I

MOLECULAR
METABOLISM

Check for
updates

Pregnane X receptor activation remodels glucose
metabolism to promote NAFLD development in
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ABSTRACT

Objective: Both obesity and exposure to chemicals may induce non-alcoholic fatty liver disease (NAFLD). Pregnane X Receptor (PXR) is a central
target of metabolism disrupting chemicals and disturbs hepatic glucose and lipid metabolism. We hypothesized that the metabolic consequences
of PXR activation may be modified by existing obesity and associated metabolic dysfunction.

Methods: Wildtype and PXR knockout male mice were fed high-fat diet to induce obesity and metabolic dysfunction. PXR was activated with
pregnenolone-16¢.-carbonitrile. Glucose metabolism, hepatosteatosis, insulin signaling, glucose uptake, liver glycogen, plasma and liver
metabolomics, and liver, white adipose tissue, and muscle transcriptomics were investigated.

Results: PXR activation aggravated obesity-induced liver steatosis by promoting lipogenesis and inhibiting fatty acid disposal. Accordingly,
hepatic insulin sensitivity was impaired and circulating alanine aminotransferase level increased. Lipid synthesis was facilitated by increased liver
glucose uptake and utilization of glycogen reserves resulting in dissociation of hepatosteatosis and hepatic insulin resistance from the systemic
glucose tolerance and insulin sensitivity. Furthermore, glucagon-induced hepatic glucose production was impaired. PXR deficiency did not protect
from the metabolic manifestations of obesity, but the liver transcriptomics and metabolomics profiling suggest diminished activation of
inflammation and less prominent changes in the overall metabolite profile.

Conclusions: Obesity and PXR activation by chemical exposure have a synergistic effect on NAFLD development. To support liver fat accu-
mulation the PXR activation reorganizes glucose metabolism that seemingly improves systemic glucose metabolism. This implies that obese
individuals, already predisposed to metabolic diseases, may be more susceptible to harmful metabolic effects of PXR-activating drugs and

environmental chemicals.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION Pregnane X Receptor (PXR, NR112) is a nuclear receptor activated by
numerous, structurally variable chemicals, including multiple drugs
and environmental chemicals, or mixtures of them, making it a central

sensor of chemical exposure [4]. Originally, PXR was mainly studied as

Non-alcoholic fatty liver disease (NAFLD) is associated with metabolic
syndrome in bidirectional manner. While metabolic syndrome, espe-

cially obesity, is a major risk factor for NAFLD, the NAFLD may also
predispose to components and complications of metabolic syndrome,
especially type 2 diabetes, and cardiovascular diseases [1]. Indeed,
NAFLD is tightly linked to insulin resistance and glucose intolerance
[1,2].

While NAFLD is most commonly triggered by obesity, other factors
including exposure to chemicals affecting metabolic functions may also
contribute to the rapidly rising prevalence of NAFLD [3]. These chemicals
are often called endocrine disrupting chemicals (EDCs) or, more spe-
cifically, metabolism disrupting chemicals [3]. Potentially, obesity and
the EDCs may have synergistic effects on the development of NAFLD.

a regulator of drug metabolism [5]. More recently, its function has been
extended to cover the regulation of lipid and glucose metabolism, and
PXR is considered an important mediator of metabolic effects of EDCs
[6,7]. Activation of PXR induces steatosis in mouse liver and in human
hepatic cell models [8,9]. Furthermore, PXR activation impairs glucose
tolerance both in animal models and humans [10—12]. PXR knockout
has been shown to protect mice from diet-induced obesity and
metabolic dysfunction by increasing energy consumption and mito-
chondrial B-oxidation [13—15]. However, in our recent study using a
different sub-strain of C57BL/6 mice, we did not observe any effect of
PXR deficiency on high-fat diet (HFD) induced weight gain [16].
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In the current study, we investigated the metabolic consequences of
PXR activation or PXR deficiency in a mouse model of diet-induced
obesity. We have already previously described that PXR activation in
these mice induces hepatic cholesterol level due to increase in
cholesterol synthesis [16]. We now show that PXR activation aggravates
liver steatosis and that this is supported by remodulation of glucose
metabolism. Consequently, despite the intensified hepatic insulin
resistance, this emerges as improvement of systemic glucose
metabolism.

2. MATERIALS AND METHODS

2.1. Animal experiments

All experiments on animals were approved by the National Animal
Experiment Board of Finland (license numbers ESAVI/6357/04.10.07/
2014, ESAVI/8240/04.10.07/2017 and ESAVI/23252/2020 according
to the EU directive 2010/63/EU). Male C57BL/6N mice were housed
individually with 12-hour light cycle in Oulu Laboratory Animal Centre,
University of Oulu, Oulu, Finland. Mice had ad libitum access to water
and food.

PXR knockout mouse line (PXR-KO) were kindly provided by Professor
Wen Xie, University of Pittsburgh School of Pharmacy Center for
Pharmacogenetics, PA, USA [17]. Mice were backcrossed from C57BL/
6J to C56BL/6N strain for six generations before they were utilized.
To evaluate the effect of PCN treatment on the glucose tolerance of
obese mice, WT C57BL/6N and PXR-KO male mice were fed high-fat
diet (HFD) (60% of calories from fat, Envigo td. 06414) for 15 and 18
weeks, respectively. One group in each mouse line remained on
standard chow (2018 Teklad Global 18% Protein Rodent Diet (Envigo)).
HFD-fed mice were randomly allocated to experimental groups (HFD,
HFD Vehicle and HFD PCN) so that there was no significant weight
difference between the groups. WT chow group contained 10 mice,
HFD group 9 mice and treatment groups 8 mice. PXR-KO groups
contained six mice. Vehicle group was treated with 30% DMSO in corn
oil and PCN group by 50 mg/kg PCN in 30% DMSO-corn oil by
intraperitoneal injections once a day for four days. To assay oral
glucose tolerance, WT mice were fasted for 12 h overnight and
anesthetized with midazolam/fentanyl-fluanisone and orally gavaged
2 g/kg glucose. PXR-KO mice were fasted 12 h overnight, but they
were not anesthetized during the glucose tolerance test. Blood glucose
was monitored from hind leg veins from the WT mice and from the tail
tip from the PXR-KO mice with Freestyle Precision Neo glucometer
(Abbott Laboratories) at 0, 15, 30, 60, 90 and 120 min timepoints.
After the last time point, mice were sacrificed with carbon dioxide
inhalation and cervical dislocation. Blood was collected from vena cava
with EDTA-primed syringe and plasma was separated by centrifugation
3500 rpm for 10 min at room temperature. Tissues were collected and
snap-frozen in liquid nitrogen or fixed with formalin and embedded in
paraffin for further analyses.

To investigate the ability of HFD itself, without metabolic dysfunction,
to sensitize mice for PXR-induced liver steatosis, 7-week-old male
C57BL/6N were fed with HFD for 15 days, while the control group
remained on standard chow. Both groups contained four mice. All mice
were treated with daily intraperitoneal PCN (50 mg/kg) injections once
a day for four days before the sacrifice. Mice were sacrificed with
carbon dioxide and cervical dislocation and tissues were collected to
liquid nitrogen or fixed with formalin and embedded in paraffin.

To investigate PCN-mediated liver steatosis in lean mice, nine-week-
old male C57BL/6N mice were treated with daily intraperitoneal PCN
(50 mg/kg) or vehicle (30% DMSO in corn oil) injections once a day for

four days. Both groups contained seven mice. Before the sacrifice, the
mice were fasted for 12 h and orally gavaged 2 g/kg glucose. One
hour after glucose dosing, mice were sacrificed with carbon dioxide
inhalation and cervical dislocation. Tissues were collected to liquid
nitrogen or fixed with formalin and embedded in paraffin.

Pyruvate and insulin tolerance tests were performed for a different set of
male C57BL/6N mice. Obesity was induced and group allocation done
as described before. Chow group contained 10 mice, HFD group 10
mice, and treatment groups nine mice. After 14 weeks of the HFD, PCN
and vehicle treatments were performed. For pyruvate tolerance test,
mice were fasted for 12 h overnight, and 2 g/kg pyruvate was
administered intraperitoneally. Blood glucose was monitored from the
tail tip at 0, 15, 30, 60, 90 and 120 min timepoints. After the test, diets
were continued for two weeks. Then, PCN and vehicle treatments were
performed again to the same animals. To assay insulin tolerance, mice
were fasted for 6 h, and were then given 1 U/kg short-acting insulin
(Actrapid, Novo Nordisk). Blood glucose was monitored from tail tip at 0,
15, 30, 60, 90 and 120 min timepoints. To collect insulin-stressed
tissue samples, mice were left to recover for 2 h, and were then
given 1 U/kg insulin intraperitoneally. 15 min after the insulin dose, the
mice were sacrificed with carbon dioxide inhalation and cervical
dislocation, and blood and tissues were collected and processed as
describe above.

To measure glucose uptake, male C57BL/6N mice were fed HFD for 13
weeks, after which the mice were allocated to HFD vehicle and HFD PCN
groups randomly. Mice were then treated with vehicle or PCN (50 mg/
kg) for four days. After a 12-hour fast, mice were orally gavaged glucose
(2 g/kg) spiked with %H-labeled 2-deoxyglucose (0.7 pCi/g; Perkin
Elmer). Mice were sacrificed 1 h after the glucose dose with carbon
dioxide inhalation and cervical dislocation and tissues were snap frozen
in liquid nitrogen. Both groups contained 10 mice, but due to technical
errors two PCN-treated mice were excluded from the final analyses.
To assay glucagon response, male C57BL/6N mice were fed HFD for
14 weeks before allocation to HFD vehicle and HFD PCN groups, which
both contained 10 mice. The mice were treated with vehicle or PCN for
four days prior to the glucagon challenge. The mice were fasted for 5 h,
and were then given somatostatin (Sigma Aldrich) (7 mg/kg) intra-
peritoneally 15 min before subcutaneous glucagon administration
(20 pg/kg). Somatostatin-priming was done to inhibit glucagon-
induced insulin secretion. Blood glucose was measured from tail tip
at 0, 15, 30, 60, 90 and 120 min timepoints.

2.2. RNA extraction, reverse transcription, and quantitative PCR
Total tissue RNA was extracted with RNAzol RT reagent (Sigma Aldrich)
except RNeasy Lipid Tissue Mini kit (QIAGEN) was used for adipose
tissue. RNA was reverse transcribed to complementary DNA with
RevertAid Reverse Transcriptase (Thermo Scientific) with random hex-
amers per manufacturer’s protocol. Quantitative PCR (qPCR) was per-
formed either in ABI 7300 thermal cycler (Applied Biosystems) or in
QuantStudio 5 (Applied Biosystems) either with FastStart Universal SYBR
Green Master Mix (Roche) or with PowerUp SYBR Green Master Mix
(Thermo Scientific), respectively. Fold changes were determined with
2-ACT method, where Fold change — 2~ ACt sample/p—ACt control sample
Primers are listed in Suppl. table 1. The qPCR methods comply with
minimum information for publication of quantitative real-time PCR ex-
periments (MIQE) guidelines.

2.3. RNA sequencing and pathway analyses
Liver RNA sequencing of the WT mice has been described before [16].
PXR-KO liver and WT adipose tissue and muscle RNA sequencing
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protocols were essentially the same. Shortly, RNA samples were
DNase treated with RNase-Free DNase Set (QIAGEN) coupled with
RNeasy MinElute Cleanup Kit (QIAGEN). Concentration and quality of
the RNA were determined with Qubit RNA BR Assay kit (Thermo Fisher
Scientific) and Agilent RNA 6000 Nano Kit, respectively. TruSeq
Stranded Total RNA with Ribo-Zero Gold kit (lllumina) was used for
cDNA library preparations. Sequencing was performed with Next-
Seq550 (lllumina) in the Biocenter Oulu Sequencing Center, University
of Oulu, Oulu, Finland. Data was analysed with Chipster software [18].
75 bp paired-end reads were aligned to mouse Ensembl reference
genome GRCm38.95 with HISAT2 and the reads were counted with
HTSeq. DESeq2 was used to determine differentially expressed genes.
A gene was considered differentially expressed when Benjamini-
Hochberg adjusted p < 0.05 and log2fold change >0.6 or < -0.6.
Ingenuity Pathway Analysis (IPA) software [19] (QIAGEN) was used for
pathway analyses of differentially expressed genes. IPA uses Fisher’s
exact test to evaluate p-values of overlap for pathway enrichment and
upstream regulator analyses. The PXR-KO liver and the WT liver,
muscle and adipose tissue complete data sets are available in Gene
Expression Omnibus (GEO) database with accession numbers
GSE162196, GSE136667, GSE168196 and GSE168497, respectively.

2.4. Histology

HE staining: 5 pm thick liver paraffin sections were subjected to
hematoxylin-eosin (HE) staining with Mayer’s hematoxylin. Oil Red O:
To stain neutral lipids, 10 pwm liver cryosections were subjected to Qil
Red O staining and counterstained with Cole’s hematoxylin. PAS
staining: 5 um thick liver paraffin sections were subjected to Periodic
Acid Schiff (PAS) staining to stain glycogen.

2.5. Steatosis quantitation

To quantify steatosis from HE-stained liver sections, slides were
scanned with Nanozoomer S60 (Hamamatsu). Steatosis application of
Visiopharm software (Visiopharm) was used to quantify lipid droplet
areas. In the quantification of steatosis with ORO staining, the slides
were digitized with a Leica Aperio AT2 slide scanner with a 20x
objective. Representative areas of 1.5—2 mm? in the achieved virtual
slides were analyzed using the Qupath program [20] by counting areas
that were stained red. Microvacuolar steatosis was defined as droplets
with an area under 176.625 um2 (corresponding to a diameter of
15 um) and macrovacuolar steatosis as droplets larger than that [21].
Droplets with an area less than 1 um2 were regarded as nonspecific
staining reaction and thus not counted.

2.6. Adipocyte size determination

To determine adipose tissue cell size, gonadal fat tissue samples were
fixed with formalin and embedded in paraffin. 5 pum thick tissue
sections were subjected to hematoxylin-eosin (HE) staining with
Mayer’s hematoxylin. Representative pictures from tissue sections
were taken with 10x magnification and cell sizes of 50 biggest looking
cells per mouse were determined with Adobe Photoshop. Average cell
size was calculated per mouse.

2.7. Transmission electron microscopy

Tissues were prepared, and transmission electron microscopy (TEM)
was performed in Biocenter Oulu Tissue Imaging Center, University of
Oulu, Oulu, Finland. Pieces of liver tissue were fixated in 1% glutaral-
dehyde, 4% paraformaldehyde, 0.1M phosphate buffer for 12 h. Tissues
were stained with potassium ferrocyanide in the presence of osmium
tetroxide to visualize glycogen. To enhance contrast, tissues were further
stained with uranyl acetate. After staining, tissues were dehydrated with
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acetone and embedded in plastic resin. Thin sections were imaged with
Tecnai G2 Spirit 120 kV with Veleta and Quemesa CCD cameras.

2.8. ALT activity determination

Alanine aminotransferase (ALT) levels were determined from EDTA-
plasma with Alt Activity Assay kit (Sigma) according to manufac-
turer’s protocol.

2.9. 2-Deoxyglucose quantification

Tissue pieces were homogenized to phenol:chloroform (2:1) with
TissueLyser Il (Qiagen). Homogenates were shaken for 20 min, saline
was added and shaking was continued for 20 min. Then, the samples
were centrifuged and water-phase scintillated for %y activity with
Optiphase Hisafe 2 scintillation solution (Perkin Elmer) and MicroBeta
Trilux (Perkin Elmer) counter. 2-deoxyglucose-6-phosphate was
quantified with a method taking advantage of differential solubility of 2-
deoxyglucose and 2-deoxyglucose-6-phosphate to HCIO4 and Ba(OH),/
ZnS04. The method has been described in detail before [22]. In brief,
the polar phase after phenol:chloroform extraction was dried with
Savant Speed Vac (Thermo Fisher), pellet resuspended to water and
equal volumes of the obtained solution was either subjected to
Ba(0H)»/ZnS04 precipitation or added to HCIO4 solution. The difference
in the scintillation of these two solutions represented the amount of 2-
deoxyglucose 6-phosphate in the tissue.

2.10. Liver glycogen quantitation

To isolate glycogen, liver pieces were dissolved in 30% KOH solution
by boiling. Glycogen was precipitated with ethanol and pelleted. Pellet
was dissolved in water and precipitated again. Finally, pellet was
dissolved in water and glycogen was assayed with Glycogen Assay Kit
(Sigma Aldrich).

2.11.  Immunaoblotting

Liver and muscle tissues were homogenized in lysis buffer (20 mM Tris-
Cl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton-X100, 2.5 mM
sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM NasV0,, pH
7.5) with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific), 1 mM DTT and 50 mM NAF with Tissuelyser Il for one
and 2 min, respectively. Homogenate was cleared by centrifugation at
12,500 rpm for 20 min at +-4 °C. Protein content was determined with
Bio-Rad Protein Assay. 30 1.g protein was separated on polyacrylamide
gels. and transferred to nitrocellulose membranes with TransBlot Turbo
(Bio-Rad). Membranes were blocked with ECL Prime Blocking Agent (GE
Healthcare) and primary antibody incubations were performed overnight
in tris-buffered saline with 0.1% Tween20 at +4 °C. Primary antibodies
were rabbit polyclonal AKT antibody (Cell Signaling Technology; #9272;
1:1000), rabbit polyclonal phospho-AKT antibody targeted to serine 473
phosphorylation (Cell Signaling Technology; #9271; 1:1000), mouse
monoclonal beta-actin antibody (Sigma Aldrich; #A3854; 1:25000),
rabbit polyclonal IRS1 antibody (Thermo Fisher Scientific; #PA1-1059;
1:900), rabbit polyclonal pIRS1 antibody targeted to serine 307 phos-
phorylation (Thermo Fisher Scientific; #PA1-1054; 1:500), mouse
monoclonal S6 antibody (Cell Signaling Technology; #2317, 1:1000) and
rabbit polyclonal S6 antibody targeted to serine 235/236 phosphoryla-
tion (Cell Signaling Technology; #2211S, 1:1000).

2.12. Homeostatic model assessment of insulin resistance (HOMA-
IR)

HOMA-IR index was calculated using fasting values of glucose and
insulin. The formula was HOMA-IR = ([Glucose mmol/L]x [Insulin mU/
L))/14,1 [23]
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2.13. Plasma enzyme-linked immunosorbent analysis and plasma
glycerol measurement

Plasma adiponectin, leptin and resistin levels were determined with
Novex mouse ELISA kits KMP0041, KMC2281 and EMRETN (Invi-
trogen), respectively, according to manufacturer’s protocol. Fasting
insulin from plasma samples was determined with Insulin Mouse
Serum Assay (Cisbio). Plasma glycerol levels were measured using
Glycerol Assay Kit (Sigma MAK117) according to instructions.

2.14. Liver and plasma triglyceride measurements

Liver and plasma total triglyceride levels were measured with Trigy-
ceride Quantification Colorimetric/Fluorometric Kit (Sigma MAK266)
with the colorimetric protocol.

2.15. Relative triglyceride quantification in mouse liver samples
Frozen mouse liver samples (—80 °C) were put into a liquid nitrogen-
cooled mortar and gently crushed with a pestle to smaller pieces,
which were quickly put to 2 mL tubes, weighed, and refrozen
at —80 °C until further use. Liver portions (20—50 mg) were thawed
on ice, complemented with 1.0 (20—40 mg) or 1.5 mL (>40—50 mg)
buffer (RLT lysis buffer, RNeasy kit, Qiagen, Hilden, Germany), and
lysed with an ultrasound head (Sonopuls UW 2070, Bandelin elec-
tronic, Berlin, Germany: six times: cycle 6, 10 s, 60—65% power).
Lysed samples were stored at —80 °C until extraction.

Triglyceride extraction was performed at room temperature using
glassware and in three technical replicates, which were processed on
different days. Ten-mL tubes were filled with 0.25 mL lysed liver sample
and 5 mL extraction solvent (iso-octane:ethyl acetate 3:1) containing
4 mg/L internal standard (glyceryl tritridecanoate, C39). Air was
replaced by nitrogen, the tube sealed, and the mixture vortexed, soni-
cated for 1—3 min, vortexed again, and rotated overhead for 15 min.
Afterwards, 1 mL 0.9% (w/v) aqueous NaCl was added, air was
replaced by nitrogen, and the mixture vortexed and centrifuged (10 min,
13083 g). Four mL organic phase was removed, the extraction pro-
cedure repeated with addition of 2 mL extraction solvent without in-
ternal standard and final removal of 2 mL organic phase. A 0.65 mL
aliquot of the combined extracts was dried under a nitrogen stream,
solubilized in 0.1 mL iso-octane, transferred to a vial, and stored
at —20 °C until analysis.

A 7890A gas chromatograph (Agilent Technologies, Boblingen, Ger-
many) equipped with a splitless liner (2879305-U, Supelco/Sigma-
Aldrich, Munich, Germany), a Zebron ZB-5HT Inferno column
(0.25 mm*30 m, 0.1 pum film, Phenomenex, Aschaffenburg, Ger-
many), and connected to a MPS2 autosampler (Gerstel, Miilheim,
Germany) was used. He (1.5 mL/min) served as carrier gas and the
instrument was operated in FID mode (350 °C, 45 mL/min Hy, 450 mL/
min air, 20 mL/min He as make-up gas). Two pL sample were injected
(splitless, 350 °C, 3 mL/min He septum purge flow) and analyzed with
the following oven program: initial 90 °C (1 min) followed by linear
ramps to 230 °C (60 °C/min) and 380 °C (10 °C/min) and a final hold
at 380 °C for 8 min. Liver samples were run in randomized order
separated by a solvent blank and a quality control sample.

2.16. Relative triglyceride quantification

Triglycerides containing 44, 46, 48, 50, 52, and 54 fatty acid carbon
atoms in total (C42, C44, C46, C48, C52, C54) were identified by
retention time comparison with standards (C39, C42, C45, C48, C50,
C52, C54) contained in the quality control sample (level). Peak inte-
gration was performed with enhanced data analysis using the area
sum function at the appropriate retention time windows, peak areas

were normalized to the internal standard, then averaged over the three
technical replicates. Linearity was proven within suitable ranges (9—
150 ng for C39 and 9—35 to 800 (C42, C45, C48, C50, C54) or
2500 ng (C52), respectively) using serial 1:3 dilution series (n = 3) of
the standards prior and after sample measurement. Furthermore, two-
level standard addition to liver extracts proved linearity also in matrix-
containing material (data not shown). Intra- and interday precision
(n = 5) were below 20 and 25% in most cases, respectively.

2.17. Statistical analysis

Student’s unpaired t-test was used to evaluate the difference between
chow-fed and HFD-fed mice, and vehicle-treated and PCN-treated
mice. Two-way ANOVA coupled with Tukey’s post hoc test was used
in Figure 3D to evaluate the difference the diets caused in WT and PXR-
KO mice. Differences were considered significant when p < 0.05.
Statistical analyses of the RNA sequencing data and the mass spec-
trometry have been described as part of the method description.

2.18. Non-targeted liquid chromatography mass spectrometry
metabolomics

Non-targeted metabolite profiling analysis of liver and plasma was
carried out at the LC-MS metabolomics center (Biocenter Kuopio,
University of Eastern Finland). The workflow of the metabolomics
analysis has been described in detail elsewhere [24]. The analysis
order of the samples was randomized.

Plasma samples were thawed on ice and then 100 uL of each sample
was mixed by pipette with 400 pL of acetonitrile (LC-MS grade, VWR
International) in the well of a Captiva ND filter plate (Agilent Technol-
ogies). The filter plate was centrifuged at 700 rcf at 4 °C for 5 min.
Then the protein-free filtrate was collected on a 96-well polypropylene
plate. A pooled QC sample was prepared for quality control and
injected after every 12 analytical samples.

Liver samples were cryo-weighed and 80% methanol was added (v/v
H20,LC—MS Ultra CHROMASOLV®, Fluka), at a ratio of 300 pLL solvent/
100 mg tissue. Samples were then homogenized using Omni 2 mL
tubes with 1.4 mm ceramic beads in Omni Bead Ruptor Elite with a cryo
cooling unit (1 cycle, 30 s, speed 5; Omni International). The samples
were shaken for 5 min, centrifuged for 10 min at 4 °C (14,000 rpm), and
the supernatants were filtered using 0.45 pum Acrodisc® Syringe Fil-
ters, with a PTFE membrane (PALL Corporation). Samples were stored
in freezer overnight. Because there was sediment in the samples, the
samples were centrifuged for 5 min at4 °C (10,000 rpm), and an aliquot
of 50 uL was taken and mixed with 50 L of 80% MeOH. Further ali-
quots of 2 pL were taken from each tissue sample to make QC sample,
and injected after every 12 analytical samples.

For mass spectrometry analysis, we utilized an ultra-high performance
liquid chromatography (Vanquich Flex UHPLC system, Thermo Scien-
tific, Bremen, Germany) coupled online to a high-resolution mass
spectrometry (HRMS, Q Exactive Classic, Thermo Scientific, Bremen,
Germany). For more hydrophilic compounds, we used hydrophilic
interaction (HILIC) chromatography (Acquity UPLC® BEH Amide
1.7 um, 2.1 x 100 mm, Waters Corporation, Milford, MA, USA) and
both positive and negative ionization. For amphiphilic compounds, we
used reversed-phase chromatography (RP) column (Zorbax Eclipse
XDBC18, 2.1 x 100 mm, 1.8 um, Agilent Technologies, Palo Alto, CA,
USA) and both positive and negative ionization.

2.19. Metabolomics data preprocessing and statistical analysis
We used an open-source software MS-DIAL version 4.36 [25] for peak
picking and molecular feature alignment. The used parameters for peak
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picking were: mass range 40—1600 Da, MS tolerance 0.008 Da, MSMS
tolerance 0.015 Da, minimum peak width 8, minimum peak height
700000, mass slice width 0.1. The used parameter for feature align-
ment were: retention time tolerance 0.1 min, MS tolerance 0.015,
detected in at least 50% of the samples in one group, and gap filling by
compulsion.

The preprocessing procedure has described in more detail in [24]. In
brief, the molecular features were corrected for the drift pattern
caused by the LC-HRMS procedures using regularized cubic spline
regression, fit separately for each feature on the QC samples. The
smoothing parameter was chosen from an interval between 0.5 and
1.5 using leave-one-out cross validation to prevent overfitting. After
the drift correction, feature quality was assessed, and low-quality
features were flagged. Features were kept if their RSD* was
below 20% and their D-ratio below 40%. In addition, features with
classic RSD, RSD* and basic D-ratio all below 10% were kept. This
additional condition prevents the flagging of features with very low
values in all but a few samples. These features tend to have a very
high value of D-ratio*, since the median absolute deviation of the
biological samples is not affected by the large concentration in a
handful of samples, causing the D-ratio* to overestimate the sig-
nificance of random errors in measurements of QC samples. Thus,
other quality metrics were applied with conservative limit of 0.1 to
ensure that only good quality features were kept this way. Missing
values were imputed using random forest imputation. The imputation
was done in two phases: first, only the good quality features were
imputed, to prevent the flagged features from affecting the imputa-
tion. Next, flagged features were imputed. QC samples were removed
prior to imputation to prevent them from affecting imputation.

For multivariate analysis, we used principal component analysis (PCA).
For univariate analysis, we first used Welch’'s one-way ANOVA to
identify significantly altered metabolites between the study groups.
Group-to-group comparisons were done using Welch’s t-test between
the PCN and vehicle treated groups, to observe effects associated with
the PXR agonism treatment, and between the control chow diet and the
HFD group to observe effects associated with the HFD.

To account for multiple testing, we used Bonferroni’s method to adjust
the o level by the number of principal components needed to explain
95% of the variation in the metabolomics data. Here 51 and 48
principal components were needed to explain 95% variance in the
metabolomics data from the plasma and liver samples, respectively.
Therefore, we adjusted the o level to 0.0010 to account for multiple
testing. Differences between the study groups with p-values between
0.05 and 0.001 were considered to be trends.

2.20. Metabolite identification

Metabolite identification was focused to molecular features with p-
value below 0.05 in either of the experiments. Metabolite identifi-
cation was done using an open-source software MS-DIAL version
4.36 [25]. Metabolite identifications were ranked according to the
guidelines from Sumner et al. [26]. Metabolites in level 1 were
matched against accurate mass, retention time, and product ion
(MSMS) spectra of fragmented ions from the in-house library of
chemical standards built using the same instrument and experi-
mental conditions. Level 2 includes metabolites with matching exact
mass and MSMS spectra from public libraries (METLIN, Lipidmaps
and Human Metabolome DataBase were used) or in the case of
lipids, the built-in MS-DIAL library version 4.00. In level 3, only the
chemical group of the compound (but not the exact compound) could
be identified.
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3. RESULTS
3.1. PXR activation aggravates obesity-induced hepatosteatosis

Male mice underwent 15-week HFD-feeding and for the last four days
the mice were treated with vehicle or pregnenolone-16a.-carbonitrile
(PCN). To control the metabolic effects of the diet, one HFD group was
left untreated and was compared to a chow-fed group. The experiment
was replicated with PXR knockout mice (PXR-KO) to proof that PXR
mediates the effect of PCN. The treatment of the wildtype (WT) mice
was repeated multiple times with small modifications to perform all the
needed metabolic tests as described in the methods section.

The HFD-fed mice were visibly obese and heavier than the chow-fed
controls (Figure 1A,B.). Vehicle or PCN did not affect the weight
(Figure 1B.). HFD alone increased liver size, but only in the PXR-KO
mice (Figure 1C.). PCN treatment doubled the liver size in the WT
mice but not in the PXR-KO mice (Figure 1C.).

Hematoxylin-eosin (HE) and Oil Red 0-stained liver sections indicated
similar HFD-induced fat accumulation in both genotypes (Figure 1D.).
Accordingly, the liver mRNA expression of central lipid metabolism-
related genes was similarly affected in both genotypes (Figure 1E.).
4-day vehicle treatment reduced liver fat, however, PCN treatment
dramatically aggravated the steatosis even if compared to the non-
treated HFD group (Figure 1D.). No signs of steatohepatitis were
observed. HFD-induced steatosis was focused to the pericentral region
of a liver lobule, and additional PCN treatment displayed steatosis
throughout the lobule (Figure 1D. & 1F.). Quantitative analysis of the
lipid droplet areas confirmed the visual observations and showed that
macrovacuolar steatosis was induced by both HFD and PCN-treatment
(Figure 1G. & 1H.). The expression of liver Cyp3a71, a marker of PXR
activation, correlated strongly with the lipid droplet areas in the PCN-
treated mice (Figure 11.).

HFD increased liver triglycerides in both genotypes but had no effect on
plasma triglycerides in the wildtypes (Figure 2A. & 2B.). PCN increased
hepatic triglycerides in the wildtypes but not in the PXR-KO mice
(Figure 2A.). HFD raised the amount of hepatic long-chain fatty acids
(triglyceride chains containing 44—54 carbons) (Figure 2C.) in both the
WT and PXR-KO mice. PCN increased triglycerides with 44, 46, 52 and
54 fatty acid carbons in the WT mice (Figure 2C.). HFD increased
plasma alanine aminotransferase (ALT) level irrespective of the PXR
genotype, and PCN further elevated ALT in the WT mice (Figure 2D.).
4-day PCN treatment did not induce visible steatosis in chow-fed lean
mice (Figure 2E.) or mice fed HFD for only two weeks (Figure 2F.)
indicating that the HFD-induced metabolic state and not the diet itself
predisposes to PXR-induced liver steatosis. This also indicates that the
liver triglycerides do not originate from the HFD per se.

3.2. PXR-induced steatosis stems from multiple modulations of
hepatic lipid metabolism

Triglycerides accumulate in the liver through increased lipid acquisition
(dietary absorption, synthesis) or decreased lipid disposal (very low-
density lipoprotein synthesis, B-oxidation) [1]. To elucidate the
mechanisms of PXR-induced liver fat accumulation, we performed
non-targeted metabolomics analyses for liver and plasma samples.
All significantly altered metabolites are shown in Supplementary table
2. (plasma samples) and in Supplementary table 3 (liver samples). In
principal component analysis, chow-fed mice liver and plasma sam-
ples were separated from the HFD-fed groups in both genotypes, but to
a lesser degree in the PXR-KO mice (Figure 3A.). PCN-treated WT mice
were separated further from the other HFD groups (Figure 3A.). In the
WT mice, PCN reduced plasma and liver phospholipids and
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Figure 1: The effect of high-fat diet and PXR activation on hepatic steatosis. WT and PXR-KO mice were fed regular chow or high-fat diet (HFD) for 15 or 18 weeks,
respectively. In the end of the experiment subset of the HFD-fed mice were treated with PCN or vehicle for 4 days. A) Pictures of wildtype mice fed with either normal chow diet or
HFD for 16 weeks. B) Body weights at the time of sacrifice. C) Liver weights as percentage of body weight. D) Hematoxylin-eosin (HE) and Oil Red O-stained liver sections of WT
and PXR-KO mouse livers. Scale bar = 100 um. E) Relative expression of liver lipogenic PXR-regulated genes in the WT and PXR-KO mice on chow and HFD. F) il Red O-stained

liver sections of WT mice with 4x magnification. G) Quantification of Oil

Red O-stained microvacuolar and macrovacuolar liver lipid droplets in the WT mice. H) Quantification of

lipid droplet areas from Hematoxylin-eosin (HE)-stained liver sections in the WT and PXR-KO mice. I) Correlation of Cyp3a71 mRNA expression and Oil Red O-stained liver lipid
droplet areas of the wildtype mice on HFD and treated with PCN. Difference between chow and HFD or HFD vehicle and HFD PCN were evaluated with unpaired Student’s t-test.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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acylcarnitines (Figure 3B.). Importantly, reductions were observed in all
the pathways involved in triglyceride synthesis, including anaplerotic
amino acids, which replenish Krebs cycle, and dihydroxyacetone
phosphate and glycerol-3-phosphate derived from glucose. These
findings suggests that the liver metabolism is adjusted to support
triglyceride synthesis. Furthermore, S-adenosyl-methionine (SAM)/S-
adenosyl-homocysteine (SAH)-ratio and reduced phosphatidylcholine

levels (Figure 3B.) are known to associate with reduced VLDL secretion
[27] that also may contribute to increased liver triglyceride levels and
explain the lack of increase in the plasma triglyceride (Figure 2B).

In agreement with the lipid acquisition by de novo synthesis and in-
crease in long-chain triglycerides, RNA-sequencing of the liver sam-
ples suggested upregulation of several fatty acid synthesis genes by
PCN treatment; of these fatty acid elongase 6 (Elovi6) and fatty acid
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synthase (Fasn) were induced statistically significantly (Figure 3C).
Further confirmation in the whole sample set with QPCR indicated 2.5-
fold induction of Elovi6, while the Fasn-induction was not significant.
Furthermore, PCN repressed carnitine palmitoyltransferase (Cpt1a) and
3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2) involved in -
oxidation and ketogenesis, while the expression of fatty acid uptake
transporter Cd36 was not affected (Figure 3D.). LPIN1 is a bifunctional
protein, which catalyzes the penultimate step in the triglyceride syn-
thesis [28], but also functions as a transcriptional cofactor promoting
fatty acid oxidation and repressing sterol regulatory element-binding
protein 1 (SREBP1), a key regulator of lipogenesis. Lpin1 gene
expression was repressed by PCN that fits to the concept that
downregulation of LPIN1 level removes a transcriptional brake from
lipogenesis. All these effects of PCN on lipid metabolism genes were
abolished in the PXR-KO mice (Figure 3D.).

PXR deficiency selectively affected the expression of lipid metabolism
genes. Cd36 was the only gene which expression was downregulated
by PXR deficiency in both chow and HFD-fed mice (Figure 3E.). Elovi6,
Cptia and Lpin1 had higher liver expression in the PXR-KO mice than
in the WT mice but only after HFD feeding (Figure 3E.). Interestingly,
the prototypic PXR target gene, Cyp3ai11, was repressed by the HFD
only in the WT mice (Figure 3E.).

3.3. PXR does not affect white adipose tissue lipid storage

While adipose tissue (WAT) functioning as an energy storage and an
endocrine organ is greatly affected by obesity and inflammation.
Indeed, the HFD doubled the sizes of adipocytes (Suppl. figure 1A.) and
altered the WAT gene expression profile by inducing the expression of
proinflammatory genes and modulating adipokine (adiponectin, leptin,
resistin) expression and secretion (Suppl. figures 1B.-1F.). PCN did not
affect adipocyte sizes but induced WAT Tnfaand Cc/3 expression in the
WT mice, however, the adipokine expression or secretion were not
affected by PCN (Suppl. figures 1A.-1F.). Plasma glycerol levels,
indicative of adipose tissue lipolysis, were not affected by the HFD
(Suppl. figure 1G.), however, the oleic acid level was increased
(Suppl. figure 1H.). PCN had a small increasing effect on plasma
glycerol in the wildtype mice (Figure 1G.). In contrast, plasma palmitic
acid was slightly reduced, and the plasma oleic acid was not affected
by PCN (Suppl. figure 1H.). These results do not suggest any major
effect of PCN on adipose tissue or on modulation of lipolysis.

3.4. Hepatosteatosis dissociates from glucose tolerance
impairment and whole-body insulin resistance after PXR activation
NAFLD is tightly linked to insulin resistance and glucose homeostasis
disturbances [2]. Expectedly, the HFD-fed mice displayed impaired
glucose tolerance in an oral glucose tolerance test (OGTT) irrespective
of PXR genotype (Figure 4A. and 4C). While the PCN treatment was
found to aggravate liver steatosis in the WT mice (Figure 1D.), it tended
to improve glucose tolerance as PCN lowered blood glucose 15 min
after glucose ingestion (Figure 4B.). However, the total and incremental
AUCs were not affected (Figure 4C.). PCN did not affect glucose
tolerance in the PXR-KO mice.

12-hour fasting blood glucose, insulin, and homeostatic model
assessment for insulin resistance (HOMA-IR) were all increased by the
HFD both in the WT and PXR-KO mice. PCN treatment did not affect
these values (Figure 4D.). Interestingly, the PCN-treated mice
demonstrated lower blood glucose after a 6-h fast, (Figure 4E.). In
insulin tolerance test (ITT), the HFD-fed WT mice had higher blood
glucose 15 min after insulin (Figure 4E.). PCN decreased blood glucose
at all timepoints and decreased the ITT AUC value (Figure 4E,F).
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In summary, the PXR-mediated exacerbation of hepatosteatosis did not
promote whole body insulin resistance. In contrast, the PCN treatment
appeared to slightly improve glucose metabolism.

3.5. PXR activation impairs hepatic insulin signaling but increases
glucose uptake

Insulin increases glucose uptake in muscle, adipose tissue and liver, of
which PXR is only expressed in the liver. To investigate tissue-specific
insulin sensitivity chow- and HFD-fed WT mice were sacrificed 15 min
after insulin bolus. HFD increased and PCN treatment decreased blood
glucose at the time of sacrifice (Figure 5A.). Liver insulin signaling was
studied by measuring expression of two key proteins in the process:
AKT kinase (AKT) and insulin receptor substrate 1 (IRS1) and their
Serd73 and Ser307 phosphoproteins, respectively [29,30]. HFD
feeding did not affect expression or phosphorylation either of the
proteins compared to lean chow-fed mice despite obvious systemic
insulin resistance (Figure 5B. & 5C.). This is probably explained by
calculation of the insulin dose based on weight; the higher insulin dose
of the obese mice may have compensated for the insulin resistance. In
contrast, the PCN treatment reduced hepatic pAKT levels and tended to
reduce pAKT/AKT ratio (Figure 5B.). Furthermore, the PCN treatment
decreased both total IRS1 and phosphorylated IRS1 protein in the liver,
without affecting the pIRS/IRS1 ratio Figure 5C.). Reduced AKT
phosphorylation and lower IRS1 level in liver suggest impaired insulin
signaling as a sign of insulin resistance in response to PCN treatment.
Next, we estimated the insulin signaling in skeletal muscle, where total
AKT or pAKT were not affected by the HFD (Figure 5D.). Furthermore,
PCN did not have a significant effect on the total AKT level or AKT
phosphorylation (Figure 5D.). In transcriptomic analyses of muscle
samples, the HFD modulated transcriptomic profile (Figure 5E.) and
differentially regulated (adjusted p < 0.5, log2fold change <-0.6 or
>0.6; data not shown) 26 genes, while PCN treatment did not lead to
differential gene regulation.

To further understand the tissue contribution to glucose tolerance,
glucose uptake was determined by giving the WT mice 3H-labeled 2-
deoxyglucose along with normal glucose after a 12-hour fast. After
cellular uptake, 2-deoxyglucose is phosphorylated but is unable to
undergo glycolysis. Plasma 2-deoxyglucose (Figure 5F.) and skeletal
muscle 2-deoxyglucose-6-phosphate (Figure 5G.) were not affected by
PCN. In contrast, PCN treatment induced three-fold increase in liver 2-
deoxyglucose-6-phosphate indicating increased hepatic glucose up-
take (Figure 5G.).

3.6. PCN-aggravated hepatic insulin resistance does not induce
gluconeogenesis

Liver insulin resistance impairs normal repression of gluconeogenesis
by insulin promoting hyperglycemia [31]. On the other hand, previous
studies have shown that PXR activation represses the key gluconeo-
genic genes, glucose-6-phosphatase catalytic subunit (G6pc) and
phosphoenol pyruvate carboxykinase 1 (Pck7) in mice [32].

The HFD induced hepatic G6pc mRNA in the WT mice; in the PXR-KOs
G6pc expression was slightly but not significantly induced (Figure 6A.).
Pck1 was repressed by the HFD, but statistical significance was
reached only in the PXR-KO mice (Figure 6B.). PCN repressed
expression of both genes in the WT mice (Figure 6A,B.). Since renal
gluconeogenesis may sometimes compensate for the reduced hepatic
gluconeogenesis [33], we measured expression of the gluconeogenic
genes also in the kidney. The HFD repressed renal G6pc and induced
Pck1, while PCN did not have any effect (Figure 6C.). In pyruvate
tolerance test, which measures pyruvate-to-glucose conversion (i.e.
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Figure 4: Glucose tolerance and systemic insulin sensitivity after HFD feeding and PXR activation by PCN in the WT and PXR-KO mice. A) Oral glucose tolerance test in
WT and PXR-KO mice fed chow or HFD. Mice were fasted 12 h prior to the test. B) Oral glucose tolerance test in HFD-fed WT and PXR-KO mice treated either with vehicle or PCN.
C) Area under curve and incremental area under curve analyses of oral glucose tolerance tests. D) Fasting glucose, fasting insulin and HOMA-IR index in study groups after a 12-
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gluconeogenesis), the HFD increased blood glucose at 15-minute
timepoint in the WT mice (Figure 6D.) but did not affect the AUC
values (Figure 6E). While PCN impaired liver insulin signaling (see
Figure 5B,C), and, on the other hand, downregulated G6pc and Pck1
expression (Figure 6A,B), PCN treatment did not affect pyruvate-to-
glucose conversion (Figure 6D,E).

3.7. PCN depletes hepatic glycogen and impairs glucagon-
mediated hepatic glucose production

The periportal regions of livers of the WT mice were imaged with
transmission electron microscopy (TEM). The HFD-fed mice demon-
strated more pronounced rough endoplasmic reticulum (ER) and
differently organized glycogen (Figure 7A.). PCN triggered a striking
proliferation of smooth ER and abolished glycogen storage (Figure 7A.).
In agreement with the TEM imaging, PCN decreased hepatic glycogen
content by 45% (Figure 7B.), which was also supported by PAS
staining of the liver sections (Figure 7C.).

10

To determine if glycogen synthesis was affected by PCN treatment,
glycogen 3y activity was measured from the livers collected 1 h after
the administration of 3H-2-deoxyg|ucose, which may be incorporated
into glycogen [34]. PCN decreased liver glycogen %y activity, however,
the difference was not statistically significant (Figure 7D.)

In physiological fasting response, an increase in plasma glucagon
triggers glycogen mobilization to maintain blood glucose levels. In
HFD-fed WT mice, PCN decreased the ability of glucagon to increase
blood glucose (Figure 7E. & 7F.), implicating impaired hepatic glucose
production. This is probably mainly due to the depleted glycogen
reserves.

3.8. PXR-KO protects from activation of inflammatory hepatic gene
response under HFD

To further understand the PXR-mediated molecular mechanisms in
obesity-related liver disease, we studied the hepatic transcriptome by
RNA sequencing. Liver RNA sequencing dataset of the WT mice has
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been published previously and we reported that PCN treatment caused
widespread induction of the cholesterol synthesis genes [16].

In the WT mice, the HFD differentially regulated 796 genes compared
to mice on regular chow (Figure 8A.). In PXR-KO mice, the HFD
differentially regulated 336 genes, of which 196 (58%) were shared
with the WT mice (Figure 8A.). The direction of gene regulation, i.e.
induction or repression, was also similar (Figure 8A.). In the WT mice,
of the 400 genes that were regulated by PCN treatment, 54 were also
regulated by the HFD (Figure 8A.). Among the PCN-regulated genes
only one was significantly regulated in both WT and the PXR-KO mice.
The genes that were regulated similarly by the HFD in the WT and the
PXR-KO included genes related to lipid synthesis, such as Srebf? and
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Fasn, several collagen genes and cytochrome P450 (CYP) 2A and 4A
gene family members (Suppl. table 4.). The pathway Hepatic Fibrosis/
Hepatic Stellate Cell Activation was predicted to be activated regard-
less of the PXR genotype, however, in the PXR-KO the pathway was
restricted to collagens, while in the WT mice additional factors, such as
transforming growth factor beta receptor 2 (Tgfbr2), was upregulated
(Suppl. Tables 4 and 5). TGF-3, an agonist for TGFBR2, is one of the
key pathways promoting fibrogenic response through hepatic stellate
cell (HSC) activation in NAFLD.

As a sign of inflammatory activation, the Acute Phase Response
Signaling pathway, with positive Z-score, was enriched in the WT but
not in the PXR-KO mice in response to HFD (Figure 8B, Suppl. Tables 5
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and 6) The most highly induced gene in this pathway was serum
amyloid A 1 (Saa7) with a recently described mechanistic role in the
progression of NAFLD [35]. The genes of the Complement System
were affected by the HFD only in the WT mice (Figure 8B, Suppl. table
5) in a bidirectional manner: whereas the expression of C1gb, C1qc
and C3ar1 was upregulated, C6, C8a and C8b belonging to the
membrane attack complex were repressed.

Furthermore, multiple pathways containing different CYP enzymes,
such as Superpathway of Melatonin Degradation and Xenobiotic
Metabolism PXR signaling pathway were enriched among the HFD-
regulated genes only in the WT mice (Suppl. table 5.). Notably, the
repressive effect of HFD on Ces, CypZ2c, Cyp3a, and Ugt2b gene
families was absent in the PXR-KO mice (Figure 8B.). In the PXR-KO
mice, the HFD uniquely affected several cholesterol synthesis path-
ways (Suppl. table 6.), as reported in our previous publication [16].
In the WT mice, HFD and PCN treatments enriched several shared
pathways among the differentially induced genes (Figure 8C.),
including LPS/IL-1 Mediated Inhibition of RXR Function and Xenobiotic

Metabolism Signaling. Common for these pathways is the involvement
of xenobiotic-metabolizing enzymes, including CYPs, which were
widely repressed by the HFD and induced by the PCN treatment.
Some of the top PCN enriched pathways were involved in translation and
mTOR signaling, such as EIF2 Signaling, mTOR signaling, and Regu-
lation of elF4 and p706S6K Signaling (Figure 8C. and Suppl. table 7).
This was mainly due to the wide induction of ribosomal proteins by PCN.
To gain a deeper insight into function of mTOR, which is a major
regulator of SREBP1 and lipogenesis, we measured the phosphorylation
status of ribosomal protein S6, an mTOR activation marker [36]. Un-
expectedly, PCN decreased total S6 and the pS6/S6 ratio (Figure 8D.)
and it remains possible that some compensatory mechanisms have
already started to inhibit the pathway in the studied time point.

4. DISCUSSION

In the present study we evaluated the metabolic role of xenobiotic-
sensing nuclear receptor PXR in obese mice. We show for the first
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time that in the mice with existing metabolic disorder PXR activation
results in dichotomous metabolic response: aggravated liver steatosis
but improved systemic glucose tolerance.

PXR activation by a ligand dramatically aggravated liver steatosis and
impaired liver insulin signaling. PXR activation in lean mice for a similar
time did not induce steatosis, showing that HFD-induced obesity and
associated metabolic disturbances sensitized mice to PXR-induced
hepatosteatosis. Liver fat accumulation was, at least partly, due to
increased lipid synthesis, which was facilitated by increased liver
glucose uptake and utilization of glycogen reserves. Systemically,
these rearrangements of liver metabolism led to apparent dissociation
of systemic insulin sensitivity and glucose tolerance from the liver fat
accumulation. We and others have previously shown that short-term

14

PXR activation impairs glucose tolerance in healthy humans, mice
and rats [10—12]. Therefore, it was unexpected to find that PXR
activation in obese mice did not impair glucose tolerance but con-
trastingly had some tendency to improve it.

In agreement with increased liver fat and plasma ALT activity, liver
insulin sensitivity was impaired in the PCN-treated mice indicated by
decreased liver AKT phosphorylation and lower IRS1 protein level [29].
PCN did not affect skeletal muscle insulin sensitivity or glucose uptake.
Furthermore, PCN did not affect the muscle transcriptome and only
very few changes in gene expression could be observed in WAT
suggesting that the systemic metabolic effects of PCN treatment are
mediated through liver that agrees with the expression of PXR in the
liver and absence in the other major metabolic tissues. This agrees
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with a recent study reporting no effect of adipocyte-specific PXR
deficiency on metabolic parameters under HFD [37].

A central feature of hepatic insulin resistance is the inability of insulin to
suppress gluconeogenesis through AKT-directed phosphorylation of the
transcription factor forkhead box 01 (FOX01), which in turn regulates
the expression of gluconeogenic G6pcand Pck1[38]. On the other hand,
PXR has been shown to bind to FOX01 to downregulate G6pc and Pck1
[32]. In agreement, we observed that also in the obese mice PXR
activation suppressed hepatic G6pc and Pck1 expression, despite the
aggravated insulin resistance. Gluconeogenesis was assayed by a py-
ruvate tolerance test. PCN-treated mice did not differ from the vehicle-
treated mice, and thus, the pyruvate tolerance test results do not
suggest any PCN-elicited changes in gluconeogenesis. Therefore,
despite the downregulation of the genes coding for the gluconeogenic
enzymes, the liver was able to release glucose normally.

Besides gluconeogenesis, glycogenolysis is another key process in
maintaining a stable blood glucose level during fasting periods.
Interestingly, PCN treatment depleted hepatic glycogen. This agrees
with an earlier study done in female rats [39]. Hepatic glycogen re-
serves are a dynamic buffer increasing and decreasing in response to
energy surplus or demand. In agreement with the glycogen depletion,
glucagon administration resulted in diminished blood glucose increase
in the PCN-treated mice.

We utilized labeled 2-deoxyglucose to assess glycogen synthesis.
Although 2-deoxyglucose is considered metabolically inactive, it may
be incorporated into glycogen [34]. Glycogen %y activity tended to be
lower, but the result was not statistically significant. Glycogen syn-
thase, the enzyme responsible for glycogenesis, is primarily activated
by glucose-6-phosphate [40]. The PCN-treated mice displayed
increased glucose uptake and had more hepatic 2-deoxyglucose-6-
phosphate, but less of it was incorporated to glycogen. This may
suggest that glycogenesis was indeed suppressed, and glucose-6-
phosphate directed to other metabolic pathways. It is tempting to
speculate that PXR activation redirected the glucose-6-phosphate flux
to supply the needs of the increased de novo lipogenesis. Alternatively,
it remains possible that the increase in glucose utilization was
compensatory to the reduced fatty acid oxidation.

Interestingly, the PCN-treated mice displayed lower fasting glucose
than the controls after a 6 h fast but not after a 12-hour fast. Glyco-
genolysis plays a bigger role in maintenance of blood glucose during
the early stages of fast while the role of gluconeogenesis increases in
the prolonged fasting [41]. Thus, it is likely that impaired glycogen-
olysis, due to the low glycogen reserves, explains the reduced blood
glucose in the PCN-treated mice after a short fast. In conclusion, both
increased hepatic glucose uptake and reduced glucose production play
a role in the dissociation of hepatic insulin resistance and systemic
glucose tolerance in the PCN-treated, obese mice.

Although PXR activation in obese mice induced hepatosteatosis, the
gene expression profiling and subsequent pathway enrichment anal-
ysis did not identify lipogenic pathways among the major pathways
activated. Previously, PXR activation has been shown to associate with
activation of SREBP1, the main regulator of de novo lipogenesis, in ob/
ob mice and in human hepatocytes [8,13]. Further, the induction of
ribosomal proteins pointed at activation of mTOR, a central regulator of
SREBP1 [42]. However, in our previous study [16] we described that
PXR activation in these mice resulted in SREBP2 activation but did not
affect SREBP1 activity or expression of SREBP1 target genes. Further,
the current study shows PXR activation to inhibit hepatic mTOR activity,
a central determinant of SREBP1 activity [43]. In conclusion, PXR
activation did not activate SREBP1 in the obese mice. PXR has been

I

MOLECULAR
METABOLISM

shown to regulate lipid metabolism genes, including the fatty acid
synthesis gene Elovi6, the B-oxidation genes Hmgcs2 and Cpt1a, and
multifunctional Lpin7 independent of SREBP1 [9,13,44]. In line with the
previous reports, we observed induced Elovi6 and repressed Hmgcs2
and Cptia in response to PCN. However, PXR activation repressed
Lpini. Altogether, the gene expression changes suggest PXR to in-
crease lipogenesis and suppress [-oxidation independently of
SREBP1. Another lipogenic pathway suggested to be induced by PXR is
PPARy, however, we did not detect activation of that either [45]. It
should, however, be kept in mind that the RNA-Seq and protein results
represent a snapshot in one time point and therefore all the mecha-
nisms involved may not have been detected. In addition to direct ef-
fects of PXR to liver, additional mechanisms may play some role in the
PXR-induced metabolic alterations. For example, the metabolomics
analysis indicated that the liver corticosterone level was increased by
PCN treatment in the WT but not in the PXR-KO mice (Supplementary
table 2.) in agreement with a previous report [46]. Intestine is another
major site of PXR expression and may in certain conditions play role in
liver steatosis, however, this was described to require several months
of PXR activation [47].

Some earlier studies have shown PXR deficiency to protect mice from
diet-induced obesity and metabolic dysfunction [13—15]. In the cur-
rent study, with a different mouse substrain, PXR-KO mice had similar-
to-WT increases in bodyweight, liver steatosis, glucose tolerance AUC
values and plasma ALT activities in response to HFD-feeding. Also,
some gene responses were different; while He et al. reported down-
regulation of Lpin7 in the HFD-fed PXR-KO mouse, in our study Lpin1
was upregulated in similar conditions [13]. The difference in weight
gain may potentially be the primary reason for all these differences but
this requires further clarification in future studies. Although the
metabolic phenotype did not suggest any clear protective effect of PXR
deficiency, the “omics” analyses still suggest that PXR-KO has some
protective effect against NAFLD progression. In the metabolomics
analysis the HFD-feeding induced clear distinction to the chow-feeding
in the overall metabolomics profile only in the WT mice and not in the
PXR-KO mice. RNA sequencing of the livers of the WT and PXR-KO
mice indicated that the HFD regulates fewer hepatic genes in the
PXR-KO mice. Some of the genes altered by HFD only in the WT mice,
such as genes related to inflammation, can be assumed to play a
mechanistic role in the progression of simple steatosis to more severe
forms of NAFLD.

Interestingly, the HFD repressed expression of multiple CYP enzymes
but only in WT and not in PXR-KO mice. Furthermore, basal Cyp3at1
expression was not affected by PXR-KO, but it was only repressed by
the HFD in the WT mice. These observations suggest PXR to be
indispensable for HFD-induced CYP repression. NAFLD has been
shown to suppress CYP3A4 expression and function in humans
[48,49]. Hence, it is possible that metabolic dysfunction and NAFLD
could suppress drug metabolism through PXR-mediated mechanism in
humans, too.

In conclusion, this study shows that PXR is a powerful regulator of
hepatic lipid and glucose metabolism in obesity. While PXR activation
resulted in aggravation of liver steatosis this was not reflected to
glucose tolerance. We propose this to be due to remodeling of the
glucose metabolism to enable the maximal lipid synthesis, which may
be considered unbeneficial for the metabolic health. Thus, we call the
phenomenon pseudo-improvement in glucose tolerance. The promi-
nent effect of PXR activation in obese mice raises the concern that also
obese humans may be more susceptible to harmful metabolic effects
of PXR ligands.
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