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Bempedoic acid directly binds and activates PPAR«x
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In brief

Bempedoic acid is a recently approved
drug that lowers cholesterol and lipids.
Papa et al. show that bempedoic acid
directly binds to and activates PPARa to
enhance fatty acid oxidation, revealing
the mechanistic basis for its lipid-
lowering effects.
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SUMMARY

Bempedoic acid (BA) is a recently approved drug that lowers cholesterol and hepatic lipids, yet its mech-
anism of action remains incompletely understood. Here, we combine transcriptomic, biochemical, and
structural approaches to show that BA directly binds to and activates peroxisome proliferator-activated
receptor alpha (PPAR«a). BA treatment robustly induced PPARa signaling and fatty acid oxidation in pri-
mary hepatocytes and mouse liver. Through X-ray crystallography, we uncovered that BA binds to the
ligand-binding domain of PPARa and stabilizes its active conformation. BA activated PPAR«x target genes
independently of very-long-chain acyl-coenzyme A (CoA) synthetase (ACSVL1), the liver-enriched enzyme
that converts BA to its bempedoyl-CoA form. Notably, BA-mediated induction of fatty acid oxidation
required PPARa. Together, this work reveals direct PPARa activation as a key mechanism of BA action,
providing a molecular basis for its lipid-lowering effects and suggesting broader therapeutic potential
beyond the liver.

INTRODUCTION CoA production and thereby limiting cholesterol and fatty acid

biosynthesis.®>* As ACSVL1 expression is largely confined to

Bempedoic acid (BA) is a recently approved drug that effectively
lowers blood LDL cholesterol and reduces cardiovascular dis-
ease risk."” BA is proposed to function as a pro-drug that is acti-
vated by very-long-chain acyl-coenzyme A (CoA) synthetase
(ACSVL1, also known as SLC27A2) to bempedoyl-CoA.®
Bempedoyl-CoA inhibits citrate lyase (ACLY), reducing acetyl-

hepatocytes,>* the liver is considered the primary location of
BA activity and ACLY inhibition.

Recent findings suggest that BA exerts additional effects
beyond ACLY inhibition.® Notably, BA reduced hepatic lipids in
liver-specific Acly knockout mice,® which is inconsistent with
ACLY being the sole target of BA. In addition to ACLY, BA has
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Figure 1. BA directly activates PPAR«x

(A) KEGG-annotated pathways most significantly activated by BA in primary mouse hepatocytes. Significantly upregulated genes (adjusted p < 0.05, log, fold
change > 0.5) were used for these analyses. n = 4 independent cultures per treatment group.

(B) KEGG-annotated pathways most significantly activated by BA in the liver. Mice were treated with a 30 mg/kg body weight dose of BA (BA30) daily for 4 weeks
prior to analyses. Significantly upregulated genes (adjusted p < 0.05, log, fold change > 0.5) were used for these analyses. n = 5 animals per group.

(C) Western blot analysis of PPAR« in primary mouse hepatocytes treated with 100 M BA and vehicle. GAPDH is provided as a loading control. Right: quan-
tification of PPAR« levels relative to GAPDH signal. Data are provided as mean + SEM and were analyzed via a two-tailed Student’s t test. n = 3 independent
cultures per group.

(D) Western blot analysis of PPARa from mouse livers treated with vehicle and daily doses of 10 mg/kg (BA10) or 30 mg/kg BA (BA30). GAPDH is provided as a
loading control. Right: western blot signal quantification. Data are provided as mean + SEM and were analyzed via a two-tailed Student’s t test. n = 3 mice
per group.

(E) FRET analyses using the TR-FRET PPAR« coactivator assay kit. FRET signal (emission at 520 nm: 495 nm) is provided. Data are presented as mean + SEM and
were analyzed using a two-sided Student’s t test, with each treatment group compared with vehicle. n = 4 replicates per group. The experiment was inde-
pendently repeated three times with similar results.

(F and G) Luciferase assay: primary mouse hepatocytes were transfected with a (F) PPRE or (G) Acaa7b promoter reporter plasmid and treated with BA for 48 h.
Firefly luciferase signal was standardized to renila signal. Data are expressed as fold induction relative to vehicle-treated (DMSO) controls. Data are presented as

mean + SEM and were analyzed via a two-sided Student’s t test by comparing each group to vehicle controls. n = 3-4 biological replicates per group.
BA, bempedoic acid; BA10, 10 mg/kg body weight dose; BA30, 30 mg/kg body weight dose.

See also Figure S1.

been proposed to activate AMP-activated protein kinase
(AMPK)® and peroxisome proliferator-activated receptor alpha
(PPAR(x),6‘7 but direct evidence for these interactions is limited.
Given the range of reported beneficial effects of BA beyond
cholesterol reduction, such as decreasing hepatic lipids,
fibrosis, and inflammation,® it is imperative to understand the
molecular function of BA; this will help guide its use in patients
to address health issues beyond cholesterol lowering.

In this study, we sought to address how BA mechanistically
controls lipid metabolism. We provide here structural and
biochemical evidence showing the direct interaction of BA with
PPAR«, which leads to PPARa activation and induction of fatty
acid oxidation.

RESULTS

BA directly activates PPAR«x and its transcriptional
networks

As hepatocytes are the main site of BA activity, we initially under-
took RNA sequencing (RNA-seq) analyses of primary mouse he-
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patocytes treated with BA (Figures S1A and S1B). Our data
revealed a strong activation of PPAR signaling, fatty acid degra-
dation, and retinol metabolism pathways (Figure 1A). To extend
our findings to animal models, we treated lean mice and mice
with obesity with BA for 4 weeks (Figures S1C and S1D). RNA-
seq analyses of the liver also revealed PPAR signaling and fatty
acid degradation as the top activated pathways following BA
treatment in lean and obese mice (Figures 1B and S1E). These
changes were associated with increased PPAR« protein levels
following BA treatment (Figures 1C, 1D, and S1F), which is the
main PPAR-family member active in the liver. Together, our
data revealed that the induction of PPARa and activation of
PPAR target genes were the most prominent changes following
BA treatment.

Given the transcriptional activation of PPAR and lipid meta-
bolic networks by BA, we addressed whether BA could directly
activate PPAR«. We employed a fluorescence resonance energy
transfer (FRET) assay to measure coactivator peptide recruit-
ment to activated PPARa. In this cell-free system, BA led to a
concentration-dependent increase in FRET signal (Figure 1E),
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indicating direct activation of PPARa. To validate these findings
in a cellular context, we carried out luciferase assays in primary
mouse hepatocytes transfected with reporters driven by either a
PPAR response element (PPRE), or the Acaalb promoter, a
PPAR-target gene. In both assays, BA significantly increased
luciferase signal to levels comparable to the established PPAR«a
agonist GW7647 (Figures 1F and 1G). Together, these results
demonstrate that BA directly activates PPARa.

BA binds to the ligand-binding domain of PPAR«x

We considered how BA could activate PPARa at the molecular
level. Various saturated and unsaturated fatty acids have been
identified as natural PPAR« ligands.® BA resembles a saturated
long-chain fatty acid, such as palmitic acid, which is a known
ligand of PPAR« (Figure 2A). To determine if BA could directly
interact with PPAR«a, we undertook thermal shift assays. BA
triggered a concentration-dependent shift in the melting temper-
ature of PPARa protein (Figure 2B), suggesting a physical
interaction between BA and PPAR«.

To assess whether BA engages PPAR«a similarly to known li-
gands,’” we expressed and purified the ligand-binding
domain of PPAR« (Figure S2) and solved the crystal structure of
the PPAR« ligand-binding domain with the coactivator peptide
PPAR gamma coactivator 1 alpha (PGC1a) and BA at a resolution
of 1.7 A (Figure 2C). The structure contains two copies of the
PPARaxPGC1axBA complex in the asymmetric unit, denoted
as chains A and C. BA wraps around the long helix 3 (H3) of
PPAR«, with one of the two carboxylate groups, forming hydrogen
bonds with S280, Y314, H440, and Y464 (Figures 2C and 2D). H12
(red) contains Y464 and adopts the active “up” conformation
when bound by BA (Figure 2C). This active state of PPARa is sta-
bilized by interactions between the carboxylate group of BA, H12,
and the PGC1a coactivator peptide. Additional polar groups of BA
are partially solvent accessible and form hydrogen bonds with wa-
ter molecules, further supporting stable binding (Figure 2E). Su-
perposition of the two BA chains shows similar binding modes,
with minor differences in the conformation of the long alkyl chain
(Figure 2F), which suggests limited structural flexibility. This bind-
ing mode of BA to PPARa is similar to palmitic acid, stearic acid,
and tetradecylthioacetic acid'® (Figure 2G). Together, these ana-
lyses reveal that BA binds in the ligand-binding pocket of PPAR«
and stabilizes its active confirmation.

BA-mediated activation of the PPARx network is
independent of ACSVL1

Inhibition of ACLY by BA is currently thought to require its activa-
tion by the ACSVL1 enzyme (encoded by the Sic27a2 gene),
which converts BA to bempedoyl-CoA.* We wondered if BA-
mediated activation of PPARa target genes also required
ACSVL1 activity. We undertook RNA-seq analyses of BA-treated
primary mouse hepatocytes following Ppara and Sic27a2 knock-
down. BA induced the expression of PPARa target genes
including Acaalb, Acot2, Cyp4al4, Cyp4a10, Ehhadh, and
Hmgcs2 (Figures 3A and 3B). Ppara knockdown mitigated the
induction of these genes, while Slc27a2 knockdown had no sig-
nificant impact on their expression (Figures 3A and 3B). These
findings suggest that BA-driven activation of lipid metabolism
genes requires PPARa but is independent of ACSVL1. These ob-
servations are consistent with the FRET assay (Figure 1E) and
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structural analyses (Figures 2C-2G), showing direct binding of
BA to PPARu in its active conformation.

A central function of PPARu is to stimulate fatty acid catabolism
via fatty acid oxidation. Given that BA directly binds and activates
PPARa, we investigated if BA could functionally modulate fatty
acid metabolism via PPAR«. Treatment of primary mouse hepato-
cytes with BA increased fatty acid oxidation to levels comparable
with the PPAR« agonist GW7647 (Figure 3C). This effect was abol-
ished by Ppara knockdown (Figures 3D and 3E), suggesting that
BA stimulates fatty acid oxidation in a PPARa-dependent manner.

DISCUSSION

In this study, we set out to investigate the molecular function of
BA. Our data show that BA can directly interact with and activate
PPARa, leading to increased transcription of PPARa target
genes and induction of fatty acid catabolism.

Clinical trials have shown that BA reduces circulating LDL
cholesterol and major cardiovascular events,’ which has been
attributed to BA-mediated ACLY inhibition.** Our data argue
that in addition to ACLY inhibition, BA can directly act as a
PPAR agonist. Clinical trials utilizing PPAR agonists have shown
a modest reduction in total and LDL cholesterol, improved insulin
sensitivity and glucose levels, and lower risk of cardiovascular dis-
eases.'""'° These reports overlap with clinical outcomes following
BA treatment, suggesting that at least some improvement in meta-
bolic health is likely driven by BA-mediated PPAR activation.

BA treatment significantly reduces inflammatory markers in pa-
tients,’ and animal studies have also shown reduced liver
fibrosis.? It is unclear whether these effects are driven solely by
BA activity in hepatocytes, which express ACSVL1 and convert
BA to bempedoyl-CoA.° Our data argue that BA activates PPAR«
independently of ACSVL1 (Figures 3A and 3B). Thus, BA could act
beyond hepatocytes and stimulate PPARa activity in all cell types
where PPARu is present, such as macrophages, renal cells, and
cardiomyocytes. This model could also explain the broad re-
ported effects of BA on fibrosis, cardiovascular, and metabolic
health. While we have explored the effects of BA on PPAR« in he-
patocytes, it is plausible that BA may also have some activity on
PPARy and PPARS, which remains to be addressed.

In sum, we here present evidence of direct binding and activa-
tion of PPARa by BA, which is likely to extend the activity of BA
beyond the liver. Our data highlight the promise of BA to treat a
range of metabolic disorders driven by lipid dyshomeostasis.

Limitations of the study
In this study, we uncovered that BA requires PPAR«, but not
ACSVLA1, to activate lipid metabolic networks in primary cell cul-
ture models. As the liver is considered the main site of BA activity,3
we conducted our mechanistic analyses with Sic27a2 and Ppara
knockdowns in primary mouse hepatocytes. However, additional
work is needed to understand the functional importance of the BA-
PPAR« axis for lipid lowering," moderating inflammation,'* and
reducing fibrosis® in vivo. Studies using models such as Sic27a2
knockout, Ppara knockout, and liver-specific Ppara knockouts
treated with BA are required to determine if the mechanisms un-
covered in this study also hold true in vivo.

BA is currently used clinically for cholesterol lowering, a func-
tion that is attributed to BA-mediated ACLY inhibition.®*'®

Cell Metabolism 38, 1-7, May 5, 2026 3
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Figure 2. BA binds to the ligand-binding domain of
PPAR«x

(A) Chemical structures of palmitic acid and BA.

(B) Thermal shift assay displaying PPARa protein melting
curves in the presence of BA. Right: temperature at which
the maximum (Tax) dT(fluorescence) signal was observed.
Data are presented as mean + SEM and were analyzed
using a two-sided Student’s t test. n = 5 for 500, 100, and
10 pM concentrations of BA; n = 3 for 1 pM BA and
PPARa-only controls.

(C) Crystal structure of BA bound to PPAR«. H12 is colored
in red and the coactivator peptide PGC1a in green. The
cartoon fold is represented in transparency. H3 is in front of
the ligand in this view. The polder omit electron density map
(gray mesh) is contoured at 3 6,ms.

(D) Hydrogen bonding interactions of the BA carboxylate
group binding next to H12.

(E) Scheme of the binding mode. The intensity of the blue
circles next to the protein residues or behind ligand atoms
indicates the solvent accessibility.

(F) Superposition of the two BA binding modes observed in
the crystal structure of PPARa chains A and C (PDB: 9T5S)
and the binding mode of palmitic acid (PDB: 6Ix6).

(G) Comparison of the BA binding mode (chain C) to those of
palmitic acid (PDB: 6Ix6),'° stearic acid (PDB: 6Ix7),'® and
tetradecylthioacetic acid (PDB: 6kb1)."°

BA, bempedoic acid; H3, helix 3; H12, helix 12; KD,
knockdown; PGC1a, PPAR gamma coactivator 1 alpha.
See also Figure S2.
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Figure 3. BA activates the PPARa network independently of ACSVL1

(A) Normalized transcript levels of PPARa-target genes Acaalb, Acot2, Cyp4ai14, Cyp4al0, Ehhadh, and Hmgcs2, following treatment with 100 pM BA and
siRNA-mediated Ppara or Sic27a2 KD. Data are shown as mean + SEM. Statistics were generated using the DE-Seq?2 pipeline. n = 4 independent cultures
per group.

(B) Normalized transcript levels of Ppara, Slc27a2, and Acly after KD of Ppara and Sic27a2. Data were analyzed via RNA-seq. Data are shown as mean + SEM.
Statistics were generated using the DE-Seqg2 pipeline. n = 4 independent cultures per group.

(C) Quantification of fatty acid oxidation levels, following treatment with BA or the established PPAR« agonist GW7647. Data are presented as mean + SEM and
were analyzed via a two-sided Student’s t test comparing each treatment group with vehicle controls. n = 3 biological replicates (independent primary mouse
hepatocyte cultures) per group.

(D) RT-gPCR data quantifying changes in Ppara mRNA following siRNA-mediated KD in primary mouse hepatocytes. Data are presented as mean + SEM and
were analyzed by a two-sided Student’s t test. n = 3 biological replicates per group.

(E) Quantification of fatty acid oxidation levels, following treatment with BA and Ppara KD. Data are presented as fold induction over vehicle (DMSO)-treated

controls. Data are presented as mean + SEM and were analyzed via a two-sided Student’s t test. n = 3 biological replicates (independent primary mouse he-
patocyte cultures) per group.

BA, bempedoic acid; KD, knockdown; g, adjusted p value.

However, PPARa agonists such as fibrates also reduce circu- Data and code availability

lating LDL cholesterol levels.'? In this study, we did not dissect ® The raw RNA-seq data from this study have been uploaded to Zenodo
the relative contribution of ACLY inhibition versus PPAR« activa- and are available under the following records: primary mouse hepato-
. . cytes (PMHs)—control Zenodo: 14774048, PMH + BA: 14774109;
tion to the cholesterol-lowering effects of BA. Furthermore, vtes )

chow-fed animals—vehicle: 10497820, BA30: 10497880; Western
diet-fed animals—vehicle: 17831524, BA30: 17831551; Ppara and
Slc27a2 knockdown (KD) experiment—Scramble small interfering

whether BA is active in tissues beyond the liver, as suggested
by our results, needs to be tested in primary cell culture and an-

imal models. Addressing these gaps will help clarify the molecu- RNA (siRNA) + vehicle: 15526474, Scramble siRNA + BA: 15526797,
lar mechanism of BA action and potentially broaden its scope for Ppara siRNA + vehicle: 15527025, Ppara siRNA + BA: 15527316,
clinical use beyond cholesterol lowering. Slc27a2 siRNA + vehicle: 15527494, Sic27a2 siRNA + BA: 15527704.
® The structure of PPARx with BA has been uploaded to PDB under ID
PDB: 9T5S.

RESOURCE AVAILABILITY @ Raw data and uncropped western blots can be found in Data S1.
Lead contact

Inquiries regarding resources, reagents, and further information should be
directed to and will be fulfiled by the lead contact, Bilal Sheikh (bilal.
sheikh@helmholtz-munich.de).
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PPAR«x Abcam Cat# ab126285; RRID: AB_3073567
GAPDH ThermoFisher Cat# A300-641A; RRID: AB_513619

peroxidase conjugated anti-rabbit
His-tag HRP conjugated

GE healthcare
Santa Cruz

Cat# GENA934; RRID: AB_2722659
Cat# sc-8036; RRID: AB_627727

Bacterial and virus strains

DH5a Life Technologies 18263012

BL21 Rosetta2 Sigma Aldrich 71397

Chemicals, peptides, and recombinant proteins

Bempedoic acid Cayman Chemical 26409

GW7647 Sigma Aldrich G6793

Liver Perfusion Kit mouse & rat Miltenyi Biotec 130-128-030

GST-tagged human PPAR alpha protein Thermo Fisher PV4692

Critical commercial assays

Protein Thermal Shift kit Thermo Fisher 4461146

Fatty Acid Oxidation Assay Kit Assay Genie BRO00001

LanthaScreen TR-FRET PPARa Coactivator Assay Kit Thermo Fisher PV4684

Firefly/Renilla Dual Luciferase Assay Sigma Aldrich SCT152

Deposited data

RNA-Seq primary mouse hepatocytes (female) control This paper Zenodo: 10.5281/zenodo.14774047
RNA-Seq primary mouse hepatocytes (female) BA This paper Zenodo: 10.5281/zenodo.14774109
RNA-Seq in vivo vehicle (liver) - chow diet This paper Zenodo: 10.5281/zenodo.10497820
RNA-Seq in vivo BA30 (liver) — chow diet This paper Zenodo: 10.5281/zenodo.10497880
RNA-Seq in vivo vehicle (liver) — Western diet This paper Zenodo: 10.5281/zenodo.17831524
RNA-Seq in vivo BA30 (liver) — Western diet This paper Zenodo: 10.5281/zenodo.17831551
RNA-Seq Scramble siRNA + vehicle This paper Zenodo: 10.5281/zenodo.15526474
RNA-Seq Scramble siRNA + BA This paper Zenodo: 10.5281/zenodo.15526797
RNA-Seq Ppara siRNA + vehicle This paper Zenodo: 10.5281/zenodo.15527025
RNA-Seq Ppara siRNA + BA This paper Zenodo: 10.5281/zenodo.15527316
RNA-Seq Sic27a2 siRNA + vehicle This paper Zenodo: 10.5281/zenodo.15527494
RNA-Seq Sic27a2 siRNA + BA This paper Zenodo: 10.5281/zenodo.15527704
PPARa - BA structure This paper PDB: 9T5S

PPAR« — palmitic acid structure Kamata et al.® PDB: 6Ix6

PPAR - stearic acid structure Kamata et al."’ PDB: 6Ix7

PPARa - tetradecythioacetic acid structure Kamata et al.'® PDB: 6kb1

Data S1 This paper Raw data

Experimental models: Organisms/strains

C57BL6/NTac mice In house breeding N/A

Oligonucleotides

Mouse Ppara siRNA
Mouse Slc27a2 siRNA
Non-targeting siRNA pool

Ppara forward qRT-PCR primer; AGACAAAGAGGCAGAGGTCC
Ppara reverse qRT-PCR primer; AAGGAGGACAGCATCGTGAA
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Horizon
Horizon
Horizon
This paper
This paper

L-040740-01-0005
L-048371-01-0005
D-001810-10-05
N/A

N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Gapdh forward qRT-PCR primer; TTCACCACCATGGAGAAGGC This paper N/A
Gapdh reverse gRT-PCR primer; CCCTTTTGGCTCCACCCT This paper N/A
Recombinant DNA

PPRE X3-TK-luc Addgene #1015
Acaalb promoter luciferase reporter This study N/A
Ppara wild type cDNA (pET28a-Ndel-wt PPARa) This study N/A
pGL4.23 [hRIuc/TK] Promega E6921
Software and algorithms

Trim Galore v.0.6.10 Krueger et al."® N/A
STAR v.2.7.10b Dobin et al.'” N/A
Samtools Danecek et al.'® N/A
RSeQC Wang et al."® N/A
MultiQC Ewels et al.”’ N/A
DESeq2 (v1.36.0) Love et al.”’ N/A
enrichR Chen et al.” N/A
apeglm Zhu et al.® N/A
XDS Kabsch* N/A
STARANISO Vonrhein et al.”® N/A
ISPyB Delageniére et al.”® N/A
Phenix Liebschner et al.?” N/A
Coot Emsley et al.”® N/A
Pymol https://pymol.org N/A
Other

Chow diet Ssniff Spezialdiaten V1534
Western diet Ssniff Spezialdiaten D12331

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed in accordance with the animal ethics laws of Saxony, Germany, and were approved by the state
animal ethics committee (Landesdirektion Sachsen, Leipzig, Germany) under the ethics numbers TVV05/23, T06/21, T09/21 and
T14/23. Animals were provided with ad libitum access to water and food. The study room was maintained at a temperature of 21-
24°C and relative humidity at 40-70%. The animal rooms were maintained under 12 h light and dark cycle. Animals were maintained
on a C57BL/6N background.

METHOD DETAILS

BA treatment - animals

Male C57BL/6N mice were put on a Western diet (Ssniff Spezialdiaten GmbH D12331, https://www.ssniff.com/, under Surwit diets)
or control chow diet (Ssniff Spezialdidten GmbH V1534) starting at 8 weeks of age. Animals were maintained on the respective diets
for 12 weeks and weighed weekly (Figure S1C). Animals under the different diets were randomized at 20 weeks of age, and grouped
to receive either vehicle (0.5% w/v methyl cellulose and 0.5% v/v Tween 80), BA 10 mg per kg body weight®2° or BA 30 mg per kg
body weight*®2° via oral gavage for a period of 30 days. Body composition analysis was performed on the first and last days of treat-
ment with BA via the EchoMRI™ minispec LF110 (Bruker). Serum was obtained during sacrifice for analyses. Liver was dissected
directly after death, cut into small pieces, and processed for analyses.

Histology

The liver was cut into approximately 0.5 cm® pieces and fixed with 4% formaldehyde overnight at 4°C. Tissues were embedded in
paraffin, and 6 pm sections were cut using a microtome (Thermo Scientific, HM355S) and attached to Superfrost slides (Epredia,
J1800AMNZ). After deparaffinization and rehydration, sections were incubated in 50% hematoxylin (Sigma Aldrich, 1.05175.0500)
for 5 min and washed afterwards with 0.02% ammonium hydroxide (Sigma Aldrich, 221228) and H,O. Eosin (0.1%) staining was per-
formed for 2 min. Representative images were taken with the Keyence BZ-X800 microscope.
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Primary mouse hepatocyte culture

Primary mouse hepatocytes were isolated using the Liver Perfusion Kit mouse & rat (Miltenyi Biotec, 130-128-030) following the man-
ufacturer’s instructions. The lobus hepatis dexter was dissected, and subsequently perfused using the pre-programmed protocol
37C_m_LIPK_1 via the gentleMACS Octo Disocciator system with heaters (MACS Technology, Miltenyi Biotec). The perfused liver
lobe was homogenized via the gentleMACS program LIPK_HR_1. Enzymatic digestion was stopped by adding 5 ml attachment me-
dium (Williams E media (Life Technologies, 22551089) supplemented with 2.24 g/| NaHCO3, 100 U/100 uM penicillin/streptomycin,
100 pM dexamethasone (Biozol, FBM-10-1134), 2 mM L-glutamine and 10% FCS). The cell suspension was filtered through a 100 pm
cell strainer. The gentleMACS C tube and the cell strainer were subsequently rinsed twice with 4 ml of attachment medium.

Cells were collected via centrifugation (5 min, 77 xg, 4°C). The supernatant was discarded and the pellet was washed twice with
ice-cold PBS. 10° cells were seeded into each well of a 6-well plate in attachment medium. After 3 h, the medium was changed and
cells were cultured in 5% CO, at 37°C using Williams E media supplemented with 2.24 g/l NaHCO3, 100 U/100 uM penicillin/strep-
tomycin, 100 pM dexamethasone and 2 mM L-glutamine. Hepatocytes were treated with 100 pM BA (Cayman Chemical Company,
26409) or 0.21% DMSO (vehicle) for 48 h prior to analysis. BA was added directly to the medium without any conjugation.

siRNA mediated knockdowns

Knockdowns were performed using siBRNA from Horizon Discovery: Ppara: ON-TARGETplus Mouse Ppara siRNA (Horizon,
L-040740-01-0005); Sic27a2: ON-TARGETplus Mouse Sic27a2 siRNA (Horizon, L-048371-01-0005); control: ON-TARGETplus
Non-targeting Pool (Horizon, D-001810-10-05). For transfection, 25 nM of target siRNA was mixed with OptiMEM, and separately
a mixture of Lipofectamine RNAIMAX (Invitrogen, 13778-030) and OptiMEM was prepared. The two mixtures (SiRNA + OptiMEM,;
RNAIMAX + OptiMEM) were incubated for 5 min at room temperature. Then, the two mixtures were combined and incubated for
another 5 min before adding to cultured primary mouse hepatocytes. Six hours after the addition of siRNA, the media was changed,
and hepatocytes were treated with BA or vehicle. Hepatocytes were harvested and analysed 48 h later.

Immunoblotting

Proteins were separated by running an SDS-PAGE with a 4-12% Tris NUPAGE gel (Thermo Scientific, NP0321PK2) or 12% home-
made gels in MES buffer (Invitrogen, NP0002). Proteins were transferred from gels to a 0.2 um PVDF transfer membrane (Thermo
Scientific, 88520) for 80 min at 350 mA. Membranes were blocked with 5% milk (Carl Roth, T145.5) diluted in PBS-T (1x PBS sup-
plemented with 0.3% Tween 20 (Carl Roth, 9127.2)) for 1 h and incubated overnight with primary antibodies diluted in 5% milk in PBS-
T: PPARa (Abcam, ab126285) 1:1000, His-tag-HRP (Santa Cruz, sc-8036) 1:1000, and GAPDH (ThermoFisher, A300-641A) 1:2000.
Membranes were washed three times with PBS-T at room temperature and incubated with the peroxidase conjugated anti-rabbit
antibody (GE healthcare, GENA934, 1:5000) in 5% milk for 1 h at room temperature. Signal detection was performed with the
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 34094) on the G:Box Chemi-XX9 instrument
(SynGene, 34397).

RNA Sequencing

RNA from hepatocytes or livers was isolated using the RNeasy Mini Kit (Qiagen, 74104). RNA quality was analyzed and quantified via
the Bioanalyzer (Agilent). Libraries were prepared using the NEBNext Ultra Il RNA Library Prep Kit (New England Biolabs GmbH, Ger-
many) according to the manufacturer’s protocol. The quantity and quality of the libraries were assessed by BioAnalyzer (Agilent).
Generated libraries were sequenced on an lllumina NovaSeq instrument with around 35 million reads per library (100 bp, paired-end).

Sequencing data pre-processing

Trimming of sequencing adapters was performed with Trim Galore v.0.6.10 (Babraham Bioinformatics).'® Low quality base pairs with
a Phred score inferior to 20 were removed. RNA-seq reads were mapped to the primary assembly genomes provided by GENCODE
(mm10, hg38)°° using the splice-aware aligner STAR v.2.7.10b."” Mappable proportion of the genome was computed by using fa-
Count v.377, reads with mapping quality <30 and PCR duplicates were discarded by using the samtools'® suite v.1.3 and
MarkDuplicates v.2.27.4 (Picard) (https://broadinstitute.github.io/picard). Expression levels were evaluated by assigning aligned
reads to specific genomic features using featureCounts without allowing multimapping.®' Strandness was determined by RSeQC."°
Quality metrics report was generated using MultiQC.°

Differential gene expression and gene set enrichment analyses

Features with a read counts sum inferior to 10 were discarded from analyses. Normalization and differential genes expression anal-
ysis was performed using DESeq2”' (v1.36.0). To enhance stability and interpretability of estimates, shrinkage estimation for disper-
sions and fold changes was integrated, utilizing the apegim R package. Fold changes were shrunk with the apeglm method®®
(v.1.12.0). Genes set enrichment analyses were performed on differentially expressed genes based on the adjusted p-values below
0.05 and an absolute log2 fold change greater than 0.5 using the enrichR?? platform.

Thermal shift assay
The thermal shift assay was performed using the Applied Biosystems Protein Thermal Shift kit (Thermo Fisher Scientific, 4461146)
according to the manufacturer’s instructions. For each test, 3 ul of human PPAR« protein (Thermo Fisher Scientific, PV4692) was
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used. The ligand, BA (Cayman Chemical Company, 26409), was tested at four different concentrations: 500 pM, 100 pM, 10 uM, and
1 pM. Protein melt reactions were carried out using the QuantStudio 6 Pro Real-Time PCR System, and data analysis was performed
using the ATm-Derivative method as recommended by the manufacturer.

Fatty Acid Oxidation (FAO) Assay

Fatty acid oxidation activity was measured using the Fatty Acid Oxidation Assay Kit (Assay Genie, SKU: BR00001), according to the
manufacturer’s instructions. In brief, primary mouse hepatocytes were seeded in 6-well plates at a density of 1x10° cells per well.
Cells were transfected with 25 nM Ppara siRNA or control siRNA. Six hours later, the medium was changed and hepatocytes treated
with 100 pM BA, 500 nM GW7647 (Sigma-Aldrich, G6793), or DMSO for 48 h. Primary mouse hepatocytes were then incubated with
the assay reagents for 60 min, and the optical density at 492 nm (OD 492nm) was measured using a microplate reader. The AOD
values were used to calculate enzyme activity according to the kit manual. Data were normalized to protein concentration, which
was determined by the BCA assay.

TR-FRET Peroxisome Proliferator Receptor alpha Coactivator Assay

The TR-FRET Peroxisome Proliferator Receptor alpha (PPARa) Coactivator assay was performed using the LanthaScreen TR-FRET
PPARa Coactivator Assay Kit (Thermo Fisher Scientific, PV4684) according to the manufacturer’s instructions. BA was tested at five
concentrations: 500 uM, 250 pM, 100 uM, 10 uM and 1uM. After adding the assay reagents, the 96-well plate was incubated for 1 h at
room temperature. Fluorescence was measured using a microplate reader with excitation at 340 nm and emission at 520 nm and
495 nm. Data analysis was performed by calculating the TR-FRET ratio (emission at 520 nm/emission at 495 nm).

Luciferase Assay

The luciferase assay was performed using the Firefly/Renilla Dual Luciferase Assay (Sigma Aldrich, SCT152) according to the man-
ufacturer’s instructions. Primary mouse hepatocytes (PMH) were seeded in 24-well plates at a density of 2.4 x 10° cells/well in 500 pl
growth medium. The next day, cells were transfected with 400 ng Acaab promoter or PPRE firefly reporter plasmid (Addgene, 1015),
and 40 ng Renila control plasmid (pGL4.74) using the Lipofectamine 3000 Transfection Reagent (Invitrogen, L3000008). After 6 h,
media was changed and cells were treated with 100 pM BA, 500 nM GW7647, or 0.21% DMSO (vehicle) for 48 h. Cells were lysed
according to the kit manual. Firefly and Renila luciferase activity were measured using a luminometer. Firefly signal was normalized to
Renila signal for each sample.

The PPRE X3-TK-Luc was a gift from Bruce Spiegelman (Addgene plasmid 1015).%?

PPARa expression and purification

Human wildtype PPARa (amino acids 200-468 with N-terminal 6xHis-tag) was expressed in E. coli BL21 Rosetta2, as previously
described.'” Briefly, bacteria were cultured in TB medium (12 g/L Trypton, 24 g/L yeast extract, 0.4% Glycerol, 0.017 M KH,PO,,
0.072 M KoHPOQO4, 30 pg/ml kanamycin, 34 pg/mL chloramphenicol) overnight at 37°C. This culture volume was increased step-
wise and maintained at 30°C. For protein expression, the temperature was reduced to 15°C, and 2 h later, 0.5 mM isopropyl b-D-
galactopyranoside was added. Bacteria were harvested and resuspended in 40 ml lysis buffer (20 mM Tris-HCI pH 8, 150 mM
NaCl, 1 mM TCEP-HCI, 10% glycerol, 5 mM MgCl,, DNase, and 1 tablet protease inhibitor complex (Sigma-Aldrich,
11836145001)). Lysis was performed by sonicating 5 times for 2 min on a Branson 250 sonicator on ice. The lysate was centrifuged
for 30 min, 80,000 xg, 4°C and imidazole was added to a final concentration of 10 mM.

Recombinant PPAR« protein was isolated from bacterial lysates by immobilized metal-ion affinity chromatography (IMAC) using a
HiTrap-chelating column on an AKTA pure25 system (Cytiva, Marlborough, MA, USA). The column was equilibrated and washed with
binding buffer (containing 20 mM Tris-HCI, 150 mM NaCl, 10 mM imidazole, and 1 mM TCEP, pH 8.0), followed by gradient elution up
to 500 mM imidazole. Protein-containing fractions were pooled and further purified to homogeneity by size exclusion chromatog-
raphy (SEC) on a Superdex 200 Increase 10/300GL column (Cytiva) using imidazole-free binding buffer. Protein integrity, identity
and purity were confirmed by SDS-PAGE and Western blot.

Coomasie staining

Coomasie staining solution was prepared by dissolving 70 mg Brilliant Blue G-250 (BioRad, 1610406) in 1 L distilled water and adding
3 ml of 30 mM HCI. Following electrophoresis, gels were washed three times with distilled water and incubated with the staining so-
lution for 30 min at room temperature. After adding the staining solution, gels were heated for 10 sec in a microwave. After staining for
30 min, gels were washed using distilled water. Representative images were taken with the GelDoc Go imaging system (BioRad).

Crystal Structure Determination

For co-crystallization of PPARa with BA and the PGC-1a peptide, approximately 400 different crystallization conditions were
screened in 96-well plates using sitting-drop vapor diffusion method. The crystallization drops with 200 nl final volume size (sample
and reservoir mixed in equal volumes) were set with a Mosquito Xtal3 pipetting robot (SPT Labtech, Melbourn, England). For this
screening, the protein was concentrated to 11 mg/mL in SEC buffer (20 mM TrisHCI, pH 8.0, 150 mM NaCl and 1 mM TCEP-HCI)
and mixed with 1 mM PGC-1a peptide (QEAEEPSLLKKLLLAPANT) and 20 mM BA. Precipitated BA was removed by centrifugation.
Crystals grew at 19°C in a condition containing 20% (w/v) PEG 3350 and 0.2 M Na,HPO, as reservoir buffer. Crystals appeared after
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one day and grew to their final size of 100-500 pm within 3 days. A crystal was transferred to a cryo-buffer containing 13% glycerol (v/
v) in the reservoir solution and flash-frozen in liquid nitrogen. X-ray diffraction data were collected at 100 K at EMBL beamline P14 at
the DESY synchrotron in Hamburg, Germany. The diffraction data were indexed, integrated and scaled with XDS®* and
STARANISO?® as implemented in ISPyB?® at DESY. The structure PDB ID 1k71°*** was used as search model for molecular replace-
ment (MR). Two protein chains are present in the asymmetric unit of the crystals and the inhibitor was refined with full occupancy in
both chains. Phenix®” was used for refinement and Coot® for model building. Stereochemical restraints for ligand refinement were
generated using grade2 (https://grade.globalphasing.org). Molecular figures were prepared using PyMOL (https://pymol.org). The
crystal structure has been deposited in the protein databank with PDB: 9T5S.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean + standard error of the mean (SEM). Statistical significance of data was tested using a two-tailed Stu-

dent’s t-test when comparing two groups. Statistical analyses were undertaken in GraphPad Prism software v8.0. p values < 0.05
were considered statistically significant. Information on replicates for each experiment is provided in the figure legends.
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