Molecular Pharmacology Fast Forward. Published on January 19, 2018 as DOI: 10.1124/mol.117.111146
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #111146 1

Activation of constitutive androstane receptor ameliorates renal ischemia-reperfusion

induced kidney and liver injury

You-Jin Choi, Dong Zhou, Anne Caroline S. Barbosa, Yongdong Niu, Xiudong Guan, Meishu

Xu, Songrong Ren, Thomas D. Nolin, Youhua Liu, Wen Xie

Center for Pharmacogenetics and Department of Pharmaceutical Sciences (Y.J.C., A.C.B.,
Y.N, M.X., S.R., W.X.), Department of Pathology, School of Medicine (D.Z., Y.L.), Center
for Clinical Pharmaceutical Sciences, Department of Pharmacy and Therapeutics, School of
Pharmacy (T.D.N) and Department of Pharmacology and Chemical Biology (W.X.)
University of Pittsburgh, Pittsburgh, Pennsylvania, USA, Department of Pharmacology, Sh
antou University Medical College, Shantou, Guangdong, China (Y.N.) and Department

of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University, Beijing, China (X.G.).

$20Z ‘02 YoLe N U0 Sjeuinor 1 34S Y 1e B10s euano fisdsewireyd [ow WwoJy papeo Jumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 19, 2018 as DOI: 10.1124/mol.117.111146
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #111146 2

Running title: CAR ameliorates AKI-induced liver injury

*Corresponding author: Center for Pharmacogenetics and Department of Pharmaceutical
Sciences, 306 Salk Pavilion, University of Pittsburgh, Pittsburgh, PA 15261. E-mail:

wex6@pitt.edu

Number of text pages: 32

Number of figures: 8

Number of references: 46

Number of words in Abstract: 246
Number of words in Introduction: 710

Number of words in Discussion: 1059

Abbreviations

AKI, acute kidney injury; BUN, blood urea nitrogen; CAR, constitutive androstane receptor;
CKD, chronic kidney disease; IR, ischemia-reperfusion; MTTP, microsomal triglyceride
transfer protein; NGAL, neutrophil gelatinase-associated lipocalin; TCPOBOP, 1,4-bis[2-(3,5
dichloropyridyloxy)] benzene; TUNEL, terminal transferase dUTP nick end labeling; VLDL-

TG, very low-density lipoprotein-triglyceride

$20Z ‘02 YoLe N U0 Sjeuinor 1 34S Y 1e B10s euano fisdsewireyd [ow WwoJy papeo Jumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 19, 2018 as DOI: 10.1124/mol.117.111146
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #111146 3

Abstract

Acute kidney injury (AKI) is associate with high mortality. Despite the evidence of AKI-
induced distant organ injury, a relationship between AKI and liver injury has not been clearly
established. The goal of this study is to investigate whether renal ischemia-reperfusion (IR)
can affect liver pathophysiology. We showed that renal IR in mice induced fatty liver and
compromised liver function through the down-regulation of constitutive androstane receptor
(CAR; -90.4%) and inhibition of hepatic very low-density lipoprotein-triglyceride (VLDL-
TG) secretion (-28.4%). Treatment of mice with the CAR agonist 1,4-bis[2-(3,5
dichloropyridyloxy)] benzene (TCPOBOP) prevented the development of AKI-induced fatty
liver and liver injury, which was associated with the attenuation of AKI-induced inhibition of
VLDL-TG secretion. The hepato-protective effect of TCPOBOP was abolished in CAR™
mice. Interestingly, alleviation of fatty liver by TCPOBOP also improved the kidney function,
whereas CAR ablation sensitized mice to AKI-induced kidney injury and lethality. The serum
concentrations of IL-6 were elevated by 27-fold after renal IR, but were normalized in
TCPOBOP-treated AKI mice, suggesting that the increased release of IL-6 from the kidney
may have mediated the AKI responsive liver injury. Taken together, our results have revealed
an interesting kidney-liver organ crosstalk in response to AKI. Given the importance of CAR
in the pathogenesis of renal IR-induced fatty liver and impaired kidney function, fatty liver
can be considered as an important risk factor for kidney injury and a timely management of
hepatic steatosis by CAR activation may help to restore kidney function in patients with AKI

or kidney transplant.
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Introduction

Acute kidney injury (AKI) is one of the serious complications of critical illness that is
associated with significant mortality (Rewa and Bagshaw, 2014). AKI is characterized by the
sudden impairment of kidney function, as measured by serum creatinine and urine volume
(Khwaja, 2012), resulting in the retention of waste products. Ischemia is a common cause of
AKI, which can occur in many clinical situations, such as renal transplantation, partial
nephrectomy, heart surgery, and hypoperfusion associated with sepsis. Hallmarks of ischemic
AKI include inflammation, disruption of the apical brush border of tubular cells, and death of
the renal tubular epithelial cells (Devarajan, 2006; Wu et al., 2007). Previous studies have
shown that apoptosis and necrosis mainly occur in tubular epithelial cells following ischemic
AKI (Shi et al., 2000). While ischemia-induced kidney injury has been well documented, the

effects of renal ischemia on distant organs need further investigation.

Earlier studies have suggested organ cross-talk between the injured kidney and distant organs,
such as the lungs, liver, heart, gut, and brain (Doi and Rabb, 2016). More recent data
highlight the importance of immune response, activation of inflammatory cascades, and an
alteration of transcriptional events in distant organs during the renal injury. Hepatic
dysfunction has been reported in patients suffering from AKI (Chertow et al., 1995). Liver
injury after the ischemic renal injury or nephrectomy is characterized by hepatocyte
vacuolization, necrosis, and apoptosis with inflammatory changes (Park et al., 2011; Park et
al., 2012). Several studies have suggested mechanisms for the interaction between the injured
kidney and liver. In one example, renal injury increased the intestinal expression of IL-17A
and caused small intestinal injury (Park et al., 2011). These events resulted in hepatic
inflammation and increased the release of TNFa and IL-6 from the liver into the circulation.

Reactive oxygen species and oxidative stress are also important players in AKI-induced liver

$20Z ‘02 YoLe N U0 Sjeuinor 1 34S Y 1e B10s euano fisdsewireyd [ow WwoJy papeo Jumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 19, 2018 as DOI: 10.1124/mol.117.111146
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #111146 5

injury. Renal ischemia-reperfusion (IR) reduces glutathione levels in the liver and blood
through the inhibition of glutamate-cysteine ligase, the first rate-limiting enzyme of
glutathione synthesis (Shang et al., 2016). Lipid peroxidation is also increased in the liver as
evidenced by the elevated level of malondialdehyde. In contrast, administration of
glutathione protects the liver from renal IR-induced injury, which was associated with

decreased levels of malondialdehyde (Golab et al., 2009).

AKI can resolve naturally, but if not, it may progress to chronic kidney disease (CKD;
(Venkatachalam et al., 2015). The relationship between CKD and fatty liver has been
controversial. Obesity, insulin resistance, diabetes, and hypertension are shared risk factors in
the development of both CKD and fatty liver (Targher and Byrne, 2017). Several cross-
sectional and longitudinal studies suggest that fatty liver is associated with an increased
prevalence of CKD (Musso et al., 2014). Moreover, the severity of fatty liver is associated
with an increased risk of CKD in diabetic and non-diabetic patients. Meanwhile, CKD may
contribute to the development of fatty liver and insulin resistance (Axelsson et al., 2011;

Pelletier et al., 2013).

The constitutive androstane receptor (CAR) was initially characterized as a xenobiotic
nuclear receptor regulating a mammal’s responses to xenotoxicants (Honkakoski et al., 1998;
Wei et al., 2000). Recently results, including those published from our laboratory, have
implicated this receptor in the control of energy metabolism, including the inhibition of
lipogenesis (Gao and Xie, 2012). Activation of CAR inhibited hepatic steatosis in both the
high-fat diet and ob/ob obese models (Gao et al., 2009). Activation of CAR has also been
shown to relieve hepatic injuries, such as those caused by cholestasis and hyperbilirubinemia,

through increased metabolism and excretion of endogenous and exogenous toxins. The
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expression and activity of CAR can be suppressed by inflammation (Assenat et al., 2004;
Pascussi et al., 2000). Knowing that acute inflammatory response is an integral component in
the pathogenesis of AKI, it is interesting to know whether and how CAR plays a role in the

kidney-liver crosstalk in the context of AKI.

In this study, we uncovered a novel function of CAR in mediating the kidney-liver crosstalk
in AKI. Renal IR down-regulated the expression and activity of CAR and decreased the
expression of microsomal triglyceride transfer protein (MTTP), which resulted in a decreased
VLDL-TG secretion and lipid accumulation and liver injury. Pharmacological activation of

CAR alleviated IR-induced fatty liver and liver injury, leading to improved renal function.
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Materials and Methods

Animals, animal surgery and drug treatments

Eight-week-old male C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor,
ME). The creation of CAR”" mice has been described previously (Wei et al., 2000). Mice
were maintained ad libitum in a temperature-controlled animal facility. To induce renal IR-
induced AKI, both kidneys were clamped to block blood flow for 30 min. After ischemia,
clamps were released to start reperfusion and mice were sacrificed after 24 h or 48h. For
studying the effect of CAR activation, the mice were randomly assigned, and treatment
groups were administered with TCPOBOP (1 mg/kg BW/day; i.p.) for two days before the
renal IR surgery. Vehicle groups received the same volume of corn oil. All chemicals were
ordered from Sigma Aldrich (St. Louis, MO). The use of animals complied with the
guidelines established by the Institutional Animal Care and Use Committee (IACUC) of the

University of Pittsburgh.

Histological analysis

The kidney and liver tissues were fixed in 10% neutral buffered formalin for 24 h and then
dehydrated, embedded in paraffin, sectioned at 4 pm, and stained with hematoxylin and eosin
(H&E) for general histology. Immunostaining was performed on the paraffin sections. Slides
were incubated overnight with the primary anti-CAR antibody (sc-13065) from Santa Cruz
Biotechnology (Santa Cruz, CA) diluted to 1:100 at 4°C in humid chambers and were
counterstained with hematoxylin. To detect lipid deposits in the liver, liver tissues were
embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), and cryosections (8

um) were prepared and stained with Oil-Red O. TUNEL staining was performed by using the

In Situ Cell Death Detection Kit from Roche Molecular Biochemicals (Mannheim, Germany).

In brief, paraffin sections were treated with the TUNEL enzyme solution and counterstained

$20Z ‘02 YoLe N U0 Sjeuinor 1 34S Y 1e B10s euano fisdsewireyd [ow WwoJy papeo Jumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 19, 2018 as DOI: 10.1124/mol.117.111146
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #111146 8

with DAPI. The slides were immediately evaluated by fluorescence microscopy for positively

stained necrotic nuclei.

Serum and tissue biochemistry

Serum was separated from blood by low-speed centrifugation (1,500 g, 10 min, 4°C),
transferred into aliquots, and stored at —80°C until analysis. Serum creatinine and BUN levels
were evaluated with the QuantiChrom™ Creatinine Assay Kit and the QuantiChrom™ Urea
Assay Kit (BioAssay System, Hayward, CA), respectively. The serum levels of ALT, AST
(Stanbio Laboratory, Boerne, TX) and total bilirubin (Sigma Aldrich) were measured by
using commercial assay kits. The concentrations of IL-6 were measured by an ELISA kit
from R&D Systems (Minneapolis, MN). To measure hepatic lipid contents, liver lipids were
extracted from homogenate prepared from 100 mg of tissue using chloroform/methanol mix
(2:1, v/v). Triglycerides and cholesterol levels in the liver lipid extracts and serum were

determined using colorimetric assay kits from Stanbio Laboratory.

Western blot analysis

Liver and kidney tissue lysates were prepared by homogenization using lysis buffer (50 mM
HEPES, 150 mM NaCl, 1% Triton X-100, 5 mM EGTA, 50 mM glycerophosphate, 20 mM
NaF, 1 mM Na3VO04 and 2 mM PMSF) and centrifuged at 12,000 rpm for 10 min.
Supernatants were collected, electrophoresed on 8-15% SDS-PAGE and transferred onto
PVDF membrane (Millipore, Bedford, MA). Western blots were probed with the following
antibodies: CAR (sc-13065), MTTP (sc-135994) and Apob100 (sc-12332) from Santa Cruz,
NGAL (MAB1857) from R&D Systems, Caspase 3 (#9662) from Cell Signaling Technology
(Beverly, MA), and B-actin (A1978) from Sigma Aldrich. Detection was performed by

enhanced chemiluminescence using a Thermo ECL kit from Thermo Fisher (Waltham, MA).
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RNA isolation and quantitative real-time PCR (qQRT-PCR)

Total RNA was isolated using the TRIZOL reagent. RNase-free DNase I treated total RNA
was used to synthesize single-strand cDNA. A quantitative real-time PCR was performed on
an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). The primer
sequences for the mouse Car are 5'-GGAGCGGCTGTGGAAATATTGCAT-3" and 5°-
TCCATCTTGTAGCAAAGAGG CCCA-3". The primer sequences for the mouse Cyp2b10
are 5-GCATTTGTCTTGGTGAAAGCATT-3" and 5'-
GGATGGACGTGAAGAAAAGGAA-3". The primer sequences for the mouse //-6 are 5’'-
CGACGGCCTTCCCTACTT-3" and 5'-TGGGAGTGGTATCCTCTGTGAA-3". Melting
curve analysis was performed to determine the specificity of amplification. Relative changes
in gene expression were expressed as the fold change using the 2““". Gene expression was

normalized to the expression of the control cyclophilin gene.

Very low-density lipoprotein-triglyceride (VLDL-TG) secretion assay

After 4h fasting, mice were administered with an intravenous injection of tyloxapol from
Sigma Aldrich at 500 mg/kg body weight. Blood samples were collected from the tail vein at
0, 30, 60, and 120 min after the tyloxapol injection and plasma triglyceride levels were

measured.

Transient transfection and luciferase reporter gene assay

The pCMX-HA-mCAR and tk-PBRE constructs were described previously (Xie et al., 2000).
HEK293T cells were transiently transfected with pPCMX-HA-mCAR and tk-PBRE plasmids
by using the Lipofectamine 2000 from Invitrogen. The pCMX-B-gal plasmid was added as an

internal control to monitor the transfection efficiency. After transfection, cells were incubated
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with IL-6 (50 U/ml) with DMSO or TCPOBOP (200 nM) for 24h. The luciferase activity was

normalized with the B-gal activity.

Statistical analysis

All data were expressed as mean + SD. Statistical analysis was performed using Student’s z-
test or two-way analysis of variance (ANOVA) where appropriate. Differences between
groups were considered to be statistically significant at p < 0.05. Multiple comparisons were

evaluated by two-way ANOVA followed by Tukey's multiple comparison tests.
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Results

Renal IR induces hepatic steatosis

We established an ischemia-reperfusion based mouse model of AKI in order to determine
whether AKI alters the pathophysiology of the liver. In this model, both kidneys were
clamped for 30 min and then reperfused for 24 h. The kidney function was evaluated by
serum creatinine and BUN levels. Renal IR led to significant rises in serum creatinine and
BUN levels as expected (Fig. 1A). Compared to the normal renal structure in the sham group,
the AKI group showed signs of severe renal pathological changes, such as loss of tubular cell
brush border, tubular dilatation, and necrosis (Fig. 1B). Next, we examined the liver, liver
histology, and liver function. Unexpectedly, the livers of AKI mice were pale in color, and
appeared fatty (Fig. 1C top). When histology was examined by H&E staining, cellular
vacuolization was observed in the AKI mice (Fig. 1C, middle), which turned out to be lipid
accumulation as confirmed by the Oil-red O staining (Fig. 1C, bottom). Biochemical analysis
of the lipids showed that the liver triglyceride and cholesterol levels were increased by two-
fold in the AKI group, but the circulating levels of triglycerides and cholesterol were not
significantly affected (Fig. 1D). In addition, the AKI mice developed acute hepatic

dysfunction as evidenced by elevated plasma levels of ALT, AST and total bilirubin (Fig. 1E).

Renal IR decreases the hepatic expression of CAR

To understand the molecular mechanism by which renal IR induces hepatic steatosis,
microarray was performed using a pooled liver sample from three mice in each group. The
microarray data showed that the expression of nuclear receptor CAR was markedly decreased
in the AKI group (data not shown), and this result was confirmed by qRT-PCR (Fig. 2A),
Western blotting (Fig. 2B), and immunohistochemistry (Fig. 2C). In addition to its xenobiotic

functions, CAR is also known for its role in the inhibition of hepatic steatosis (Dong et al.,
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2009; Gao et al., 2009). These data led to our hypothesis that the down-regulation of CAR

may have played a role in the renal IR-induced fatty liver.

Treatment with the CAR activator TCPOBOP ameliorates renal IR-induced fatty liver

To determine whether CAR plays a role in renal IR-induced hepatic steatosis, mice were
treated with the CAR activator TCPOBOP (1 mg/kg) for two days before challenging them
with the renal IR surgery. While renal IR reduced the protein level of CAR in the liver,
TCPOBOP treatment substantially restored the protein expression of CAR (Fig. 3A) and
induced its nuclear translocation (Fig. 3B). Interestingly, the mRNA expression of CAR
remained suppressed by renal IR upon the TCPOBOP treatment, regardless TCPOBOP was
administered before or after the IR surgery (Supplementary Fig. 1). The mechanism for the
discrepancy between the protein and mRNA expression remains to be understood. As
expected, the hepatic mRNA expression of Cyp2b10, a CAR target gene that was suppressed

by AKI, was induced / restored by TCPOBOP (Fig. 3C). The renal IR-induced steatosis was

attenuated by TCPOBOP, as evidenced by the gross appearance (Fig. 3D), H&E staining (Fig.

3E), Oil-red O staining (Fig. 3F), and biochemical analysis of the hepatic and serum lipids
(Fig. 3G). Of note, compared with the vehicle-treated sham mice, TCPOBOP-treated sham
mice had a modest but significantly higher level of lipids (Fig. 3G), which might be
secondary to the hepatomegaly effect of TCPOBOP or due to a decreased fatty acid oxidation
because the expression of PPARa and Cptla was reduced in TCPOBOP-treated group
(Supplementary Fig. 2), which was consistent with our previous report (Gao et al., 2009). In
addition to relieving steatosis, treatment with TCPOBOP also improved liver function as

evidenced by the normalized levels of AST, ALT and total bilirubin (Fig. 3H).

Activation of CAR blocks the inhibitory effects of renal IR on VLDL-TG secretion
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To understand the molecular mechanisms underlying the renal IR-induced fatty liver, we
investigated the effects of renal IR on hepatic gene expression with emphasis on genes
associated with lipid metabolism. We found that the mRNA expression of the microsomal
triglyceride transfer protein (Mttp) was significantly decreased in the AKI mice (data not
shown), which was verified at the protein level by Western blotting (Fig. 4A). MTTP is
necessary for the transfer of triglyceride and cholesteryl ester and the VLDL-TG secretion
(Wetterau et al., 1997). It has been shown that down-regulation of MTTP increases the
susceptibility to hepatic steatosis due to decreased VLDL-TG secretion (Minehira et al.,
2008). The serum level of apoB100, the main structural component of VLDL (Davidson
and Shelness, 2000), was also decreased in the AKI mice (Fig. 4B). We then measured the
VLDL-TG secretion in mice that had been injected with tyloxapol, a lipase inhibitor. The
results showed that VLDL-TG secretion was substantially reduced in vehicle-treated AKI
mice compared with vehicle-treated sham mice, but the inhibitory effect of AKI on VLDL-
TG secretion was abolished by the treatment of TCPOBOP (Fig. 4C). Interestingly, in the
sham groups, treatment with TCPOBOP resulted in a decrease in the basal VLDL-TG
secretion compared to vehicle-treated sham mice, which indicated an inhibitory effect of
CAR on VLDL-TG secretion (Fig. 4C). Consistent with the results of VLDL-TG secretion,
treatment with TCPOBOP abolished the AKI-responsive suppression of hepatic protein

expression of Mttp (Fig. 4A) and the serum level of apoB100 (Fig. 4B).

The attenuation of renal IR-induced fatty liver by TCPOBOP is abolished in CAR™ mice
To assess whether the hepato-protective effect of TCPOBOP is CAR dependent, CAR™" mice
were treated with TCPOBOP for two days before receiving the renal IR surgery. Renal IR
was effective in inducing fatty liver and liver injury in the CAR”" mice as shown by the liver

gross appearance (Fig. 5A), H&E staining (Fig. 5B), Oil-red O staining (Fig. 5C), and liver
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and serum lipid analysis (Fig. 5D). The renal IR-induced fatty liver in CAR”" mice was not
improved by the TCPOBOP treatment (Fig. 5A-5D). Treatment of CAR”” mice with TCPBOP
had little effect in relieving the liver injury either, as evidenced by the measurements of AST,
ALT, and total bilirubin levels (Fig. SE). Renal IR also suppressed VLDL-TG secretion (Fig.
5F) and decreased the serum level of apoB100 (Fig. 5G) in the CAR” mice, and these effects

were not affected by the treatment of TCPOBOP.

Activation of CAR attenuates renal IR-induced kidney injury

It has been reported that steatosis and the severity of steatosis in kidney transplant recipients
were positively correlated with the serum creatinine levels (Glicklich et al., 1999;
Mikolasevic et al., 2014), suggesting that steatosis has a negative effect on the function of
transplanted kidneys. Knowing IR is an integral part of a kidney transplant and activation of
CAR can attenuate renal IR responsive hepatic steatosis, we went on to test whether
activation of CAR can protect the kidney from IR-induced injury. In this experiment, WT
mice were treated with TCPOBOP for two days before receiving the renal IR surgery, and the
mice were sacrificed and analyzed 48 h later. Again, in this regimen, TCPOBOP treatment
attenuated the renal IR responsive hepatic lipid accumulation, as confirmed by H&E staining
(Fig. 6A), Oil-red O staining (Fig. 6B), and liver and serum lipid analysis (Fig. 6C). To our
surprise, TCPOBOP-treated AKI mice also showed improvement of kidney function as
indicated by their lower levels of serum creatinine and BUN compared to their vehicle-
treated counterparts (Fig. 6D). At the histological level, TCPOBOP treatment reduced renal
tubular damage and necrosis as shown by H&E (Fig. 6E). Tubular epithelial cell apoptosis
was measured and quantified by TUNEL staining. As shown in Fig. 6F, apoptotic nuclei were
abundant in vehicle-treated AKI mice, whereas the TCPOBOP treatment significantly

reduced the number of TUNEL-positive cells (Fig. 6F). Western blot analysis showed that
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renal IR responsive expression of neutrophil gelatinase-associated lipocalin (Ngal), a
biomarker of acute kidney injury (Shemin and Dworkin, 2011), was decreased in TCPOBOP-
treated mice (Fig. 6G), as was the cleavage of caspase 3 (Fig. 6G). Compared to the liver, the
expression of CAR was negligible in the kidney as shown by gqRT-PCR and Western blotting

(Supplementary Fig. 3), consistent with a previous report (Choi et al., 1997).

CAR ablation sensitizes mice to renal IR-induced lethality

To determine whether CAR ablation affected an animal’s sensitivity to renal IR-induced
lethality, WT and CAR™ mice were subjected to the 30-min ischemia / 48-h reperfusion
model. While all WT mice survived the renal IR, nearly 50% of the CAR™ mice died after 48
h (Fig. 7A). Histological analysis (Fig. 7B) and TUNEL (Fig. 7C) staining showed greater

tubular injury in the surviving CAR " mice compared to their WT counterparts.

Renal IR responsive increase of serum IL-6 is a potential mechanism for the renal IR-
induced fatty liver and liver injury

Inflammatory cytokines and chemokines have been proposed to be the potential mediators of
distant organ injury after AKI. It has been suggested that IL-6 may have contributed to lung
and liver injury after renal ischemia or bilateral nephrectomy in mice (Klein et al., 2008; Park
et al., 2011). We then hypothesized that elevation of tissue and serum levels of IL-6 may have
mediated the renal [R-induced fatty liver and liver injury. Indeed, renal IR increased the
mRNA expression of IL-6 in both the kidney and liver (Fig. 8A), as well as the serum level of
IL-6 (Fig. 8B) in the 30-min ischemia / 48-h reperfusion model. Consistent with the renal and
hepato-protective effect of TCPOBOP, the TCPOBOP-treated AKI mice showed decreased
renal and hepatic mRNA expression of IL-6 (Fig. 8A) and serum level of IL-6 (Fig. 8B). In

the 30-min ischemia / 24-h reperfusion model, the serum level of IL-6 in the CAR™ mice was
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also increased but the level was comparable to that in the WT mice (Fig. 8C), likely because
the IL-6 response was maximized. We also showed that treatment of primary hepatocytes
with IL-6 suppressed the expression of CAR (Fig. 8D), consistent with a previous report
(Pascussi et al., 2000), and this inhibitory effect of IL-6 on the expression of CAR was
abolished upon the TCPOBOP treatment (Fig. 8D). Treatment with IL-6 also inhibited the
constitutive and TCPOBOP responsive activity of CAR in a transient transfection and
luciferase reporter gene assay (Fig. 8E). As summarized in Fig. 8F, our data suggest that IL-6
may have mediated the renal IR-induced fatty liver and liver injury through the down-

regulation of the expression and activity of CAR.
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Discussion

Our results showed that renal IR-induced AKI has a distant effect in causing hepatic steatosis
and liver injury. The hepatic lipid accumulation may have resulted from decreased expression
and activity of CAR and inhibition of VLDL-TG secretion. Pharmacological activation of
CAR by TCPOBOP prevented the development of renal IR-induced fatty liver. In contrast,
CAR™" mice showed fatty liver after renal IR, which could not be relieved by TCPOBOP.
Alleviation of fatty liver by TCPOBOP also improved kidney function in AKI, suggesting
that fatty liver can be considered as a risk factor for kidney injury. We also identified IL-6 as

an important mediator for AKI-responsive inhibition of CAR and development of fatty liver.

To our knowledge, this is the first demonstration that renal IR induces CAR down-regulation
and steatosis in the liver. Although several studies have reported hepatic cellular
vacuolization upon renal IR (Golab et al., 2009; Pelletier et al., 2013; Rabadi et al., 2016),
understanding the mechanism of renal IR-induced fatty liver has been limited. Most
published studies emphasize inflammatory responses, apoptosis, and necrosis in the liver
after renal injury. For example, renal peptidyl arginine deiminase-4 (PAD4) increases the
renal tubular inflammatory response after renal IR by interacting with NF-xB (Rabadi et al.,
2016). Genetic ablation of PAD4 attenuates AKI-induced kidney injury and liver injury. In
this study, we showed that hepatic steatosis is an acute response to renal IR. Renal IR-
induced CAR down-regulation in the liver resulted in a decreased expression of Mttp, leading
to reduced VLDL-TG secretion. Treatment with TCPOBOP abolished the inhibitory effect of
renal IR on VLDL-TG secretion and thus decreased lipid accumulation. The mechanism by
which CAR blocks the inhibitory effect of renal IR on VLDL-TG secretion remains to be
fully understood. Nevertheless, the attenuation of renal IR-induced fatty liver by TCPOBOP

is consistent with the anti-steatotic activity of CAR (Dong et al., 2009; Gao et al., 2009).
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Our findings that renal IR-induced fatty liver and attenuation of fatty liver helped preserving
kidney function have their clinical implications. Renal transplant recipients have been
reported to have a higher prevalence of fatty liver compared to the general population
(Mikolasevic et al., 2014). Moreover, fatty liver in renal transplant patients was found to have
a negative impact on the function of the grafted kidneys. The severity of fatty liver correlated
with elevated serum creatinine levels and decreased estimated glomerular filtration rate in
renal transplant patients (Anuras et al., 1977; Mikolasevic et al., 2014). In this study, CAR™”
mice were found to be more sensitive to renal IR injury and renal IR induced lethality, which
was likely due to a higher basal triglyceride content in the liver. The spontaneous steatosis in
the CAR™ mice may have resulted from the de-suppression of the lipogenic nuclear receptor
liver X receptor (Zhai et al., 2010). In contrast, pharmacological activation of CAR alleviated
fatty liver and improved the renal function in AKI. Our results support the notion that fatty
liver might be an important risk factor contributing to the development of renal graft
dysfunction. Meanwhile, CAR can be explored as a therapeutic target to manage fatty liver
and to avoid graft dysfunction in renal transplant patients. Since the expression of CAR in the
kidney was negligible, we reason the nephro-protective effect of TCPOBOP was likely due to

the hepatic activation of CAR.

Mechanistically, our results suggested the renal IR-induced inflammatory cytokines may have
mediated the distal effect of AKI on the liver. Among the inflammatory cytokines, IL-6 plays
an important role in AKI-induced distant organ injury (Klein et al., 2008; Park et al., 2011).
Elevated levels of serum IL-6 were observed after ischemic AKI and bilateral nephrectomy
(Klein et al., 2008). Increases in serum IL-6 have been reported in hospitalized AKI patients

and the level of serum IL-6 showed a significant association with increased mortality
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(Simmons et al., 2004). IL-6 is known to inhibit the expression of CYP2 and CYP3 genes
(Abdel-Razzak et al., 1993; Morgan et al., 2008; Muntane-Relat et al., 1995; Pascussi et al.,
2000), likely by decreasing the expression and/or activity of CAR. The elevated hepatic and
systemic level of IL-6 may have accounted for the suppression of CAR in the AKI liver. In
contrast, treatment with TCPOBOP decreased the hepatic, renal and circulating levels of IL-6,
which helped the recovery of the expression and activity of CAR in the liver, leading to the
relief of hepatic and renal injury. The inhibitory effect of TCPOBOP on IL-6 was consistent
with the notion that activation of CAR can attenuate inflammation in several disease models

(Cheng et al., 2017; Shah et al., 2014).

Another potential implication of our study is that AKI can change hepatic drug metabolism
through the down-regulation of CAR, a master regulator of drug metabolism. Because the
pharmacokinetics and pharmacodynamics of drugs are altered in critically ill patients, dose
adjustment is often necessary. CYP-mediated drug metabolism is a critical issue in patients of
AKI due to an altered efficacy or toxicity of drugs. However, the impact of AKI on hepatic
drug metabolism is not well documented. Midazolam exhibits a prolonged action in AKI
patients due to decreased CYP3A4/5-mediated hepatic metabolism as well as diminished
renal excretion (Kirwan et al., 2012). Antipyrine and losartan showed a decrease in
metabolism by CYP2B6 and CYP2C9 in animal models of renal IR, bilateral ureteric ligation,
and uranyl nitrate injury (Gurley et al., 1997; Yoshitani et al., 2002). The expression of
CYP3A4/5, CYP2B6, and CYP2C9 is under the transcriptional control by CAR and its sister
xenobiotic receptor pregnane X receptor (PXR) (Gerbal-Chaloin et al., 2002; Xie et al., 2000).
Because CAR can also regulate the expression of phase II conjugating enzymes and drug
transporters, all stages of hepatic drug metabolism can potentially be affected by AKI due to

the suppression of CAR (Maglich et al., 2002; Xie et al., 2000).
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In summary, we have uncovered a novel function of CAR in mediating the crosstalk between
the injured kidney and liver. Activation of CAR relieved renal IR-induced fatty liver and
kidney injury, whereas CAR ablation sensitized mice to renal IR-induced AKI. Knowing that
kidney transplant recipients have a higher incidence of fatty liver and fatty liver has a
negative effect on the function of grafted kidneys, it is tempting to speculate that CAR can be
explored as a therapeutic target to manage fatty liver and to avoid graft dysfunction in renal

transplant patients.
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Figure Legends

Fig. 1. Renal IR induces hepatic steatosis

(A) C57BL/6 male mice were subjected to sham surgery or 30 min of bilateral renal ischemia
followed by 24 h of reperfusion. Blood samples were collected to measure serum levels of
creatinine and BUN. (B) Renal histology as shown by H&E staining. The original
magnification is 200%. Arrow and arrowhead indicate tubular dilation and necrosis,
respectively. (C) Macroscopic liver appearance (top) and liver histology as shown by H&E
staining (middle) and Oil-Red O staining (bottom). (D) The hepatic and serum lipid levels. (E)
Serum ALT, AST and total bilirubin levels. Results are presented as mean + SD of five mice

per group. *, p<0.05, compared to the sham group.

Fig. 2. Renal IR decreases the hepatic expression of CAR

Mice were the same as described in Fig. 1. (A) Liver CAR mRNA expression was measured
by qRT-PCR. The relative gene levels are represented as fold change compared to the sham
group. Results are presented as mean + SD of five mice per group. *, p<0.05, compared to the
sham group. (B) Liver CAR protein expression was measured by Western blotting. Lanes
represent individual mice. Shown on the top right is the densitometric quantification of the
Western blotting results. (C) Liver CAR protein expression was detected by

immunohistochemistry. Arrowheads indicate positive staining.

Fig. 3. Treatment with the CAR activator TCPOBOP ameliorates renal IR-induced fatty
liver

C57BL/6 male mice were randomly assigned into four groups. Two treatment groups were
administered with TCPOBOP for two days (1 mg/kg BW/day; i.p.) before receiving the sham

surgery or renal IR 24 h after the last doses of drugs. Two vehicle groups received the same
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volume of corn oil for two days before receiving the sham surgery or renal IR. (A) Liver

CAR protein expression was measured by Western blotting. Shown on the bottom left is the
densitometric quantification of the Western blotting results. (B) Liver CAR protein

expression was detected by immunohistochemistry. Arrowheads indicate positive staining. (C)
Cyp2b10 mRNA expression was measured by qRT-PCR. The relative gene levels are
represented as fold change compared to vehicle-treated sham group. (D-F) Macroscopic liver
appearance (D) and liver histology as shown by H&E (E) and Oil-Red O staining (F). (G)

The hepatic and serum lipid levels. (H) Serum ALT, AST and total bilirubin levels. Results

are presented as mean = SD of five mice per group. *, p<0.05, with the comparisons labeled.

Fig. 4. Activation of CAR blocks the inhibitory effects of renal IR on VLDL-TG secretion
Mice were the same as described in Fig. 3. (A) Liver Mttp protein expression was measured
by Western blotting. Shown on the right is the densitometric quantification of the Western
blotting results. Each bar represents the mean + SD of five mice. (B) Serum Apob100 level
was detected by Western blotting. Ponceau S staining was used as a loading control. (C)
VLDL-TG secretion assay. Mice were fasted for 4 h before receiving an intravenous injection
of tyloxapol (500 mg/kg body weight). Blood samples were collected at 0, 30, 60, and 120
min and measured for serum concentrations of triglycerides. Each bar represents the mean +

SD of three mice. *, p<0.05, with the comparisons labeled.

Fig. 5. The attenuation of renal IR-induced fatty liver by TCPOBOP is abolished in CAR”
mice

The experimental designs were the same described in Fig. 3 except that male CAR”™ mice
were used. (A-C) Macroscopic liver appearance (A) and liver histology as shown by H&E (B)

and Oil-Red O staining (C). (D) The hepatic and serum lipid levels. (E) Serum ALT, AST and
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total bilirubin levels. (F) VLDL-TG secretion assay. (G) Serum Apob100 was detected by
Western blotting. Ponceau S staining was used as a loading control. Each bar represents the

mean £ SD of five mice. *, p<0.05, with the comparisons labeled.

Fig. 6. Activation of CAR attenuates renal IR-induced kidney injury

WT C57BL/6 male mice were randomly assigned, and treatment groups were administered
with TCPOBOP for two days (1 mg/kg BW/day; i.p.). Vehicle groups received the same
volume of corn oil. Mice received the renal IR surgery or sham surgery 24h after the last dose
of drugs and sacrificed 48h after the renal IR. (A and B) liver histology as shown by H&E (A)
and Oil-Red O staining (B). (C) The hepatic and serum lipid levels. (D) The serum creatinine
and BUN levels. (E) Renal histology as shown by H&E staining. Arrows and arrowheads
indicate tubular dilation and necrosis, respectively. (F) TUNEL staining to identify apoptotic
renal cells (green fluorescence). DAPI staining of cell nuclei is shown in blue. Shown below
is the quantification of the TUNEL-positive cells from three mice in each group. The abrupt
change in contrast from left to right may have resulted from an artifact in the detector; t
he image has not been spliced. (G) Western blot analysis to detect the protein expression of
Ngal, total Caspase3, and cleaved Caspase3 in the mouse kidneys. Each bar represents the

mean £ SD of five mice. *, p<0.05, with the comparisons labeled.

Fig. 7. CAR ablation sensitizes mice to renal IR-induced lethality

WT and CAR” mice were renal IR or sham surgery as described in Fig. 6. (A) Animal
survival curve. (B) Renal histology as shown by H&E staining. Arrows and arrowheads
indicate tubular dilation and necrosis, respectively. (C) TUNEL staining to identify apoptotic
renal cells (green fluorescence). DAPI staining of cell nuclei is shown in blue. Shown on the

right is the quantification of the TUNEL-positive cells from three mice in each group. The ab
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rupt change in contrast from left to right may have resulted from an artifact in the detec

tor; the image has not been spliced. *, p<0.05, with the comparisons labeled.

Fig. 8. Renal IR responsive increase of serum IL-6 is a potential mechanism for the renal
IR-induced fatty liver and liver injury

(A and B) Mice were subjected to the 30-min ischemia / 48-h reperfusion model. The /L-6
mRNA expression in the kidney and liver was determined by qRT-PCR (A) and the serum IL-
6 levels were measured by ELISA (B). Each bar represents the mean + SD of five mice. (C)
The serum IL-6 levels were measured in WT and CAR™" mice that were subjected to the 30-
min ischemia / 24-h reperfusion model. (D) Mouse primary hepatocytes were isolated and
incubated with IL-6 (50 U/mL) in the presence or absence of TCPOBOP (200 nM) for 24 h.
The mRNA expression of CAR was measured by qRT-PCR. (E) HEK293T cells were
transiently transfected with the mouse CAR expression vector pPCMX-HA-mCAR and the
CAR responsive tk-PBRE reporter plasmid. Transfected cells were incubated with IL-6 (50
U/mL) in the presence or absence of TCPOBOP (200 nM) for 24 h before cell harvesting and
luciferase assay. *, p<0.05, with the comparisons labeled. (F) Proposed mechanisms of renal
IR-induced fatty liver and liver injury. Elevation of serum IL-6 after AKI mediates renal IR-

induced kidney and liver injury through CAR down-regulation.
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