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Abstract
Dysregulated hepatocyte lipid metabolism is a hallmark of hepatic lipotoxicity 
and contributes to the pathogenesis of nonalcoholic steatohepatitis (NASH). 
Acetyl CoA carboxylase (ACC) inhibitors decrease hepatocyte lipotoxic-
ity by inhibiting de novo lipogenesis and concomitantly increasing fatty acid 
oxidation (FAO), and firsocostat, a liver-targeted inhibitor of ACC1/2, is under 
evaluation clinically in patients with NASH. ACC inhibition is associated with 
improvements in indices of NASH and reduced liver triglyceride (TG) content, 
but also increased circulating TG in subjects with NASH and preclinical ro-
dent models. Here we evaluated whether enhancing hepatocyte FAO by com-
bining ACC inhibitors with peroxisomal proliferator-activated receptor (PPAR) 
or thyroid hormone receptor beta (THRβ) agonists could drive greater liver TG 
reduction and NASH/antifibrotic efficacy, while ameliorating ACC inhibitor–
induced hypertriglyceridemia. In high-fat diet–fed dyslipidemic rats, the ad-
dition of PPAR agonists fenofibrate (Feno), elafibranor (Ela), lanifibranor 
(Lani), seladelpar (Sela) or saroglitazar (Saro), or the THRb agonist resme-
tirom (Res), to an analogue of firsocostat (ACCi) prevented ACCi-induced 
hypertriglyceridemia. However, only PPARα agonists (Feno and Ela) and Res 
provided additional liver TG reduction. In the choline-deficient high-fat diet 
rat model of advanced liver fibrosis, neither PPARα (Feno) nor THRβ (Res) 
agonism augmented the antifibrotic efficacy of ACCi. Conclusion: These data 
suggest that combination therapies targeting hepatocyte lipid metabolism 
may have beneficial effects on liver TG reduction; however, they may not be 
sufficient to drive fibrosis regression.
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INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is a progressive 
form of nonalcoholic fatty liver disease (NAFLD) that is 
characterized by liver injury, including hepatocyte bal-
looning, inflammation and progressive fibrosis, and is 
estimated to affect 2%–5% (or 16 million) of the adult 
US population.[1–4] Furthermore, NAFLD/NASH is the 
hepatic manifestation of metabolic syndrome, a con-
stellation of conditions that increase risk for cardiovas-
cular disease and type 2 diabetes. NASH represents 
a significant and growing unmet medical need and is 
expected to become the leading cause for liver trans-
plants in the United States.[5,6]

A growing body of evidence suggests that accumu-
lation of lipotoxic intermediates, such as nonesterified 
fatty acids (NEFAs), in the liver contributes to NASH 
pathogenesis.[7] This is attributed to dysregulated he-
patic lipid metabolism, mediated by increased de novo 
lipogenesis (DNL) and/or aberrant fatty acid oxidation 
(FAO), and increased influx of extrahepatic NEFA from 
adipose tissue lipolysis and/or dietary triglycerides (TG) 
breakdown.[8] Several therapies under investigation for 
the treatment of NASH target hepatic lipid metabolism 
via several mechanisms, including reducing DNL (ace-
tyl CoA carboxylase [ACC1] and fatty acid synthase 
inhibitors), increasing FAO (peroxisome proliferator–
activated receptor [PPAR] and thyroid hormone recep-
tor beta [THRβ] agonists, as well as ACC2 inhibition), 
and improving systemic insulin sensitivity to decrease 
extrahepatic NEFA production (glucagon-like peptide 1 
receptor agonists).[9]

Firsocostat (FIR), a liver-directed allosteric ACC1/2 
inhibitor, provides an attractive strategy to reduce he-
patic lipid burden by simultaneously inhibiting DNL 
and increasing FAO.[10] FIR treatment significantly re-
duced liver lipid content and biomarkers of hepatocyte 
injury (alanine aminotransferase [ALT] and aspartate 
aminotransferase [AST]) and fibrosis (tissue inhibi-
tor of metalloproteinase 1 [TIMP1]) in patients with 
NASH.[11,12] A liver-targeted analog of FIR (GS-834356; 
ACCi) mimics these effects in preclinical species, with 
dose-dependent reductions in hepatic steatosis and 
prevention of fibrosis progression in rodents, which in 
part may be driven by direct inhibition of hepatic stellate 
cell (HSC) activation.[13,14]

Clinical ACC inhibition causes an on-target ele-
vation of circulating TG, especially in subjects with 
elevated baseline TG.[11,12] This observation is reca-
pitulated preclinically with pharmacological inhibition 
or genetic deletion of ACC.[13,15,16] Preclinical tran-
scriptomic and lipidomic analyses of livers of fast-food 
diet (FFD)–fed mice treated with ACCi revealed a sig-
nature for reduced PPARα activity.[13] Indeed, fenofi-
brate (Feno), a PPARα agonist, completely mitigates 
FIR or ACCi-induced hypertriglyceridemia in subjects 
with NASH and FFD mice, respectively.[13,17] Several 

PPAR agonists with greater potency than Feno and/
or differential PPAR isoform selectivity are in various 
stages of clinical development for NASH, including ela-
fibranor (Ela; PPARα/δ), lanifibarnor (Lani; pan-PPAR), 
seladelpar (Sela; PPARδ), and saroglitazar (Saro; 
PPARα/γ).[18] Here, we profiled whether combinations 
of ACCi with PPAR agonists in clinical development 
for NASH (including Ela, Lani, Sela, and Saro) could 
mitigate ACCi-induced increase in circulating TG, while 
achieving comparable or better liver TG reduction than 
ACCi/Feno combination in a dyslipidemic rat model. 
Furthermore, we sought to evaluate the NASH and 
antifibrotic efficacy of combinations that ameliorated 
ACCi-induced circulating TG increase.

THRβ agonism represents an orthogonal mecha-
nism to PPAR agonism to increase hepatic FAO and 
Resmetirom (Res), a liver-targeted THRβ agonist, has 
been shown to improve plasma lipid profiles and pro-
mote hepatic TG reduction and NASH resolution clin-
ically.[19] Therefore, we also compared the effect of 
ACCi/Res combinations on circulating and liver TG, and 
NASH and fibrosis efficacy in our preclinical models.

Of all the agents tested, only PPARα agonism with 
Feno or Ela, and THRβ agonism with Res, demon-
strated additional liver TG reduction than ACCi mono-
therapy, while all agents dose-dependently mitigated 
ACCi-induced circulating TG increase. Furthermore, 
neither Feno nor Res enhanced the antifibrotic efficacy 
of ACCi, suggesting that combinations targeting he-
patocyte lipotoxicity may not be sufficient to enhance 
NASH or antifibrotic efficacy.

METHODS

Animal studies

All animal procedures were in compliance with the 
U.S. Department of Agriculture's Animal Welfare Act 
(9 CFR Parts 1, 2, and 3), the Guide for the Care and 
Use of Laboratory Animals (Institute for Laboratory 
Animal Research, The National Academies Press, 
Washington DC), and the National Institutes of Health, 
Office of Laboratory Animal Welfare. A total of five in 
vivo studies were performed in three models as out-
lined in Table  S1. For the FFD mouse and dyslipi-
demic rat models, animals were fed FFD (D12079B; 
Research Diets) with 4.03% sugar water (2.3% [wt/vol] 
fructose +1.7% [wt/vol] glucose) for 54 and 4 weeks, re-
spectively, and treated with test article as outlined in 
Table S1. In the dyslipidemic rat studies, animals were 
predosed with PPAR or THRβ agonist for 1 week before 
initiation of ACCi treatment. Doses of PPAR/THRβ ago-
nists were determined from previous publications.[20–24] 
The choline-deficient high-fat diet (CDHFD) rat model 
of fibrosis has been described previously.[14] Briefly, 
animals were placed on the CDHFD (A16092003; 
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Research Diets), L-amino acid diet with 45 kcal% fat 
with 0.1% methionine, no added choline and 1% cho-
lesterol) for a total of 12 weeks and treated with test ar-
ticle from weeks 6–12 as outlined in Table S1. Primary 
endpoints measured included circulating and liver TG, 
β-hydroxybutyrate (BHB) and acylcarnitines, and im-
munostaining liver sections for immune cell and fibro-
genesis markers (FFD mouse model), circulating and 
liver TG (rat dyslipidemic model), liver picrosirius red 
(PSR) staining, immunostaining liver sections for im-
mune cell and fibrogenesis markers, and plasma lev-
els of biomarkers of liver health and function (CDHFD 
rat model), as described previously[14] and in the 
Supporting Methods.

FAO assay

Huh7 cells were cultured in Dulbecco's modified Eagle 
medium supplemented with 10% fetal bovine serum 
and 1% penicillin–streptomycin. Briefly, cells were 
seeded at 1 × 105 cells/well, starved for 1 h in FAO 
assay media, treated with compounds (1% final DMSO 
concentration) and 14C-oleic acid (0.1 uCi/ul), and in-
cubated overnight. Acid soluble material was extracted 
from the supernatant using 60% perchloric acid and 
quantified by scintillation counting.

Statistical analysis

Unless otherwise specified, all data are presented as 
mean ± SEM. For in vivo studies, statistical analyses 
were performed using nonparametric Mann–Whitney 
test to compare two groups or Kruskal-Wallis with 
Dunn's correction for comparison of three or more 
groups (p-­value ≤ 0.05 was considered statistically 
significant).

RESULTS

ACCi/Feno combination had beneficial 
synergistic effects in the FFD mouse 
model of early NASH

Relative to ACCi monotherapy, ACCi/Feno combination 
caused further liver TG reduction and normalized circu-
lating TG in the FFD mouse model of early NASH.[13] In 
this study, we expanded the analysis to assess mecha-
nisms contributing to the synergistic effects of ACCi/
Feno combination on liver TG and potential effects 
on NASH endpoints. Mice were fed FFD for 8 months 
and dosed with ACCi, Fenolow (50 mg/kg) and Fenohigh 
(150 mg/kg), alone or in combination with ACCi, for 
14 days. Terminal plasma and liver concentrations of 
Feno changed dose-dependently, and exposures of 

Feno and ACCi were not altered between monotherapy 
and combination arms (Figure S1A).

Fenohigh caused significant weight loss (8%–11%) in 
the monotherapy and combination groups (Figure 1A). 
ACCi, but not Feno, monotherapy significantly de-
creased liver TG by 22%, and ACCi/Feno combinations 
further reduced liver TG (40%–45% vs. vehicle; p ≤ 0.01 
vs. ACCi) (Figure  1B). Liver total cholesterol content 
was significantly reduced by 49%, 57%, and 18% with 
Fenolow, Fenohigh, and ACCi monotherapy, respectively, 
and greater reductions (58%–66%) were observed 
with ACCi/Feno combinations (Figure S1B). Compared 
with vehicle, plasma and hepatic β-hydroxy butyrate 
(BHB) levels increased dose-dependently with Feno 
(2-4×) and ACCi (2×) monotherapy. ACCi/Feno com-
binations synergistically increased plasma (4-7×) and 
liver (4–5×) BHB levels relative to ACCi or Feno alone 
(Figure 1C,D). In plasma, ACCi monotherapy reduced 
several species of short and medium-chain acylcarni-
tines, while ACCi/Feno combination reduced and even 
normalized several short, medium, and long-chain 
acylcarnitine species (Figure  1E). In the liver, Feno 
monotherapy tended to increase long-chain acylcarni-
tine species while ACCi monotherapy decreased them. 
The hepatic acylcarnitine profile with ACCi/Feno com-
bination was similar to Feno monotherapy (Figure 1F). 
These data indicate that ACCi/Feno synergistically in-
creased lipid oxidation in the liver, resulting in additional 
liver TG reduction.

Plasma FGF21 levels were significantly decreased 
by 41% with ACCi monotherapy, and dose-dependently 
and similarly increased with Feno monotherapy and 
ACCi/Feno combinations (Figure S1C). ACCi monother-
apy increased blood glucose levels by 30%, and ACCi/
Feno combinations normalized blood glucose levels 
(Figure S1D). ACCi monotherapy increased plasma TG 
by 29%, and this was completely normalized with ACCi/
Feno combinations (Figure 1G). Fasted plasma ApoC3 
levels were dose-dependently decreased with Feno 
monotherapy and ACCi/Feno combinations (p ≤ 0.05 
vs. ACCi) (Figure  1H). Serum total cholesterol levels 
were significantly lowered by 14%–20% with ACCi 
monotherapy and ACCi/Feno combinations, versus ve-
hicle (Figure S1E).

We next assessed whether the improvements in liver 
TG and metabolic homeostasis resulted in improve-
ments in liver health and NASH-related endpoints. Lipid 
peroxidation, a marker of lipotoxicity-induced oxidative 
stress, was significantly reduced by 23% and 35% with 
ACCi monotherapy and ACCi/Fenolow combination, 
respectively (Figure  1I). Liver F4/80+ area, indicative 
of macrophage infiltration, was significantly reduced 
with Feno monotherapy and ACCi/Feno combinations 
versus vehicle (Figure  1J and Figure  S1F). Although 
the mouse FFD model does not develop appreciable 
fibrosis, hepatic collagen type I alpha 1 chain (Col1a1) 
messenger RNA expression was induced 27-fold in 
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the model and significantly lowered by 44%–61% in all 
groups (Figure 1K). Serum ALT and AST levels were 
significantly reduced by 40%–71% with all treatments; 
ACCi/Feno combinations were more effective than 
ACCi monotherapy (Figure  1L,M). In summary, ACCi 
and Feno combination synergistically increased he-
patic lipid metabolism and improved several indices of 
NASH in a mouse model of early NASH.

PPAR agonists exhibit expected 
potency and selectivity against 
human PPARs

Given the beneficial effects of ACCi/Feno combination 
on lowering ACCi-induced plasma TG increase and low-
ering liver TG, we next evaluated whether combinations 
of ACCi with other PPAR agonists would also result in 
similar benefits. We first profiled the potency and PPAR 
isoform selectivity of the agonists (Ela, Lani, Sela, and 
Saro) head-to-head against Feno in luciferase reporter 
assays against human and rodent PPARα, PPARδ, 
and PPARγ (Table  S2). All agents demonstrated the 
expected PPAR isoform selectivity against human 
PPARα, PPARδ, and PPARγ. PPAR isoform selectivity 

was preserved against mouse and rat PPARs for all 
PPAR agonists tested except Lani, which was a pan-
PPAR agonist in the human and mouse assays but did 
not activate rat PPARδ, as previously reported.[25] Saro 
equipotently activated PPARα and PPARγ in all spe-
cies. Feno, Ela, and Sela demonstrated activity against 
human and rodent PPARγ, although at lower potencies 
than their primary activity against PPARα or PPARδ 
(Table S2).

Effect of test agents on hepatocyte FAO 
in vitro

ACCi/Feno combination synergistically increased 
FAO in the mouse FFD model (Figure  1). Therefore, 
we developed an in vitro assay to evaluate the combi-
nation potential of ACCi with other PPAR agonists to 
augment FAO. The assay was optimized in the Huh7 
human hepatocellular carcinoma cell line and primary 
rat hepatocytes, and measured the incorporation of 
14C-labeled oleic acid or palmitic acid into acid solu-
ble lipids (Figure S2A). FIR demonstrated comparable 
FAO EC50 using either tracer in the Huh7 cells (14C-
OA = 32.7 nM; 14C-PA = 16.6 nM) and rat hepatocytes 

F I G U R E  1   Effect of the analogue of firsocostat (ACCi) and fenofibrate (Feno) as monotherapies or in combination in fast-food 
diet (FFD)–fed mice. Terminal body weight (A), liver triglycerides (TG) (B), plasma β-hydroxybutyrate (BHB) (C), liver BHB (D), plasma 
acylcarnitine (E), liver acylcarnitine (F), and circulating TG (G) collected in the fed state, 2 h following dose, after 15 days of dosing. (H) 
Plasma ApoC3 collected after a short fast after 14 days of dosing. (I) Terminal hepatic lipid peroxidation assessed by malondialdehyde 
content. (J) Quantitation of hepatic F4/80+ immunostaining. (K) Hepatic collagen type I alpha 1 chain (Col1a1) expression. (L,M) Serum 
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels. Unless otherwise specified, data are presented as 
mean ± SEM (n = 10–15 animals/group). In (E) and (F), data are presented as log2(fold change relative to chow), and in (K) data are 
presented as fold change relative to chow. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 versus vehicle; †p ≤ 0.05, ††p ≤ 0.01, †††p ≤ 0.001, 
††††p ≤ 0.0001 versus ACCi monotherapy, or as indicated; ‡p ≤ 0.05, ‡‡p ≤ 0.01, ‡‡‡p ≤ 0.001, ‡‡‡‡p ≤ 0.0001 versus Fenolow or Fenohigh 
monotherapy.
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(14C-OA = 18.5 nM; 14C-PA = 8.4 nM) (Figure S2B). The 
assay was further validated using etomoxir, a carnitine 
palmitoyl transferase 1 (CPT1) inhibitor, that blocked 
FAO with an EC50 of 136 nM (Figure  S2C). Due to 
larger dynamic range and differences in pharmacology 
of PPAR agonists in human and rodents,[26–28] 14C-OA 
tracer was used to assess FAO in Huh7 cells in subse-
quent experiments.

ACCi induced FAO about 3 times with an EC50 of 
14.5 nM (Figure 2A). Fenofibric acid, the active form of 
Feno, was not active in the FAO assay up to a con-
centration of 100 μM. Ela (α/β) and Saro (α/γ) were 
less potent than ACCi and activated FAO by 1.4 times, 
3.6 times with EC50 of 10.3 μM, 51.5 μM, respectively, 
whereas Sela (β) and Lani (pan) did not stimulate FAO 
at the concentrations tested (Figure 2A,B). Combining 
ACCi at about EC50 concentration with a dose range of 
Ela or Saro increased Emax by 142% and 120%, respec-
tively, without altering the EC50 (Figure 2A,B).

The activity of Res (THRβ agonist) was also as-
sessed in this assay. Similar to Ela and Saro, Res 

induced FAO by 1.6 times with an EC50 of 46.0 μM. 
In combination with ACCi, the Emax of Res increased 
158% without altering the EC50 (Figure 2A,B).

ACCi lowers liver TG and increases serum 
TG in dyslipidemic rat model

ACCi-induced hypertriglyceridemia in the clinic is ob-
served in subjects with elevated baseline TG,[17] and 
we mimicked this preclinically in a dyslipidemic rat 
model in which rats were fed FFD for 4 weeks. Unlike 
the FFD-fed mice, in which plasma TGs are unchanged 
or lowered relative to chow controls (Figure 1G), FFD-
fed rats develop significant and sustained dyslipidemia 
(3.2 times increase in circulating TG vs. chow) within 1 
week of FFD feeding (Figure S3).

The effect of ACCi on liver and circulating TG 
was evaluated in dyslipidemic rats fed FFD for a 
total of 4 weeks, and treated with 10 or 30 mg/kg of 
ACCi, doses that achieve partial (57%–73%) DNL 

F I G U R E  2   Effects of peroxisome proliferator-activated receptor (PPAR) (Feno, elafibranor [Ela], lanifibranor [Lani], seladelpar [Sela], 
and saroglitazar [Saro]) and thyroid hormone receptor beta (THRβ) (Res) agonists on fatty acid oxidation (FAO) alone or in combination with 
ACCi. (A) Activity of PPAR (Feno, Ela, Lani, Sela, and Saro) and THRβ (Res) agonists alone or in combination with ACCi on FAO in Huh7 
cells. (B) Representative curves for FAO induction in Huh7 cells with ACCi or PPAR/THRβ agonists alone or in combination with ACCi (at 
~EC50 concentration). Data are presented as mean ± SD.
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inhibition in lean rats,[14] from Week 2 to 4. ACCi 
dose-dependently decreased liver TG by 27%–41% 
(p ≤ 0.01 vs. vehicle) and significantly increased 
fasted circulating TG by 20%–46% (Figure S3A–C), 
without altering body weight. The effect of ACCi on 
circulating TG was more consistent in animals dosed 
with 30 mg/kg than 10 mg/kg (Figure S3C). Across two 
independent studies, ACCi consistently increased 
predose, fasted circulating TG relative to baseline (no 
test article) (Figure S3D). Thus, in subsequent com-
bination studies, ACCi was dosed at 30 mg/kg, and 
longitudinal changes in predose fasted circulating TG 
were monitored.

Combinations of ACCi with PPAR 
agonists or Res mitigated circulating TG 
increase with some synergistic effects on 
liver TG reduction

Dyslipidemic rats were fed FFD for a total of 28 days and 
dosed with PPAR agonists or Res starting on Day 7, and 
ACCi (either alone or in combination with PPAR/THRβ 
agonist) starting on Day 14 across three independent 
studies, as described in the Table S1 (Figure S4A). The 
staggered dosing in this study was designed to mimic 

the clinical FIR/Feno combination study in subjects 
with NASH,[17] and Feno was used as a control in the 
model. No significant change in body weight was ob-
served with test article treatment (Figure S4B).

Feno, Ela, Lani, Sela, and Saro dose-dependently 
reduced circulating TG by 31%–48%, 37%–63%, 0%–
35%, 0%–75%, and 20%–90% relative to vehicle, re-
spectively, while only 3 mg/kg Res reduced circulating 
TG (50% vs. vehicle) after 1 week of treatment as a 
monotherapy (Figure  3A, shaded). All agents also 
dose-dependently mitigated ACCi-induced circulat-
ing TG increase within 1 week of combination dosing 
(Figure  3A [unshaded] and 3B). Circulating TG were 
maintained at or below levels in vehicle group when 
ACCi was dosed in combination with Feno and Ela (at 
all doses), ≥ 10 mg/kg Lani, ≥ 5 mg/kg Sela, ≥ 0.3 mg/kg 
Saro, and ≥ 1 mg/kg Res.

Terminal liver TG content was reduced by 41%–69% 
by 30 mg/kg ACCi monotherapy across three independent 
studies (Figure 3C). Combining ACCi with Feno, Ela or 
Res, but not Lani, Sela or Saro, lowered liver TG relative 
to ACCi alone (Figure 3C). Compared with vehicle, liver 
TG was reduced by 41% with ACCi alone, and by 58% 
and 76%, respectively, with 15 mg/kg Feno and 30 mg/
kg Ela combinations in Study 2 (p ≤ 0.05 vs. ACCi alone). 
Similarly, in Study 4, liver TG was lowered by 69% by ACCi 

F I G U R E  3   Effect of combinations of ACCi with PPAR/THRβ agonists on liver and circulating TG in dyslipidemic rats. (A) Longitudinal 
circulating TG with PPAR/THRβ agonists treated as monotherapy (shaded area) or in combination with ACCi. (B) Circulating TG on Day 
22 of FFD feeding, 2 weeks after initiation of PPAR agonist treatment and 1 week after initiation of ACCi treatment (n = 5–10/group). 
(C) Terminal liver TG, collected in the fed state, 8 h after dose. Data were generated across three independent studies as described in 
Table S1, and circulating TG were measured in serum (Study 2) and plasma (Studies 3–4). Data are presented as mean ± SEM (n = 8–10 
animals/ group); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 versus vehicle; †p ≤ 0.05, ††p ≤ 0.01, †††p ≤ 0.001, ††††p ≤ 0.0001 versus ACCi 
monotherapy, or as indicated.
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alone, and by 83% and 88%, respectively, with 1 mg/kg 
and 3 mg/kg Res combinations (p ≤ 0.05 vs. ACCi alone).

Terminal plasma and liver exposures of all test arti-
cles increased dose-dependently, and Sela, Saro, and 
Res demonstrated 535-times, 39-times, and 5-times 
liver loading, respectively, at the highest dose adminis-
tered (Figure S4C). ACCi exposures were similar in the 
monotherapy and combination groups (data not shown). 
Gene expression was measured in the liver and epidy-
dimal white adipose tissue (eWAT) to determine target 
engagement (Figure  S5). Hepatic Apoc3 expression, 
a component of TG-rich very low-density lipoprotein 
(VLDL) particles,[29] was significantly reduced in ACCi 
combinations containing ≥ 5 mg/kg Feno, ≥ 3 mg/kg Ela, 
15 mg/kg Sela, ≥ 0.3 mg/kg Saro, and 3 mg/kg Res rela-
tive to both vehicle and ACCi alone (Figure S5). Similarly, 
hepatic expression of PPAR targets such as fatty acid 
binding protein 3 (Fapb3), perilipin 2 (Plin2), perilipin 5 
(Plin5), pyruvate dehydrogenase kinase 4 (Pdk4), car-
nitine palmitoyltransferase I (Cpt1), and carnitine pal-
mitoyltransferase 2 (Cpt2) was significantly induced in 
ACCi combinations containing ≥ 5 mg/kg Feno, ≥ 3 mg/
kg Ela, 15 mg/kg Sela, and ≥ 0.3 mg/kg Saro. Res dose-­
dependently increased the expression of THRβ target 
genes, Iodothyronine Deiodinase 1 (Dio1), Malic Enzyme 
1 (Me1), Peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (Pgc1a) and thyroid hormone 
responsive (Thrsp), but not glucose-6-phosphatase cat-
alytic subunit 1 (G6pc) and cytochrome P450 family 7 
subfamily A member 1(Cyp7a1) (Figure S5). ACC inhibi-
tion induces sterol regulatory element binding protein 1 
(SREBP1) activity via feedback mechanisms,[13] resulting 
in increased expression of Srebp1 and its downstream 
targets patatin-like phospholipase domain-containing 3 
(Pnpla3) and stearoyl-coenzyme A desaturase 1 (Scd1). 
Expression of Srebp1, Pnpla3, and Scd1 was induced 
to a similar extent in ACCi monotherapy and combina-
tions with all PPAR agonists, except for combination 
with 15 mg/kg Sela, which decreased the expression of 
these genes versus monotherapy (Figure S5). PPAR tar-
get genes in eWAT were induced by 15 mg/kg Sela and 
3 mg/kg of Saro (Figure S5b). Res dose-dependently in-
creased eWAT expression of fatty acid binding protein 4 
(Fabp4), Glut4, Scd1, Thsrp, and Me1, suggesting THRβ 
activation in WAT (Figure S5b).

In summary, while all agents dose-dependently re-
duced ACCi-mediated increase in circulating TG, only 
compounds agonizing PPARα (Feno and Ela) and Res 
further reduced liver TG.

Combination with Feno and Res did not 
augment the antifibrotic activity of ACCi in 
CDHFD rat model

We have previously shown that ACCi monotherapy in-
hibits fibrosis progression in the CDHFD rat model of 

advanced fibrosis, which may in part be mediated by 
direct effects of ACCi to suppress transforming growth 
factor β (TGF-β)–mediated HSC activation.[14] None 
of the PPAR/THRβ agonists had a similar effect to in-
hibit HSC activation in the LX-2 human HSC cell line 
(Table  S3). ACCi inhibited TGF-β-induced collagen 
production with an EC50 of 11 nM and CC50, a meas-
ure of cellular viability, of > 35 μM (Table S3).[14] Most 
of the PPAR/THRβ agonists tested modestly inhibited 
collagen production in LX-2 cells with EC50 > 5 μM. Ela 
inhibited collagen production with EC50 of about 2 μM, 
and CC50 of about 4 μM, suggesting that the reduction 
in collagen production may be due to decreased cel-
lular viability (Table S3).

Given the beneficial effects of ACCi combination with 
Feno or Res on both circulating and liver TG, we further 
evaluated the antifibrotic efficacy of the combinations 
in the rat CDHFD model. Briefly, rats were fed CDHFD 
for a total of 12 weeks and treated once daily, orally with 
ACCi (10 mg/kg), Feno (5 mg/kg), Reslow (0.3 mg/kg) or 
Reshigh (3 mg/kg), as monotherapies or in combination 
with ACCi from weeks 6–12. A group of animals were 
necropsied after 6 weeks of CDHFD feeding (baseline) 
to establish the extent of fibrosis at time of test article 
dosing. Hepatic fractional PSR+, alpha–smooth mus-
cle actin (α-SMA+), and clusters of differentiation 68 
(CD68+) area progressively increased in chow (0.7%, 
0.2% and 0.9%, respectively), baseline (2.1%, 0.7% 
and 7.7%, respectively), and vehicle (6.5%, 2.5% and 
10.6%, respectively) groups; test article effect on these 
parameters was normalized to vehicle and baseline 
(Figure 4A–D).

Plasma and liver exposures, and hepatic target 
engagement assessed by gene expression (Srebp1, 
Scd1, and Pnpla3 expression for ACCi, Apoc3, Plin5, 
and Pdk4 expression for Feno and Me1, Pgc1a, and 
Thsrp expression for Res) were similar between mono-
therapy and combination groups (Figure  S6A,B). 
ACCi, but not Feno or Res, monotherapy significantly 
reduced PSR+ and α-SMA+ area by 53% and 74%, re-
spectively (Figure 4A,B,D). ACCi/Feno, but not ACCi/
Res, combination tended to further reduce PSR+ 
area (65%) versus ACCi monotherapy (Figure 4A,D). 
Compared with vehicle, α-SMA+ area was signifi-
cantly reduced by 89%, 52%, and 78% with ACCi/
Feno, ACCi/Reslow, and ACCi/Reshigh combinations, 
respectively (Figure 4B,D). CD68+ area was lowered 
to baseline levels with ACCi/Feno and ACCi/Reshigh 
combinations (p ≤ 0.05 vs. vehicle, and either mono-
therapy) (Figure 4C,D).

Changes in plasma biomarkers of liver function 
and health, including Enhanced Liver Fibrosis compo-
nents (hyaluronic acid [HA], TIMP1, and procollagen 
type 3), alpha 2 macrogobulin (A2M) and cytokeratin 
18 (CK18)-M30 fragment, were comparable to histo-
logical changes (Table  1). ACCi monotherapy signifi-
cantly lowered plasma HA and A2M, while Reshigh 
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monotherapy significantly lowered plasma TIMP1 and 
CK18-M30, relative to vehicle. ACCi/Feno combination 
significantly lowered all biomarkers except CK18-M30, 
while Res/ACCi combinations dose-dependently re-
duced all biomarkers. However, none of the combina-
tions significantly reduced biomarkers relative to ACCi 
monotherapy, with CK18-M30 levels tending to be 
lower across all combination groups relative to ACCi 
monotherapy.

Hepatic Col1a1 expression was dose-dependently 
reduced by Res (monotherapy and combination), while 
Acta2 expression (which encodes α-SMA protein) was 
decreased only in the ACCi/Feno and ACCi/Reshigh 
combination arms (Figure  4E). Reduction in hepatic 
Cd68 expression correlated with the trend observed 
for CD68+ area (Figure  4C), and hepatic Timp1 ex-
pression was dose-dependently reduced only by Res 
(monotherapy and combination) (Figure 4E). Liver TG 
in the model inversely correlates with fibrosis pro-
gression, and no further reduction was observed with 
test article treatment (Figure S6C). Liver total choles-
terol content was dose-dependently reduced only by 
Res (monotherapy and combination) (Figure S6D). In 
sum, combinations of ACCi with Feno or Res did not 

prevent fibrosis progression beyond ACCi alone in the 
rat CDHFD model.

DISCUSSION

Hepatic lipotoxicity is hypothesized to play a central 
role in the pathogenesis of NASH and fibrosis.[7] DNL 
is up-regulated in subjects with NAFLD/NASH,[8] and 
targeting this pathway via ACC inhibition simultane-
ously suppresses DNL and increases FAO, resulting in 
reduced liver TG accumulation and hepatocyte lipotox-
icity.[10] FIR, an allosteric ACC inhibitor, resulted in 30% 
reduction in relative liver TG in subjects with NASH, 
and a concomitant increase in plasma TG in subjects 
with high baseline plasma TG.[11,12] ACCi-induced hy-
pertriglyceridemia, which is also observed preclinically, 
may be mediated by reduced hepatic PPARα activity, 
resulting in increased VLDL-TG production and se-
cretion and/or reduced VLDL clearance.[13,16] Here 
we hypothesized that combining ACCi with PPAR or 
THRβ agonists could further reduce hepatic lipotoxic-
ity via complementary mechanisms, and therefore aug-
ment NASH and antifibrotic efficacy while mitigating 

F I G U R E  4   Effect of ACCi, Feno, and Res treatment as monotherapies or in combination with ACCi in the choline-deficient high-fat diet 
(CDHFD) rat model. (A–D) Quantification and representative images of hepatic picrosirius red (PSR) staining, and alpha–smooth muscle 
actin (α-SMA+), and clusters of differentiation 68 (CD68+) area as assessed by immunohistochemistry. (E) Terminal hepatic expression 
of fibrosis, fibrogenesis, and immune markers; data are presented as fold change relative to chow. Data are presented as mean ± SEM 
(n = 10–15 animals/ group); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 versus vehicle; †p ≤ 0.05, ††p ≤ 0.01, †††p ≤ 0.001, ††††p ≤ 0.0001 
versus ACCi monotherapy, or as indicated; ‡p ≤ 0.05, ‡‡p ≤ 0.01, ‡‡‡p ≤ 0.001, ‡‡‡‡p ≤ 0.0001 versus Feno, Reslow, or Reshigh monotherapy. 
Abbreviation: TIMP1, tissue inhibitor of metalloproteinase 1.
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ACCi-induced hypertriglyceridemia. Liver TG reduction 
was used as a primary endpoint to evaluate the com-
bination potential of ACCi with PPAR/THRβ agonists. 
Although liver TG reduction per se is not indicative of 
NASH efficacy, a growing body of data suggests that 
greater liver fat reduction is associated with improve-
ments in histological endpoints of NASH resolution and 
fibrosis regression.[30–32]

PPAR agonists, which have been used extensively 
in the treatment of dyslipidemia and type 2 diabetes, 
demonstrate differential effects on NASH resolution 
and fibrosis regression, which may be due to differ-
ences in tissue distribution and/or PPAR isoform se-
lectivity, resulting in varied pharmacology in target 
tissues.[18] Feno, a specific PPARα agonist, has incon-
sistent effects on NASH and fibrosis in the clinic.[18] 
Similarly, Ela, a PPARα/δ dual agonist with about 200-
times greater potency than Feno, was not efficacious in 
a Phase 3 trial.[18] Lani, a pan-PPAR agonist with pref-
erential PPARγ agonism, demonstrated both fibrosis 
regression (42% vs. 24% placebo) and NASH resolu-
tion (45% vs. 19% placebo) over 24 weeks, and is being 
evaluated in a Phase 3 trial for NASH.[33] Similarly, 
while not evaluated in this study, another PPARγ ago-
nist pioglitazone, previously been approved for type 2 
diabetes, also improved NASH resolution (47% vs. 21% 
placebo) without any effects on fibrosis progression.[34] 
Sela, a selective PPARδ agonist, improved NASH res-
olution (26% vs. 8% placebo) over 52 weeks, although 
the trial was terminated due to unexpected histological 
findings, later deemed to be not test article–related.[35] 
Saro, a PPARα/γ dual agonist, reduced liver fat over 
16 weeks in subjects with NAFLD.[36]

THRβ agonists represent another class of dyslipid-
emic agents that induce transcription of genes involved 
in fatty acid and cholesterol uptake and metabolism, 
thereby reducing hepatocyte lipotoxicity and promoting 
NASH resolution.[33,37] Liver-directed THRβ agonists, 
currently in clinical development for NASH, afford a 
strategy to safely target the THR signaling axis and 
have demonstrated NASH resolution in clinical trials 
with significant liver TG reduction and plasma lipid im-
provements.[33] Res, the most advanced THRβ agonist 
currently in a Phase 3 NASH trial, demonstrated NASH 
resolution (27.4% vs. 6.5% placebo) in subjects with 
NASH.[19]

ACCi, Ela, Saro, and Res increased FAO in vitro as 
monotherapies, in line with expected biology. However, 
while ACCi was very potent (EC50  =  8–33 nM) at in-
ducing FAO, the other agents were not (Figure 2). This 
could reflect different mechanisms for FAO induction 
for these agents. ACC inhibition releases the post-
translational inhibition of CPT1, a rate-limiting enzyme 
in FAO, by malonyl CoA, whereas PPAR/THRβ ago-
nism up-regulates transcription of FAO genes. Indeed, 
under certain conditions, including THRβ overexpres-
sion or longer duration of treatment, FAO induction and/T
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or reduction in cellular lipid accumulation have been 
reported with PPAR/THRβ agonists.[38,39] Although the 
combination of ACCi with Ela, Saro, and Res increased 
Emax, there was no effect on EC50, suggesting some 
synergism on FAO activation, which was also observed 
in liver TG reduction in the dyslipidemic rat model.

ACCi combination with Feno or Ela, but not Lani, 
Sela or Saro, dose-dependently augmented liver TG 
reduction in the dyslipidemic rat model, suggesting 
that PPARα agonism (afforded by Feno and Ela) drives 
liver TG reduction (Figure 3). This may be driven by a 
synergistic increase in hepatic FAO, as demonstrated 
by increased plasma BHB and decreased acylcarni-
tine levels with ACCi + Feno combination in the FFD 
mouse (Figure 1). The differential effect of the PPAR 
agonists on liver TG could reflect distinct pharmacol-
ogy due to PPAR isoform selectivity of these agents,[18] 
or differential rodent versus human PPAR isoform se-
lectivity/potency of agents such as that observed with 
Lani (Table  S2). Saro, an equipotent dual PPARα/γ 
agonist, did not further reduce liver TG in combination 
with ACCi, despite inducing a similar FAO gene sig-
nature to Feno and Ela (Figure S5). This may be due 
to PPARγ-induced hepatic steatosis, reported in mice 
with hepatic-specific PPARγ overexpression,[40] which 
may offset PPARα-driven increases in FAO. Similarly, 
Sela, a potent and selective PPARδ agonist, also did 
not augment ACCi-induced liver TG reduction which 
is in line with reports of PPARδ overexpression and/
or agonism inducing the expression of DNL genes and 
inconsistent effects of PPARδ agonists on hepatic ste-
atosis.[40] Dose-dependent effects of Feno and Ela to 
augment ACCi-induced liver TG reduction in rodents is 
contrary to their reported effects in humans and may 
reflect rodent-specific pharmacology of PPAR agonism 
to increase peroxisomal proliferation and FAO[27] and/
or supra-pharmacological doses. Dose-dependent in-
duction of peroxisomal markers were observed in the 
livers of rodents treated with PPAR agonists in this 
study (data not shown). Clinical FIR combination with 
48 and 145 mg of Feno in subjects with NASH did not 
augment liver TG reduction over 24 weeks, although in-
terpretation of the data is confounded by the lack of a 
FIR monotherapy group.[17] Therefore, the translation of 
these preclinical findings to clinical liver TG reduction in 
the setting of combinations is still unclear.

Res dose-dependently reduced liver TG in combi-
nation with ACCi and induced a different hepatic gene 
signature to PPAR agonists (Figure S5). Interestingly, 
while Res demonstrated some liver loading (4–5 times), 
THRβ target genes (Me1 and Thsrp) were also dose-
dependently induced in the adipose tissue (Figures S4 
and S5), suggesting THRβ agonism in that tissue. 
Thyroid hormone signaling induces genes involved in 
carbohydrate and lipid metabolism, and thermogenesis 
in the adipose tissue.[41] It is unclear whether Res expo-
sures achieved in this study are clinically relevant, nor 

has THRβ target engagement in adipose tissue previ-
ously been reported with Res.

All PPAR/THRβ agonists tested dose-dependently 
reduced circulating TG as monotherapies and mitigated 
ACCi-induced hypertriglyceridemia (Figure  3). The 
effect of PPAR agonists on circulating TG levels are 
mediated by decreased ApoC3 production, resulting 
in reduced hepatic VLDL-TG secretion and increased 
plasma LPL activity and conserved between rodents 
and humans.[13,16] Indeed, co-dosing FIR with Feno 
completely mitigated FIR-induced plasma TG increase 
in subjects with NASH.[17] Furthermore, PPAR agonists 
affected circulating TG at lower doses than needed for 
liver TG reduction in dyslipidemic rats (Figure 3). In con-
trast, the efficacious doses of Res to lower circulating 
TG was similar to doses needed for liver TG reduction. 
This may reflect different mechanisms by which Res 
affects hepatic lipid metabolism, including the induction 
of autophagy.[42]

ACC inhibition directly inhibits HSC activation in 
vitro, which may also contribute to its antifibrotic ef-
ficacy in vivo.[14] ACCi combination with Feno or Res 
did not significantly augment antifibrotic efficacy in 
CDHFD-fed rats, although PSR reduction with ACCi 
+ Feno combination tended to be greater than ACCi 
alone. This is in line with observations of dose-
dependent reductions in liver stiffness (27%–32%) 
in subjects with NASH co-dosed with FIR and 48 or 
145 mg of Feno.[17] Neither Feno nor Res monother-
apy inhibited fibrosis progression. The dose of Feno 
in this study was targeted to match exposures of the 
clinical 145-mg Feno dose; therefore, the lack of an 
antifibrotic effect is not surprising. Furthermore, Res 
monotherapy did not promote fibrosis regression 
in subjects with NASH; however exposure-related 
effects were observed on histological NASH reso-
lution.[43] The 3-mg/kg Res dose achieved approxi-
mately 2-fold lower terminal hepatic concentrations in 
the CDHFD rats than the dyslipidemic rats (Figures S4 
and S6). Although THRβ target engagement was ob-
served, it is also possible that the exposures achieved 
in the CDHFD rats were below clinically efficacious 
exposures. Our data are also in line with a recent 
report of Res improving NAFLD activity score but 
not fibrosis score in a DIO-NASH mouse model.[24] 
Res monotherapy also tended to reduce α-SMA+ 
and CD68+ area in the CDHFD rat model, which is 
in line with reported observations in the DIO-NASH 
mouse model.[24] PPARγ expression has been asso-
ciated with HSC quiescence, and indeed treatment 
of rodent or human HSCs with ACCi also increased 
PPARγ expression while concomitantly reducing HSC 
activation.[14] In addition, Lani and pioglitazone, pre-
dominantly PPARγ agonists, demonstrate beneficial 
effects on NASH resolution and fibrosis regression in 
human subjects.[33,34] Although Lani did not demon-
strate potent, direct antifibrotic activity in the LX-2 
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cells, it is possible that combination of ACCi with Lani 
may have additive effects to reduce fibrosis progres-
sion in vivo, which was not evaluated in this study.

Taken together, this study identifies the potential 
benefit of combining PPAR or THRβ agonists with an 
ACCi to augment liver and/or circulating TG reduction 
relative to ACCi monotherapy. However, this combina-
tion strategy may not provide greater antifibrotic effi-
cacy, suggesting that strategies targeting hepatocyte 
lipid metabolism alone may not be sufficient to improve 
fibrosis regression in subjects with NASH.
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