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is therefore implicated in several metabolic disorders, such
as diabetes and nonalcoholic fatty liver disease (NAFLD).]’2

NAFLD comprises a spectrum of liver conditions,
including simple steatosis, nonalcoholic steatohepatitis
(NASH), fibrosis, and cirrhosis, progressively leading to
end-stage liver disease or hepatocellular carcinoma. Despite
great progress in understanding the complexity of NAFLD,
the understanding of the etiology and the pathophysiological
mechanisms implicated in liver damage remains incomplete.
One of the earliest hallmarks of NAFLD is the intrahepatic
accumulation of neutral lipids concomitant with the alter-
ation of lipid concentration in serum, a phenomenon known
as dyslipidemia.” This imbalance is often attributable to
altered hepatic lipid or bile acid (BA) synthesis, import or
export, or alterations in intracellular cholesterol biosyn-
thesis.*” However, the instructive cues for these processes
are not fully understood.

A centroportal Wnt/B-catenin activity gradient has been
demonstrated to establish and maintain metabolic liver
zonation. Moreover, increasing evidence suggests that Wnt/
B-catenin signaling plays a role in both exogenous and
endogenous lipid trafficking, regulates the expression of BA
biosynthesis enzymes in hepatocytes,”’ and is required for
proper bile canaliculi morphogenesis.®” When Wnt ligands
bind their cognate Frizzled receptor and the low density
lipoprotein receptor-related protein 5/6 (LRP5/6) cor-
eceptor, phosphorylation of LRP5/6 stabilizes B-catenin by
decreasing the activity of the B-catenin destruction complex.
Stabilized B-catenin accumulates in the cytoplasm and can
now enter the nucleus, where it binds to T-cell factor (TCF)
family transcription factors and enhances the transcription
of B-catenin target genes,'’ including many pericentral
metabolic enzymes, such as cytochrome P450 family 2
subfamily E member 1 (Cyp2el) and Cyp2al, or the tight
junction (TJ) protein Claudin-2 (CLDN2).'" Consequently,
loss of Wnt/B-catenin signaling abrogates the expression of
pericentral metabolic genes while increasing periportal
metabolic genes, whereas pathway activation caused the
opposite phenotype.'”'* Roof plate-specific spondin
(Rspo) 1—4 ligands potentiate Wnt/B-catenin signaling
following binding to their receptors Lgr4—6. This is ach-
ieved by clearing the cell-surface transmembrane E3 ubiq-
uitin ligases zinc and ring finger 3 (Znrf3) and its
homologue ring finger protein 43 (Rnf43), which promote
WNT receptor turnover at the plasma membrane.'” '
Complete loss of hepatic Wnt/B-catenin signaling in mice
with hepatic epithelial cell-specific deletion'” of Lgr4/s
showed that the Rspo-Lgr4/5-Znrf3/Rnf43 module is a
critical regulator, rather than just a potentiator, of hepatic
Whnt/B-catenin activity and metabolic zonation.”’ Moreover,
combined deletion of Znrf3/Rnf43 or Rspo injections
expanded the pericentral metabolic program throughout the
liver, reprogramming periportal into pericentral hepatocytes
and thus disrupting metabolic liver zonation. However, the
implication of the Rspo-Lgrd/5-Znrf3/Rnf43 module on
NAFLD is unclear.
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A recent report suggests that hepatocyte-specific loss of
Znrf3/Rnf43 leads to steatohepatitis and imbalance in liver
fat composition in normal diet (ND)—fed mice. The authors
propose that the mutant mice exhibit altered hepatocyte
regeneration that predisposes to hepatocellular carcinoma.”’
Hepatocyte-specific expression of an activated B-catenin
transgene results in pronounced pericentral steatosis under
high-fat diet (HFD) conditions, showing diet-induced
obesity, systemic insulin resistance, and increased hepatic
expression of glycolytic and lipogenic genes. However,
animals fed with ND have normal liver histology and body
Weight.22 In contrast, the combined deletion of Znrf3/Rnf43
and the resulting increase in Wnt/B-catenin signaling does
not lead to the spontaneous development of NAFLD but
promotes uncontrolled hepatocyte proliferation and tumor
formation within an observation period of 1 year.”’ These
findings are in line with previous work suggesting that liver-
specific loss of Wnt/B-catenin signaling, rather than its in-
crease, leads to NAFLD and NASH.>>?%23

To clarify the controversial role of the RSPO-LGR4/5-
ZNRF3/RNF43 module in NAFLD, the current study
investigated lipid metabolism and NAFLD in mice with
hepatic epithelial cell-specific deletion of Lgr4/5. The re-
sults were in agreement with, and expanded on, the infor-
mation published in Saponara et al.”® Mice of different age
were analyzed for steatotic and fibrotic manifestation under
ND and HFD conditions, and ex vivo hepatocyte cultures
from the knockout (KO) and control mice were utilized to
study lipid uptake and storage and BA secretion. The results
demonstrated that loss of Wnt/B-catenin signaling on dele-
tion of Lgr4/5 in mouse hepatic epithelial cells led to a
NASH-like phenotype characterized by steatosis and
fibrosis on HFD. Several lipid species were increased in
livers of KO mice, and serum lipids were decreased.

Materials and Methods

Mouse Model Generation and Animal Experimentation

Hepatic epithelial cell-specific deletion of both Lgr4 and
Lgr5 receptors was achieved, as previously described.'””"
Briefly, mouse models for conditional KO of both Lgr4
(Lgrdlox) and Lgr5 (LgrSlox) alleles were crossed with Alb-
Cre mice (Lgr4/5dLKO). Alb-Cre—negative, Lgr4/5"" mice
were utilized as controls. Unless differently specified, both
male and female animals were used in this study. HFD: For
3- and 6-month time points, mice were housed with ad
libitum access to water and food until the age of 2 and 5
months, respectively. Afterwards, they were fed with HFD,
45% kcal (number 2126; Kliba/NAFAG, Kaiseraugst,
Switzerland) for 4 consecutive weeks (1 month). Age-
matched animals were maintained on ND. All animal
experimentation was conducted in Basel, Switzerland, in
accordance with the Swiss Animal Welfare Legislation, and
authorized by the cantonal veterinary office of Basel. All
mice had unrestricted access to water and food, and animal

ajp.amjpathol.org m The American Journal of Pathology

Descargado para Eilyn Mora Corrales (emoracl7@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en febrero 09,
2023. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://ajp.amjpathol.org

Loss of Hepatic Lgr4/5 Promotes NAFLD

experimentation was conducted in accordance with animal
law of Basel-Stadt, Switzerland. The Novartis Campus an-
imal facilities comprise a specific pathogen-free animal
breeding facility and a clean facility for experimental sur-
gery and physiology. Biosecurity and pathogen exclusions
follow the Federation of European Laboratory Animal Sci-
ence Associations health monitoring guidelines, and animals
are screened quarterly. Mice were housed in Allentown XJ
individually ventilated cages in a 12:12 light/dark cycle.
Environmental enrichments included nestlets, wood sticks,
and mouse houses.

Primary Hepatocyte Purification, Long-Term Culture

Perfusion procedures were performed at 37°C, 7 mL/minute
constant flow rate, with the Harvard mini-peristaltic pump.
Livers were initially cleared from blood utilizing 35 to 50
mL/mouse of preperfusion solution consisting of 1x Hanks’
balanced salt solution (HBSS) without Ca®", Mg*", 0.5
mmol/L EGTA, and 10 mmol/L HEPES. After 5 minutes,
the preperfusion solution was substituted with perfusion
solution: Dulbecco’s modified Eagle’s medium/F12, 3
mmol/L.  CaCl,, penicillin-streptomycin, 20 mmol/L
HEPES, and collagenase (120 collagenase digestive units/
mL; Roche Diagnostics, Rotkreuz, Switzerland; number
11088793001). The liver was perfused for the next 10 mi-
nutes, removed from the abdominal cavity, and placed into a
10-cm dish with ice-cold wash solution (Dulbecco’s modi-
fied Eagle’s medium/F12 supplemented with penicillin-
streptomycin and 10% fetal bovine serum). Liver lobes
were torn apart with forceps, and hepatic cells were released
into wash solution.

Cells were collected and 2x washed in wash solution by
centrifugation at 50 x g for 5 minutes, 4°C, then suspended
in attachment media consisting of Williams E medium
without phenol red, penicillin-streptomycin, 10% fetal
bovine serum, 1:10,000 insulin (1.7 mmol/L), Glutamax,
0.3 mmol/L dexamethasone, and 10 mmol/L HEPES. Cells
were further purified on a 21.6 mL Percoll (GE Healthcare,
Chicago, IL; number 17-0891-02) gradient supplemented
with 2.4 mL of 10x Hanks’ balanced salt solution and
finally washed 2x in 25 mL attachment medium by
centrifugation at 60 x g for 3 minutes, 4°C. A total of
220,000 cells/well were distributed on 24-well collagen
l—coated plates [Becton Dickinson (BD), Allschwil,
Switzerland; number 356408] and incubated at 37°C, 5%
CO,. The basal media utilized in all conditions consisted of
Williams E medium (Sigma, St. Louis, MO; number
W1878), penicillin-streptomycin, 1:10,000 insulin (1.7
mmol/L), Glutamax, 1:10,000 dexamethasone (0.3 mmol/
L), and 10 mmol/L. HEPES.

Ex Vivo Hepatocyte Assays

LDL-Phrodo assay: Primary hepatocytes were kept over-
night in basal medium. On the following day, LDL-Phrodo
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red (Life Technologies, Carlsbad, CA; number 134360) was
added to each well at the final concentration of 10 pg/mL.
Imaging and OD were acquired after 5, 10, 15, 20, and 24
hours with Arrayscan XTI (Cellomics, Thermo Fisher
Scientific, Pittsburgh, PA). After the final measurement,
cells were washed with phosphate-buffered saline and
incubated 1 minute with BODIPY FL working solution at
20 pg/mL together with the nuclear dye Hoechst.

CLF Assay

After seeding, cells were incubated in attachment medium
for 4 hours. Afterward, ice-cold Matrigel was added at a
final concentration of 250 pg/mL. Cells were cultured over a
period of 7 days in basal medium. Matrigel was renewed
every second day. At day 7, cells were incubated for 25
minutes at 37°C with cholyl-L-lysyl-fluorescein (CLF;
Corning, Reinach, Switzerland) at a final concentration of 5
mmol/L. CLF-positive canaliculi were imaged utilizing
Arrayscan XTI

Lipid Droplet Analysis

After isolation, cells were cultured in basal media over 24
hours. Cells were fixed with 10% paraformaldehyde and
afterward stained with BODIPY FL. Lipid droplet-size
quantification was performed with the cell imaging soft-
ware Imaris x64 version 7.6.5 (Oxford Instruments,
Abingdon, UK).

Blood Sample Preparation

After each experiment, animals were euthanized with CO,,
and blood was collected from the vena cava. Serum was
obtained by centrifuging blood at 10,000 x g for 90 seconds
into a Microtainer Tube, 400 to 600 pL, SST Gel Serum
Separator Additive, Clear (BD; number 365967), and kept at
—20°C until further processing.

Glucose and Insulin Tolerance Tests

Mice were fasted for 17 and 6 hours, respectively, and
baseline blood glucose levels were measured in tail-vein
blood using an Accu-Chek Compact plus glucometer
(Roche Diagnostics). Glucose (3 g/kg body weight) or in-
sulin (0.75 U/kg body weight) was injected intraperitone-
ally. Blood glucose levels were measured before and at 15,
30, 45, 60, 90, and 120 minutes after glucose or insulin
injection, as previously described.”’

FPLC-Based Size Exclusion

A total of 50 to 100 pL of serum per samples was pooled
and utilized for fast protein liquid chromatography (FPLC)
measurement. FPLC was conducted using a BioLogic
DuoFlow FPLC System - Two Column (BioRad, Hercules,
CA), Superose 6 Increase, 10/300GL, FPLC column (GE
Healthcare; number 29-0915-96), BioLogic BioFrac
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Fraction Collector (BioRad), and blood bank saline. To
measure total cholesterol and triglycerides (TGs), these re-
agents were used: SpectraMax M2 Spectrophotometer
(Molecular Devices, San Jose, CA), Total Cholesterol Kit
(Wako Diagnostics, Mountain View, CA; Cholesterol E),
L-Type Triglyceride M (Wako Diagnostics; Enzyme Color
R1 and R2), and a 96-well, half-area plate (Corning,
Teterboro, NJ; number 3690).

TG Secretion in Vivo

The triglyceride secretion assay was conducted in the
Association for Assessment and Accreditation of Labora-
tory Animal Care—accredited Novartis Institutes for
BioMedical Research Basel vivarium under license
BS-2116. ND-fed Lgr4/5dLKO (four females and five
males) and control mice (eight females and seven males),
aged 9 to 15 weeks at study start, were enrolled in the TG
secretion assay. Mice were fasted for 10 hours before the
start of the triglyceride secretion assay. An injectable
poloxamer-407 solution (Pluronic F-127; Sigma-Aldrich
Merck, Darmstadt, Germany) was prepared with prechilled
Dulbecco’s phosphate-buffered saline (Gibco, Thermo
Fisher Scientific, Reinach, Switzerland) at a final concen-
tration of 100 mg/mL. The solution was incubated over-
night at 4°C under vigorous stirring. All the mice were
given 1 g/kg body weight poloxamer-407 (10 mL/kg;
intraperitoneally). Blood was sampled 5 minutes before
(baseline) and 60, 120, and 180 minutes after treatment
from the saphenous vein in a CB300Z microvette
(Sarstedt), as well as at 240 minutes via cardiac puncture
in a 1.1-mL Z gel monovette (Sarstedt, Niimbrecht, Ger-
many). After a minimum coagulation time of 30 minutes,
serum was obtained by centrifugation at room temperature
and 2000 x g for 10 minutes and stored in low-bind
Eppendorf tubes at —80°C. For analysis, serum samples
were diluted 1:15 with standard diluent assay buffer before
assaying, and serum triglyceride levels were measured
using an enzyme-linked immunosorbent enzymatic assay
(Triglycerides Colorimetric assay kit; number 10010303;
Cayman Chemical, Ann Arbor, MI) in a microplate reader
(Gen 5; Biotek, Winooski, VT).

Immunohistochemistry

Formalin-fixed, paraffin-embedded mouse liver sections
(3 pm thick) were stained by hematoxylin and eosin and
picrosirius red using standard protocols. The following
primary antibodies were used for immunohistochemistry
and immunofluorescence analyses: mouse anti—cadherin 1
antibody clone 36 (BD; number 610181), anti—ionized
calcium-binding adapter molecule 1 (Abcam, Cambridge,
UK; number ab178846), rat anti-keratin 19 (KRT19)
[Developmental Studies Hybridoma Bank, #TROMA-III;
University of Iowa, Iowa City, IA; Research Resource
Identifier: AB_2133570], and rabbit anti—o-smooth muscle
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actin antibody (EPR5368) (Abcam; number ab124964).
OCT-embedded tissue (7 pm thick) or primary hepatocytes
were stained by BODIPY FL (Life Technologies; number
D2184) and rabbit anti—zona occludens protein-1 (Invi-
trogen, Waltham, MA; number 617300). Digital images
were acquired with the Aperio ScanScope XT system (Leica
Biosystems, Wetzlar, Germany) or with a Zeiss LSM 700
(Zeiss, Jena, Germany) confocal microscope using the Zen
2011 SP3 (black edition) software (Zeiss, Feldbach,
Switzerland). Automated image analysis was done using the
HALO system software version 3.3.2541.262 (Indica Labs,
Albuquerque, NM). Lipid droplet size quantification was
performed with the cell imaging software Imaris x64 version
7.6.5 (Oxford Instruments). For picrosirius red, o-smooth
muscle actin (¢-SMA), and ionized calcium-binding adapter
molecule 1 (IBA1) staining, the positive signal was
measured using a color deconvolution algorithm with a
classifier to exclude vessels. To quantify steatosis on he-
matoxylin and eosin—stained slides, a vacuole module count
from Indica laboratory with a classifier to exclude vessels
was used.

IL-6 and TNF-o. Homogeneous Time Resolved
Fluorescence Assays

IL-6 and tumor necrosis factor (TNF)-a were measured in sera
of mice utilizing the mouse IL-6 assay (number 62MILO06-
PEG) and mouse TNF-a assay (number 62CTNFAPEG),
according to Cisbio Bioassays (Codolet, France) vendor
protocols.

RNA Isolation and Library Preparation

Total RNA was isolated from mouse livers with Qiazol
(Invitrogen; number 79306) and purified with the miR-
Neasy kit (Qiagen, Basel, Switzerland; number 217004).
The amount of RNA was quantified with the Agilent
RNA 6000 Nano Kit (Agilent Technologies, Santa Clara,
CA; number 5067-1511). RNA-sequencing libraries were
prepared from mouse liver total RNA using the Illumina
(San Diego, CA) TruSeq Stranded Total RNA sample
preparation protocol, following the manufacturer’s
instructions.

RNA Sequencing

RNA sequencing and related data analysis were performed as
described by Planas-Paz et al.”’ Differential expression
among Lgr4/5dLKO and control mice was visualized as
volcano plots with the TIBCO Spotfire software version
11.43 (Palo Alto, CA). RNA-sequencing raw data are
available at the NIH Sequence Read Archive (identifier:
PRINAG670351; https://www.ncbi.nlm.nih.gov/sra/?term =
PRJNAG670351, last accessed October 21, 2020).
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RNA Extraction, Reverse Transcription, and
Quantitative PCR

Total liver RNA was isolated using the RNeasy mini Kkit,
including on-column DNase digestion, according to the
manufacturer’s instructions (Qiagen). RNA from each tissue
sample (2 pg) was reverse transcribed using the high-capacity
cDNA reverse transcription kit (Applied Biosystems, Wal-
tham, MA). The resulting cDNA products were diluted 1:20
and subjected to quantitative PCRs using TagMan reagents.
Quantitative PCRs were conducted on an ABI Prism 7900HT
Sequence Detection System (Applied Biosystems). The
threshold cycle value (Ct) was determined for each transcript
and normalized to the internal control transcript glyceralde-
hyde-3-phosphate dehydrogenase. The relative quantification
of each mRNA species was assessed using the comparative
Cr method. Statistical analysis was performed using the #-test
with the GraphPad Prism software version 8.1.2 (GraphPad
Software, San Diego, CA). Primers utilized in this study were
cadherin 1 (Cdhl), MmO01247357_m1; B-catenin (Ctnnbl),
Mm00483039_m1; and axis inhibition protein 2 (Axin2),
Mm00443610_m1.

In Situ Hybridization

Sections (5 wm thick) from human normal control, nonal-
coholic steatohepatitis, and cirrhotic formalin-fixed,
paraffin-embedded samples (Novartis tissue archive) were
processed using the RNAscope 2.0 Detection Kit, according
to the manufacturer’s instructions (Advanced Cell Di-
agnostics, Hayward, CA). RNAscope probes used were
human LGR4 (number 460559) and LGR5 (number
311029), positive control probe PPIB (a housekeeping gene;
number 313906-C2), and DapB (a bacterial gene) negative
control probe (number 310048). The in situ hybridization
method followed protocols established by ACDBio (New-
ark, CA) and Ventana Medical Systems (Tucson, AZ) with
signal detection by horseradish peroxidase and hematoxylin
counterstain. In situ hybridization signal in tissues was
graded in a semiquantitative scale (from O to 4, where
0 indicates no evidence of staining) incorporating both
number and distribution of specific staining.

Pathway Enrichment Analysis for Differentially
Expressed Genes

The clusterProfiler’® and ReactomePA” R packages were
used to perform Reactome pathway enrichment analysis for
up-regulated and down-regulated genes in Lgrd4/5dLKO
mice. The Fisher exact test, followed by the Benjamini-
Hochberg correction, was performed for statistical anal-
ysis, and an adjusted P < 0.05 was set as the cutoff crite-
rion. A gene was declared differentially expressed if a
difference observed in expression between two experimental
conditions was statistically significant (adjusted P < 0.05).
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Log, fold change of expression was used to define
up-regulation or down-regulation.

Identifying Overrepresented Transcription Factor
Motifs in Gene Lists

The R package RcisTarget was used to identify enriched
transcription factor motifs associated with down-regulated
genes in Lgr4/5dLKO mice, using the cisTarget v9 tran-
scription factor motif annotations and the mm9 database of
motif rankings.”"

Quantitative BA Profile Analysis in Plasma, Bile, Feces,
and Liver by UPLC Tandem Mass Spectrometry

BA and 7a-hydroxy-4-cholesten-3-one (C4) analyses were
performed on an Agilent 1290 Infinity Ultra high-
performance liquid chromatography (UPLC) system inter-
faced to an ABSciex (Framingham, MA) QTRAP6500 triple-
quadrupole tandem mass spectrometer equipped with an
electrospray ionization source [liquid chromatography—mass
spectrometry (LC-MS)]. All data were acquired and analyzed
using Analyst 1.7.1 data processing software (ABSciex). BAs
and C4 were separated on an Acquity UPLC BEH C18, 1.7
pwm, 2.1 x 150-mm (Waters, Milford, MA; number
186002353) analytical chromatography column maintained
at 70°C at a flow rate of 0.5 mL/minute. The mobile phases
consisted of (A) 95:5 (v/v) water/acetonitrile (water LC-MS
grade; VWR International, Radnor, PA; number 83645.290;
acetonitrile LC-MS Chromasolv; Merck, Darmstadt,
Germany; number 100029) with formic acid (0.1%; VWR;
number 84865.180) and (B) 5:95 (v/v) water/acetonitrile with
formic acid (0.1%). A sample volume of 5 pL. was used for
injection into the LC-MS system. The separation was con-
ducted under the following gradient: O minutes 10% (B); 0.5
minutes 10% (B); 3.5 minutes 20% (B); 15.2 minutes 33%
(B); 22 minutes 65% (B); 23 minutes 100% (B); and 26 mi-
nutes 100% (B). Sample temperature was maintained at 8°C.

For plasma and liver analysis, calibration standards were
prepared in aqueous 5% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO; number A6003-25g) solution.
Approximately 250 mg of liver was fully homogenized in a
solution of methanol/water 1:1 (v/v) using a Precellys
Evolution Homogenizer (Bertin Technologies, Montigny-le-
Bretonneux, France) to obtain homogenates containing 250
mg liver per mL. Plasma (50 pL), liver homogenates
(100 pL), and calibration standards (50 pL for plasma, and
100 pL for liver) were spiked with internal standard solution
(50 or 100 pL, respectively) containing analyte-matching
stable isotope compounds in acetonitrile at concentrations
of 200 nmol/L, each. Extraction of analytes was achieved by
addition of acetonitrile to precipitate proteins (450 pL for
plasma; 700 pLL + 100 pL of water for liver homogenates),
followed by centrifugation at 20,000 x g for >10 minutes.
The clear supernatant was transferred into a new tube and
evaporated to dryness. The dry residue was reconstituted in
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methanol/water 1:1 (v/v) containing 0.1% formic acid (60
pL for plasma, and 150 pL for liver) and analyzed by LC-
MS. For bile analysis, both calibration standards and sam-
ples (diluted 1:50,000) were prepared in methanol/water 1:1
(v/v) containing 0.1% formic acid, spiked with 50 pL in-
ternal standard solution, and analyzed by LC-MS. For feces
analysis, a multistep extraction procedure was applied ac-
cording to a published protocol,”’ with modifications.
Approximately 20 mg of fecal samples was accurately
weighed in a 2-mL reaction tube after the empty tube weight
had been recorded, followed by 1:10 (w/w) dilution in water
(nominal 200 pL). The sample was mixed, allowed to soak/
swell for 5 minutes at room temperature, and mixed again to
obtain a homogeneous slurry. After centrifugation at
20,000 x g for 8 minutes, the clear supernatant was trans-
ferred into a new tube, and the residual pellet was extracted
with 400 pL of methanol, followed by another centrifuga-
tion and extraction step with 400 pL. of acetonitrile. The
clear supernatants from all extraction steps were combined,
internal standard solution was added, and extracts were
evaporated to dryness. The dry residue was reconstituted in
500 pL. methanol/water 1:1 (v/v) containing 0.1% formic
acid and analyzed by LC-MS. Calibration standards were
prepared out of solvent matching the solvent composition of
the sample extracts and treated the same way as the samples.

Lipid Extraction

Lipid extraction was done in 5 mg of liver resections. A
volume of 800 pL of chloroform/methanol (2:1 v/v) con-
taining 15-pL. internal standards (EquiSPLASH; Avanti
Polar Lipids, Birmingham, AL) was homogenized using the
bead beating device (Precellys, Rockville, MD) maintained
at 4°C. After homogenization, samples were mixed for 30
minutes at 4°C and centrifuged at 17,500 x g for 10 minutes
at 4°C. Supernatants were collected, and 100 pL of water
was added to induce phase separation. Samples were gently
mixed for 30 minutes at 4°C. The lower phase was collected
and evaporated under nitrogen. Samples were reconstituted
in 100 pL of isopropanol. A pooled sample (quality control
sample) was generated to assess analytical quality, and an
extraction blank sample was generated to determine
contaminant masses derived from reagents and materials.

UPLC-Q Exactive Orbitrap/Mass Spectrometry—Based
Untargeted Lipidomics Analysis

The LC system consisted of a Dionex Ultimate 3000 RS
coupled with a HESI probe to a Q Exactive Orbitrap mass
spectrometer (Thermo Fisher, Waltham, MA). Lipids were
separated on an Accucore UPLC C30 column (150 x 2.1
mm; 2.6 um) (Thermo Fisher). The column was maintained
at 50°C at a flow rate of 0.3 mL/minute. The mobile phases
consisted of (A) 60:40 (v/v) water/acetonitrile with ammo-
nium formate (5 mmol/L) and formic acid (0.1%) and (B)

166

80:20 (v/v) isopropanol/acetonitrile with ammonium
formate (5 mmol/L) and 0.1% formic acid. A sample vol-
ume of 5 pL. was used for the injection. The separation was
conducted under the following gradient: O minutes 25% (B);
20 minutes 86% (B); 22 minutes 90% (B); 24 minutes 99%
(B); 26 minutes 99% (B); and 32 minutes 25% (B). Sample
temperature was maintained at 4°C. MS1 and MS/MS (data-
dependent MS/MS) data in positive and negative ion modes
were independently acquired. For the full MS, the automatic
gain control target was set as 1 x 10° and the maximum
injection time was set as 250 milliseconds. In the data-
dependent MS/MS, the automatic gain control target was
set as 1 x 10° and the maximum injection time was set as
120 milliseconds. The source parameters were as follows: in
electrospray ionization(+): sheath gas pressure, 60; auxil-
iary gas flow, 3; spray voltage, 4.0 kV; capillary tempera-
ture, 400°C; in electrospray ionization(—): sheath gas
pressure, 40; auxiliary gas flow, 2; spray voltage, 3.5 kV;
capillary temperature, 450°C; auxiliary gas heater temper-
ature, 390°C. MS1 mass range, m/z 200 to 1500; MS1
resolving power, 35,000 full width at half maximum (m/z
200); number of data-dependent scans per cycle, 10; and
MS/MS resolving power, 17,500 full width at half
maximum (m/z 200). The data-dependent MS/MS mode top
N was 10; the normalized collision energy values were 15,
25, and 35 for both positive and negative; and the isolation
window was m/z 1.0. The instrument was tuned using
positive and negative ion mode calibration solutions
(Thermo Fisher). The shorthand notation system and
nomenclature of lipids used are the same as those used by
Tsugawa et al.’

Lipid Data Analysis and Lipid Identification

The raw format files were also converted to ABF format
using an ABF converter. MS-DIAL 4.48 (lipidomics mode)
was used for peak exaction, peak alignment, deconvolution
analysis, and identification.”” Parameter settings were as
follows. Data collection: MS1/MS2 tolerance, 0.01/0.05 Da;
and minimum peak height, 5 x 10° and 1 x 10° of
amplitude for positive and negative ion mode, respectively.
Identification: accurate mass tolerance MS1/MS2, 0.01/0.05
Da; and score cutoff, 90%. Alignment: retention time
tolerance, 0.1 minutes; and MS1 tolerance, 0.01 Da. All
lipid annotations produced with negative and positive
acquisition were merged with in-house built scripts in R
version 3.6.3 (https://www.r-project.org). Further data
processing, including missing values imputation,
logarithmic transformation (base 2), normalization (based
on EquiSPLASH and scaling methods), and group
comparisons (empirical Bayes-moderated ¢-tests), was per-
formed in R version 3.5.3 with packages Metabolomics and
NormalizeMets.*** The nomenclature of lipid classes is
described in MS-DIAL (http://prime.psc.riken.jp/compms/
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msdial/lipidnomenclature.html, last accessed April 21,
2021).

Serum Biochemistry Analysis

Aspartate aminotransferase (AST), alanine aminotransferase
(ALT), t-Chol, c-HDL, and TG were measured in sera of
mice utilizing the Spotchem II Kenshin-2 kit (Axon Lab,
Baden-Dittwil, Switzerland).

Transmission Electron Microscopy

The mouse liver was cut into 2 to 3 mm® cubes and
immediately immersed in a fixation solution containing
2.5% glutaraldehyde (Electron Microscopy Science,
Hatfield, PA) in 0.1 mol/L cacodylate buffer (pH 7.4) for 1
hour at room temperature and then overnight at 4°C. After
five washes in 0.1 mol/L cacodylate buffer (pH 7.4), a post-
fixation in 1% osmium tetroxide in 0.1 mol/L cacodylate
buffer (pH 7.4) was done. After five washes in double-
distilled water and dehydration steps in a graded alcohol
series, the mouse liver pieces were embedded in Embed 812
epoxy resin hard (Electron Microscopy Science) for 12
hours and polymerized at 60°C during 48 hours. For
transmission electron microscopy analysis, a region of in-
terest was selected under bright field. After trimming, silver/
gray thin sections (50 nm thickness) were collected on
formvar-coated single-slot copper grids (Electron Micro-
scopy Science). After post-staining with 1% uranyl acetate
and lead citrate (6 minutes, each), images were recorded
using a FEI Tecnai Spirit (FEI Company, Eindhoven, the
Netherlands) operated at 120 keV using a side-mounted
2000 x 2000 pixels charge-coupled device camera (Veleta;
Olympus, Miinster, Germany).

Ultrasound Elastography

Acquisition: Animals were anesthetized using 2.0% iso-
flurane (Abbott, Cham, Switzerland) in 100% O, and placed
on an electrical warming pad to maintain body temperature
at 37°C throughout the assessment. The anesthesia was
maintained during the image acquisition by delivering the
anesthetic via a nose cone, and the eyes were protected with
Viscotears Augen-Gel creme. The animals were positioned
in a supine position. After shaving the abdomen, mice were
fixed with tape on the upper and lower parts of the body. All
examinations were performed according to a standardized
protocol with an ultrasound system (Aixplorer; SuperSonic
Imagine, Aix-En-Provence, France) equipped with a
25-MHz (SL25-15) superficial linear transducer. The
transducer was fixed to a micromanipulator and positioned
precisely in the transversal plane. The examination began
with gray-scale B-mode to visualize sternum and liver un-
derneath. Afterwards, three measurements in the shear wave
elastography mode were made in three different places from
sternum to stomach. Ultrasound gel (Aquasonic 100; Parker
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Laboratories Inc., Fairfield, NJ) was placed between the skin
and the ultrasound transducer. During the shear wave elas-
tography assessment, care was taken not to put any pressure
to the liver by the transducer. The liver elasticity (kPa) was
measured in shear wave elastography mode by placing the
region of interest at the thickest portion of the liver in each
of the three slices measured (total 3 values, from which the
mean stiffness was derived for each mouse).

Statistical Analysis

For analysis of serum biochemistry (ALT and AST), ho-
mogeneous time resolved fluorescence assays (IL-6 and
TNF-a), CLF assay, BODIPY FL quantification, and Cdhl,
Axin2, and Cmnbl gene expression between two groups, a
two-tailed rtest was performed. For analysis of
LDL-Phrodo uptake over time and serum levels of total
cholesterol (t-Chol), cholesterol—high-density lipoprotein
(c-HDL) and TG, a two-way analysis of variance was per-
formed. P < 0.05 was considered significant, and plots
display means + SD in case of biological replicates. All
statistical analyses and graph generation were performed
using the GraphPad Prism 8.1.2 software. For RNA-
sequencing analysis, the method utilized is described by
Planas-Paz et al.’’ Briefly, Limma R package from the
Bioconductor suite (htps://www.bioconductor.org) was
used to identify genes differentially expressed between the
conditions of interest. P values were adjusted for multiple
hypotheses using the Benjamini-Hochberg correction.
Genes were defined differentially expressed if P < 0.01
with at least a twofold change in either direction.

Results

Lgr4/5dLKO Mice Display Hepatic Lipid Accumulation
and Altered Serum Lipoprotein Levels

Mice with an albumin-Cre—mediated (Alb-Cre; Lgr4/5ﬂ/ﬂ)
combined deletion of Lgr4 and Lgr5 in hepatocytes and
biliary cells (Lgr4/5dLKO) exhibit compromised metabolic
zonation and liver regeneration potential.”’ The current
work focused on the consequences of loss of Wnt-
dependent metabolic zonation in mouse livers. Specif-
ically, the liver and serum phenotypes were investigated in
Lgr4/5dLKO and control mice at 3 and 6 months of age, fed
with either ND only (ND; denoted subsequently as 3- and
6-month—old ND-fed mice), or with ND for 2 and 5 months
before a moderate obesogenic 45% kcal high-fat diet (HFD)
challenge for 4 weeks, respectively (denoted subsequently
as 3- and 6-month—old HFD-fed mice), before analysis
(Supplemental Figure S1A). Livers of 3-month—old ND-fed
Lgr4/5dLKO mice appeared histologically intact (Figure 1,
A and B). Serum t-Chol was reduced in Lgr4/5dLKO
compared with control (Alb-Cre—negative, Lgr4/5 Jut ) mice,
whereas c-HDL and TG levels were similar (Figure 1C).
t-Chol reduction was modest but significant, because mouse
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serum t-Chol levels measured over a period of 20 weeks are
rather stable.”® The fact that TG levels were similar in the
two strains was suggestive of a latent dyslipidemia in Lgr4/
5dLKO animals. No abnormality concerning glucose or
insulin tolerance was detected in 3-month—old ND-fed
Lgr4/5dLKO mice (Supplemental Figure S1B). Under
HFD conditions, the 3-month—old Lgr4/5dLKO mice
developed mild and scattered liver steatotic foci in contrast
to control animals, without reaching statistical significance
(Figure 1, A and B). However, the Lgr4/5dLKO mice
showed a marked reduction in serum t-Chol and c-HDL
levels compared with control animals on HFD, whereas TG
levels were similar (Figure 1C). Of note, the TG/c-HDL
ratio is a diagnostic surrogate of NAFLD.’® A similar but
more pronounced phenotype was observed in 6-month—old
Lgr4/5dLLKO mice. Histologic analysis revealed that livers
of ND-fed Lgr4/5dLKO and control mice were similar, but
HFD caused livers of Lgr4/5dLKO to develop increased
hepatic steatosis compared with control mice (Figure 1, A
and B). HFD-fed Lgr4/5dLKO mice displayed reduced
levels of serum t-Chol and c-HDL compared with control
animals (Figure 1D). TG levels remained unaltered in Lgr4/
5dLKO and control mice, irrespective of feeding conditions.
Increased serum AST and ALT levels were evident in 6-
month—old, but not in 3-month—old, HFD-fed Lgr4/
5dLKO mice compared with control mice, respectively,
potentially indicating compromised hepatocyte function
(Supplemental Figure S1, C and D). More importantly,
increased steatosis in 6-month—old HFD-fed Lgr4/5dLKO
compared with control mice was not reflected by increased
body weight (Supplemental Figure S1E).

Cholesterol and TGs are transported in lipoproteins in the
blood. To investigate whether very-low-density lipoprotein
(VLDL) secretion was altered, the rate of appearance of TG
was measured in serum Lgr4/5dLKO and control mice
following poloxamer-407 treatment.”’® The amount of
VLDL secretion is proportional to the TG increase. Both male
and female Lgr4/5dLKO and control mice revealed a similar
increase in serum TG levels up to 240 minutes after
poloxamer-407 treatment, suggestive of unaltered VLDL

secretion in the L.gr4/5dLKO mice (Figure 1E). To investigate
whether lipoprotein composition was altered in our Lgrd/
5dLKO mice, FPLC-based size-exclusion chromatography
was performed on pooled sera of 3-month—old ND-fed female
and male Lgr4/5dLKO and control mice. The fraction
comprising VLDL-cholesterol was modestly increased in
male and female Lgrd4/5SdLKO mice, whereas Lgr4/5SdLKO
mice displayed a remarkable enrichment in serum TG conju-
gated to VLDL compared with control animals (Figure 1F),
analogous to patients with NAFLD.” More importantly, the
c-HDL fraction was reduced in the Lgr4/5dLKO female and
modestly in male mice (Figure 1F). The reduced serum c-HDL
content in the Lgr4/5dLKO mice resulted in lower serum
t-Chol levels (Figure 1, C, D, and F), because HDL particles
are major carriers of cholesterol in mice due to the lack of the
cholesteryl ester transfer protein.*’ These results indicate that
Lgr4/5dLKO mice exhibit an unaltered VLDL secretion rate,
increased serum VLDL-TG, and decreased c-HDL content.

Lgr4/5dLKO Mice Reveal a NASH-Like Phenotype with
Fibrosis

To investigate whether the steatotic phenotype in
6-month—old HFD-fed LGR4/5dLKO mice was concomi-
tant with additional features of liver disease, the presence of
inflammatory cells and mediators was investigated. Steatosis
was accompanied by mild hepatic inflammation, as evi-
denced by slightly elevated levels of ionized calcium-
binding adapter molecule 1 (IBA1)—positive macrophages
in Lgr4/5dLKO compared with control mice (Supplemental
Figure S2, A and B). Furthermore, serum levels of the
proinflammatory cytokines, TNF-a and IL-6, were elevated
in 6-month—old HFD-fed Lgr4/5dLKO compared with
control mice (Supplemental Figure S2, C and D). Livers of
3- and 6-month—old ND- and HFD-fed Lgr4/5dLKO mice
were analyzed for fibrotic manifestations. The 6-month—old
HFD-fed Lgr4/5dLKO mice showed elevated hepatic
collagen networks in their livers compared with
6-month—old HFD-fed control mice, indicative of enhanced
hepatic stellate cell activation. No difference was detected in

Figure 1

Steatosis and serum lipid and lipoprotein imbalance in Lgr4/5dLKO mice. A: Hematoxylin and eosin (HE) staining on liver sections of 3- and

6-month—old Lgr4/5dLKO and control mice subjected to normal diet (ND) or 4 weeks of high-fat diet (HFD), respectively. The 6-month—old HFD-fed Lgr4/5dLKO
animals developed hepatic steatosis. Magnified insets in each panel show representative area; asterisks denote steatotic vesicles. B: Steatosis quantification
based on HE images in A. Two-way analysis of variance with 95% CI is shown. C: Serum total cholesterol (t-Chol) levels in ND-fed 3-month—old Lgr4/5dLKO mice
were lower compared with control mice, whereas cholesterol—high-density lipoprotein (c-HDL) and triglyceride (TG) levels were similar; in 3-month—old HFD-fed
Lgr4/5dLKO mice, t-Chol and c-HDL levels were lower compared with control animals, whereas TG levels remained unchanged. Two-way analysis of variance with
95% CI is shown. D: Serum t-Chol, c-HDL, and TG levels in ND-fed 6-month—old Lgr4/5dLKO and control mice were similar; in 6-month—old HFD-fed Lgr4/5dLKO
mice, t-Choland c-HDL levels were lower compared with control mice, whereas TG levels were comparable. Two-way analysis of variance with 95% CILis shown. E: TG
secretion rates were determined in serum of fasted male and female Lgr4/5dLKO and control mice either 5 minutes before (baseline) or 60, 120, and 180 minutes
after the onset of poloxamer-407 treatment. TG secretion was similar under all conditions. F: Fast protein liquid chromatography (FPLC) analysis on pooled sera of
3-month—old ND-fed mice. HDL-cholesterol was mildly reduced in Lgr4/5dLKO mice, in particular in females [serum HDL-cholesterol (mg/dL): female control and
Lgr4/5dLKO mice, 30 and 24, respectively (20% reduction); male control and Lgr4/5dLKO mice, 35 and 30, respectively (14% reduction)]. The red arrows denote
the content of t-Choland TG conjugated to very-low-density lipoprotein (VLDL) in female and male mice, respectively. Results are expressed as means =+ SD (B—D).
n = 5ND control, ND Lgr4/5dLKO, HFD control, and HFD Lgr4/5dLKO (B); n = 18 ND control (C); n = 8 ND Lgr4/5dLKO (C); n = 6 HFD controland HFD Lgr4/5dLKO
(C); n = 9 ND controland HFD Lgr4/5dLKO (D); n = 11 ND Lgr4/5dLKO (D); n = 6 HFD control (D); n = 2 female controls (F); n = 3 female Lgr4/5dLKO and male
controls (F); n = 4 male Lgr4/5dLKO (F). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bar = 100 pum (A). CV, central vein; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; PV, portal vein.
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ND-fed 6-month—old mice or in 3-month—old mice when
comparing livers of Lgr4/SdLKO with control mice,
respectively (Figure 2, A and B). Similarly, increased
a-smooth muscle actin (a-SMA) levels were present in
livers of 6-month—old HFD-fed Lgrd4/5dLKO compared
with control mice (Figure 2, C and D). To monitor the
predisposition of Lgr4/5dLKO mice to liver fibrosis using a
noninvasive diagnostic device, 3- and 6-month—old ND-fed
Lgr4/5dLKO and control mice were subjected to liver
ultrasound elastography. Although liver stiffness in
3-month—old mice was comparable (data not shown),
6-month—old ND-fed Lgr4/5dLKO female mice tended to
have stiffer livers compared with control animals
(Supplemental Figure S2E). These findings are in line with
increased fibrotic manifestations observed in 6-month—old
HFD-fed Lgr4/5dLKO mice (Figure 2). In summary, these
data strongly support the notion that mice with decreased
Whnt/B-catenin signaling on Lgr4/5 deletion were prone to
develop a NASH-like phenotype accompanied by fibrosis.

Changes in Lipid and BA Metabolism and Extracellular
Matrix Remodeling in Lgr4/5dLKO Hepatocytes

Lipid accumulation can result from dysregulated free FA
uptake from blood, enhanced de novo lipogenesis, increased
chylomicron remnant hepatic uptake, or diminished secre-
tion."' To address the mechanism of steatosis in our Lgrd/
5dLKO mice, bulk RNA-sequencing analysis was per-
formed on livers derived from 1-month—old ND-fed Lgr4/
5SdLKO and control mice to capture causative transcriptome
changes that preceded the phenotypic manifestation
observed in 3- and 6-month—old ND- and HFD-fed mice.
Livers of 1-month—old Lgr4/5dLKO mice did not display
any visible lipid accumulation (Supplemental Figure S3A).
Yet, the transcriptome analysis revealed several genes that
were strongly down-regulated or mildly up-regulated
(Figure 3A). Among the former, the study identified
several genes encoding transporter proteins, indicative of
altered intercellular transport function in livers of Lgrd/
5dLKO mice. Pathway enrichment analysis was performed
on the down-regulated and up-regulated genes to gain
mechanistic insights into the biological consequences of
Lgr4/5 gene disruption. The main down-regulated pathways
comprised metabolism and synthesis of lipids, steroids,
BAs, and bile salts as well as transport of bile salts, organic

acids, small molecules, and solute carrier—mediated trans-
membrane transport (Figure 3B). Up-regulated pathways
consisted of extracellular matrix organization and degrada-
tion, integrin and nonintegrin interactions, collagen cross-
linking, trimerization and degradation, glycosylation, and
neural cell adhesion molecule and platelet-derived growth
factor signaling (Figure 3C). Gene regulatory network
analysis was conducted on the down-regulated genes to
elucidate coregulatory events by master transcription factors
responsible for decreased gene expression in livers of Lgrd/
5dLKO compared with control mice (Figure 3D). On the
basis of transcription factor motif enrichment analysis,
transcription factor 7—like 2 (7¢f7I2) and nuclear receptor
subfamily 1 group D member 2 (Nrld2; Rev-Erbf) emerged
as the two master regulators for down-regulated genes. The
Wnt pathway effector TCF7L2 interacts with B-catenin and
regulates hepatic metabolic gene expression, and NR1D?2 is
a nuclear receptor that acts as a transcriptional repressor,
regulating processes in the development of NAFLD."*"
The current data suggested that loss of Wnt/B-catenin
signaling in hepatic epithelial cells of 1-month—old Lgr4/
5dLKO mice led to TCF7L2- and NR1D2-mediated tran-
scription repression of metabolic and lipid homeostasis
genes, thereby predisposing the liver to develop a fatty liver
phenotype. In summary, these transcriptome data suggest a
deficit in lipid and BA metabolism and an increased extra-
cellular matrix remodeling propensity in hepatocytes
derived from 1-month—old Lgr4/5dLKO compared with
control mice, predisposing to compromised cellular function
in mice at higher age.

Liver Steatosis Correlates with Loss of BA Secretion
from Lgr4/5dLKO Hepatocytes

To investigate how the reduced serum lipid levels in Lgr4/
S5dLKO mice (Figure IC) correlated with hepatic lipid
content, freshly isolated primary hepatocytes from 3-
month—old ND-fed Lgr4/5dLKO and control mice were
starved overnight in basal serum-free medium. The lipid
content was then evaluated using a hydrophobic BODIPY
FL dye.** The ex vivo cultures revealed that the Lgrd/
SdLKO hepatocytes contained lipids stored in enlarged
droplets compared with control hepatocytes (Figure 4A). To
assess whether lipid accumulation in Lgr4/5dLKO hepato-
cytes was caused by altered clearance of low-density

Figure 2

Liver fibrosis in 6-month—old high-fat diet (HFD)—fed Lgr4/5dLKO mice. A: Picrosirius red staining in liver sections of 3- and 6-month—old

normal diet (ND)— and HFD-fed mice. Arrows denote collagen fibers. B: Collagen quantification based on picrosirius red staining in A. The 6-month—old
HFD-fed Lgr4/5dLKO mice contained increased levels of collagen compared with 6-month—old HFD-fed control mice, indicating a higher degree of fibrosis.
The 3- and 6-month—old ND-fed Lgr4/5dLKO mice and 3-month—old HFD-fed Lgr4/5dLKO mice also trended toward increased collagen content compared with
the respective control animals, but the differences did not reach statistical significance. Two-way analysis of variance with 95% CI is shown. C: a-Smooth
muscle actin («-SMA) and hematoxylin staining on liver sections of 3- and 6-month—old ND- and HFD-fed female mice. Arrows denote a-SMA—positive areas.
D: o-SMA quantification based on a-SMA and hematoxylin staining in C. The 6-month—old HFD-fed Lgr4/5dLKO mice contained increased o-SMA staining
compared with 6-month—old HFD-fed control mice, revealing increased hepatic stellate cell activation. The 3- and 6-month—old ND-fed Lgr4/5dLKO mice and
3-month—old HFD-fed Lgr4/5dLKO mice also trended toward increased a-SMA staining compared with the respective control animals, but the differences did
not reach statistical significance. Two-way analysis of variance with 95% CI is shown. Results are expressed as means & SD (B and D). n = 5 ND control, ND
Lgr4/5dLKO, HFD control, and HFD Lgr4/5dLKO (B and D). *P < 0.05. Scale bars = 50 um (A and C). CV, central vein; PV, portal vein.
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lipoprotein (LDL) from plasma, the competence of Lgrd/
5dLKO hepatocytes to take up LDL vesicles ex vivo was
tested. Freshly isolated hepatocytes from livers of both
6-week—old control and Lgrd/5dLKO mice were main-
tained as two-dimensional monolayer cultures, as depicted
in Supplemental Figure S3B. On day 2, hepatocytes were
incubated with LDL vesicles conjugated to the red fluo-
rophore Phrodo (LDL-Phrodo), and the kinetics of uptake
was determined by measurements after 5, 10, 15, 20, and 24
hours of LDL-Phrodo addition. To distinguish between
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newly incorporated LDL vesicles and lipids existing in lipid
droplets, LDL-Phrodo was removed after 24 hours (day 3),
and cells were incubated for 1 minute with BODIPY FL.
Lgrd4/5dLLKO hepatocytes revealed a reduced LDL vesicle
uptake compared with control cells (Figure 4B) but con-
tained abundant levels of endogenous lipid droplets
(Figure 4C). These results demonstrate that enhanced lipid
accumulation in Lgrd4/5dLKO hepatocytes was not a
consequence of enhanced LDL uptake. In line with the
findings on compromised lipid and BA metabolism in
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Lgr4/5dLKO mice, decreased expression of Cldn2 sug-
gested that the BA-mediated export mechanism was altered
(Figure 3A). To assess the BA secretory ability of Lgrd/
5dLKO hepatocytes, primary hepatocytes were isolated
from livers of 6-week—old ND-fed Lgr4/5dLKO and con-
trol mice and cultivated in a three-dimensional collagen-
Matrigel sandwich format over 7 days, the period necessary
to recreate functional canaliculi ex vivo.”> The fluorescent
BA analog CLF'® was utilized to quantify the BA efflux
from hepatocytes, according to the scheme depicted in
Supplemental Figure S3C. Initiation of canalicular network
formation in control and Lgr4/SdLKO hepatocytes started
2 days after seeding, whereby control cells showed an
increased speed of canalicular structure development. On
day 3, both control and Lgr4/5dLKO hepatocyte cultures
displayed similarly organized canalicular networks
(Figure 4D). On day 7, Lgr4/5dLKO hepatocytes had
strikingly reduced CLF secretion into bile canaliculi
compared with control cells (Figure 4D). In humans, defects
in canalicular secretion with progressive intrahepatic trap-
ping of BAs induce hepatocellular injury, biliary fibrosis,
and end-stage liver disease.”’ To determine whether the
compromised BA flow was due to altered hepatic junctions
in Lgr4/5dLKO mice, the study evaluated the integrity of
adherens junctions by studying the hepatic localization of
cadherin 1 (CDHl),48 whose expression was increased in
livers of 3-month—old ND-fed Lgr4/5dLKO mice
(Figure 4E). CDHI1 is known to interact with the Wnt
pathway effector protein PB-catenin (CTNNB1), whose
expression (Ctnnbl) was unaltered, whereas the Wnt/B-
catenin target gene axis inhibition protein 2 (Axin2) was
strongly reduced (Figure 4E). CDH1 and CTNNBI1 revealed
a similar colocalization in livers of 3-month—old ND-fed
Lgr4/5dLKO and control animals, respectively, suggesting
that the interaction of these proteins was unaltered in
adherens junctions (Figure 4F). Furthermore, TJs of
3-month—old ND-fed Lgr4/5dLKO mice appeared
morphologically intact, as analyzed by transmission electron
microscopy and immunofluorescence analysis of the tight
junction protein zona occludens protein-1 (Figure 4G).
Similarly, livers of Cldn2~'~ mice revealed a normal bile
canaliculi structure.” These data imply that bile canaliculi
functionality is not affected by abnormal TJ formation.
These results suggest that loss of BA secretion in Wnt/f3-
catenin—impaired mouse livers was caused by changes in
cellular physiology and extracellular matrix remodeling,
rather than by abnormal hepatic junctions.

Cholestatic Phenotype of ND-Fed Lgr4/5dLKO Mice

Loss of hepatic BA secretion is expected to result in altered
BA homeostasis. Hence, levels of individual conjugated
and unconjugated BAs were determined in liver, bile,
plasma, and feces of Lgrd4/5dLKO and control mice. In
addition, levels of C4, a marker of hepatic Cyp7al activity
and bile acid biosynthesis,49 were also measured in liver
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and plasma. Lgr4/5dLKO mice exhibited strong statisti-
cally significant increases in total BAs (sum of individual
BA components measured) (Supplemental Figure S4,
A—C, and Supplemental Table S1) in liver and plasma,
associated with decreased total BAs in feces (Figure 5,
A—C). Although overall total BA concentrations were
unchanged in bile of Lgrd4/5dLKO compared with control
mice, some of the major individual BA components in bile
fluid were statistically significantly decreased, such as
taurodeoxycholic acid (TDCA), taurochenodeoxycholic
acid (TCDCA), tauroursodeoxycholic acid (TUDCA), and
tauro-alpha-muricholic acid (TaMCA) (Figure 5D,
Supplemental Figure S4D, and Supplemental Table S1).
Concentrations of liver and plasma C4 were strongly
decreased in Lgr4/5dLKO animals (Figure 5, E and F),
suggesting a feedback loop activation in response to
accumulating BAs in hepatocytes as a compensatory
mechanism to decrease BA production under cholestatic
conditions. There was no obvious shift toward a subset of
bile acid components or any of the two major biosynthetic
pathways (ie, cholic acid or chenodeoxycholic synthesis
pathway) in Lgr4/5dLKO mice.

To examine whether the altered BA homeostasis occurred
due to changes in cellular transporters in the liver, the
expression of BA and cholesterol transporters was analyzed
in 1- and 3-month—old”” Lgr4/5dLLKO and control mice.
Only a few transporters were decreased in livers of Lgrd/
5dLKO mice compared with control mice, including the
solute carrier organic anion transporter family member 1b2
(Slcolb2) in 1- and 3-month—old mice and Sicola5 in
1-month—old mice (Supplemental Figure S5A). The BA
transporter SLCO1B?2 is expressed in the basolateral plasma
membrane of hepatocytes and involved in the hepatic uptake
of unconjugated bile acids.”” That SLCO1B2 also mediates
efflux of BAs from hepatocytes under conditions of high
BA concentrations in hepatocytes cannot be excluded.’’
Given that only few BA transporters manifested changes
in gene expression in Lgr4/5dLKO mice, it is unlikely that
solely altered transporter expression was causal for the se-
vere cholestatic phenotype observed in these mice. There-
fore, cytochrome (Cyp) gene expression in the same mice
was analyzed to investigate whether altered Cyp expression
could be responsible for the disturbed BA homeostasis. A
few Cyp genes showed decreased expression in Lgrd/
5dLKO mice (eg, Cyplal and Cypla2 in livers of
1-month—old mice, Cyp27al in 3-month—old mice, and
Cyp51 in both age groups) (Supplemental Figure S5B).
CYPIA1 and CYP51 have been linked to cholesterol
metabolism, whereas CYP27A1 is an essential enzyme in
BA biosynthesis, catalyzing the oxidation step of the
cholesterol side chain to form BAs. CYP1Al has a pro-
tective role against NAFLD in mice.””” It is therefore
conceivable that these CYP proteins contributed to the
cholestatic phenotype in the Lgr4/5dLKO mice.

Taken together, Lgr4/SdLKO mice showed features of
cholestasis, as characterized by increased BAs in plasma
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and BA accumulation in the liver. This was consistent with
decreased canalicular efflux/secretion, as indicated by the
clear decrease in total feces BA content and the decrease in
some individual BA components in bile fluid.

Livers of Lgr4/5dLKO Mice Reveal Altered Lipid Profiles

Triggered by the steatotic liver phenotype in Lgr4/5SdLKO
mice, lipid analysis was performed on livers of 6-month—old
Lgr4/5dLKO and control mice that were fed with either ND or
HFD. HFD-fed Lgr4/5dLKO mice displayed an increase in
several lipid species compared with ND, in particular TG.
HFD-fed Lgr4/5dLKO mice had higher levels of 45 different
species of TGs,”" 16 diacylglycerols, 10 oxidized TGs, 8
TG-estolides,” and 4 phosphatidylglycerols compared with
ND-fed Lgrd/5dLKO mice (Figure 6A). In contrast, fewer
lipids were up-regulated in control mice comparing HFD with
ND conditions (ie, 16 different species of TG, 8 diac-
ylglycerols, 3 phosphatidylglycerols, and 2 FA esters
of hydroxy FA).”® Regarding the fatty acyl composition of
significantly up-regulated TGs, livers of HFD-fed Lgr4/
5dLKO mice contained a more diverse FA pool, including
several polyunsaturated forms, in particular 16:3, 18:3, 20:5,
21:3, 22:3, 22:5, and 22:6 (Figure 6B), compared with those
of HFD-fed control mice. The complete list of increased and
decreased lipid species on HFD compared with ND, in both
control and Lgr4/5dLKO mice, is shown in Supplemental
Table S2. The data show that Lgr4/5dLKO mice exhibited a
different lipid response to the HFD challenge compared with
control mice, in particular an increase in several species of
unsaturated TGs, revealing altered lipid homeostasis.

Wnt Pathway Modulation in Humans with Liver
Cirrhosis

To explore whether fatty liver disease in humans is associated
with decreased levels of LGR4 and LGRS expression, nRNA
in situ hybridization on human healthy, NASH, and cirrhotic
liver specimens was performed. LGR4 mRNA was expressed

in hepatocytes and cholangiocytes of normal, NASH, and
cirrthotic livers, whereas LGRS mRNA expression was
restricted to pericentral hepatocytes of normal and NASH
specimens (Supplemental Table S3), suggestive of loss of
LGRS expression in cirrhotic livers. To investigate whether
decreased Wnt pathway activity is associated with cirrhosis
in humans, a consequence of NAFLD, the expression of Wnt
target genes was analyzed in human hepatocytes using pub-
lished single-cell RNA-sequencing data derived from normal
and cirrhotic human livers.”’”® Cypla2 and Cyp2eI”’ and
Glul™ are Wnt target genes expressed in mouse liver, and
were strongly decreased in livers of 1-month—old ND-fed
Lgr4/5dLKO compared with control mice (Supplemental
Figure S6A). Analyzing the human orthologs of these
genes CYPIA2, CYP2E]I, and GLUL in the human single-cell
RNA data set revealed that their expression was also signif-
icantly decreased in hepatocytes from human cirrhotic livers,
suggesting decreased Wnt pathway activity (Supplemental
Figure S6B).

Discussion

Increasing evidence suggests that Wnt/B-catenin signaling
plays a role in both exogenous and endogenous lipid traf-
ficking and biliary homeostasis, but the physiological con-
sequences of Wnt/B-catenin pathway activity on hepatic
metabolic functions and NAFLD development are incom-
pletely understood. To address this question, the current
study investigated phenotypic manifestations in liver and
serum of mice devoid of Lgrd/5 in hepatic epithelial cells,
two components that are crucial for regulating liver Wnt/
B-catenin pathway activity.””*’ The data show that abroga-
tion of Wnt/B-catenin activity led to fat accumulation in the
liver, partly due to defective BA secretion, concomitant with
increased liver inflammation and a predisposition to fibrosis.

The increased steatosis and resistance to diet-induced
obesity observed in the Lgr4/5dLKO mice fed with HFD is
in line with findings from B-catenin KO mice.”” Similarly,
LDL receptor—related protein 6 (Lrp6) mutant mice showed

Figure 4

Hepatic lipid accumulation associated with decreased BA secretion in Lgr4/5dLKO hepatocytes. A: BODIPY FL staining of primary hepatocytes

isolated from 3-month—old normal diet (ND)—fed mice. Frequency distribution of lipid droplet size (area expressed in um?) was measured 24 hours after
seeding. Lipid droplets in Lgr4/5dLKO hepatocytes differed in number and size from control cells (number of lipid droplets analyzed in control, >400, and in
Lgr4/5dLKO, >1500). The black dashed line represents the visual separation of data derived from hepatocytes of control mice (left side) and Lgr4/5dLKO
mice (right side). B: Hepatocytes from 6-week—old Lgr4/5dLKO mice revealed significantly reduced low-density lipoprotein (LDL) vesicle uptake compared
with control cells (two-way analysis of variance with Sidak test was used). LDL-Phrodo (red dots) images refer to the 24-hour time point. C: BODIPY FL staining
on hepatocytes at 24 hours in culture after onset of LDL-Phrodo addition. Note the abundant content of endogenous lipid droplets in hepatocytes from Lgr4/
5dLKO mice (t-test, P = 0.08, statistical significance not reached). D: Bright-field and fluorescent images of collagen-Matrigel three-dimensional hepatocyte
cultures 3 days and 7 days after cell seeding, respectively. The canaliculi network in Lgr4/5dLKO and control hepatocytes is exemplified by arrowheads. Cholyl-
L-lysyl-fluorescein (CLF) assays demonstrated a loss of BA secretion from Lgr4/5dLKO hepatocytes on day 7 (t-test was used). E: Cdh1 gene expression in livers
of 3-month—old Lgr4/5dLKO mice was increased (t-test was used). Although Axin2 gene expression was abolished in 3-month—old ND-fed Lgr4/5dLKO mice,
Ctnnb1 gene expression was comparable to control animals (t-test was used). F: Cadherin 1 (CDH1) and B-catenin (CTNNB1) immunofluorescence staining on
paraffin-embedded liver sections of 3-month—old ND-fed Lgr4/5dLKO and control animals showed that the colocalization of CDH1 and CTNNB1 was intact in
the Lgr4/5dLKO mice. G: Transmission electron microscopy (TEM) and zona occludens protein-1 (Z0-1) staining confirmed the presence of intact tight
junctions in 3-month—old ND-fed Lgr4/5dLKO mice (circled areas in the TEM panels). The magnified insets in the Z0-1 Hoechst panels (control, ND; Lgr4/
5dLKO, ND) represent twofold magnifications of areas containing a cell, each, as marked by white asterisks. Results are expressed as means + SD (B—E).
n = 2 biological replicates (B and C); n = 6 technical replicates (B and C); n = 5 Lgr4/5dLKO (C); n = 3 technical replicates (D); n = 6 control animals and
Lgr4/5dLKO (E). **P < 0.01 and ****P < 0.0001. Scale bars: 20 um (A); 50 pm (B—D and F); 500 nm (G, TEM); 100 pm (G, Z0O-1 Hoechst).
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Figure 5

Disturbed BA homeostasis in Lgr4/5dLKO mice. A—C: Total BAs were increased in liver (A) and plasma (B), but decreased in feces (C), of normal

diet (ND)—fed Lgr4/5dLKO mice compared with control mice. D: Total BAs in bile were similar in both Lgr4/5dLKO and control mice, whereas some individual
bile acid species were decreased in Lgr4/5dLKO mice (Supplemental Figure S4D). E and F: The 7a-hydroxy-4-cholesten-3-one (C4) in liver (E) and plasma (F)
was decreased in Lgr4/5dLKO mice compared with control mice. The following animals were investigated: 8 female Lgr4/5dLKO mice, 13 to 14 weeks old; 8
female control mice, 10 to 14 weeks old; 8 male Lgr4/5dLKO mice, 12 to 15 weeks old; and 8 male control mice, 12 to 15 weeks old. Respective samples from
all animals were used for the study, except for bile probes from male mice, where samples could only be harvested from 7 control and 3 Lgr4/5dLKO mice.
Statistical significance determined by two-tailed, unpaired t-test: *P < 0.05, ***P < 0.001, and ****P < 0.0001. BA, bile acid.

enhanced hepatic de novo lipogenesis and lipid and choles-
terol biosynthesis, resulting in elevated hepatic fat, TG, and
cholesterol ester content, progressing toward NAFLD.”
Loss-of-function point mutations in the LRP6 gene lead to
early onset of serum hyperlipidemia and metabolic syndrome
in humans and engineered mice.”' Hepatocyte-specific
B-catenin knockout mice developed hepatic steatosis when
fed with methionine- and choline-deficient diet but not with
HFD. Collectively, this suggests that abrogated Wnt/
B-catenin promotes NAFLD and NASH.

In contrast, Wnt/B-catenin activation on hepatic epithelial
cell-specific ectopic B-catenin expression in mice fed with
HFD” or through loss of the ZNRF3/RNF43 module,
mediated by AAV8-TBG-Cre or Alb-Cre-ERT?2 (designated
Rnf43/Znrf3%"),*" was described to cause hepatic steatosis.
These studies provided insights about the role of the
B-catenin transcriptional regulator in the context of liver
metabolic disorders. It remains unclear why Rnf43/
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anf3de’2' caused NAFLD and NASH, whereas our mice
with Ad5-Cre—mediated deletion of Znrf3/Rnf43 (referred
to as Ad5-Cre-Znrf3/Rnf43%°)** showed the opposite
phenotype. Although control mice developed significant
age-related steatosis, our aged Ad5-Cre-Znrf3/Rnf43%° mice
were protected from hepatic fat accumulation.”> Moderate
steatosis was observed in a subset of liver tumors that
developed in our Ad5-Cre-Znrf3/Rnf43%° mice, but the
degree of steatosis was less than that in the livers of age-
matched control littermates.” Interestingly, livers of both
Rnf43/Znrf3%" mutant mice”' and the Lgr4/5dLKO mice
described in this study revealed altered lipid homeostasis.
However, the Rnf43/Znrf3%' mutant mice showed increased
phospholipids and diacylglycerols containing four or five
double bonds,21 whereas our HFD-fed Lgrd/5dLKO mice
revealed increased TG, including polyunsaturated species
with up to six double bonds, oxidized TGs, TG-estolides,
and diacylglycerols. Recent evidence has described LGR4
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Figure 6 Lipid changes in livers of Lgr4/5dLKO mice. A: Volcano plots depicting lipid species found increased and decreased in livers of 6-month—old
high-fat diet (HFD)— versus normal diet (ND)—fed Lgr4/5dLKO and control mice, respectively. HFD-fed Lgr4/5dLKO mice showed a significantly higher number
of triglycerides (TGs), diacylglycerols (DGs), oxidized TGs (0xTGs), TG-estolides (TG-ESTs), and phosphatidylglycerols (PGs) compared with ND-fed Lgr4/5dLKO
mice. Lipid changes with adjusted P > 0.05 and log, fold change > 2 were considered as significantly changed. Tables depicted in volcano plots (black fonts
for control, and blue fonts for Lgr4/5dLKO) display the number of different lipid species identified, grouped by ontology, as either increased or decreased on
HFD compared with ND (right and left, respectively, in each graph). Abbreviations were used according to Nomenclature in MS-DIAL Lipidomics (http://prime.
psc.riken.jp/compms/msdial/lipidnomenclature.html, last accessed April 21, 2021). B: Pie chart representation of the distribution of specific TG fatty acyl
species in HFD-fed Lgr4/5dLKO and control mice (expressed in percentage). Note that several fatty acyl species were only detected in livers of Lgr4/
5dLKO mice, a fraction as polyunsaturated fatty acyl form. The asterisk indicates TG fatty acyl species with three or more double bonds. FAHFA, FA esters of
hydroxy FA.

as a key regulator in lipid metabolism, in both adipose tissue
and liver.®>® Therefore, it is conceivable that the incapa-
bility of Lgrd4/5dLKO hepatocytes to secrete BAs, in addi-
tion to defective hepatic FA oxidation by abrogated Wnt/f3-
catenin signaling,”” led to increased FA unsaturation and
subsequent storage in large lipid droplets. Interestingly,
increased levels of TG-estolides were identified in the livers
of 6-month—old HFD-fed Lgr4/5dLKO mice. TG-estolides
are TG-bound FA esters of hydroxy FA and represent a

The American Journal of Pathology m ajp.amjpathol.org

major storage form of bioactive free FA esters of hydroxy
FA.” FA esters of hydroxy FA represent a large family of
lipids with poorly understood biological functions,
including immunomodulatory activities.’® It is plausible that
the presence of these lipids reflected the need of the hepa-
tocytes to cope with increased hepatic lipid load and/or to
induce liver inflammation, causing the onset of NASH.
Although the current data support the notion that abrogated
Whnt/B-catenin signaling promoted NALFD, more research
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is required by studying the detailed differences between the
Rnf43/Znrf3*" and Ad5-Cre-Znrf3/Rnf43%° models to
explain this discrepancy. Yet, Wnt pathway effectors, such
as LRP5/6 receptors and B-catenin, are involved in several
physiological functions distinct from canonical Wnt/B-cat-
enin transcriptional activation. For instance, LRP5/6 contain
three copies of the LDL type-A motif, known to mediate the
binding and the endocytosis of lipoproteins.”” Similarly, B-
catenin is a protein involved in the regulation and coordi-
nation of cell-cell junctions, a structural cellular component
whose integrity is coupled with TJ formation (reviewed by
Campbell et al®*). Therefore, it is plausible that the impact
of LRP5/6 and B-catenin on NAFLD etiology results from a
combination of impacted Wnt signaling, altered lipoprotein
uptake, and cell-cell contact.

NAFLD etiology can be the result of a combination of
abnormalities in fat and amino acid metabolism, orches-
trated by pericentral and periportal hepatocytes. Although
the role of Wnt/B-catenin signaling in metabolic liver
zonation is well characterized, the consequences of impaired
metabolic processes and how they may promote NAFLD are
less clear. In patients with NAFLD, lipid accumulation
normally initiates in lipid droplets within pericentral hepa-
tocytes.”° This lipid zonation is gradually lost during
disease progression.”” Recent evidence points toward a role
of LGR4 in energy metabolism and metabolic diseases
(reviewed by Yang et al°®). Mutations in the LGR4 gene in
humans have been linked to type 2 diabetes with hyper-
tension and central obesity.’”"’" Furthermore, genome-wide
association studies have identified an association of the
RSPO3 locus with type 2 diabetes and insulin resistance,’’
and a meta-analysis of multiple genome-wide association
studies has identified the RSPO3 locus to be associated with
the waist/hip ratio, which is a measure of body fat distri-
bution and a predictor of metabolic diseases.”” Given the
high prevalence of NAFLD in type 2 diabetes,”” it is
conceivable that mutations in the RSPO-LGR4/5 node lead
to the predisposition of NAFLD development in humans. A
transcriptome profiling study in human liver tissue, repre-
senting NAFLD progression, showed that genes involved in
Wnt signaling were decreased in NASH specimens
compared with normal tissue.”* Furthermore, poly-
unsaturated FAs were elevated in livers of HFD-fed Lgr4/
5dLKO compared with HFD-fed control mice, and poly-
unsaturated FAs were positively related to the risk of
NAFLD in a human population.’

Whnt/B-catenin signaling regulates BA biosynthesis in
perivenous hepatocytes.”’ Liver-specific deletion of the
canonical Wnt pathway effector protein B-catenin leads to
accumulation of hepatic cholesterol and BAs, elevation of
serum bilirubin, increased steatohepatitis, and fibrosis in
mice fed with a steatogenic methionine- and choline-
deficient diet,” suggesting a putative defect in BA secre-
tion due to dilated and tortuous bile canaliculi.”® Inactiva-
tion of Wnt/B-catenin signaling causes strongly reduced
expression of the perivenous membrane protein CLDN2,
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which participates in the formation of intercellular TJs.
CLDN?2 is involved in BA and water flow regulation in bile
canaliculi, and deletion of Cldn2 in polarized hepatocyte-
like cells caused a disruption of functional bile
canaliculus-like structures.®” The importance of B-catenin
for bile canaliculi formation was demonstrated in hepato-
cytes derived from a dual B-catenin and <y-catenin mouse
KO model.”” In contrast, the current study found intact TJs
in livers of our Lgr4/5dLKO mice, and hepatocytes isolated
thereof, revealed normal canalicular network formation.
Ctnnb1 expression in the Lgrd/5dLKO mice was not altered,
thus explaining the different phenotype. Our ex vivo hepa-
tocyte and transcriptomic data extended these findings and
implied that BA production and secretion were compro-
mised in the Lgr4/5dLKO mice. Lgr4/5 deletion promoted
loss of Cldn2 gene expression, which was accompanied by
reduced BA secretion from hepatocytes, suggesting a po-
tential impairment of the endogenous lipid export pathway.
Indeed, the reduction of transmembrane transporters and the
alterations in BA metabolism identified in our transcriptome
analysis in livers of the Lgr4/5dLKO mice highly correlated
with functional impairment of BA homeostasis. The in-
crease in total BAs in liver and plasma and the decrease in
total BAs in feces and in a subset of BAs in the bile of Lgr4/
5dLKO mice reflected the distorted BA secretion in vivo,
expanding on the findings in the ex vivo Lgrd4/5dLKO he-
patocyte cultures. Despite signs of activation of a potential
compensatory feedback loop, negative consequences caused
by loss of LGR4/5 on BA secretion appeared to overweigh
this likely compensatory mechanism, leading to a chole-
static phenotype. These cholestatic features likely intersect
with features of NAFLD, because cholestasis and NAFLD
share certain pathophysiological mechanisms that could be
targeted by therapeutic intervention.’®

The endogenous lipid trafficking route comprises the
import and export of lipids into and from the liver by LDL
and VLDL particles, respectively. Inadequate export of
VLDL represents a central, incompletely understood
mechanism in patients developing NAFLD. Although in-
dividuals with simple steatosis exhibit increased VLDL-TG
secretion, patients harboring genetic mutations that cause
abnormal VLDL assembly or reduced VLDL export mani-
fest an augmented risk to develop NASH.””*" Wnt/B-cat-
enin signaling impinges on VLDL and the VLDL receptor.
Knockdown of the VLDL receptor in retinal pigment
epithelium results in the elevation of LRP6 protein levels
and activation of Wnt/B-catenin signaling, whereas over-
expression of the VLDL receptor suppresses Wnt
signaling."! Our Lgr4/5dLKO mice unveiled sub-
physiological serum t-Chol and c-HDL but modestly
increased serum VLDL-cholesterol and strongly elevated
VLDL-TG levels, likely due to a compensatory response
toward intracellular hepatic lipid accumulation. These
findings are supported by the disturbed BA homeostasis and
decreased C4 levels in Lgr4/5dLKO mice, with the latter
implying altered cholesterol metabolism that led to a minor
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compensatory increase in VLDL cholesterol content in
serum. This is in agreement with the decreased expression
of Cyp27al, an enzyme involved in the catabolism of
cholesterol towards BAs, both via the alternative and the
classical BA biosynthesis pathway, detected in 3-month—
old Lgr4/5dLKO mice. Despite hepatic steatosis, these
animals maintained normal body weight. On HFD chal-
lenge, Lgr4/5dLKO mice developed liver inflammation and
fibrosis, and serum contained elevated aspartate amino-
transferase and alanine aminotransferase levels.

In summary, these data show how loss of metabolic
zonation on hepatic epithelial cell-specific Lgr4/5 ablation
led to multiple molecular alterations that predisposed livers
to steatosis and NAFLD progression. These events were
manifested by transcriptional and lipid changes in the liver
affecting not only hepatocyte physiology but also inflam-
mation and hepatic stellate cell activation. Insights into this
complex interaction network will likely result in the for-
mation of new therapeutic hypotheses for the treatment of
NAFLD.
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