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KEY WORDS Abstract Drug-induced hyperglycemia/diabetes is a global issue. Some drugs induce hyperglycemia
by activating the pregnane X receptor (PXR), but the mechanism is unclear. Here, we report that PXR
activation induces hyperglycemia by impairing hepatic glucose metabolism due to inhibition of the
hepatocyte nuclear factor 4-alpha (HNF4«)—glucose transporter 2 (GLUT2) pathway. The PXR ago-
nists atorvastatin and rifampicin significantly downregulated GLUT2 and HNF4« expression, and

Pregnane X receptor;

Hepatocyte nuclear factor
4-alpha;

Glucose transporter 2;

Hepatic glucose uptake; impaired glucose uptake and utilization in HepG2 cells. Overexpression of PXR downregulated
Diabetes; GLUT?2 and HNF4« expression, while silencing PXR upregulated HNF4a and GLUT2 expression.
Drug-induced Silencing HNF4« decreased GLUT2 expression, while overexpressing HNF4« increased GLUT2

hyperglycemia expression and glucose uptake. Silencing PXR or overexpressing HNF4« reversed the atorvastatin-

induced decrease in GLUT?2 expression and glucose uptake. In human primary hepatocytes, atorvas-
tatin downregulated GLUT2 and HNF4a mRNA expression, which could be attenuated by silencing
PXR. Silencing HNF4« downregulated GLUT2 mRNA expression. These findings were reproduced
with mouse primary hepatocytes. Hnf4« plasmid increased Slc2a2 promoter activity. Hnf4« silencing
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or pregnenolone-16«a-carbonitrile (PCN) suppressed the Slc2a2 promoter activity by decreasing
HNF4« recruitment to the Slc2a2 promoter. Liver-specific Hnf4a deletion and PCN impaired glucose
tolerance and hepatic glucose uptake, and decreased the expression of hepatic HNF4a and GLUT2. In
conclusion, PXR activation impaired hepatic glucose metabolism partly by inhibiting the HNF4a—
GLUT?2 pathway. These results highlight the molecular mechanisms by which PXR activators induce

hyperglycemia/diabetes.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Drug-induced hyperglycemia/diabetes has become a global issue,
contributing to the rising prevalence of diabetes worldwide'.
Therapeutically prescribed drugs including glucocorticoids,
cholesterol-lowering statins, antipsychotics, antidepressants, anti-
epileptics, antiretrovirals, antibacterials, antimycobacterials, im-
munosuppressants, and antineoplastics have clinical diabetogenic
potential with different mechanisms™’. Importantly, drugs such as
dexamethasone”, atorvastatin, simvastatin, ritonavir’, quetiapine®,
rifampicin, and phenytoin, are also activators of the pregnane X
receptor (PXR). In the clinic, PXR activating drugs such as
rifampicin’, phenytoin®, ritonavir’, quetiapine'®, atorvastatin'''?,
and St. John’s wort"® have been reported to impair glucose tole-
rance. For example, 1-week treatment with rifampicin’ or 21-day
treatment with St. John’s wort'? impaired glucose tolerance in
healthy volunteers. Similarly, in patients with type 2 diabetes
complicated by hyperlipidemia, 3-month treatment with atorvas-
tatin also significantly increased arbitrary blood glucose levels
from 147 + 51 (before treatment) to 176 £+ 69 mg/dL”. Animal
experiments have also shown that the PXR agonists pregnenolone-
16a-carbonitrile (PCN) and atorvastatin increased glucose levels in
an oral glucose tolerance test (OGTT)”"'*!. Although the roles of
PXR in drug-induced hyperglycemia/diabetes have been demon-
strated’” %13 1%19718 “the real mechanisms by which PXR activa-
tors impair glucose metabolism are not fully understood. PCN and
atorvastatin were reported to impair glucose tolerance by impairing
hepatic glucose metabolism, which was partly attributed to
downregulated expression of the hepatic glucose transporter 2
(GLUT2/SLC2A2) and glucokinase (GCK)'*'"°. In HepG2 cells,
rifampicin and atorvastatin were reported to impair glucose meta-
bolism and glucose uptake by downregulating protein expression of
GLUT2 and GCK, which were attenuated by PXR inhibitors or
silencing PXR. Similarly, PXR inhibitors also reversed down-
regulated expression of GLUT2 and GCK and the impairment of
glucose utilization in PXR-overexpressing HepG2 cells. These
results demonstrate that PXR activators induce hyperglycemia
partly by impairing hepatic glucose metabolism. However, the
molecular mechanisms by which PXR activators impair GLUT2-
and GCK-mediated glucose metabolism are not fully elucidated.
The liver plays an important role in systemic glucose homeo-
stasis by controlling glucose uptake, glucose utilization, gluco-
neogenesis, glycogenesis, and glycogenolysis. In the postprandial
state, glucose is taken into hepatocytes by GLUT2 and phosphor-
ylated by GCK, then oxidized or incorporated into glycogen.

GLUT?2 is the predominant glucose transporter in hepatocytes in
humans and rodents'®*’. The contribution of hepatic glucose up-
take to postprandial glycemic control has been demonstrated”'=?,
which accounts for 60%—65% of an oral glucose load, indicating
that impairment of GLUT2-mediated hepatic glucose uptake may
elevate postprandial glycemia. Several studies have supported these
conclusions. Glut2 deletion was reported to impair uptake of 2-
deoxy-2-[fluorine-18]-fluoro-p-glucose (‘®F-FDG) in the livers of
mice”. In line with this finding, portal vein glucose infusion
induced a paradoxical hypoglycemic state in wild-type mice, but
generated transient hyperglycemia in Glut2~'~ mice>*. Similarly,
Glur2™'~ mice showed elevated basal glucose levels with a sharp
increase in glucose following an oral glucose dose and persistent
hyperglycemia compared with wild-type mice®*°. The Glur2™'~
mice also developed glucose intolerance following an intraperito-
neal glucose dose®’ without affecting glucose production®>?’.

In general, PXR regulates the expression of its target genes
by cross-talk with other nuclear receptors'®**°. For instance,
PXR suppresses expression of cholesterol 7-a hydroxylase and
sterol 12-a hydroxylase by cross-talk with hepatocyte nuclear
factor 4-alpha (HNF4x)*°. Hepatic HNF4q, as a master regu-
lator of liver-specific gene expression, is essential for adult and
fetal liver function®'. Our pre-experiments showed that both
rifampicin and atorvastatin suppressed the protein expression of
HNF4«, which was linked to downregulated protein expression
of GLUT2 in HepG2 cells. Silencing PXR upregulated the
expression of HNF4« and GLUT?2, while overexpression of PXR
downregulated expression of HNF4a and GLUT2. Moreover,
silencing HNF4« also downregulated expression of GLUT2 in
HepG2 cells. These results indicate that PXR activation impairs
hepatic glucose uptake possibly by inhibiting the HNF4a—
GLUT2 pathway.

The aim of this study was 1) to investigate systematically
whether PXR activation impairs hepatic glucose metabolism by
inhibiting the HNF4a—GLUT2 pathway; 2) to investigate how
HNF4« regulates hepatic GLUT2 expression and hepatic glucose
uptake using HepG2 cells, human primary hepatocytes and mouse
primary hepatocytes; 3) to further confirm the role of the PXR—
HNF4a—GLUT2 pathway in the impairment of hepatic glucose
metabolism by PXR activation using mice treated with PCN and
mice with a liver-specific knockdown of Hnf4a. The results
illustrate the importance of the PXR—-HNF4a—GLUT?2 pathway in
the impairment of hepatic glucose metabolism and the molecular
mechanisms by which PXR activators induce hyperglycemia/
diabetes.
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2. Materials and methods
2.1. Reagents

Atorvastatin calcium and sodium pyruvate solution were pur-
chased from Sigma—Aldrich (Shanghai, China). Rifampicin,
metformin hydrochloride, phloretin, dexamethasone, and heparin
sodium salt were purchased from Aladdin Industrial Corporation
(Shanghai, China). PCN was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). '®F-FDG injection was
obtained from Dongcheng AMS Pharmaceutical Co., Ltd. (Nanj-
ing, China). Dulbecco’s modified Eagle medium (DMEM, high
glucose; DMEM, no glucose, no glutamine, and no phenol red),
Williams” medium E, Opti-MEM, non-essential amino acids
(NEAA 100x), fetal bovine serum (FBS), 0.25% trypsin-EDTA,
and insulin-transferrin-selenium (ITS) were purchased from
GBICO (Grand Island, NY, USA). 2-(N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) and Lipofect-
amine 3000 transfection reagent were obtained from Invitrogen
(Carlsbad, CA, USA). RNAiso Plus Reagent was purchased from
Takara Biomedical Technology (Beijing, China). XenoLight
RediJect 2-DG-750 probe was purchased from PerkinElmer
(Waltham, MA, USA). Kits for glucose, triglyceride (TG),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and alkaline phosphatase (AKP) determination were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Radioimmunoprecipitation (RIPA) lysis buffer, immuno-
precipitation (IP) lysis buffer, and bicinchoninic acid (BCA)
protein assay kit were purchased from Beyotime Institute of
Biotechnology (Nanjing, China). Protein A/G mix magnetic
beads, Rat/Mouse Insulin ELISA kit, and EZ-Magna ChIP kit
were obtained from Millipore (Burlington, MA, USA). Dual-
luciferase reporter gene assay kit was obtained from Promega
Corporation (Madison, WI, USA).

2.2.  Animals

Six to eight-week-old male C57BL/6J mice were purchased from
CAVENS Lab Animal Ltd. (Changzhou, China). The mice were
housed in plastic cages with free access to tap water and regular
chow in a temperature-controlled facility with a 12-h light/dark
cycle. All procedures on animals were carried out in accordance
with guidelines on the Care and Use of animals developed by the
National Advisory Committee for Laboratory Animal Research.
All animals received humane care and their use was approved by
the Animal Ethics Committee of China Pharmaceutical University
(Nanjing, China).

2.3.  Cell culture and drug treatment

HepG?2 cells were from the Chinese Academy of Medical Sciences
(Shanghai, China), HepG2-NR1I2, a stable cell line expressing
human PXR, was established by Viewsolid Biotechnology (Bei-
jing, China). Both HepG2 and HepG2-NR1I2 cells were cultured
in DMEM supplemented with 10% FBS, 1% NEAA, antibiotics
(100 IU/mL penicillin and 100 pg/mL streptomycin), and 3.7 g/L.
of NaHCOj; in an atmosphere of 5% CO, at 37 °C. At 70%
confluence, the cells were incubated with medium containing the

tested agents for the designated times to assess glucose uptake,
glucose consumption, and expression of the target proteins and
genes.

Cryopreserved human hepatocytes (Cat. No. BQH1000.H15+)
from nine donors were purchased from Shanghai Quan Yang Co.,
Ltd. (Shanghai, China) and seeded according to the instruction
manual. Following overnight attachment, the medium was
replaced with OptiCulture Hepatocyte Media (XenoTech, Kansas
City, USA) containing atorvastatin or vehicle for another 24 h.
The cultured cells were used to measure expression of the target
genes.

Mouse primary hepatocytes were isolated from 6—8-week-old
male C57BL/6J mice using an in situ liver perfusion according to
a method previously described™. The isolated primary hepato-
cytes were cultured in Williams’ medium E supplemented with
ITS, dexamethasone (10 ng/mL), and antibiotics for 12 h. Then
the cells were incubated with medium containing the tested agents
for assessing glucose uptake/production and expression of the
target proteins and genes.

2.4.  Glucose consumption

HepG2 cells were seeded into 24-well plates at a density of
1 x 10° cells/well. At 70% confluence, the cells were incubated
with atorvastatin (1, 5, and 10 pmol/L), metformin (2 mmol/L) for
24 h, or rifampicin (10 and 25 pmol/L) for 72 h, respectively. The
incubation time and concentrations of the tested agents were
designed based on preliminary experiment and a previous report'*,
respectively. Metformin was used as a positive control. The treated
cells were then exposed to fresh medium containing the same
concentrations of tested agents and insulin (10 nmol/L) for
another 6 h. The glucose concentration in the culture medium was
determined using a glucose assay kit. Glucose consumption was
calculated by subtracting the glucose content in cell-containing
wells from the glucose concentrations of blank wells. Cellular
protein concentrations were determined using BCA protein assay
kit.

2.5.  Glucose uptake

Cellular glucose uptake was evaluated using 2-NBDG as an in-
dicator. Briefly, HepG2 cells and mouse primary hepatocytes were
seeded in 24-well plates at a density of 1 x 10° cells/well. HepG2
cells were maintained in DMEM with 10% FBS to reach 70%
confluence and then exposed to phloretin (20 pmol/L), atorvastatin
(1, 5, and 10 pmol/L) for 24 h and rifampicin (10 and 25 pumol/L)
for 72 h. Primary hepatocytes were treated with phloretin
(20 pmol/L) and PCN (5, 10, and 20 pmol/L) for 48 h. Subse-
quently, the culture medium was replaced with glucose- and
phenol red-free DMEM containing 2-NBDG (20 pmol/L for
HepG2 cells, 50 pmol/L for primary hepatocytes) and tested
agents following washing twice with pre-warmed phosphate
buffered saline (PBS). The plate was incubated for 30 min at
37 °C and uptake was terminated by washing twice with ice-cold
PBS. Uptake of 2-NBDG by cells was indexed as fluorescence
intensity on a BioTek microplate reader (excitation/
emission = 485/544 nm) and normalized to total cellular protein
content.



2394

Peihua Liu et al.

2.6.  Glucose production in primary hepatocytes

Primary mouse hepatocytes were seeded in 24-well plates at a
concentration of 1 x 10° cells/well and were then exposed to PCN
(10 pmol/L), dexamethasone (0.5 pmol/L), and metformin
(2 mmol/L) for 24 h. After incubation, cells were washed with
PBS and starved in glucose- and phenol red-free DMEM for
30 min to deplete cellular glycogen. Subsequently, medium was
replaced with glucose- and phenol red-free DMEM containing
gluconeogenic substrates (20 mmol/L sodium lactate, 2 mmol/L
sodium pyruvate, and 15 mmol/L HEPES) and tested agents for
another 2 h incubation. Cell supernatant was collected and glucose
concentration was determined using an HPLC method described
previously®”.

2.7.  Invitro transfection

The human and mouse PXR siRNAs were purchased from Santa
Cruz Biotechnology. Peroxisome proliferator-activated receptor
gamma coactivator 1 alpha (Pgcl«a) siRNA (On-target plus mouse
Pgcla siRNA) was purchased from Dharmacon (Lafayette, CO,
USA). Human and mouse HNF4« siRNA and scrambled siRNA
(Supporting Information Table S3) were designed and synthesized
by GenePharma (Shanghai, China). For PXR, HNF4«, and PGCl«a
knockdown, HepG2 cells or primary hepatocytes were transfected
with 90 nmol/L siRNA using Lipofectamine 3000 transfection
reagent according to the instructions. Transfected cells were used
for assay 48 h post-transfection and silencing efficiency was
verified by Western blot. Scrambled siRNA was used as a negative
control.

For HNF4« overexpression, human HNF4« and mouse Hnf4o
cDNA sequences were cloned into the plvx plasmid (constructed
by Sangon Biotechnology, Shanghai, China) and pEX-3 plasmid
(constructed by Genomeditech Co., Ltd., Shanghai, China),
respectively. HepG2 cells or primary hepatocytes were seeded and
maintained in the appropriate medium for 12 h. Then, cells were
transfected with the HNF4a/Hnf4« overexpression plasmid using
Lipofectamine 3000 transfection reagent according to the product
instructions. Empty vectors (plvx or pEX-3) were transfected as a
control. Cells were incubated for an additional 48 h before tested
agent treatment.

2.8.  Effects of PCN on glucose metabolism and expression of
enzymes/transporters related to glucose metabolism and glucose
uptake in the livers of mice

Eight-week-old male C57BL/6J mice were randomly divided into
a control group and a PCN-treated group. After 1 week of accli-
mation, the PCN-treated mice were intraperitoneally (i.p.) injected
with 50 mg/kg PCN (dissolved in corn oil plus 30% DMSO) once
a day for 5 days. The control mice received only vehicle (corn oil
plus 30% DMSO).

An intraperitoneal glucose tolerance test (IPGTT) was per-
formed on the 5th day following PCN treatment. All mice were
fasted for 12 h prior to the test and fasting glucose levels were
measured before glucose loading. Each mouse was administered
glucose (2 g/kg) by i.p. injection and blood glucose levels were
measured on an Accuchek performa glucometer (Roche Di-
agnostics, Basel, Switzerland) at 0, 15, 30, 60, and 90 min post
glucose dose by tail tip cut.

Twenty-four hours after the last dose of PCN, mice were fasted
for 6 h and then killed. Blood samples were collected for
assessment of fasting plasma insulin (FINS) and glucose (FPG).
The plasma insulin concentration was determined using a rat/
mouse insulin ELISA kit. Homeostasis model assessment of in-
sulin resistance (HOMA-IR) was calculated by formula HOMA-
IR = FPG (mmol/L) x FINS (mU/L)/22.5. Liver samples were
quickly obtained and weighed for measuring expression of target
proteins and genes.

Another group of PCN-treated mice were used for assessing
hepatic glucose uptake using the RediJect 2-DG-750 probe, a
nonradioactive fluorescent-tagged glucose molecule developed by
PerkinElmer, according to previous reports®**°, Briefly, on the 5th
day and with an overnight fast, the mice received intravenously
100 pL probe (RediJect 2-DG-750) through the femoral vein
under isoflurane anesthesia. The mice were killed at 10 min after
dosing. The dose of RediJect 2-DG-750 and time were determined
by a preliminary experiment. The liver and heart were quickly
obtained. Fluorescence of RediJect 2-DG-750 was measured using
an IVIS spectrum in vivo imaging system (PerkinElmer, MA,
USA) with excitation and emission wavelengths of Ex (745 nm)/
Em (800 nm) and images were analyzed by Living Image soft-
ware. Fluorescence intensity was normalized to photons per sec-
ond per centimeter square per steradian and expressed as total

36

radiant efficiency [p/s/cmz/sr]/[uW/cmz] .

2.9.  Effect of liver-specific Hnf4o knockdown on glucose
metabolism and expression of enzymes/transporters related to
glucose metabolism and glucose uptake in the livers of mice

Six-week-old male C57BL/6J mice received adeno-associated
virus serotype 8 (AAVS8)-Hnf4a-shRNA (constructed by
Genomeditech) by intraportal vein injection. For construction of
AAV8-Hnf4a-shRNA, three shRNA sequences (Table S3) were
designed for Hnf4o and their knockdown efficiency was deter-
mined in vitro using mouse primary hepatocytes. Sequence #2 was
chosen as it had the greatest knockdown efficiency. A short hairpin
RNA encoding sequence #2 was cloned into the BamHI and EcoRI
sites of GPAAV-HU6-MCS-CMV-eGFP-WPRE vector. AAV vec-
tors were packaged into AAVS capsids using pHelper and pAAV-
RCS8 by triple transfection of AAV-293 cells, and then purified by
iodixanol gradient centrifugation. Titers of the rAAVS8 vectors were
measured by quantitative real-time PCR (qRT-PCR). For AAV8
intraportal vein injection, mice were anesthetized with isoflurane
after overnight fasting. The portal vein was exposed by midline
abdominal incision and a 200 pL volume of virus/PBS mixture
(5 x 10" vector genomes) was slowly injected into the portal vein
over a period of 1 min using an insulin syringe. After injection, a
small piece of absorbable sponge was gently pressed over the
insertion point to staunch bleeding. Then abdominal incision was
closed. Following the surgery, the mice continued to feed for 23
days.

On the 22nd day, an IPGTT was performed as described above.
On the 23rd day, the mice were killed and blood samples were
collected for measuring FINS and FPG following a 6-h fast. Liver
samples were collected and weighed for measuring the expression
of target proteins and genes.

Another group of liver-specific Hnf4a knockdown mice were
generated to evaluate glucose-stimulated insulin secretion (GSIS)
after oral glucose challenge. The mice were fasted for 12 h and
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received an oral dose of glucose (2 g/kg). Blood samples were
collected at 0 (before dose) and 15, 30, 60, and 90 min post-
glucose loading for measuring insulin and glucose levels in the
plasma.

Micro-positron emission tomography/computed tomography
(PET/CT) was used to measure hepatic '®F-FDG uptake in liver-
specific Hnf4a knockdown mice. Briefly, on the 22nd day
following AAV8-Hnf4a-shRNA injection, mice were fasted
overnight and anesthetized with 1.5% isoflurane. Mice were then
positioned on a heated custom PET/CT small animal holder,
which allowed for continuous anesthesia. '*F-FDG (37 MBq) was
injected as a bolus through the femoral vein and 15-min dynamic
PET scans were performed at 2 min after injection on an Inveon
Micro-PET/CT (Siemens Medical Solutions, Erlangen, Germany).
For dynamic scans, the acquired data were sorted into 5-s frames
for 2 min; 30-s frames for 3 min; 2-min frames for 10 min.
PET acquisition was immediately followed by a CT scan to pro-
vide anatomical information. Images were reconstructed by a
3-dimensional ordered subsets expectation maximum (3D OSEM)
algorithm without correction for attenuation or scatter. The region
of interest was drawn manually in well-delineated liver and used
to assess the kinetics of '|F-FDG in the liver at an Inveon
Research WorkStation. Hepatic uptake of '®F-FDG was quanti-
tatively expressed using the standardized uptake value percentage
injected dose per gram (%ID/g).

2.10. Western blot

Target cells were incubated with the indicated factors for the
designated times and subjected to Western blot analysis. Whole-
cell lysates were extracted using Blue Loading Buffer Pack (Cell
Signaling Technology, Danvers, MA, USA, 7722S) containing
1 mmol/L phenylmethylsulfonyl fluoride (PMSF). Fifty micro-
grams of mouse liver tissue was homogenized and lysed in RIPA
buffer supplemented with 1 mmol/L PMSF to extract total protein.
Protein concentrations were determined by BCA protein assay kit
and all samples were diluted to the same concentration before
denaturation. Sixty micrograms of protein was then subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) separation, transferred onto a nitrocellulose membrane
(NC) membrane by wet transfer (200 mA, 90 min), and incubated
with primary antibodies followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies (all primary and second-
ary antibodies are presented in Supporting Information Table S1).
The immunoreactive bands were detected by ECL reagent
(Vazyme Biotech, Nanjing, China) using a gel imaging system
(Tanon 5200 Multi, Tanon Science & Technology, Shanghai,
China). The intensity of the bands was analyzed using the Image J
software (NIH, USA).

2.11.  Co-immunoprecipitation

Primary hepatocytes were cultured in Williams’ Medium E con-
taining PCN (10 pumol/L) for 48 h. The cultured cells were scraped
in IP lysis buffer containing protease inhibitors. One milligram of
protein extract was incubated with 2 png anti-PXR antibody, anti-
PGCla antibody, or normal mouse IgG overnight at 4 °C with
continuous mixing. Forty microliters of protein A/G magnetic
beads were added for 2 h at 4 °C. The immunoprecipitates were
pelleted by a magnetic stand and washed with PBS containing

0.1% Tween 20. The pellets were then suspended in 1x loading
buffer and subjected to Western blot assays.

2.12.  Dual luciferase assay

A PGLA4.10-M_SIc2a2 promoter-luciferase reporter construct
harboring 2.0 kb of the M_SIc2a2 promoter sequence (—1910 to
+114) and a pRL Renilla luciferase control reporter vector (pRL-
TK) were constructed by Genomeditech. A dual-luciferase reporter
gene assay was performed using the dual-luciferase reporter gene
assay kit according to the manufacturer’s instruction, as follows.
The mouse embryonic fibroblast cell line (NIH/3T3) from Cellcook
Biotech (Guangzhou, China) was seeded in 24-well plates. After
12 h incubation, 0.2 pg/well PGL4.10-M_SIc2a2 promoter-
luciferase reporter and 0.2 pg/well pRL-TK were transfected into
cells together with Hnf4a plasmid (50—200 ng/well). To transfect
fixed amounts of DNA, sample DNA was supplemented with
PEX-3 vector. For the luciferase assay in mouse primary hepato-
cytes, cells were transfected with luciferase reporters together with
the siRNA target Hnf4« or treated with PCN. Luciferase activity
was measured 48 h post-transfection of the NIH/3T3 cells. A
Renilla luciferase internal control was used to normalize the rela-
tive luciferase activity.

2.13.  Chromatin immunoprecipitation (ChIP) analysis

ChIP experiments were performed using the EZ-Magna ChIP kit
according to the manufacturer’s instructions. Briefly, primary
hepatocytes in a 150 mm culture dish were treated with vehicle or
PCN for 48 h and fixed by adding formaldehyde to the medium.
Cells were harvested with lysis buffer and nuclear lysates were
sonicated to yield DNA fragments of 0.2—1 kb. IP was performed
using antibody to HNF4« (ab181604; Abcam, Cambridge, UK) or
rabbit IgG. The purified DNA was amplified by real-time PCR.
The primers used in the ChIP assays are as follows: Glut2 gene’s
promoter was S5-TCCTTCCGACCTTCATGTTC-3' and 5'-
GCTGTGCATTGGAGACTCAC-3'.

2.14. qRT-PCR

Total RNA was extracted from tissues or cells using RNAiso Plus
Reagent and reverse-transcribed into cDNA using HiScript® III
RT SuperMix (Vazyme). One microgram of RNA was incubated
with 4x gDNA wiper mix at 42 °C for 2 min to remove genomic
DNA, then 5x HiScript III qRT SuperMix was added to the re-
action and incubated at 37 °C for 15 min, 85 °C for 5 s to syn-
thesize cDNA. Gene expression analyses were performed with a
CFX96 Real-Time PCR System (CFX96, Bio-Rad, USA) and
ChamQ Universal SYBR qPCR Master Mix (Vazyme). The se-
quences of the mouse and human primers are presented in
Supporting Information Table S2. The RNA levels of the target
genes were normalized against the ACTB control levels using the
comparative Ct (AACt) method.

2.15.  Immunofluorescence assay

HepG2 cells were incubated with atorvastatin (10 pmol/L).
Twenty-four hours later, cells were fixed with 4% formaldehyde
for 15 min at room temperature. The cells were then blocked with
5% normal goat serum in PBS. After that, cells were incubated
with primary antibody including GLUT2 (1:500) and Laminin
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(1:1000) at 4 °C overnight. After triple washing with PBS, cells
were further incubated with Alexa Fluor® 488- or 594-conjugated
secondary antibody for 1 h at ambient temperature. The nucleus
was stained with 4',6-diamidino-2-phenylindole (DAPI). Finally,
the cells were observed under a Cytation 5 Cell Imaging Multi-
Mode Reader (BioTek, Germany) and images were processed
using Gen 5 software.

2.16.  Statistical analysis

All data are expressed as the mean + standard deviation (SD).
Comparisons between two groups were analyzed using unpaired
Student’s #-test. Multiple groups were compared using one-way
ANOVA with Tukey’s post hoc test. Correlation was assessed
using the Pearson correlation analysis. Significant differences
were accepted at P < 0.05. All statistical analyses were per-
formed using GraphPad Prism 8.0 (GraphPad, La Jolla, CA,
USA).

3. Results

3.1.  PXR activation impaired glucose metabolism and
downregulated expression of HNF4o and GLUT?2 in HepG?2 cells

The effects of the PXR agonists atorvastatin and rifampicin on
glucose utilization, glucose uptake, and expression of GLUT2
and GCK in HepG2 cells were characterized. Consistent with a
previous report'?, atorvastatin and rifampicin dose-dependently
inhibited glucose utilization, glucose uptake, and the protein
expression of GCK and GLUT?2 (Fig. 1A, B, D—F). Expression of
possible transcription factors or nuclear receptors related to
GLUT?2 and GCK expression such as nuclear receptor subfamily
4 group A member 1 (NR4Al), kruppel-like factor 7 (KLF7),
peroxisome proliferator-activated receptor gamma (PPARY),
forkhead-box A3 (FOXA3), hypoxia-inducible factor 1 subunit
alpha (HIFlw), sterol regulatory element binding transcription
factor 1 (SREBF1), PGCla, HNF6, HNF4a, HNF1w, and HNF3(
were simultaneously measured using qRT-PCR. The results show
that both atorvastatin and rifampicin significantly reduced gene
expression of HNF4a and GLUT2 but strongly induced gene
expression of PGCI« (Fig. 1C). Similar to a previous report’’,
GCK mRNA was undetectable in HepG?2 cells. Protein expression
of HNF4« was further analyzed. Both atorvastatin and rifampicin
decreased protein expression of HNF4« (Fig. 1G and H) in a
concentration-dependent manner. The downregulation of HNF4«
expression was in parallel with the impairment of glucose utili-
zation/uptake and expression of GLUT2 and GCK, indicating
that the impaired hepatic glucose metabolism by PXR activation
was possibly attributed to the downregulation of HNF4«
expression. Both atorvastatin and rifampicin are strong PXR
activators, whose inductive effects on cytochrome P450 3A4
(CYP3A4) are similar’®. The present study also shows that the
inhibitory effects of atorvastatin on hepatic glucose utilization/
uptake and expression of GLUT2, GCK, and HNF4« protein are
stronger than those of rifampicin. Thus, atorvastatin served as
representative to further investigate the implications of PXR
activation in impairment of hepatic glucose metabolism. An
immunofluorescence assay also showed that atorvastatin
remarkably decreased expression and distribution of GLUT2 on
the plasma membrane (Fig. IN). The role of PXR in the

regulation of HNF4« expression was confirmed in PXR-silenced
and PXR-overexpressing HepG2 cells. This was consistent with
our expectation that silencing PXR would upregulate the
expression of HNF4a and GLUT?2, while overexpression of PXR
would downregulate the expression of HNF4a and GLUT2
(Fig. 1I and J). It was also consistent with altered expression of
GLUT?2 that silencing PXR tended to increase glucose uptake,
although no statistical significance was obtained. In contrast,
overexpression of PXR markedly decreased glucose uptake
(Fig. 1K). More importantly, atorvastatin no longer influenced the
expression of GLUT2 and HNF4« in PXR-silenced HepG2 cells
(Fig. 1L and M). These results further confirmed that PXR acti-
vation suppresses expression of HNF4« and GLUT?2.

3.2.  Importance of HNF4a in GLUT2 expression and glucose
uptake in HepG2 cells

The importance of HNF4« in the regulation of GLUT2 and GCK
expression and glucose metabolism was documented in both
HNF4o-silenced and HNF4a-overexpressing HepG2 cells. The
results show that silencing HNF4« significantly reduces expression
of GLUT?2, glucose uptake and glucose utilization (Fig. 2A—D). In
contrast, overexpression of HNF4« remarkably increased the
expression of GLUT?2 (Fig. 2E and F) and glucose uptake (Fig. 2I).
However, both silencing HNF4a and overexpressing HNF4a had
little effect on the expression of GCK. Furthermore, overexpression
of HNF4« also reversed the impairment of GLUT2 expression and
glucose uptake induced by atorvastatin (Fig. 2G—I). The results
indicate that HNF4« upregulated expression of GLUT2, and in turn,
enhanced glucose uptake.

3.3.  Importance of PXR and HNF4o in GLUT2 expression in
human primary hepatocytes

The effects of atorvastatin on mRNA expression of GLUT2, GCK,
and HNF4« in human primary hepatocytes from nine donors were
also documented (Supporting Information Fig. SID=S1L). CYP3A4
served as a control gene. Results were consistent with the findings in
HepG2 cells that atorvastatin significantly decreased mRNA
expression of GLUT2 and HNF4« in cells from 5 out of 9 donors.
Correlation analysis showed that decreases in mRNA expression of
HNF4a, GLUT2, and GCK by atorvastatin were positively correlated
with the basal mRNA expression of PXR. However, the altered
expression of HNF4«, GLUT2, and GCK mRNA were not related to
induction of CYP3A4 mRNA (Fig. 2J and Supporting Information
Fig. S2). Furthermore, levels of GLUT2 mRNA were positively
correlated with HNF4a mRNA in atorvastatin-treated hepatocytes
(Fig. 2K). We further investigated whether atorvastatin-induced
downregulation of HNF4« and GLUT2 was dependent on PXR
using human primary hepatocytes from 3 donors. The results show
that silencing PXR remarkably reversed the decreased expression of
both GLUT2 and HNF4a mRNA (Fig. 2L—N), as well as the in-
duction of CYP3A4 mRNA (Fig. SIA-S1C) in human primary he-
patocytes. Moreover, silencing HNF4o also remarkably
downregulated mRNA expression of GLUT2 (Fig. 20—Q). Although
atorvastatin affected mRNA expression of GCK, the results were
contradictory. In 5 out of 9 donors, atorvastatin significantly
decreased mRNA expression of GCK, but in another 4 donors,
atorvastatin significantly increased mRNA expression of GCK.
Silencing PXR reversed the decreased mRNA expression of GCK in
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Figure 1

Effects of PXR activation on glucose metabolism and expression of HNF4«, GLUT2, and GCK in HepG2 cells. (A)—(C) Effects of

atorvastatin and rifampicin on glucose consumption (A) and glucose uptake (B) as well as mRNA (C) expression of CYP3A4, GLUT2, NR4AI,
KLF7, PPARYy, FOXA3, HIF o, SREBF1, PGCla, HNF6, HNF4o, HNF1a, and HNF38 in HepG2 cells. (D)—(F) Effects of atorvastatin and
rifampicin on protein expression of GLUT2 and GCK in HepG?2 cells. (G) and (H) Effects of atorvastatin and rifampicin on protein expression of
HNF4« in HepG2 cells. (I) and (J) Expression of PXR, HNF4«, and GLUT2 in PXR-silenced and PXR-overexpressing HepG2 cells. (K) Glucose
uptake in PXR-silenced and PXR-overexpressing HepG2 cells. (L) and (M) Effects of atorvastatin on protein expression of GLUT2 and HNF4« in
PXR-silenced HepG2 cells. (N) Effects of atorvastatin on expression of membrane GLUT2 in HepG2 cells using immunofluorescence imaging.

Data are represented as mean = SD (n = 6). P < 0.05,

only 2 out of 3 donors. Similarly, silencing HNF4o downregulated
expression of GCK mRNA in only 2 out of 3 donors.

3.4.  PXR activation impaired glucose uptake by inhibiting the
HNF4A—-GLUT2 pathway in mouse primary hepatocytes

PCN and Cyp3all served as mouse PXR agonist and control gene,
respectively. PCN significantly induced mRNA expression of
Cyp3all, demonstrating PXR activation in mouse primary

P < 0.01. Ator, atorvastatin; Rif, rifampicin; Met, metformin; Phl, phloretin.

hepatocytes by PCN (Fig. 3A and E). The effects of incubation
time with PCN on mRNA expression of Glut2 and Gck showed
that 24 h incubation with PCN exhibited stronger inhibitory ef-
fects on mRNA expression of Glur2 and Gcek than 12 h incubation
(Fig. 3A). In general, alterations in target proteins and their
functions lag behind the altered expression of their mRNA. Both
24 and 48 h incubations were further selected to investigate effects
of PCN on protein expressions of GLUT2 and GCK as well as
glucose uptake in mouse primary hepatocytes. The results show
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Figure 2 HNF4«a promotes the expression of GLUT2 and glucose uptake in HepG2 cells and PXR activation downregulates expression of
HNF4a and GLUT?2 in human primary hepatocytes. (A)—(D) Protein expression of HNF4«, GLUT2, and GCK (A, B), and glucose consumption
(C) and glucose uptake (D) in HNF4a-silenced HepG2 cells (n = 6). (E) and (F) Protein expression of HNF4«, GLUT2, and GCK in HNF4«-
overexpressing HepG2 cells (n = 6). (G)—() Protein expression of GLUT2 and HNF4« (G, H) and glucose uptake (I) in atorvastatin-treated
HepG2 cells or HNF4a-overexpressing HepG2 cells (n = 6). (J) Correlation between basal mRNA levels of PXR and percent inhibition of
HNF4«a mRNA expression in atorvastatin-treated human primary hepatocytes from nine different donors (n = 9). Basal PXR expression is given
as the ratio of PXR mRNA to ACTB mRNA in the control group. (K) Positive relationship between altered mRNA expression of HNF4« and
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of GLUT2 and GCK in human primary hepatocytes (n = 3). Data are represented as mean + SD. P < 0.05, P < 0.01.

that PCN time-dependently decreased the protein expression of
GLUT2 (Fig. 3B and C) and impaired glucose uptake (Fig. 3D).
Meanwhile, PCN also downregulated mRNA and protein expres-
sions of HNF4a and GLUT2 (Fig. 3E—G) in a concentration-
dependent manner, which was in line with a decrease in glucose
uptake (Fig. 3H). This is similar to the findings with HepG2 cells
that silencing Pxr also reverses the downregulated protein
expression of HNF4«a and GLUT?2, and the impairment of glucose
uptake by PCN (Fig. 3I-K). Although PCN also significantly

downregulated the mRNA expression of Gck, the protein level of
GCK was only slightly suppressed with no statistical significance.
The mRNA expression of Pckl and G6pc were altered in opposite
directions (Supporting Information Fig. S3C and S3D). Moreover,
PXR activation did not affect glucose production in mouse pri-
mary hepatocytes (Fig. S3E).

To determine whether HNF4« directly regulated GLUT2
expression, Hnf4a was silenced in mouse primary hepatocytes
using two separate Hnf4o siRNAs; scrambled siRNA served as a
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Figure 3  Activation of PXR impairs glucose uptake by inhibiting the HNF4«—GLUT2 pathway in mouse primary hepatocytes. Effects of 12
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and N) expression of GLUT2 and GCK as well as glucose uptake (O)
impaired mRNA (P) and protein (Q and R) expression of GLUT2 as we
(n = 6). P <0.05 “P <00l

control (Fig. 3L—0). The results show that the mRNA and protein
expression of HNF4« in cells transfected with two separate Hnf4o
siRNAs was significantly decreased to 11% and 36% of control
cells, respectively, indicating a successful silencing of Hnf4c. This
was consistent with our expectation that silencing Hnf4a would
significantly downregulate mRNA and protein expression of
GLUT?2 and impair glucose uptake without affecting the expres-
sion of GCK. In contrast, overexpression of HNF4« upregulated
mRNA (Fig. 3P) and protein (Fig. 3Q and R) expression of
GLUT?2 and promoted glucose uptake (Fig. 3S). More importantly,
overexpressing HNF4« abolished downregulation of GLUT2 at
both the mRNA and the protein levels (Fig. 3P—R), and the

in mouse primary hepatocytes. Effects of HNF4« overexpression on
11 as glucose uptake (S) by PCN. Data are represented as mean £+ SD

impairment of glucose uptake (Fig. 3S) induced by PCN. These
results further demonstrate that Glur2 is a target gene of HNF4«
and that PXR activation downregulates expression of GLUT2 by
decreasing HNF4« expression, and in turn, impairing glucose
uptake.

3.5.  HNF4a, as a transactivation factor, directly bound to the
Slc2a2 promoter and PXR activation disrupted the binding of
HNF4u to the Slc2a2 promoter

NIH/3T3 cells are commonly used in dual-luciferase reporter gene
assays. More importantly, NIH/3T3 cells do not express GLUT2
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Data are represented as mean + SD. P < 0.05, “p < 0.01.

and HNF4«. Here, NIH/3T3 served as a cell model to determine
whether HNF4« activates the Glut2 promoter. NIH/3T3 cells were
simultaneously transfected with the PGL4.10-M_Slc2a2
promoter-luciferase reporter construct and different doses of
Hnf4a plasmid (50, 100, and 200 ng). The Hnf4o plasmid
increased Slc2a2 promoter-luciferase reporter activity in a dose-
dependent manner (Fig. 4A). Mouse primary hepatocytes were
transfected with a PGL4.10-M_SIc2a2 promoter-luciferase re-
porter construct and simultaneously transfected with Hnf4a
siRNA. The results show that both Hnf4a silencing and PCN
significantly suppressed Sic2a2 promoter activity (Fig. 4B) to 15%
and 50% of control cells, respectively.

To further confirm whether HNF4« directly bound to the
Slc2a?2 promoter, ChIP assays were performed in mouse primary
hepatocytes. IgG served as a negative control. Results from three
independent experiments show that the levels of HNF4« antibody
binding to Slc2a2 promoter were much greater than that of IgG,
demonstrating direct binding of HNF4« to the Slc2a2 promoter.
PCN significantly reduced the recruitment of HNF4a on the
Slc2a?2 promoter (Fig. 4C). These results demonstrate that HNF4«
is a transactivation factor of Slc2a2 and that PXR activation dis-
rupts the binding of HNF4« to Slc2a2 promoter.

3.6.  Roles of PXR—HNF4a complex and HNF4a—PGCl
complex in regulation of GLUT2 expression upon PXR activation

PGCla has been widely investigated as an interacting coactivator
regulating liver energy metabolism®. PGCla cross-talks with
HNF4« in the form of a complex and then promotes the tran-
scriptional activity of HNF4« in the regulation of downstream
genes*™*!'. A co-immunoprecipitation assay was conducted with

mouse primary hepatocytes to investigate the roles of the PXR—

HNF4« complex and the HNF4a—PGCla complex in transcrip-
tional regulation of Glur2 expression upon PXR activation
(Fig. 4D—G). The results indicate that PXR activation by PCN
significantly increased formation of a PXR—HNF4« complex
(Fig. 4D and E) and a HNF4a—PGCla complex (Fig. 4F and G).
The role of PGCla in the regulation of Glut2 expression by
HNF4« was also documented in mouse primary hepatocytes using
Pgcla siRNA. In contrast to our expectation, Pgcla silencing
little affected expression of Glut2. Moreover, simultaneously
silencing Pgcla and Hnf4a showed no synergistic effect, indi-
cating that HNF4«-mediated transcriptional regulation of Glut2
was not affected by PGCla (Fig. 4H).

3.7.  PXR activation impaired glucose metabolism in the livers
of mice possibly by inhibiting the HNF4a—GLUT?2 pathway

Our in vitro data showed that PXR activation impairs glucose
metabolism possibly by inhibiting the HNF4a—GLUT2 pathway.
Mouse experiments were performed to confirm this in vitro data
using the typical PXR activator PCN (Table 1; Fig. 5). The results
show that compared with vehicle-control mice, 5-day PCN treat-
ment significantly impairs glucose tolerance, leading to increases
in plasma glucose levels and area under the curve (AUC)g—90 min
values (Fig. 5A and B) during IPGTT, although fasting glucose
levels were unaltered. PCN also significantly downregulated
mRNA and protein expression of GLUT2 and HNF4« in mouse
liver (Fig. 5C—E), where these proteins were decreased to 47%
and 57% of control mice, respectively. However, PCN did not
affect the hepatic expression of GCK protein, although a signifi-
cant decrease was observed in the expression of Gck mRNA
(Fig. 5C=E). Moreover, the liver weight (6.0% £ 1.0% of body
weight) of mice treated with PCN was significantly higher than
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Table 1  Physiological and biochemical parameters in mice.
Parameter Ctrl PCN AAVS8-Ctrl AAVS-Hnf4a-shRNA
Body weight (g) 193 £ 1.1 18.9 + 0.9 21.6 £ 1.5 20.8 +£ 0.8
Liver weight (% of body weight) 43 +£0.5 6.0 £ 1.0%* 3.9 £ 0.1 4.9 £ 0.5%*
FPG (mmol/L) 5.5+ 0.7 52+ 1.1 7.0 £ 0.3 6.8 £ 1.2
FINS (ng/mL) 0.61 + 0.34 0.83 + 0.44 0.48 + 0.19 1.07 £ 0.42%
HOMA-IR 3.15 £ 1.76 4.18 £ 2.44 3.13 £+ 1.30 7.18 + 3.77*
Liver glycogen (mg/g liver) 6.81 + 4.03 4.98 £ 2.37 3.34 +£2.32 2.45 £ 0.63
Plasma AST (U/L) 24.63 £ 3.76 33.08 £+ 14.97 29.20 + 7.83 26.83 £+ 9.61
Plasma ALT (U/L) 11.37 £ 3.23 21.07 + 8.45% 11.40 + 3.30 11.42 £ 6.23
Plasma AKP (U/L) 19.30 £ 6.85 21.70 £+ 8.29 21.62 £+ 1.12 17.99 + 4.67

Data are represented as mean + SD (n = 5—6 mice). Ctrl, control mice; PCN, PCN-treated mice; AAV8-Ctrl, mice injected with AAV8-vectors;
AAV8-Hnf4a-shRNA, mice injected with AAV8-Hnf4a-shRNA. FPG, fasting plasma glucose; FINS, fasting plasma insulin; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; AKP, alkaline phosphatase. P < 0.05, P < 0.01 versus control group.
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Figure 5

5-Day PCN treatment impairs glucose tolerance and hepatic glucose uptake in C57BL/6J mice. Effects of 5-day PCN treatment on

glucose levels after intraperitoneal injection of 2 g/kg glucose (A). Quantitation of glucose area under the curve is shown in (B). Effects of 5-day PCN
treatment on the mRNA (C) and protein (D and E) expression of CYP3A 11, GLUT2, GCK, and HNF4« in mouse liver. (F and G) Effects of 5-day PCN
treatment on uptake of RediJect-2DG in liver. Data are represented as mean + SD (n = 6). *P < 0.05, P < 0.01 versus control mice.

that (4.3% + 0.5% of body weight) of control mice (P < 0.01;
Table 1). PCN showed a trend to increase fasting insulin levels,
but no statistical significance was observed.

To determine whether the PCN-induced GLUT2 supression
contributed to impairment of hepatic glucose uptake, in vivo hepatic
glucose uptake in mice was measured using RediJect 2-DG-750 as a
probe. Results were consistent with downregulation of hepatic
GLUT2 expression that PCN treatment significantly decreased
hepatic glucose uptake to 55% of that in control mice (Fig. 5F and
G). These data support the hypothesis that PCN impairs hepatic
glucose uptake partly by downregulating GLUT2 expression.

3.8.  Liver-specific knockdown of Hnf4o gene impaired glucose
metabolism by impairing GLUT2-mediated hepatic glucose uptake
in mice

To further investigate the importance of HNF4« in hepatic glucose
metabolism in vivo, liver-specific Hnf4a knockdown C57BL/6J
mice were developed using AAV8-shRNA by intraportal vein

injection (Fig. 6). Fluorescence imaging demonstrated liver-
specific gene expression (Supporting Information Fig. S4). qRT-
PCR and Western blot analyses also demonstrated that liver-
specific knockdown remarkably lowered mRNA (Fig. 6H) and
protein (Fig. 61 and J) expression of HNF4« in mouse liver, which
was only 34% and 28% of control mice, respectively, confirming
that the Hnf4« gene was silenced. IPGTT data shows that Hnf4a
silencing significantly elevated plasma glucose levels, whose
AUCy_99 min Was increased by 30% of control mice (Fig. 6D and
E), although fasting glucose levels were unaltered. It was also
found that liver Hnf4a knockdown mice showed remarkably
higher fasting insulin levels (1.07 £ 0.42 ng/mL versus
0.48 £ 0.19 ng/mL in control mice, P < 0.05). The effects of
liver-specific Hnf4o knockdown on insulin secretion were further
documented during an oral glucose dose. The results show that
Hnf4a silencing elevated plasma glucose levels (Fig. 6F) and
showed a trend to promote insulin release (Fig. 6G) during OGTT;
statistical significance was obtained at 15 min following the
glucose dose.
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0
HNF4a GLUT2 GCK

Absence of liver HNF4« expression impairs glucose tolerance and hepatic glucose uptake in C57BL/6J mice. PET/CT imaging (A)

and kinetics (B) of '®F-FDG uptake by the livers of control mice and liver-specific Hnf4a knockdown mice. Quantitation of 8F_FDG area under
the curve shown in (C) (n = 6). (D) Effects of liver-specific Hnf4« silencing on glucose levels after intraperitoneal injection of 2 g/kg glucose.

Quantitation of glucose area under the curve is shown in (E) (n

5—6). Effects of liver-specific Hnf4« silencing on plasma glucose (F) and

insulin (G) levels during an oral glucose tolerance test (n = 6). Effects of liver-specific Hnf4« silencing on mRNA (H) and protein levels (I and J)
of HNF4«, GLUT2, and GCK in mouse liver (n = 5—6). Data are represented as mean £ SD. “P < 0.05, P < 0.01 versus control mice.

Expression of target proteins were also measured. It was in line
with the altered expression of HNF4« that hepatic Hnf4a
knockdown significantly lowered mRNA (Fig. 6H) and protein
(Fig. 61 and J) expression of GLUT?2 in the livers of mice, which
were decreased to 24% and 45% of control mice, respectively.
However, Hnf4a silencing little affected mRNA (Fig. 6H) and
protein (Fig. 61 and J) expression of GCK. Similar to findings with
PCN-treated mice, Hnf4« silencing also significantly increased
liver weight from 3.9% =+ 0.1% of body weight in control mice to
49% =+ 0.5% of body weight in Hnf4a knockdown mice
(P < 0.01; Table 1).

PET/CT imaging of '®F-FDG was further used to measure
hepatic glucose uptake. Consistent with the decrease in GLUT2
expression, the knockdown of the liver Hnf4a gene remarkably
decreased '"®F-FDG uptake. The time course of '*F-FDG accu-
mulation in the livers of Hnf4o knockdown mice exhibited a
remarkable decrease, where the AUC,_ ¢ i, Was only 60% of that
of control mice (Fig. 6A—C), confirming impairment of hepatic
glucose uptake.

4. Discussion
Accumulating evidence has demonstrated that PXR is involved in
the regulation of hepatic glucose metabolism'®**** and that PXR

activation is strongly associated with an increased risk of hyper-
glycemia, even diabetes”. We reported that the rodent PXR
activator PCN and atorvastatin impaired glucose tolerance in rats
fed a high-fat diet, which was attributed to downregulations of
hepatic GLUT2 and GCK expression'*. PCN was also reported to
impair glucose tolerance and downregulate expression of hepatic
GLUT2 and GCK in wild-type mice but not in Pxr knockout
mice'”. In HepG2 cells, it was reported that the human PXR ac-
tivators rifampicin and atorvastatin also impaired glucose meta-
bolism and downregulated expression of GLUT2 and GCK'“.
These results indicate that PXR activation impairs glucose meta-
bolism, possibly by downregulating GLUT2 and GCK expression.
However, the molecular mechanisms by which PXR represses
expression of GLUT2 and GCK have not been elucidated. This is
the first report that PXR activation impairs glucose metabolism
possibly by inhibiting the HNF4a—GLUT2 pathway. A series of
experiments were designed to support the above hypothesis.

We firstly observed that HNF4a and GLUT2 were down-
regulated at both the mRNA and protein levels upon PXR acti-
vation. Expression of HNF4a and GLUT2 were strongly
associated in PXR-silenced and PXR-overexpressing HepG2 cells.
Overexpressing PXR downregulated, while silencing PXR upre-
gulated expression of HNF4«a and GLUT2. Moreover, silencing
PXR prevented the atorvastatin-induced downregulation of
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HNF4a and GLUT?2. Similar results were obtained in primary
hepatocytes from humans and mice. The extent of decrease in the
mRNA levels of HNF4«a and GLUT2 with atorvastatin was
strongly associated with the basal expression of PXR, indicating
that the impairment of glucose metabolism by PXR is highly
dependent on basal levels of PXR expression in human primary
hepatocytes. Similarly, the atorvastatin-induced decrease in
mRNA expression of HNF4« and GLUT2 was dependent on PXR
activation. PCN also downregulated mRNA and protein expres-
sion of HNF4a and GLUT2 as well as glucose uptake in mouse
primary hepatocytes, which was reversed by silencing Pxr. These
results suggest that PXR activation decreases the expression of
GLUT?2 by inhibiting the expression of HNF4a.

Next, we focused on the association of HNF4« with GLUT?2.
The data obtained in HepG2 cells were consistent with the results
obtained with mouse primary hepatocytes. Silencing HNF4«a
decreased, but overexpressing HNF4« increased expression of
GLUT?2 without affecting expression of GCK. More importantly,
overexpression of HNF4« abolished the downregulation of GLUT2
expression and impairment of glucose uptake induced by PXR
activation. We further demonstrated that HNF4« directly bound to
the Glut2/Slc2a2 gene promoter and activated its transcription.
PXR activation reduced recruitment of HNF4« on the Sic2a2
promoter, resulting in Slc2a2 transcriptional repression. The roles
of HNF4« in regulating GLUT2 have also been demonstrated in
other cells such as pancreatic § cells and embryonic stem cells****.
These results lead to the conclusion that expression of hepatic
GLUT?2 is controlled by HNF4« and further confirm the impor-
tance of HNF4« downregulation by PXR activation in impairment
of GLUT?2 expression and glucose metabolism.

The importance of the PXR—HNF4a—GLUT2 pathway in
impairment of hepatic glucose metabolism was further demon-
strated in both PCN-treated mice and hepatic Hnf4« knockdown
mice. As expected, PCN markedly reduced expression of both
HNF4« and GLUT2. Data from IPGTT also demonstrated that
PCN significantly impaired glucose tolerance. In line with the
decreased expression of hepatic GLUT2, PCN also remarkably
inhibited hepatic glucose uptake using Redilect 2-DG-750 as a
probe. All these results demonstrate that PXR activation impaired
GLUT2-mediated hepatic glucose uptake by downregulating
HNF4« expression.

Liver-specific Hnf4a knockdown mice were developed using
AAVS8-shRNA to further confirm the role of HNF4« in hepatic
glucose metabolism. Results were consistent with our expectation
that liver-specific deletion of Hnf4a would significantly elevate
plasma glucose levels during IPGTT. A PET/CT scan also showed
that liver-specific Hnf4a knockdown remarkably decreased he-
patic glucose uptake ('®F-FDG). Liver Hnf4a silencing impaired
glucose tolerance and hepatic glucose uptake, which was in a good
agreement with the downregulated expression of hepatic GLUT2
and HNF4¢«, and further confirming that HNF4« was implicated in
GLUT2-mediated glucose uptake. All the above results argue
strongly that PXR activation impairs hepatic glucose metabolism
by inhibiting the HNF4a—GLUT?2 pathway.

In addition to HNF4e, other hepatocyte nuclear factors such as
HNFla, HNF38, and HNF6 have been demonstrated to regulate
GLUT? expression in previous studies>*°. Activated PXR often
cross-talks with other nuclear factors. We screened other nuclear
factors possibly related to expression of GLUT2 in HepG?2 cells, and
found that among the tested nuclear factors (NR4A 1, KLF7, PPARY,
FOXA3, HIF1a, SREBFI1, PGCla, HNF6, HNF4a, HNFla, and
HNF30), only expression of HNF4o and GLUT2 mRNA were

significantly suppressed by atorvastatin and rifampicin, although
HNF1ea, HNF33, and HNF6 were also reported to regulate GLUT2
expression”*’. The effect of HNF1a on GLUT?2 is tissue-specific. A
report showed that HNFla was essential for GLUT2 expression in
differentiated B-cells but not in other tissues*®. Reports on the effects
of HNF38 on expression of GLUT2 are also conflicting. One report
showed that HNF34 acted as a transcriptional activator of GLUT2*,
but the result was not reproduced in another study*’. PGCla, as a
downstream sensor of metabolism, controls glucose-related gene
transcription®”. Our results show that silencing Pgcla did not affect
expression of Glut2, although both atorvastatin and rifampicin
markedly induced gene expression of PGCI«. These results indicate
the minor roles of HNF1a, HNF38, HNF6, and PGCla in down-
regulation of GLUT?2 expression by PXR activation.

Other mechanisms also may be involved in the impairment of
hepatic glucose metabolism by PXR activation. GCK, as a glucose
sensor, plays a key role in postprandial glycemic control**’. The
basal mRNA expression of Gck was reduced by half in PXR-hu-
manized (hPXR) transgenic mice compared to wild-type mice’'.
Data from HepG2 cells showed that, similarly to a previous
report'®, PXR activation also significantly downregulated
expression of GCK, indicating that downregulation of GCK
expression is also a reason that PXR activation impairs glucose
metabolism. However, in human primary hepatocytes atorvastatin
downregulated the expression of GCK mRNA in only 5 out of the
tested 9 donors. Silencing PXR also reversed the downregulation
of GCK mRNA by atorvastatin in 2 out of 3 donors. In mouse
primary hepatocytes, PCN little affected protein expression of
GCK. These results indicate that the roles of GCK in impairment
of hepatic glucose metabolism by PXR activation needs further
investigation. HNF4« did not affect GCK expression in HepG2
cells, indicating that HNF4« was not involved in GCK-mediated
impairment of glucose metabolism by PXR activation. Several
studies have demonstrated a role for PXR activation in gluco-
neogenesis, but the results are contradictory. Earlier studies
showed that PXR ligands inhibited the expression of gluconeo-
genic genes’””. Gotoh et al.”*”* reported that the PXR activators
rifampicin and simvastatin induced the expression of PEPCK and
G6Pase through serum- and glucocorticoid-regulated kinase 2 in
HepG2 cells. However, our previous report showed that atorvas-
tatin and rifampicin little affected glucose production and the
protein expression of PEPCK and G6Pase in HepG2 cells'*. In the
study, we also found that PXR activation did not affect glucose
production in mouse primary hepatocytes.

It is noteworthy that Hnf4a silencing and PXR activation
resulted in obvious hepatomegaly. PXR activation induces liver
enlargement”. Dexamethasone” and mifepristone™® also induce
hepatomegaly by activating PXR. HNF4« is critical for hepatic
differentiation®”>®. In mice, it was reported that hepatocyte-
specific deletion of Hnf4a resulted in spontaneous hepatocyte
proliferation®” and increased mortality post partial hepatec-
tomy”’%, And, a report showed the reciprocal negative regulation
of HNF4« and cyclin D1, a key cell cycle protein in the liver.
Hepatocyte cyclin D1 gene ablation caused markedly increased
postprandial liver glycogen levels®. The PXR activator PCN also
significantly downregulated protein expression of HNF4«, which
also contributes to hepatomegaly.

We also noticed that liver-specific Hnf4« deletion increased
levels of fasting plasma insulin. Further study showed that liver-
specific Hnf4o deletion markedly increased insulin release by
oral glucose loading, indicating that liver-specific Hnf4a deletion
impairs glucose metabolism not by impairing insulin release. The
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effects of liver-specific Hnf4o deletion on insulin release differed
from data from (-cell Hnf4a deletion. 3-Cell deletion of Hnf4a
was reported to induce hyperinsulinemia but impair glucose
tolerance and insulin release in mice®’. However, another report
showed that 3-cell deletion of Hnf4« did not affect fasting blood
glucose and insulin levels, although glucose tolerance and insulin
release were impaired®'. The reasons leading to these discrep-
ancies need further investigation.

5. Conclusions

HNF4« is a transactivator of the GLUT2 gene in hepatocytes. PXR
activation impaired hepatic glucose metabolism partly by inhib-
iting the HNF4a—GLUT2 pathway. The results reveal the mo-
lecular mechanisms by which PXR activators induce
hyperglycemia/diabetes.
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