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Abstract
Objective The very low-density lipoprotein receptor (VLDLRJays an important role in the
development of hepatic steatosis. In this studyijnwestigated the role of Peroxisome Proliferator-
Activated Receptor (PPAR)O and fibroblast growth factor 21 (FGF21) in hepaitDLR
regulation.
Methods:Studies were conducted in wild-type a@pparg/ o-null mice, primary mouse hepatocytes,
human Huh-7 hepatocytes, and liver biopsies frontrobsubjects and patients with moderate and
severe hepatic steatosis.
Results Increased VLDLRlevels were observed in liver éfparg/o-null mice and inPpars/ &
knocked down mouse primary hepatocytes through awesims involving the heme-regulated
eukaryotic translation initiation factora2(elF2xn) kinase (HRI), activating transcription factor
(ATF) 4 and the oxidative stress-induced nucleantofa (erythroid-derived 2)-like 2 (Nrf2)
pathways. Moreover, by using a neutralizing antipadainst FGF21Fgf21-null mice and by
treating mice with recombinant FGF21, we show #@F21 may protect against hepatic steatosis
by attenuating endoplasmic reticulum (ER) stressiied VLDLR upregulation. Finally, in liver
biopsies from patients with moderate and severeatiegteatosis, we observed an increase in
VLDLR levels that was accompanied by a reductiolPPARG/O mMRNA abundance and DNA-
binding activitycompared with control subjects.
Conclusions:Overall, these findings provide new mechanismsabych PPARB/d and FGF21
regulate VLDLR levels and influence hepatic steiatdsvelopment.

Keywords: VLDLR; PPAR;FGF21;ATF4; ER stress.



1. Introduction
Non-alcoholic fatty liver disease (NAFLD) is curtgnthe most common liver disorder, and its
growing prevalence has increased to reach worldwegaemic proportions [1]. NAFLD
encompasses a spectrum of liver injuries rangiomfhepatic steatosis, defined by the excessive
accumulation of triglycerides in the liver, to thmost severe condition of non-alcoholic
steatohepatitis (NASH). In addition, NAFLD is angartant risk factor for the development of
obesity-related pathologies including insulin resise, type 2 diabetes mellitus (T2DM), and
cardiovascular diseases [2].
Hepatic triglyceride levels are regulated by midtimechanisms such de novosynthesis, fatty
acid oxidation, lipolysis, dietary fat consumptioand the secretion and hepatic delivery of
lipoprotein particles [3-5]. Recently, it has beeported that very low-density lipoprotein receptor
(VLDLR) plays an important role in the developmeithepatic steatosis [6]. VLDLR belongs to
the low-density lipoprotein (LDL) receptor familyna@ is widely expressed in the brain, heart,
skeletal muscle, and adipose tissue, whereas jiiegsion is very low in the liver under normal
conditions [7,8]. This receptor binds apolipoprotgi (apoE) triglyceride-rich lipoproteins such as
chylomicrons, VLDL, and intermediate density lipofwins, leading to lipid entry into the cell
through lipoprotein lipase (LPL)-dependent lipa$ysr receptor-mediated endocytosis [9-12]. As a
result, a link has been established between VLDé&RIE and plasma triglyceride levels [13].
VLDLR-null mice are leaner, display normal bloogitls [14] and are protected from obesity
induced by HFD feeding or leptin deficiency [15]owever, following fasting or exposure to a
HFD, these animals show increased plasma trigigedavels [15,16]. In recent years, it has been
reported that VLDLR is regulated by several tramgmn factors, including Peroxisome
Proliferator-Activated Receptor (PPAR)In adipose tissue [12] and hypoxia-inducible facto

(HIF-10a) in the heart [18], contributing to lipid depositin both tissues. In liver, the upregulation



of VLDLR levels has been reported to be dependarthe activation of oxidative stress-induced
nuclear factor (erythroid-derived 2)-like 2 (Nrf2h alcoholic liver disease [19], whereas
stimulation of activating transcription factor 4 TBR4) signaling during endoplasmic reticulum
(ER) stress induces hepatic steatosis via incréaB&R by enhancing lipoprotein delivery to the
liver [6]. In addition, hepatic VLDLR upregulatioplays an essential role in the triglyceride-
lowering effect of fenofibrate through PPARactivation [20]. However, little is known aboutth
effects of PPAR/d on VLDLR regulation in the liver. PPARS is a ligand-activated transcription
factor involved in the regulation of glucose amidihomeostasis [21], and it has been proposed as
a therapeutic target for the treatment of metab®fiedrome [22]. Thus, genetic manipulation of
PPARB3/d as well as its activation by agonists attenuasdigigemia and hyperglycemia, improve
whole-body insulin sensitivity, and prevent diethiced obesity [23]. In this study, we show that
Pparg o deficiency regulates VLDLR levels through Nrf2 aAdF4-dependent mechanisms,
whereas fibroblast growth factor 21 (FGF21) deficie exacerbates ER stress-induced VLDLR
levels, contributing to the progression of hepateatosis. Finally, our findings show that in
humans with severe hepatic steatosis, increasezslef VLDLR accompany a reduction in

PPAR3/d activity.



2. Research Design and Methods

2.1. Reagents
Control, VLDLR, HRI, ATF4, and Nrf2 siRNA were purased from Santa Cruz (Dallas, TX) and
PPARB3/d siRNA from GE Dharmacon (Lafayette, CO). Mouse BGeutralizing antibody was
purchased from Antibody and Immunoassays Servidédsnd Kong, China) and human
recombinant FGF21 from R&D Systems (Minneapolis, )MNriglyceride levels were measured

using a commercial kit (Sigma, St. Louis, MO).

2.2. Mice
Male (8-9-wk old)Ppars dknockout Ppardd") mice and their wild-type littermateBgar3 d"")
with the same genetic background (C57BL/6X129/24) [and an initial weight of 20-25 g were
fed a standard diet. Genotyping was performed asiqusly described [24]. Wild-type and
Ppargdnull mice were treated for 24 h through i.p. inject with DMSO (vehicle) or
tunicamycin (3 mg Kg body weight). Likewise, male wild-type ampars/Fnull mice at 12 wk.
of age were injected intraperitoneally with 1gG |(@/mouse) or a neutralizing antibody (9
ng/mouse) against FGF21 [25] together with DMSOumidamycin (3 mg kg body weight) and
were sacrificed at 14 h after treatment. In addjtimale wild-type andPparS/o-null mice were
either fed a 30% fructose solution or plain tapexdbr 12 wk, as previously described [26]. The
hepatic content of malondialdehyde (MDA) and hye&mgeroxide (kH0,) were determined using
the lipid peroxidation (MDA) and Peroxidetect askayg (Sigma), respectively.
Male (10-wk old) knockoutRgf21™) mice [B6N;129S5-gf21™*¥Mmcd] and their wild-type

littermates Fgf21"*

) were obtained from the Mutant Mouse Regional Res® Center
(MMRRC). For examination of the effect of FGF21 WhDLR levels, male C57BL/6 mice at 12
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wk of age were treated with DMSO or tunicamycinnfify/kg body weight), and starting at 6 h
before tunicamycin injection, recombinant mouse EGHPeproTech, London, UK) was
administered intraperitoneally at 1 mg/kg body \keifpr a total of five times every 6 h. Mice
were sacrificed at 24 h after tunicamycin treatmeit animals were killed under anesthetic
conditions, and livers were snap-frozen in liquitlagen immediately after resection and stored at
-80°C. The research complied with the Guide for @ee and Use of Laboratory Animals
published by the US National Institutes of HeakhH Publication No. 85-23, revised 1996). All
procedures were approved by the University of Barze Bioethics Committee, as stated in Law

5/21 July 1995 passed by the Generalitat de Catalun

2.3. Cell culture
Human Huh-7 cells (a kindly gift from Dr. Mayka S4wez from Josep Carreras Leukaemia
Research Institute) were cultured in DMEM suppleteénwith 10% serum, at 37°C/5% &O
Primary mouse hepatocytes were isolated from nstiriamale C57BL/6 mice (10-12 weeks old)
by perfusion with collagenase as described elseavff]. SIRNA transfections were performed

with Lipofectamine 2000 (Life Technologies).

2.4. Human samples
Subjects were recruited by the GastroenterologyaDeent at the Shahid Beheshti University of
Medical Sciences (Tehran, Iran) with the approviathe Ethical Committee of the University
Review Board of the participating Taleghani Hodpi¥AFLD subjects (Table S1) were diagnosed
according to WHO criteria. Patients were consider®thaving potential liver steatosis if they had
abnormal liver blood tests. Alcohol consumption badbe less than 20 g/day for the past 5 years,

as assessed using a standard questionnaire. loagddiver specimen had to be compatible with



NAFLD [28], without any pattern suggestive of otlvause. Patients were not included if they had
another cause of chronic liver disease, complicaiedhosis, or received putative antifibrotic

treatment in the past 6 months. Liver biopsies vperformed at Taleghani Hospital in 2012-2013
using a Meghini 16swg (1.6mm) x 70mm syringe. Thegamal consisted of 15 needle biopsies
from adult patients. Specimens were immediatelyt $en pathology assessment by routine
procedures; two biopsies were required to obtaira@eptable specimen. All the biopsies were
reviewed by the pathologist and the presence @ftades was graded in grade 0 with <5% of
hepatocytes presenting steatosis (control groupp)(ngrade 2 with 33-66% of hepatocytes
presenting steatosis (n=4), and grade 3 with mwee 66% steatotic hepatocytes (n=6). Written
informed consent was obtained from each patiedudesad in the study and the study protocol
conformed to the ethical guidelines of the 2013 lBration of Helsinki as reflected in a priori

approval by the institution's human research conemit

2.5. RNA preparation and quantitative RT-PCR
The relative levels of specific MRNAs were assesgdReal-Time RT-PCR, as previously

described [29]. Primer sequences used for Real-Rm®CR are displayed in Table S2.

2.6. Immunoblotting
Isolation of total and nuclear extracts was perftras described elsewhere [29]. Proteing4$0
were separated by SDS-PAGE on 10% acrylamide dgparmgels and transferred to Immobilon
polyvinylidene difluoride membranes (Millipore). \&tern blot analysis was performed using
antibodies against VLDLR (sc-18824), Nrf2 (sc-728501 (sc-393736), ATF4 (sc-200) (Santa
Cruz), VLDLR (AF2258) (R&D system), elli2(9722), phospho-elfe2 (Ser51) (9721), IgG

control (2729S) (Cell Signaling Technology Inc.,rvars, MA), actin (A5441) (Sigma-Aldrich,



Madrid, Spain). Detection was achieved using the stéfe Lightning® Plus-ECL
chemiluminescence kit (PerkinElmer, Waltham, MA,A)SThe equal loading of proteins was
assessed by Ponceau S staining. The size of ditpctdeins was estimated using protein

molecular-mass standards (Bio-Rad).

2.7. Electrophoretic mobility shift assay
The electrophoretic mobility shift assay (EMSA) waerformed using double-stranded
oligonucleotide for the consensus binding site BRE (Santa Cruz Biotechnology). Nuclear
extracts (NE) were isolated as previously reporf2é]. Oligonucleotides were labeled by
incubating the following reaction at 37°C for 2 &2 uL oligonucleotide (1.75 pmail), 2 pL
of 5X kinase buffer, JiL of T4 polynucleotide kinase (10 fu), and 2.5uL [y->*P] ATP (3,000
Ci/mmol at 10 mCi/mL). The reaction was stoppedalging 90uL of TE buffer (10 mmol/L
Tris-HCI, pH 7.4, and 1 mmol/L EDTA). To separate tabeled probe from the unbound ATP,
the reaction mixture was eluted in a Nick columi(Bealthcare, Barcelona, Spain) according to
the manufacturer’s instructions. Five microgramsfde nuclear protein was incubated for 10
min on ice in binding buffer (10 mmol/L Tris-HCI,Hp 8.0, 25 mmol/L KCI, 0.5 mmol/L
dithiothreitol, 0.1 mmol/L EDTA, pH 8.0, 5% (v:v)hgerol, 5 mg/mL BSA, and 5@g/ml
poly[dI-dC]) in a final volume of 1%L. Then, specific competitor oligonucleotide oribatly for
supershift assays were added and incubated foriddtes on ice. Subsequently, the labeled probe
(200,000 cpm) was added and the reaction was itedkfar an additional 15 minutes on ice.
Finally, protein-DNA complexes were resolved by célephoresis at 4°C on 5% (w:v)

polyacrylamide gels in 0.5X Tris-borate-EDTA buferd subjected to autoradiography.

2.8. Hematoxylin-eosin and Oil Red and staining

9



We performed hematoxylin-eosin and Oil Red O stgjnas previously reported [29]. ORO

staining was quantified using Image J software.

2.9. Statistical Analyses
Results are expressed as mean$.D. Significant differences were established Wp-wvay
ANOVA using the GraphPad Instat program (GraphRaftivare V5.01) (GraphPad Software Inc.,
San Diego, CA). When significant variations werarfd by two-way ANOVA, the Tukey-Kramer
multiple comparison post-test was performed. Défees were considered significant at p<0.05.

3. Results

3.1. Ppar8J" mice show increased hepatic VLDLR levels
First, we examined whethd?pars/ ddeficiency affected VLDLR levels. VLDLR mRNA and
protein levels were increased in the liversPplardd™ mice compared with wild-type littermates
(Figures 1A and B). This increase in VLDLR was anpanied by the presence of hepatic steatosis
in Ppar8Jd" mice compared to wild-type litermates, as denratsti by ORO and hematoxylin-
eosin staining and hepatic triglyceride quantifmat(Figures 1C and D), whereas differences in
plasma triglyceride levels did not reach statistgignificance (data not shown). In accordance
with the observations in the liver é&fparfF o-deficient mice, siRNA knockdown dPparF/d in
primary hepatocytes (Figure S1B) led to enhandeit mRNA and protein levels (Figures 1E and
F). Similarly, transfection of human Huh-7 hepatesywith siRNA againsPPARG/d caused a
significant increase iINLDLR mMRNA levels (Figure 1G) and in cellular lipid aocculation (Figure
1H). Next, we focused on ATF4 as the potentialdcaiption factor responsible for the increase in
VLDLR in Pparg/ ddeficient cells. Although ATF4 is activated by ERess through eukaryotic
translation initiation factor @ (elF2x), the increase in phosphorylated ed~2nd activation of its

downstream ATF4 signaling pathway can occur inddpetly of ER stress, since elifZan also
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be phosphorylated by other kinases, including teendiregulated ell2 kinase (HRI) [30].
Interestingly,Ppar8/d’ mice showed increased levels of HRI, which in tactivates the elf2
ATF4 pathway [29], suggesting that HRI might alegulate VLDLR levels. In agreement with
this, sIRNA knockdown oHri (Figure S1A) in primary hepatocytes caused a risalun VLDLR
MRNA and protein levels (Figure 2A). Moreover, twell-known HRI activators [31], BTCtFPU
and BTdCPU, upregulated VLDLR mRNA and protein leue human Huh-7 hepatocytes (Figure
2B), and BTdCPU also upregulated VLDLR levels ia tiver of mice treated with this compound
(Figure 2C).

Next, we checked whether other transcription facgrch as Nrf2, known to be involved in the
upregulation of hepatic VLDLR [19], might be resgdle for the increase in the expression of
this gene in the livers oPpa3/3-null mice. Interestingly, livers oPpar3d" mice showed
increased levels of phosphorylated Nrf2, an indicatf the activity of this transcription factor
[32], compared with wild-type littermates (Figur®)2 In agreement with this, the mRNA and
protein levels of the Nrf2-target gene NAD(P)H duie dehydrogenase Ndol) were also
upregulated (Figures 2D and E).

To confirm the involvement of HRI, ATF4, and Nrf2 the upregulation o¥ldir in the context of
Pparg o deficiency, we performed siRNA studies in primagpatocytes. Knockdown &parfs/ o
increased the expression VidIr, but this increase was prevented by siRNA tratisie@against
Atf4, Nrf2, or Hri (Figure 2F). Two ATF4-target gene3rb3 [29] and Fgf21 [33], were
upregulated byPparf/ é knockdown, but this was prevented by transfecsiRNA against either
Atf4 or Hri (Figures S1C and S1D). Similarly, expressioWNdR and two of its target genddgol
andHo-1, increased followindPparf/ d knockdown and this was prevented by siRNA trarigfac
againstNrf2 (Figures S1E-G). These findings indicate tRa@ars/d deficiency increase¥IdIr
expression through the HRI-el&eATF4 and Nrf2 pathways.
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3.2. Pparfl o deficiency exacerbates hepatic steatosis and VLORgulation caused by ER
stress

Given that ER stress induces hepatic steatosimeraased expression of VLDLR through edi-2
ATF4 [6], we hypothesized th&parfs o deficiency may exacerbate liver steatosis in threext of
ER stress by potentiating the increase in VLDLRelevTo test this, wild-type ar®par3/d™ mice
were treated with the ER stressor tunicamycin fbh2Tunicamycin increased hepatic triglyceride
accumulation in wild-type mice (approximately 5eéfdhcrease, p<0.01) compared with vehicle-
treated animals, but this accumulation was exatedba tunicamycin-treate@par8d” mice
(approximately 8-fold increase, p<0.001 comparedhwunicamycin-treated wild-type mice)
(Figures 3A-C). In agreement with an increasedpiptein delivery to the liver through VLDLR
as the mechanism responsible for hepatic steatpkisma triglyceride levels were reduced in
tunicamycin-treated wild-type mice (60% reductipr0.01) compared with vehicle-treated wild-
type mice. This reduction was exacerbated in tumjcan-treatedPpar/d” mice (70% reduction,
p<0.001) compared with vehicle-treategar3/5" mice (Figure 3D), which is consistent with the
higher increase in VLDLR protein levels in the ligeof tunicamycin-treatedPpar3/d™ mice
(Figure 3E). Likewise, the expression of two adulitil ATF4-target gened,rb3 andChop, was
significantly higher in tunicamycin-treated®bar/5” mice than in tunicamycin-treated wild-type
mice, indicating higher ATF4 activity in the formgroup (Figures 3F and G). Of note, in contrast
to Trb3 expression that was increased in PBARull mice compared to wild-type mic€hop
expression was independent of the genotype andast enly increased following tunicamycin
treatment.
Since ER stress can also activate Nrf2 [34], wet nevaluated whether this antioxidant

transcription factor can contribute to the increase/LDLR in tunicamycin-treatedPpars/d”
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mice. Tunicamycin administration led to significartanges in hepatic phospho-Nrf2 and NQO1
protein levels in wild-type mice, and the increasg@hospho-Nrf2 was exacerbatedRparf/ &
null mice (Figure 3H). Overall, these findings seggthat ATF4 and Nrf2 activation by

tunicamycin in the presence Bparfl o deficiency intensifies the increase in hepatic VED

3.3. FGF21 protects against hepatic steatosis and thegydation of VLDLR levels caused
by ER stress

Since FGF21 suppresses the el&TF4 pathway through a negative feedback [35], we
hypothesized that the reported increase in FGF2&rgbd inPparfd é-deficient mice [29] might
attenuate the increase in the ATF4-target gédé. To check this, we treatd®pars/ d-null mice
with an FGF21 neutralizing antibody and tunicamy@dministration of the FGF21 neutralizing
antibody to Ppar/5" mice increased hepatic triglyceride accumulationbbth vehicle and
tunicamycin-treated mice compared with mice recgjMgG (Figures 4A and B). Consistent with
this, VIdlr mRNA levels increased ifPpar3/5” mice injected FGF21 neutralizing antibody
compared with mice treated with IgG, especiallytumicamycin-treated mice (Figure 4C). No
changes in these parameters were observed in ypé-nice injected with the neutralizing
antibody (Figures S2A and S2B). VLDLR regulation B$F21 was confirmed in the livers of
Fgf21-deficient mice. These mice showed increased hepéailyceride accumulation (Figure 4D),
a process which has been reported to be age-depejd®é, andVidir mRNA (Figure 4E) and
protein abundance accompanied by enhancedoefifbsphorylation and ATF4 protein levels
(Figure 4F). Similarly, the expression levels obtatf4-target genesJrb3 and Chop were also
increased in the livers dfgf21” mice compared with wild-type mice (Figures S2C &&D),
althoughChop did not reach statistical significance. In cortirgghosphorylated levels of Nrf2
were reduced ifFgf21” mice (Figure 4G), rendering its involvement in VLB upregulation
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unlikely. Finally, we examined the effects of redmnant FGF21 treatment on ER-stress-induced
VLDLR levels. In Huh-7 hepatocytes FGF21 signifitarreduced the increase MLDLR and
CHOP expression (Figure 5A and B) and in VLDLR proté&nels caused by tunicamycin, and
these reductions were accompanied by a decreafe itevels of phospho-elB2(Figure 5C).
Similarly, administration of FGF21 reduced the eage in both the expression and the protein
levels of VLDR caused by tunicamycin in liver (Figa 5D and E). These findings suggest that
FGF21 may protect against hepatic steatosis bytitignithe increase in VLDLR levels via

attenuation of the elfRATF4 pathway.

3.4. VLDLR upregulation is intensified by fructose feggdin the liver of Ppasl/ d-null mice
Fructose feeding leads to hepatic steatosis [3@hs€quently, we explored whether VLDLR was
involved in the effects of fructose on liver in thentext ofPparf/ o deficiency. As previously
shown [26], feeding wild-type mice (C57BL/6X129/9¢netic background) with fructose did not
result in hepatic steatosis (Figures 6A and B). k\mv, Ppar3/d” mice exposed to fructose
exhibited a clear and intense steatosis. When itepaDLR mRNA and protein levels were
assessed, water-fé@bars3/d” mice showed a significant increase that was iffiedsby fructose
feeding (Figures 6C and D). As previously repori88], fructose feeding increasdegf21
expression in liver of wild-type mice (Figure S3A9dicating that despite the lack of induction of
triglyceride accumulation in the liver of wild-typmice, fructose feeding was efficacious. This
increase was exacerbated Rpars/o-deficient mice. In contrast, expression of the Afikrget
geneChopwas unaffected in fructose-fépars/5" mice (Figure S3B), rendering it unlikely that
this pathway is involved in the VLDLR upregulatiabserved in the liver of these mice.
Consistent with the trend observed in VLDLR, phaspirf2 levels and the expression of its target
gene NgqO1 were elevated in livers of fructose-f&®parB/d” mice (Figures 6E and F). The
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oxidative stress status measured by the lipid peized product MDA and kD, was significantly
increased only in fructose-feebarB/d” mice (Figure 6G and H), suggesting that incred?e®
levels was the stimulus responsible for the in@eaghe activity of this redox transcription facto
To clearly demonstrate the involvement of Nrf2, éhgression of this gene and thatRpfar[/ o
was knocked down by siRNA transfection in mousengry hepatocytes. As previously shown,
Ppar o knockdown increased the expression\@fllr and this increase was intensified by
incubation with fructose (Figure 61). Howevétf2 knockdown abrogated the increase caused by
the reduction inPparf/d expression and incubation with fructose (Figurg ®he increase in
VLDLR expression was also observed in human hepatotsgasfected with siRNA against
PPARG/0 and this effect was specific for fructose, sintevas not observed in hepatocytes
exposed to a related carbohydrate such as margRitpire S3C). Overall, these data suggest that
in the context oPparf/ d deficiency, fructose induces ROS production, d-webwn activator of
Nrf2, which in turn increases VLDLR levels and wmititely produces hepatic steatosis by

increasing lipoprotein delivery to the liver.

3.5. VLDLR content is increased in the liver of patienith steatosis
Our findings inin vitro and animal models suggest a new potential pathiatymight contribute
to NAFLD. In this pathway, a reduction in PPBM levels might result in activation of both ATF4
and Nrf2, which in turn would enhance VLDLR levdisading to increased VLDL (triglyceride)
delivery to the liver. The contribution of this patial pathway was explored in liver biopsies of
patients were into three grades based on the gageenf hepatocytes presenting steatosis: grade 0
(<5%), grade 2 or moderate steatosis (33-66%) eamied3 or severe steatosis (>66%) (Figure 7A).
VLDLR mRNA expression (Figure 7B) and protein lev@Figure 7C) were increased in patients
suffering hepatic steatosis. The increase in VLDOERels was accompanied by a reduction in
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PPARSG/ 0 mRNA abundance that only reached statistical Sagrice in livers of patients with
severe hepatic steatosis (Figure 7D). The exprnesgithe PPAIR/d-target genes involved in fatty
acid oxidationPDK4 andCPT-1a, was reduced in the livers of patients with staatffSgure 7D).
Consistent with the reduced levels of PH#®& the DNA-binding activity of this transcription
factor assessed by EMSA showed a reduction inrgatigith hepatic steatosis, especially in those
with severe hepatic steatosis (Figure 7E). The atolu in PPARB/d expression and activity in
patients with severe hepatic steatosis was accaegpdy an increase iHRI, TRB3,andNQO1
expression (Figure 7F), suggesting that the inereasVLDLR levels in humans with severe
hepatic steatosis in the context of reduced PEARvels might be the result of activation of the
HRI-elF2a-ATF4 and Nrf2 pathways. Expression of ATF4-targeneFGF21 was significantly
increased only in the patients with severe stemt@Sigure 7G), whereas expression of its
receptorsp-klotho andFGFR1c,was reduced, although the reduction of the receajitbnot reach

significance, suggesting that the effect of thisnnane might be attenuated (Figure 7G).

4. Discussion

Here we present evidence that VLDLR is regulate® BAR3/d and FGF21. The reported increase
in VLDLR in Pparg dnull macrophages [39], prompted us to examine drépars/ d-null mice
showed increased VLDLR levels and determine itdrdmution to NAFLD and the mechanisms
involved. Our findings indicate that iRparg/onull mice, HRI activation in liver increases
VLDLR levels through the elkf2ATF4 pathway (Figure 8). Despite this, HRI actorat do not
increase hepatic steatosis; on the contrary, tbesgounds also increased FGF21 levels and this
hormonal factor improved glucose intolerance angatie triglyceride accumulation induced by
feeding a HFD [29]. In additiorRparf o-deficiency also results in the activation of Nré&other

transcription factor that contributes to increasedV/R levels [19]. Under conditions d¥parfl o
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deficiency, the increase in VLDLR levels would admite to hepatic steatosis. In addition,
stimulation of ER stress induces hepatic steatbsmigh VLDLR [6], and this process might be
exacerbated iPparg/ o-null mice through a higher activation of both AT&Ad Nrf2, suggesting
that the absence of PPRR contributes to intensify ER stress-induced fattgrl

It has previously been reported that the PBARagonist GW501516 promotes glucose flux to the
pentose phosphate pathway and fatty acid syntivesiiger [40], establishing a discrepancy with
the findings of this manuscript. However, a timeise study demonstrated that GW501516
induces accumulation of liver lipids following 4 va treatment, but this turned into a reduction in
the content of hepatic lipids after 8 wk. of GW5Q@&Sreatment [41], probably as the result of an
increase in fatty acid oxidation. Therefore, lorgatments with GW501516 reduce hepatic lipids,
which is consistent with the increase in liverdipiobserved iRparF/ &-null mice.

FGF21 has emerged as an important regulator obgii@and lipid metabolism and hence is a
promising agent for the treatment of obesity, NAFLBsulin resistance, and type 2 diabetes
mellitus [42]. This study also suggests that thporeed enhanced FGF21 levels Bpar[/ &
deficient mice [29] prevent a higher increase inDVR levels and hepatic triglyceride
accumulation. This effect of FGF21 is the resultaohegative feedback loop by which this
hormone suppresses the edFRTF4 pathway [29,35]. In fact, we show here thiaicking FGF21
increases VLDLR levels and hepatic steatosis. Ireergent with thisFgf21” mice showed
increased hepatic activation of the edFRTF4 pathway and VLDLR levels, suggesting thasthi
receptor may account for part of the hepatic stmtobserved in these mice. Thus, FGF21 can
prevent NAFLD by increasing hepatic fatty acid atidn and reducing lipid synthesis [42], and
our findings indicate that this hormone may alsevpnt NAFLD by downregulating VLDLR

levels.
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Fructose feeding increases hepatic steatosis, Host grocess is influenced by the genetic
background of the mice. In our study, feeding wiiijde mice (C57BL/6X129/SV genetic
background) with fructose did not result in hepadieatosis, although fructose feeding was
successful, as demonstrated by the increasegil expression, probably through carbohydrate
response element binding protein (ChREBP)-mediatedhanisms, as previously reported [38].
However, Pparg/ o-null mice of the same genetic background fed Mititctose showed hepatic
steatosis, and this was accompanied by higher isceghDLR levels. Our findings demonstrate
that in the context oPparfl d deficiency, fructose induces ROS production, legdo an increase
in phospho-Nrf2 levels and therefore in its acyivitA step further, our siRNA studies
demonstrated that this transcription factor wapaasible for fructose-induceddIr expression in
primary hepatocytes.

An analysis of human samples from patients withatiepsteatosis showed an increase in the liver
protein content of VLDLR compared with control sedds. Interestingly, a reduction in PPR/&
levels and/or activity, as demonstrated by EMSA #redexpression of its target genes, was also
observed in the liver of these patients, suggestiag the relationship between PPRR and
VLDLR observed in mice might also operate in humaith hepatic steatosis.

Targeting PPAR isotypes for the treatment of fdittgr disease has been extensively studied,
mainly in the case of PPAR[43,44]. However, although the beneficial effedt awtivating
PPARx for NAFLD has been proven in several mouse moddgi4], fibrates, which are PPAR
agonists, do not correct NAFLD in humans [45]. éimtrast, long-term activation of PP can
improve hepatic steatosis by activating fatty amuidation in different mouse models [46,47],
whereas clinical studies have also demonstratediaction of hepatic fat content in humans upon
treatment with PPAR/d agonists [48,49]. Our findings show that in pasenith hepatic steatosis

the reduction in PPAR activity is accompanied by an increase in VLDLRels. It remains to
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be studied whether in the clinical setting PB#dagonists improve hepatic steatosis by regulating
VLDLR abundance. Moreover, since we have repoitetl PPAR/ activation in mice increases
PPARx expression and activity and enhances the hepatédd of the endogenous PPéRgand
16:0/18:1-phosphatidylcholine [50], we cannot didddat the reduction of PPAIR activity may
also affect the activity of PPAR Consistent with this, drugs combining PRABRNd PPAR/
isotype agonism are a promising treatment for NAFLD fact, the dual PPA[B(d) agonist
elafibranor (GFT505) shows antisteaotic effectsoilent models [51], and, in abdominally obese
subjects, it improves hepatic and peripheral imssknsitivity and probably NAFLD, although
liver fat content was not measured [52].

On the other hand, the increase in hepga®¢21 expression in patients suffering hepatic steatosis
is in agreement with previous studies [53], andhas been considered to be the result of a
resistance to this hormone [54], implying that thek of FGF21 activity may also contribute to
increase VLDLR levels in hepatic steatosis. Itmgortant to point out that the low number of
patients analyzed is a limitation of this part loé study and precludes that VLDLR plays a role in

NAFLD although it might correlate with liver fat @emulation.

5. Conclusions
The findings of this study suggest tiigars d-deficiency results in an increase in VLDLR levels,
whereas FGF21 prevents the increase in hepatic VA.Blels. In patients with hepatic steatosis, a
reduction in the levels and/or activity of PPB®was accompanied by an increase in VLDLR
abundance, suggesting that this crosstalk mighhwaved in fatty liver development. Overall,
these data suggest that modulation of PBARnd/or FGF21 activity might be a key therapeutic

target for the treatment of hepatic steatosis guleding VLDLR abundance.
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Figure legends

Fig. 1. VLDLR abundance is increased in liver of Pparf/dnull mice and in primary
hepatocytes following knockdown ofPpar 8 d. Livers from male wild-type (WT) an@pars/&-

null mice were used (n=6 per group). A, Assessrbgrgquantitative real-time RT-PCR of hepatic
VIdIr. B, Immunoblot analysis of liver VLDLR. C, Oil Regd and hematoxylin-eosin staining of
livers. Scale bar: 100 um. D, liver triglyceridedés. Data are presented as the mean £ S.D. (n=6
per group) relative to the wild-type micéldlr mRNA abundance (E) and protein levels (F) in
primary hepatocytes transfected with control siRbiAPparf/ osiRNA for 24 h.VLDLR mRNA
levels (G) and Oil Red O staining (H) in Huh-7 hiepates transfected with control siRNA or
Ppar/ 0siRNA for 24 h. Levels are presented as the me&Dt (n=3-5 per group). *p<0.05 vs.

wild-type mice or control siRNA. Scale bar: 100 pm.

Fig. 2. HRI regulates VLDLR abundance in hepatocytes.A, primary hepatocytes were
transfected with control dfri SIRNA for 24 h, and the mRNA abundance and proemels of
VLDLR were assessed. *p<0.05 and **p<0.01 vs. ansiRNA. B, Huh-7 hepatocytes were
incubated for 16 h in the absence (Control, CTpmasence of 10 umol/L of either BTdCPU or
BTCtFPU and the mRNA abundance and protein leveL®LR were analyzed. ***p<0.001,
**p<0.01 and *p<0.05 vs. control. C, mRNA abundame® protein levels of VLDLR in liver of
mice treated with DMSO (vehicle) or BTdCPU (70 mgi‘kday') for 7 days (n=6 per group).
***n<0.001, **p<0.01 and *p<0.0%s.control cells or control mice. Immunoblot analysésotal
and phospho-Nrf2 and NQO1 (D) and mRNA abundandégafl (E) in liver from male wild-type

(WT) andPpars/d-null mice (n=6 per group). *p<0.05 vs. control.\H,DLR mRNA abundance
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in primary hepatocytes transfected with contipard, Atf4, Nrf2 and Hri siRNA for 24 hours.

*p<0.05vs. control siRNAp<0.05vs. PpardsiRNA.

Fig. 3. Ppar 80 deficiency exacerbates hepatic steatosis and VLDLBpregulation caused by

ER stress.Oil Red O (A) and hematoxylin-eosin (B) stainingligers from male wild-type (WT)
andPparf/ &-null mice treated for 24 h through i.p. injectisith DMSO (vehicle) or tunicamycin
(Tunic) (3 mg kg body weight). Scale bar: 100 pm. C, Liver trighjde levels. D, Serum
triglyceride levels. E, Immunoblot analyses of VLRLTrb3 (F) andChop(G) mRNA abundance.

H, immunoblot analyses of total and phospho-Nrfd BIQO1. Data are presented as the mean +
S.D. (n=6 per group). **p<0.001, *p<0.01 and *pLB vs. wild-type animals treated with
DMSO (vehicle). "p<0.001, *p<0.01 and *p<0.05 vs. wild-type animals treated with

tunicamycin.wp<0.001 andp<0.05vs.Ppar,8/6nuII mice treated with DMSO (vehicle).

Fig. 4. Increased Fgf21 expression in liver of Pparf/dnull mice attenuates VLDLR
abundance.A, Oil Red O and hematoxylin-eosin staining of livésm male wild-type (WT) and
Pparg/d-null mice injected intraperitoneally with 1gG (&/mouse) or a neutralizing antibody (Ab)
(9 ug/mouse) against FGF21 together with DMSO or tumigdn (Tunic) (3 mg kg body
weight). Scale bar: 100 um. Mice were sacrificedl4th after treatment. B, Liver triglyceride
levels. C,VIdlr mRNA abundance. **p<0.001, **p<0.01 and *p<0.05. Ppar&/dnull mice
treated with IgG and DMS0O?p<0.01 andp<0.05vs. Pparg &null mice treated with neutralizing
antibody against FGF21 and DMS@p<0.05 vs. Pparg/dnull mice treated with IgG and
tunicamycin. Liver triglyceride levels (D) anddlir mRNA abundance (E) in the liver from WT
and Fgf21"" mice. Data are presented as the mean + S.D. (B=§rpup). ***p<0.001, **p<0.01

and *p<0.05vs. wild-type mice. Immunoblot analyses of VLDLR, tbtnd phospho-elk2 and
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ATF4 (F) and total and phospho-Nrf2 (G) were parfed in liver lysates. Data are presented as

the mean + S.D. (n=5 per group). ***p<0.001, **p8Q.and *p<0.0%s.wild-type mice.

Fig. 5. Recombinant FGF21 protein attenuates the arease in VLDLR levels caused by ER
stress.HumanHuh-7 hepatocytes were incubated with DMSO (vehiobatrol, CT), tunicamycin
(TUNIC) (1 pg/ml) or tunicamycin plus recombinaninhan FGF21 (1 pug/ml) and the mRNA
abundance of VLDLR (A) and CHOP (B) and the proteirels of VLDLR and total and phospho-
elF20 (C) were assessed (n=3 independent experimerit§)<0.001 vs. CT cells’p<0.05 vs.
tunicamycin-treated cells. Analysis of the hepatevels of VLDLR in mice injected
intraperitoneally with vehicle or recombinant mols8F21 together with DMSO or tunicamycin.
Data are presented as the mean + S.D. (n=5 pepgréuVidir andChop mRNA abundance. D,

Immunoblot analyses of hepatic VLDLR. ***p<0.002*p<0.01 and *p<0.05.

Fig. 6. VLDLR upregulation is intensified by fructose feedng in the liver of Pparg/dnull
mice. Oil Red O (A) and hematoxylin-eosin (B) staininglieers from male wild-type (WT) and
Pparg/ddeficient mice (PPAR/S") fed with either water or water containing 30%ctase for
eight weeks. Scale bar: 100 um. C, Hepatidlr mRNA abundance. Immunoblot analyses of
hepatic VLDLR (D) and total and phospho-Nrf2 (E).Ngol mRNA abundance. MDA (G) and
H,0O, (H) levels from liver of wild-type (WT) an8parfS/o-deficient mice fed with either water or
water containing 30% fructose. Data are presergetie@amean £ S.D. (n=6 per group). **p<0.01
and *p<0.05vs. water-fed WT mice*p<0.01 andp<0.05vs. fructose-fed WT mice.'p<0.01 and

Tp<0.05 vs. vs. water-fedPpar3d” mice. I, Vidir mRNA abundance in primary hepatocytes
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transfected with controRpardandNrf2 siRNA for 24 hours in the presence or absence&ah

fructose. *p<0.0%s.control sSiRNA”p<0.05vs.PpardsiRNA.

Fig. 7. Liver of patients with steatosis show increased VLDR content. A, Hematoxylin-eosin
staining of liver biopsies from control subjecto(@ol, CT) and patients with moderate (30-66%
of hepatocytes presenting steatosis) and sever@é¥{phepatic steatosis. Scale bar: 100 pm.
HepaticVLDLR mRNA (B) and protein (C) abundance. D, mRNA abumgaofPPARS o, PDK4
and CPTla. E, autoradiograph of EMSA performed with%®-labeled PPRE and crude nuclear
protein extract (NE) from liver biopsies. One mapecific complex (I) based on competition with
a molar excess of unlabeled probe is shown. Thershiit assay performed by incubating NE
with an antibody (Ab) directed against PPA® shows a reduction in the band. F, mRNA
abundance ofRI, TRB3andNQO1 G, mRNA abundance &iGF21, /- KLOTHO andFGFR1c
Data are presented as the mean + S.D. (n=4 peppmlative to the control (CT) group.

***n<0.001, **p<0.01 and *p<0.05 vs. CT group.

Fig. 8. Proposed mechanisms by which PPARS regulates VLDLR levels and hepatic
steatosis.Pparf/d deficiency may result in an increase in VLDLR Ilsvand hepatic steatosis
through several mechanisms. The activation of HRised byPpars/ o deficiency (reference 28)
and by activators of this kinase (BTdCPU) may iaseethe levels of VLDLR through the et2
ATF4 pathway. ER stress can also activate theceikPF4 pathway leading to an increase in the
expression of VLDLR and FGF21. This hormone supgmeshe elF@-ATF4 pathway through a
negative feedback mechanism and thereby it alsolatsg the levels of VLDLR. ER stress also

enhances the activity of Nrf2, a transcription éaceported to upregulate the expression of Fgf21
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(reference 19). Fructose feeding increases thdsl@feROS and the activity of Nrf2 providing a
mechanism for the increase of the levels of VLDIAR. these mechanisms may result in an
increase in the levels of VLDLR causing hepaticatisis. FAO: fatty acid oxidation. TG:

triglyceride.
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. PPARB/d deficiency leads to increased levels of hepatic VLDLR levels.

. FGF21 protects against hepatic steatosis by attenuating ER stress-induced VLDLR
upregulation.

. Human hepatic steatosis is accompanied by increased levels of VLDLR and reduced
expression of PPAR[3/d.

. PPARB/d and FGF21 may influence NAFLD development by regulating VLDLR levels.



