care in compli-
ance with the National Research Council’s Guide for the Care
and Use of Laboratory Animals. The animal protocol was
approved by the Institutional Animal Care and Use Committee
of the Medical College of Wisconsin.

Animal model of liver cirrhosis

Liver cirrhosis was induced in rats by common bile duct liga-
tion (BDL) [31–33]. Laparotomy was performed under anes-
thesia with isoflurane. The bile duct was isolated, doubly ligated
with 4-0 silk and resected between the two ligatures. The
abdominal wall was closed with 4-0 Vicryl sutures and the skin
was closed with 9-mm wound clips. Sham operation was per-
formed similarly, but without ligation and resection of the bile
duct. Some animals that had already undergone BDL surgery
were also obtained from the vendor. Animals were studied 2, 4
and 5 weeks after surgery. The rats were individually placed in
metabolic cages for 24-h urine collection prior to euthanasia
and blood collection. Liver injury was evaluated by measuring

serum levels of total bilirubin (Marshfield Labs, Waukesha, WI,
USA).

MSPPOH-treated animals

Beginning on Day 22 after BDL surgery, animals received
daily intraperitoneal injections of a vehicle or the selective epox-
ygenase inhibitor MSPPOH (20 mg/kg) for 3 days. The admin-
istered dose was chosen on the basis of the drug’s
pharmacokinetic properties and is similar to the dose used in
recent in vivo experiments [34].

Assessment of renal perfusion

Animals were anesthetized with 60 mg/kg pentobarbital
administered intraperitoneally. Laparotomy was performed to
expose the left kidney. Renal blood flow was measured via laser
Doppler flowmetry with Perimed PF5010 LDPM unit (PeriFlux
System 500, Stockholm, Sweden). A Doppler flow probe was
carefully placed on the surface of the kidney to measure cortical
blood flow. The mean cortical blood flow was calculated from
three consecutive measurements recorded at 5-min intervals
after stabilization.

Biochemical analysis

Blood urea nitrogen (BUN) was measured spectrophotomet-
rically using a commercial kit (BioAssay Systems, Hayward,
CA, USA). Serum and urine creatinine levels were measured by
isotope dilution liquid chromatography (LC)–dual mass spec-
trometry (MS/MS) (University of Alabama at Birmingham–
University of California at San Diego O’Brien Core Center for
Acute Kidney Injury Research). Urine and serum sodium were
measured using a Dual-Channel Flame Photometer 02655-10
(Cole-Parmer, Vernon Hills, IL, USA). Urine protein was meas-
ured by detergent compatible protein assay (BioRad, Hercules,
CA, USA). Urinary N-acetyl-b-D-glucosaminidase (NAG)
activity was measured with a commercial kit (Crystal Chem,
Downers Grove, IL, USA) according to the manufacturer’s
instructions.

Measurement of urine EET levels

Urinary CYP metabolite levels were measured by LC-elec-
trospray ionization (ESI)-MS/MS. Samples were prepared from
200mL of urine from individual rats using solid-phase extrac-
tion with a Varian Bond Elut C18 Column (Agilent
Technologies, Santa Clara, CA, USA). Deuterated internal
standards (ISs) for each class of lipid component were added
before extraction: 1.6 ng each of d11-(6)14,15-dihydroxy-
5Z,8Z,11Z-eicosatrienoic acid and d11-(6)14,15-epoxy-
5Z,8Z,11Z-eicosatrienoic acid for the dihydroxyeicosatrienoic
acids (DHETs) and EETs, respectively. The extracted samples
were stored at �80�C. Before analysis samples were warmed to
25�C, dried in a stream of nitrogen, reconstituted in 20mL of
acetonitrile and then 12mL was injected. Components were
resolved on a 250 mm� 2.0 mm Kromasil C18 Column packed
with 5-mm diameter particles with 100 Å pores. Gradient elu-
tion from 80% A to 10% A was used with eluant flow of 0.2 mL/
min. Solvent A was water with 0.01% formic acid and solvent B
was acetonitrile with 0.01% formic acid using the following
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profile: 20% B to 30% B in 10 min, 30% B to 60% B in 17 min,
60% B to 90% B in 28 min, hold at 100% for 7 min, then 7-min
re-equilibration. Multiple reaction monitoring (MRM) analysis
was performed on an Agilent 6460 triple quadrupole mass spec-
trometer equipped with a Jet Stream Interface. Precursor ion,
product ion, collision energy and fragmenter voltage were opti-
mized for each compound and IS in negative ion mode. Other
parameters were as follows: drying gas flow, 10 L/min at 325�C;
nebulizer, 20 psi; sheath gas flow, 11 L/min at 325�C; capillary,
3.5 kV; nozzle, 1.0 kV. Results were acquired at unit-mass reso-
lution. The intraday variability is 4–5%. The limit of quantita-
tion for DHETs and EETs was 1 pg/mL at an S/N> 3, while the
limit of detection was usually <1 pg/mL. Before samples were
analyzed, standard curves were run from 1 to 100 pg/mL.

Histological and immunohistochemical analyses

Formalin (10%)-fixed kidney samples were embedded in
paraffin. Sections (4 lm) were prepared and used for hematox-
ylin and eosin and immunohistochemical staining as previously
described [30].

Quantitative real-time polymerase chain reaction (PCR)

Quantitative amplification of the cDNA prepared from kid-
ney tissues was performed as previously described [30]. Results
were normalized to PGK1 content by the comparative Ct
method and relative mRNA levels are expressed as fold change
compared with the sham animals. The primer sequences
(Integrated DNA Technologies, Coralville, IA, USA) are listed
in Table 1.

Western blot analysis

Samples of frozen tissue were homogenized in radioimmu-
noprecipitation assay buffer containing a protease and phos-
phatase inhibitor cocktail (Sigma, St Louis, MO, USA). The
protein concentration was quantified using the bicinchoninic
acid (BCA) Protein Assay (Pierce Biotechnology, Rockford, IL,
USA). Proteins (60 lg/lane) were separated by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis and transferred to
a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA,
USA). After blocking with 5% milk in Tris-buffered saline plus
0.1% Tween-20, the membrane was then incubated with pri-
mary antibody (1:1000) for 1 h at room temperature. The blot
was then incubated with the appropriate horseradish peroxi-
dase–conjugated secondary antibody (1:5000) for 1 h at room
temperature. After washing, protein bands were detected using
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher, Waltham, MA, USA). Blot images were

collected on a BioRad Chemidoc System and quantitated via
densitometry using ImageQuant TL version 8.1 software.
Membranes were stripped and reprobed to allow for the analy-
sis of more than one protein on the same blot.

Statistical analysis

All data are reported as mean6SEM. Statistical significance
between two measurements was determined by the two-tailed
unpaired Student’s t-test, using GraphPad Prism version 6.0
software (GraphPad Software La Jolla, CA, USA). P-values
�0.05 were considered statistically significant. The rationale for
the number of animals used was based on both review of the lit-
erature involving comparable studies and also by power calcula-
tion. In order to detect a significant difference in the expression
of CYP2C23 between the BDL and sham animals, we selected
an a (probability of type I error) of 5% and a b (probability of
type 2 error) of 20% (implying a power 1�b of 80%). With
these parameters, we determined the total sample size to be 14
(7 in each group). To further guarantee the statistical power of
the study, we increased the total sample size to 16. For experi-
ments involving the administration of epoxygenase inhibitor
and using similar parameters as above, we determined the total
sample size for the treated and untreated groups to be four (two
in each group). To further guarantee the statistical power, we
increased the total sample size to seven.

R E S U L T S

BDL leads to chronological changes in the liver, including an
initial phase of surgical jaundice (this phase is reversible),
through the development of portal hypertension and biliary fib-
rosis, then secondary biliary cirrhosis, which is progressive and
irreversible and is clinically associated with the development of
ascites and jaundice. Previous studies have shown the establish-
ment of portal hypertension as early as 1–2 weeks post-BDL in
rats [32]. By 5 weeks, all the BDL animals were jaundiced, had
ascites and had an enlarged, nodular and yellow-stained liver
surface. The markedly elevated serum bilirubin levels at the 5-
week time point confirm the presence of severe liver dysfunc-
tion in the BDL rats compared with sham-operated rats
(6.3 6 0.3 versus 0.117 6 0.017 mg/dL, P< 0.001).

BDL is associated with decreased salt excretion by the
kidneys

Abnormal renal handling of water and salt is a prominent
complication of liver cirrhosis. At the end of 5 weeks post-
surgery, urine output was not statistically different between the

Table 1. qPCR primer sequences

Gene Forward Reverse

PGK1 CCAAACAATCTGCTTAGCTCG GATGAGAATGCAAAGACTGGC
CYP2C23 GCAGCTTCATCTTGTCCTTCA CTCCTGCTCCTTATGAAGTATCC
CYP2C11 ACGTTCTATCTCTTCCTGGACT GGTGGCTACTGTAACTGACAT
CYP4A1 CCACAATCACCTTCATCTCACT ACACAGCCACTCATTCCTG
CYP4A2 GAGGATGTCATAGTGGAAGGC AGATCCAAAGCCTTATCAATCCC
CYP4A3 TCTCGACTCACAGAAGGTACT CACCAAGAGAGATGCAGAGAG
CYP4A8 TCCTGTCCAACAATCTGTTCC ACTCCAGCTTTCCACTATGAC
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BDL and sham-operated animals (Figure 1A). A trend toward
decreased daily sodium excretion rate developed as early as
2 weeks in BDL animals, persisted at 4 weeks and was signifi-
cantly reduced at 5 weeks compared with sham animals
(Figure 1B). Importantly, fractional excretion of sodium
trended down in a time-dependent manner and was signifi-
cantly reduced in BDL rats at 5 weeks (Figure 1C). This indi-
cates that the observed difference in the sodium excretion rate
is due to increased reuptake of sodium by tubular epithelial cells
rather than differences in weight or salt intake. These data are
in agreement with results of previous studies [32, 33] and show
a sodium avid state in this model that is consistent with the
development of ascites in the BDL animals.

BDL is associated with functional renal failure in rats

Varying degrees of renal dysfunction occur frequently in
patients with cirrhosis. To examine the effect of BDL on renal
function, creatinine clearance (CrCl) was measured and used as
an index of glomerular filtration rate and renal function. As
shown in Figure 2A, CrCl was decreased by �34% at both 2
and 4 weeks post-surgery in BDL rats and was reduced by 55%
at 5 weeks in BDL rats compared with their sham counterparts.
Similarly, at 5 weeks, BUN was 1.9-fold higher in the BDL rats
compared with sham rats (Figure 2B). In keeping with the sig-
nificant decrease in renal function, renal cortical blood flow, as
assessed by laser Doppler flowmetry, was markedly reduced in
BDL rats compared with sham rats (Figure 2C). Interestingly,
despite the significant decrease in renal function in the BDL
rats, no overt acute or chronic changes were observed on histo-
logical examination of the kidneys. Some tubular epithelial cells
in the cortex were stained brown, likely from bilirubin uptake,
but there were no features that were typical of acute tubular
necrosis (Figure 3A). Consistent with the histological findings
and in support of a functional renal impairment in the BDL
rats, there was no significant difference in the proteinuria rates
in BDL and sham-operated animals at 5 weeks (Figure 3B), sug-
gesting that there are no significant irreversible chronic kidney
changes in the BDL rats compared with sham rats. To assess
proximal tubular integrity in this model, we measured urinary

concentrations of NAG, which is generally accepted as a marker
of proximal tubular dysfunction. The level of enzymuria was
not significantly different between BDL and sham rats, indicat-
ing that the renal dysfunction is mostly hemodynamically
mediated (Figure 3C).

Renal CYP enzyme expression is altered during cirrhosis

To investigate the impact of cirrhosis on CYP enzyme abun-
dance in the kidney, we first examined the gene expression pat-
terns of key CYP isoforms in the renal cortex using quantitative
PCR (qPCR) at different time points after BDL or sham surgery.
As shown in Figure 4, CYP2C23 mRNA was increased by 60,
40 and 90%, respectively, in BDL rats at 2, 4 and 5 weeks com-
pared with sham rats. Conversely, CYP2C11 mRNA levels were
reduced by>98% at 2 weeks and were almost non-detectable in
the 4- and 5-week samples from BDL rats compared with
sham-operated control rats. CYP4A1 mRNA expression was
increased by 140, 100 and 240%, respectively, in BDL rats at 2, 4
and 5 weeks compared with sham rats. The expression of other
CYP4A isoform genes (CYP4A2, CYP4A3 and CYP4A8) was
not significantly different between BDL and sham rats at 5
weeks (data not shown). We also examined CYP protein
expression in the renal cortex at 5 weeks post-BDL or sham sur-
gery by western blot analysis. As shown in Figure 5, CYP2C23
protein expression was increased by 47%, whereas CYP2C11
protein expression was reduced by 33% in BDL rats compared
with sham rats. CYP4A1 protein expression was reduced by
18% in BDL rats compared with sham rats, but this did not
reach statistical significance. The discrepancy between the gene
and protein expression data for CYP4A1 is likely because the
CYP4A1 antibody recognizes other CYP4A isoform proteins in
addition to CYP4A1. Immunohistochemical analysis was con-
ducted to substantiate the western blot findings and also to
localize the changes in CYP2C23 and CYP2C11 in kidney sec-
tions. At 5 weeks after sham surgery, CYP2C23 immunostain-
ing was predominantly localized in cortical tubules. There was
relatively less staining in the medullary tubules. The extent and
intensity of CYP2C23 staining increased significantly in BDL
rats compared with the sham rats (Figure 6A, B). CYP2C11 was

0

10

20

30

U
ri

n
e

O
u

tp
u

t
(m

L
/d

a
y

)

SHAM BDL

n.s.

2 weeks 4 weeks 5 weeks
0.0

0.2

0.4

0.6

0.8

D
a

il
y

S
o

d
iu

m
E

x
c

re
ti

o
n

(m
m

o
l

/
1

0
0

g
b

o
d

y
w

t)

SHAM
BDL

**

n.s.

n.s.

2 weeks 4 weeks 5 weeks
0.0

0.1

0.2

0.3

0.4

0.5

F
E

N
a

(%
)

SHAM
BDL

*

n.s.

n.s.

A CB

FIGURE 1: BDL is associated with decreased salt excretion by the kidneys.
A rat model of cirrhosis was established by BDL. The animals were placed individually in metabolic cages and a 24-h urine sample was col-
lected before blood collection. Blood and urinary sodium was measured as described in the ‘Materials and Methods’ section and fractional
excretion of sodium (FENa) was calculated. (A) Total urine output at 5 weeks after BDL or sham surgery. (B) Sodium excretion rate at various
time points. (C) FENa at various time points. Values are represented as the mean 6 SEM; n¼ 7–10 per group. *P< 0.05, **P< 0.001 versus
sham group.
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FIGURE 4: BDL leads to altered gene expression of CYP isoforms.
Quantitative real-time PCR was conducted using total mRNA to investigate changes in (A) CYP2C23, (B) CYP2C11 and (C) CYP4A1 gene
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detected in both cortical and medullary tubules and immunos-
taining was reduced at 5 weeks post-BDL compared with sham-
operated animals (Figure 6D, E). Together, these data indicate
that cirrhosis is associated with alterations in specific CYP
enzyme expression at both transcriptional and translational lev-
els in the kidney.

CYP isoform expression in mesenteric vessels during
cirrhosis

Splanchnic vasodilatation coupled with intense renal vasocon-
striction is the hallmark of the severe hemodynamic alteration
seen in advanced liver cirrhosis that is commonly associated with
functional renal failure. Given the alterations in CYP expression
in the kidney during cirrhosis, we wanted to ascertain if and how
CYP expression is regulated in the mesenteric vessels. As shown
in Figure 7, CYP2C23 protein expression was reduced by 85% in
5-week BDL rats compared with sham rats. CYP2C11 expression
was increased 2-fold in cirrhotic rats and CYP4A1 expression
was increased about 4.5-fold in cirrhotic rats compared with

sham rats. qPCR showed gene expression results that trended
similarly to the western blot data (data not shown).

Inhibition of CYP epoxygenase expression exacerbates
renal dysfunction in cirrhosis

To investigate the pathophysiologic role of the observed
changes in CYP enzyme expression on renal functional param-
eters during cirrhosis, we first measured the CYP metabolite
production profile in the urine of BDL versus sham rats at
5 weeks post-surgery. As shown in Figure 8A, LC-ESI-MS/MS
analysis revealed an overall increase in vasodilatory epoxyge-
nase metabolites (EETs and DHETs) in BDL rats compared
with sham rats. The levels of 20-HETE were below the detection
limit in the urine. This suggests that EETs mediate the effects of
CYP enzymes on the kidney during cirrhosis. We next exam-
ined the effect of blocking epoxygenase-derived EET produc-
tion on renal function using MSPPOH, a well-known selective
epoxygenase inhibitor. Starting on Day 22 post-BDL surgery,
the animals received three daily treatments with MSPPOH or
vehicle. As shown in Figure 8B, treatment with MSPPOH
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FIGURE 5: CYP isoform protein expression in kidney is altered in cirrhotic rats.
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resulted in a significant reduction in renal cortical perfusion
compared with vehicle treatment. Consistent with the reduced
renal perfusion, the creatinine excretion rate was significantly
reduced by MSPPOH treatment compared with vehicle treat-
ment (Figure 8C). These results demonstrate that the CYP/EET
pathway plays a critical role in modulating renal function dur-
ing cirrhosis.

D I S C U S S I O N

Renal failure is a major complication of cirrhosis, affecting
�40–80% of patients with end-stage liver disease. The occur-
rence of renal dysfunction in individuals with cirrhosis por-
tends a poor prognosis. Patients with advanced liver disease
and renal failure are at increased risk for death while waiting for
liver transplantation and are at a higher risk for complications
and reduced survival after transplantation when compared with
patients without kidney failure [35, 36]. Renal dysfunction in
the setting of liver failure is due mostly to conditions that lead

to reduced kidney blood flow (prerenal causes) or from prob-
lems within the kidney (intrinsic renal causes). HRS is a unique
type of functional kidney failure that complicates advanced
chronic liver disease and severe acute fulminant liver failure.
HRS is characterized by profound intrarenal vasoconstriction
and a marked decline in GFR but without overt histological
findings in the kidney.

CYP-derived eicosanoids have many cardiovascular and
organ-protective effects. In this study, we investigated the
potential role of the CYP/EET pathway in the pathogenesis of
renal dysfunction in a rat model of liver cirrhosis. Our key find-
ings were that (i) the BDL model of liver cirrhosis in the rat
leads to severe renal dysfunction that is associated with mark-
edly reduced renal cortical perfusion, but without obvious his-
tological changes in the kidney, consistent with HRS; (ii) BDL
induced temporal changes in CYP enzyme expression that
showed distinct patterns in the kidney versus the mesenteric
vessels and (iii) the selective inhibition of CYP epoxygenases in
BDL rats resulted in significantly reduced renal function and
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renal cortical perfusion. Taken together, our data demonstrate
an important role for the CYP/EET pathway in preserving renal
function during cirrhosis.

The definitive treatment of HRS is liver transplantation;
however, this treatment modality is limited by the shortage of
donor organs and the significantly reduced survival of these
patients. Once established, HRS may lead to death within a few
days. Vasoconstrictor agents like the vasopressin analog terli-
pressin, with selective activity on splanchnic smooth muscles,
have become first-line medical treatment. In places like the
USA, where terlipressin is not available, midodrine (an a1-
receptor agonist) is used. Unfortunately, these drugs have lim-
ited effects on survival and, for majority of the patients, their
use is only aimed as a bridge to liver transplantation [20–22].
Thus, novel treatment options are urgently needed to improve
the long-term survival of these patients. The factors that lead to
altered renal hemodynamics during cirrhosis are not com-
pletely known. The ‘splanchnic arterial vasodilation hypothesis’
suggests that during advancing cirrhosis, the worsening portal
hypertension is associated with increased levels of circulating
NO and other vasodilators that lead to splanchnic and periph-
eral vasodilatation that results in pooling of blood in these vas-
cular beds and therefore a reduction in the effective circulating
blood volume and cardiac output [10, 37]. The compensatory
and homeostatic mechanisms like the RAAS, the SNS and the
non-osmotic release of vasopressin that are activated to reverse
this apparent hypovolemia then cause renal vasoconstriction
and reduced renal function. Other important contributors to
the observed renal vasoconstriction include increased endothe-
lin-1 (ET-1) levels and local reduction in NO production within
the kidney despite the elevated circulating levels [33, 38].
Recent reports have also highlighted the important role of
inflammation in the development of HRS. Circulating endotox-
ins and pro-inflammatory cytokines worsen the tenuous hemo-
dynamic state, at least in part by stimulating a further increase
in systemic NO levels [9, 39]. Interestingly, the expression of
both angiotensin II (Ang-II) and ET-1, key renal vasoconstric-
tors in this setting, is regulated by the serine protease chymase.
Chymase converts Ang-I into Ang-II in an angiotensin-con-
verting enzyme (ACE)-independent way. Indeed, there is evi-
dence that a major fraction of the renal Ang-II concentration is
generated via ACE-independent mechanisms. Chymase also
converts big ET to ET-1. The expression and activity of chy-
mase are increased in the liver and kidney during cirrhosis and
this protease may play a role in the altered hemodynamics of
cirrhosis through increased generation of Ang-II and ET-1
within the kidney [40, 41]. Using a rat model of cirrhosis,
Sansoe et al. [41] showed that inhibition of chymase resulted in
improved liver and renal function. Future studies will examine
the pathophysiological role of chymases and potentially other
proteases in the development of renal dysfunction in cirrhosis.
Such studies may benefit from the use of the PROTEASIX tool
[42] with a view to identifying novel proteases that mediate the
hemodynamic alterations in cirrhosis.

A major aim of this study was to characterize the BDL model
as a satisfactory model to study HRS. The BDL model was
described many years ago and has become a useful model to

study biliary cirrhosis. Over the years, different investigators
have described various renal effects of this model [43–45].
Here, by studying renal parameters over time, we have been
able to identify key elements that make this model a good one
to study HRS. At 5 weeks post-BDL, there was a significant
reduction in renal function coupled with a profound reduction
in renal cortical perfusion, but without obvious evidence of
acute tubular necrosis, features that are consistent with HRS.
Our observations corroborate prior findings by Pereira et al.
[44]. Next, our objective was to use this model to evaluate the
expression and functional role of the CYP system in the patho-
genesis of renal dysfunction during cirrhosis. In the rat kidney,
CYP2C23 and CYP2C11 are the predominant CYP epoxyge-
nases responsible for most of the vasodilatory EET production
[46, 47]. Once produced, EETs are metabolized to their less
potent DHETs by soluble epoxide hydrolase, which thus regu-
lates EET bioavailability. The sum total of urinary EETs and
DHETs is therefore a measure of in vivo renal epoxygenase
activity. EETs mediate many autocrine and paracrine functions,
including the regulation of vascular tone and tubular sodium
and water absorption in the kidney. CYP4A1 and other CYP4A
isoform enzymes contribute to the formation of 20-HETE. We
observed marked changes in CYP isoform expression in the
kidney following BDL. There were reciprocal changes in the
expression of CYP2C23 and CYP2C11. CYP2C23 expression
was significantly increased while CYP2C11 was decreased in
the kidney at 5 weeks post-BDL compared with sham-operated
rats. The changes were observed in the mRNA expression and
also at the level of protein expression as per our western blot
and immunohistochemical staining results of the kidney. The
reason for the differential expression of these epoxygenases dur-
ing BDL-induced cirrhosis is not known, but the overall epoxy-
genase activity was increased in cirrhotic rats as indicated by
the significant increase in total EETs and DHETs in the urine
(the majority was made up of the 14,15 regioisomer). Our find-
ings suggest an important role for the CYP/EET pathway in
maintaining renal function during cirrhosis. This is demon-
strated by the worsening of renal function and renal cortical
perfusion in BDL rats following treatment with the epoxygenase
inhibitor MSPPOH. The effects of other AA metabolites on
renal function in cirrhotic rats have been previously reported
[48–50]. Systemic and renal production of thromboxane A2, a
potent renal vasoconstrictor, is increased during cirrhosis and
has been proposed to contribute to renal dysfunction in cirrho-
sis. However, treatment with a thromboxane synthase inhibitor
failed to reverse HRS in affected patients [51]. On the other
hand, vasodilator prostaglandins (PGs) like PGE2 are involved
in the preservation of renal blood flow during cirrhosis [52].
Using an isolated perfused kidney model from cirrhotic rats,
Miyazono et al. [31] showed that NO-independent and PG-
independent vasodilation remain after inhibition of both PG
and NO production that is likely mediated by an EET [31].
Interestingly, Sacerdoti et al. [53] found significantly elevated
urinary excretion of 20-HETE in patients with cirrhosis and
ascites. Based on its known vasoconstrictor effects, the authors
concluded that 20-HETE may participate in the renal functional
abnormalities associated with cirrhosis. In that study, urinary
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EET excretion was not measured. The renal production of
EETs, which act as EDHFs, is likely upregulated as a compensa-
tory mechanism to counteract the effects of increased endoge-
nous vasoconstrictors and to reduce the impact of locally
decreased NO production in the kidney. In addition to the vas-
cular effects, the increased EETs may also play a role in water
and salt handling by the kidneys during cirrhosis. The develop-
ment of ascites and volume overload in cirrhosis is due at least
in part to increased tubular reabsorption of salt and water [54].
In this study, we found a marked increase in the tubular expres-
sion of CYP2C23. EETs inhibit sodium reabsorption by the epi-
thelial sodium channel (ENaC) [27], therefore the observed
increase in expression of CYP2C23 in the tubular epithelial cells
supports a homeostatic role of this pathway during cirrhosis.
The net increase in kidney EET levels may be important in lim-
iting sodium reabsorption by the ENaC. Such a protective role
is consistent with our data showing that CYP2C23 expression is
reduced in the mesenteric vessels, which is the site of expression
of many other vasodilators and is a key initiating factor to the
hemodynamic derangement seen in cirrhosis. Thus the differ-
ential, tissue-specific expression of CYP enzymes likely has
important pathophysiological relevance. In contrast to our
study findings and also that of Miyazono et al. [31], both of
which used BDL-induced cirrhosis rat models, Sacerdoti et al.
[55], studying a carbon tetrachloride–induced cirrhosis model,
reported a decrease in renal EETs in cirrhotic rats, which was
specifically linked to a decrease in 11,12-EET levels. Apart from
the methodologic differences, that study did not measure the
levels of 14,15-EET, which has since been found to be the major
EET produced in the kidney. In addition to its vasodilator prop-
erties, EETs are able to protect tissues through other mecha-
nisms, including anti-inflammatory, antiapoptotic and
antioxidative effects. In fact, previous studies by our group and
others have demonstrated that EETs mediate organ protection
in a number of preclinical models of human diseases, including
but not limited to diabetes, hypertension, ischemic cardiac
injury and calcineurin-induced hypertension and nephrotoxic-
ity [25, 30, 56, 57]. Our current findings are in total agreement
with the above and demonstrate a beneficial effect of the CYP/
EET system on renal function in cirrhotic rats. Di Pascoli et al.
[58] reported an improvement in portal hypertension in rats
with carbon tetrachloride–induced cirrhosis following inhibi-
tion of EET production by MSPPOH treatment. They con-
cluded that the treatment would result in beneficial effects in
patients with cirrhosis and portal hypertension [58]. Our find-
ings indicate that such a treatment will have detrimental effects
on kidney function. Also, Herse et al. [59], using a rat model of
preeclampsia, reported that treatment with MSPPOH resulted
in a reduction in EET production and led to improvement in
the preeclamptic syndrome. This clearly seems to be contradic-
tory to the many studies showing beneficial roles of the CYP/
EET system in the regulation of renal and cardiovascular func-
tion. As alluded to by the authors of that report, this suggests
that the role of EETs has to be specifically defined for the given
pathophysiological condition. While one previous study found
changes in CYP expression in the kidneys of BDL rats very
much in keeping with our observations [31], our report is the

first to directly connect the relevance of altered renal CYP
expression to renal function changes in cirrhotic rats. Our study
is also the first to show time-dependent changes in renal CYP
expression during cirrhosis. Furthermore, we have identified
differential expression patterns of CYP in the kidney and mes-
enteric vessels, which likely has pathophysiological and thera-
peutic importance. Our data suggest that the observed changes
in CYP expression are most likely a homeostatic response to
maintain renal perfusion and renal function. In this study, we
used MS to measure urine EET and DHET levels. MS is a very
sensitive analytical technique that identifies molecules based on
their mass:charge ratio. It may be used to analyze both pure
samples and complex mixtures and the results are shown as
spectra of the relative abundance of detected ions versus the
mass:charge ratio. The capability of MS is markedly increased
by using it in tandem with separation techniques, including gas
and liquid chromatography (GC-MS and LC-MS, respectively).
A key drawback of this technique is that there are limited data-
bases available for the mass spectra. Selected reaction monitor-
ing, also known as MRM, is a common and sensitive method
used for spectrometric quantitation. This type of quantitation
makes use of unique fragmentations for the compounds under
analysis, and with an LC method, the chromatographic reten-
tion time of the precursor. A limitation of this is that very differ-
ent molecules can yield the same MRM pairs. This is
uncommon however, and most MRM procedures include a
‘validating’ MRM that ensures that the quantification was
derived from the correct compound.

In conclusion, we found the BDL model to be a satisfactory
animal model to study HRS. The study demonstrates that the
renal CYP/EET pathway is upregulated in experimental cirrho-
sis induced by BDL. Our observations indicate that the CYP/
EET system might represent a novel therapeutic target for mod-
ulating renal dysfunction in advanced cirrhosis.
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A B S T R A C T

Background. Metabolism of glutamine by glutaminase 1
(GLS1) plays a key role in tumor cell proliferation via the gener-
ation of ATP and intermediates required for macromolecular
synthesis. We hypothesized that glutamine metabolism also
plays a role in proliferation of autosomal-dominant polycystic
kidney disease (ADPKD) cells and that inhibiting GLS1 could
slow cyst growth in animal models of ADPKD.
Methods. Primary normal human kidney and ADPKD human
cyst-lining epithelial cells were cultured in the presence or
absence of two pharmacologic inhibitors of GLS1, bis-2-(5-phe-
nylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 3 (BPTES) and
CB-839, and the effect on proliferation, cyst growth in collagen
and activation of downstream signaling pathways were assessed.
We then determined if inhibiting GLS1 in vivo with CB-839 in
the Aqp2-Cre; Pkd1fl/fl and Pkhd1-Cre; Pkd1fl/fl mouse models of
ADPKD slowed cyst growth.
Results. We found that an isoform of GLS1 (GLS1-GAC) is upre-
gulated in cyst-lining epithelia in human ADPKD kidneys and in
mouse models of ADPKD. Both BPTES and CB-839 blocked

forskolin-induced cyst formation in vitro. Inhibiting GLS1 in vivo
with CB-839 led to variable outcomes in two mouse models of
ADPKD. CB-839 slowed cyst growth in Aqp2-Cre; Pkd1fl/fl mice,
but not in Pkhd1-Cre; Pkd1fl/fl mice. While CB-839 inhibited
mammalian target of rapamycin (mTOR) and MEK activation in
Aqp2-Cre; Pkd1fl/fl, it did not in Pkhd1-Cre; Pkd1fl/fl mice.
Conclusion. These findings provide support that alteration in
glutamine metabolism may play a role in cyst growth. However,
testing in other models of PKD and identification of the com-
pensatory metabolic changes that bypass GLS1 inhibition will
be critical to validate GLS1 as a drug target either alone or when
combined with inhibitors of other metabolic pathways.
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I N T R O D U C T I O N

Autosomal-dominant polycystic kidney disease (ADPKD)
affects more than 12 million people worldwide and is a com-
mon cause of end-stage kidney disease. In the majority of cases,
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