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Esrra regulates Rpip1-mediated translation of
lysosome proteins suppressed in metabolic
dysfunction-associated steatohepatitis and
reversed by alternate day fasting
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ABSTRACT

Objective: Currently, little is known about the mechanism(s) regulating global and specific protein translation during metabolic dysfunction-
associated steatohepatitis (MASH; previously known as non-alcoholic steatohepatitis, NASH).

Methods: Unbiased label-free quantitative proteome, puromycin-labelling and polysome profiling were used to understand protein translation
activity in vitro and in vivo.

Results: We observed a global decrease in protein translation during lipotoxicity in human primary hepatocytes, mouse hepatic AML12 cells, and
livers from a dietary mouse model of MASH. Interestingly, proteomic analysis showed that Rplp1, which regulates ribosome and translation
pathways, was one of the most downregulated proteins. Moreover, decreased Esrra expression and binding to the Rplp1 promoter, diminished
Rplp1 gene expression during lipotoxicity. This, in turn, reduced global protein translation and Esrra/Rplp1-dependent translation of lysosome
(Lamp2, Ctsd) and autophagy (sqstm1, Map1ic3b) proteins. Of note, Esrra did not increase its binding to these gene promoters or their gene
transcription, confirming its regulation of their translation during lipotoxicity. Notably, hepatic Esrra-Rplp1-dependent translation of lysosomal and
autophagy proteins also was impaired in MASH patients and liver-specific Esrra knockout mice. Remarkably, alternate day fasting induced Esrra-
Rplp1-dependent expression of lysosomal proteins, restored autophagy, and reduced lipotoxicity, inflammation, and fibrosis in hepatic cell culture
and in vivo models of MASH.

Conclusions: Esrra regulation of Rplp1-mediated translation of lysosome/autolysosome proteins was downregulated during MASH. Alternate
day fasting activated this novel pathway and improved MASH, suggesting that Esrra and Rplp1 may serve as therapeutic targets for MASH. Our
findings also provided the first example of a nuclear hormone receptor, Esrra, to not only regulate transcription but also protein translation, via
induction of Rplp1.

© 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Keywords Metabolic dysfunction-associated steatohepatitis (MASH); Lysosome; Estrogen related receptor alpha (ERRc/Esrra); Ribosome;
Protein translation

1. INTRODUCTION public health concern worldwide [1,2]. MASLD comprises a range of

liver disorders, from the excessive buildup of fat in hepatocytes, known
Metabolic dysfunction-associated steatotic liver disease (MASLD; as steatosis, to a more severe condition known as metabolic
previously known as non-alcoholic fatty liver disease, MAFLD) is a  dysfunction-associated steatohepatitis (MASH; previously known as
common and chronic liver disease that has emerged as a significant  non-alcoholic steatohepatitis, NASH) [3,4]. MASH has the potential to
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Abbreviations

ChiP Chromatin immuno-precipitation
ER Endoplasmic reticulum

ERRE Estrogen-related receptor response element
Esrra Estrogen-related receptor Alpha

H&E Hematoxylin & Eosin

HCC Hepatocellular carcinoma

LFQ Label-Free Quantitative

LKO Liver-specific knockout
MASH Metabolic dysfunction-associated steatohepatitis
MCD Methionine-and choline-deficient L-amino acid diet

NCD Normal chow diet
PA Palmitic acid

PHHep Primary human hepatocytes

PPARs Peroxisome proliferator-activated receptors
gPCR Quantitative PCR

Rplp1 Ribosomal large subunit protein 1

TCA Tricarboxylic acid cycle

TH Triglyceride

TRs Thyroid hormone receptors

WDF Western diet with fructose in drinking water
WT Wild-type

B-HB beta-Hydroxy butyrate

advance into cirrhosis and hepatocellular carcinoma, and is the leading
cause for liver transplantation [5,6]. MASH also is closely linked to
metabolic disorders such as obesity, insulin resistance, and dyslipi-
demia [7,8]. Currently, limitations in our understanding of the meta-
bolic and molecular defects in MASH have prevented the development
of effective strategies to diagnose and treat MASH.

We and others have shown that autophagy [9,10] is dysregulated in
MASH which can lead to defects in fatty acid metabolism, inflammation,
and fibrosis [11—13]. Restoration of hepatic autophagy reduced MASH
and delayed its progression [12,14—17]. The mechanism for reduced
autophagy in MASH is not known but is associated with lipotoxicity, a
condition where excessive intracellular lipids generate reactive oxygen
species and ER stress [7,9]. During ER stress, the unfolded protein
response (UPR) drives expression of transcription factors such as ATF4/
6, XBP, IRE1a, and phosphorylation of elF2o. to attenuate global
translation. Interestingly, higher elF6 level marks the progression from
MASLD to HCC, independent from other translation machinery factors
[18]. Currently, little is known about the relationships among autophagy,
lipotoxicity, and protein translation during MASH.

The expression of nuclear receptors such as thyroid hormone and
peroxisome proliferator-activated receptors (TRs, PPARs) are reduced in
MASH [10,19—22]. These receptors also regulate the expression of
autophagy genes. During MASH, the expression of DIO1, the enzyme
that converts T4 to T3 also is reduced and there is decreased intra-
hepatic T3 concentration in MASH to decrease autophagy and lipid
metabolism [23]. Another nuclear receptor, estrogen-related receptor
alpha (Esrra/ERRa) is an orphan nuclear receptor whose transcriptional
activity is dependent upon heterodimerization with Ppar gamma
coactivator-1 alpha (Ppargcia/Pgcio) [24]. Although Esrra has been
recognized as a transcription factor for mitochondrial genes regulating
mitochondrial activity, biogenesis, and turnover by mitophagy [24], its
role(s) in the regulation of ribosomes and the translation of lysosome/
autophagy proteins has not been described previously. In this report, we
identified a novel Esrra-Rplp1 pathway that regulated protein translation
of autophagy/lysosome proteins. This pathway was impaired in MASH
and could be stimulated by Esrra overexpression or alternate day fasting.
Our studies also showed unexpectedly for the first time that a nuclear
receptor not only regulated transcription but was able to modulate the
translation of a specific subset of autophagy/lysosome proteins.

2. RESULTS

2.1. Supressed ribosome, protein translation, translation-
associated pathways and mitophagy were observed in MASH
Previous studies have linked ER-stress and specific translation factors
(elF6, elF2, RPS6KB1) with the increased translation of lipid

biosynthesis, cytokines, and inflammatory proteins during MASH
pathogenesis [18,25—27]. However, the regulation of global trans-
lation during MASH is not well understood. To understand this, we
employed liver tissues collected from mice fed a Western diet with
fructose (WDF) (Figure 1A) that mimicked MASH progression in
humans and previously characterized by us [3,4,8]. Hematoxylin &
Eosin (H&E) staining of these liver tissues showed MASH features (e.g.,
micro/macro steatosis, hepatocyte hypertrophy/ballooning and in-
flammatory foci) in mice fed WDF for 16 weeks whereas only steatosis
was found in mice fed WDF for 8 weeks (Figure 1B). Liver triglyceride
(TG) was also progressively increased from 8 to 16 weeks (Figure 1C).
Hepatic inflammatory and fibrosis gene expression was significantly
increased in mice fed WDF for 8 weeks and further increased in those
fed WDF for 16 weeks (Figure 1D). To understand protein translation in
MASH, we performed polysome profiling in the liver tissues from mice
fed WDF or NCD for 16 weeks and found that polysome fractions were
reduced while the 80S fraction was increased in livers from the former
(Supplementary Fig. 1A), demonstrating that global hepatic translation
was suppressed during MASH. To better understand the global
changes in proteome, we performed an unbiased Label-Free Quanti-
tative (LFQ) proteomics analysis in liver tissues from mice fed WDF 16
weeks or NCD. First, we analyzed the pathways associated with the
upregulated (>1.5FC) proteins using DiGeNET disease discovery
platform, Kyoto Encyclopedia of Genes and Genomes (KEGG) 2021 and
Reactome 2022 pathway databases (Figure 1E,F; Supplementary
Table 1). Among the diseases discovered from DisGeNET (adjusted p
value < 0.05), we observed the upregulated proteome corresponded
with non-alcoholic fatty liver disease, steatohepatitis, liver cirrhosis,
abnormal liver enzymes and transaminases, obesity, impaired glucose
tolerance, insulin resistance, hyperlipidemia, hypertriglyceridemia, and
metabolic disease phenotypes. Among the pathways analyzed from
KEGG and Reactome (adjusted p value < 0.05), we found a significant
association with the activation of fatty acid metabolism, lipid acyl-CoA
biosynthesis, TCA, fatty acid oxidation, apoptosis, and NF-kappaB,
biosynthesis of unsaturated fatty acids, cholesterol metabolism,
glucagon signaling, insulin signaling, insulin resistance, Hedgehog
ligand biogenesis pathways, ChREBP, RUNX2, NOTCH4, MAPK, PPAR
pathways, Interleukin-1 family signaling, and cellular senescence
pathways. These discovered diseases and upregulated cellular
pathways further validated MASH model in an unbiased manner
[7,13,28—32]. To our surprise, downregulated proteins (<0.5 FC)
were highly associated with translation (adjusted p value < 1.88E-15),
metabolism of amino acids and proteins (adjusted p value < 5.56E-
13), ribosome (adjusted p value < 1.88E-15), metabolism of RNA
(adjusted p value < 5.79E-09), and protein processing, RNA transport,
ribosomal biogenesis, mitophagy, ER-phagosome, with other
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Figure 1: Ribosome, translation and translation-associated pathways were suppressed in WDF fed mice livers. (A) lllustration represents MASH progression in mice fed
WDF for 8 and 16 weeks, and characterized by Tripathi et al. [3]. (B) Representative micrograph of H&E staining in liver tissues collected from mice fed Western diet and fructose
(WDF) for 8 and 16 weeks to generate steatosis and MASH and compared to controls fed normal chow diet (NCD) (n = 5 per group). Scale bars are 100 uM. (C) Triglycerides (TG)
measurement in the liver tissues. (D) Heat map representing RT-qPCR analysis of inflammatory and fibrosis genes in the liver tissues from mice fed WDF diet for 8 or 16 weeks
(n = 5 per group). Gene expression is normalized to Gapdh. (E and F) DisGeNET and Reactome 2022 pathway analysis of upregulated (>1.5FC) proteins measured using label-free
quantitative (LFQ) proteomics in liver tissue of mice fed WDF for 16 weeks when compared to NCD. (G and H) KEGG 2021 and Reactome 2022 pathway analysis of downregulated
(<0.5FC) proteins. (l) Valcano plots represents significantly downregulated (RPLP1 among others) and upregulated (PLIN2 and FASN among others) proteins. (J) Heat map showing
proteins’ expression (Fold Change, FC) regulating Ribosome and Translation pathways shown in panels G and H. (K) Representative Western blots of livers from mice fed NCD or
WDF diet fed 16 weeks (n = 5 per group). Ponceau S-stained membrane is representing the protein loading. (L) Plots represent relative density of corresponding Western blots
normalized to Gapdh. (M) Plots represent relative density of corresponding Western blots normalized to Ponceau S. Ponceau S-stained membrane is consistent with the Gapdh

expression.
Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

translation-associated pathways to a significant levels (adjusted p
value < 0.05) (Figure 1G,H; Supplementary Table 1). Further analysis
of ribosome-associated proteins identified RPL38, RPLP1, RPS29 and
RPS16 among the top ten downregulated proteins (Figure 11,J). PLIN2
and FASN were also identified as significantly upregulated proteins
involved in both fatty acid metabolism and fatty acyl-CoA biosynthesis
(Figures 1F). We confirmed that the expression of both Plin2 and Fasn
were increased while Rplp1 was decreased significantly in the liver
tissues from mice fed WDF for 16 weeks suggesting the latter was not

involved in their translation (Figure 1K,L). Our findings indicated that
although overall translation was suppressed, the translation of certain
proteins was distinctly regulated. The translation of Gapdh remained
consistent when compared with Ponceau S staining of blotted proteins
(Figure 1K,M), making it a reliable loading control for subsequent data
evaluation. Past research also has documented GAPDH protein ag-
gregation, its migration to the nucleus, and diminished enzymatic
function in liver diseases with no alterations in overall protein
expression [33,34].
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2.2. Lipotoxic condition downregulated Esrra-Rplp1 axis and
impaired protein translation of lysosome/autophagy proteins

We and others previously have demonstrated that Esrra transcrip-
tionally regulates autophagy and mitophagy [24,35—37]. Further, we
have recently found that Esrra regulates protein translation via Rplp1
during starvation [38], however, its role in the regulation of translation
during MASH development remains unclear. In this regard, hepatic
Esrra ChIP-seq data revealed that Esrra binds to its own promoter
(Figure 2A), suggesting its transcription was involved in a positive-
feedback loop [24,39]. Moreover, Esrra was found to bind specif-
ically to the Rplp1 gene’s promoter (Figure 2A), which also happened
to be among the top ten most downregulated proteins involved in
ribosome and translation pathways during MASH (Figure 1H,I). Of note,
Esrra was not observed to bind to any of the other ribosomal gene
promoters ranked among the top ten (Figures 1J). We next performed a
ChIP-gPCR analysis on AML12 cells treated with and without the
saturated fatty acid, palmitic acid (PA; 0.5 mM for 24 h)
[7,15,30,40,41]. We observed decreased recruitment of Esrra on the
ERRE (estrogen-related receptor response element) and Polr2a on the
TATA box of the Esrra gene promoter during lipotoxic condition
(Figure 2B). Similarly, recruitment of Esrra on the ERRE and Polr2a on
the TATA box of the Rplp1 gene promoter was reduced by PA treatment
in AML12 cells (Figure 2C). Moreover, these effects were consistent
with reduced Esrra and Rpip7 gene expression observed in AML12
cells treated with PA (Figure 2D,E).

To further understand the role of Esrra on Rplp1 expression and its
potential regulation of autophagy and lysosome proteins, we treated
primary human hepatocytes (PHHep) and mouse hepatic AML12 cell
line with PA (0.5 mM for 24 h). Further, to ascertain protein translation
rates, we briefly incubated the PA-treated or untreated cells with
puromycin (20 pg/ml) for 15 min just prior to protein extraction using a
standard assay for measuring protein translation activity [42—46].
Puromycin is a natural aminonucleoside resembling the 3’ end of
aminoacylated tRNAs that integrates into the C-terminus of growing
nascent protein chains during ribosome-mediated protein translation
[42]. These puromycin-labeled proteins then were analyzed by
Western blot analysis.

We observed significant decreases in the puromycin-labeled proteins
in both PHHep and AML12 cells after PA treatment (Figure 2F—I),
suggesting there was decreased protein translation activity. We also
confirmed the presence of lipotoxicity in PA-treated PHHep and mouse
hepatic AML12 cells by demonstrating increased expression of
inflammation (7nfa, lI1b, 16, Ccl2, and Ccl5) and fibrosis (Tgfb, Col1at,
Colla2, Col3al, Acta2 and Mmp9) genes, and Casp3 cleavage (a
hallmark of lipotoxicity [7]) (Figure 2J—M; Supplementary Fig. 2A).
We also found the mRNA and protein expressions of Esrra and Rplp1
were downregulated in PHHep and AML12 cells treated with PA
(Figures 2J-M), confirming these proteins were mainly transcriptionally
regulated (Figure 2D,E). Next, to examine whether lysosome and
autophagy proteins might be affected by Esrra and Rplp1 down-
regulation during lipotoxic conditions, we analyzed the protein
expression of Lamp2, Ctsd, Map1lc3b, and Sqstm1. Indeed, Lamp2,
Ctsd, and Map1lc3b-ii protein expression decreased, whereas their
mRNA expression did not significantly change with PA treatment
(Figure 2J—M; Supplementary Fig. 2B). Further, Sgstm1 protein
expression increased while its mRNA significantly decreased
(Figure 2J—M; Supplementary Fig. 2B). These findings were consistent
with a late block in autophagy caused the accumulation of Sqstm1
protein as reported previously [24]. Thus, lipotoxic conditions were
sufficient to down-regulate the Esrra-Rplp1-lysosome pathway and
decrease autophagy flux.

We confirmed these in vitro findings in liver tissues from mice fed WDF
for 8 and 16 weeks (Figures 1A). Hepatic Esrra, Rplp1, Lamp2, and
Ctsd protein expression decreased during progression from steatosis
(WDF 8w) to MASH (WDF 16w) in mice fed WDF (Figure 2N,0). Hepatic
Map1lc3b-ii also significantly decreased whereas Sqstm1 significantly
accumulated, suggesting autophagy block in the livers of mice fed
WDF (Figure 2N,P).

To determine whether the decreased expression of Esrra, Rplp1,
lysosome and autophagy proteins was due to reduced translation
activity of these proteins, we performed immunoprecipitation of
puromycin-labeled proteins and Western blotting to identify newly
translated Esrra, Rplp1, Lamp2, Ctsd, Map1lc3b-ii, and Sgstm1 pro-
teins in AML12 cells treated with PA. There was decreased puromycin-
labeling/translation activity of Esrra, Rplp1, Lamp2, Ctsd, Map1lc3b,
and Sgstm1 proteins (Figure 3A,B), although total protein expression of
the latter was increased in the input lysate due to autophagy block
(Figures 2J—M, 3A and B). To demonstrate the selective decrease in
translation of these proteins, we also found that puromycin-labeling of
MASH-associated protein Plin2 increased during fat droplet formation
and lipotoxicity (Figures 3C). Taken together, our findings showed that
decreased transcription and translation of Esrra and Rplp1 during
lipotoxicity selectively reduced translation of lysosome-autophagy
proteins to decrease autophagy, a key defect in the MASH patho-
genesis [3,10,12,16,47].

2.3. Activating Esrra-Rplp1-dependent translation of lysosome/
autophagy proteins decreased lipotoxicity in vitro

Induction of lysosome-autophagy activity was beneficial for MASH and
several other metabolic diseases [10,16,17,48,49]. Accordingly, we
next examined whether activating Esrra-Rplp1-lysosome protein
translation pathway could activate autophagy by overexpressing Esrra
and Rplp1 in AML12 cells and treated with PA. Either Esrra or Rplp1
overexpression increased the overall puromycin-labeled protein
expression and restored ribosome-dependent protein translation that
was decreased in PA-treated cells (Figure 3D,E). Using polysome
profiling, we found that PA substantially increased 80S ribosome
fraction and decreased polysome fractions to demonstrate inhibition of
mRNA translation (Figure 3F). However, Esrra overexpression during
PA treatment decreased 80S ribosome fraction and increased poly-
some fractions similar to control levels to show there now was
restoration of efficient mRNA translation elongation. The data suggest
that activating Esrra stimulated ribosome-dependent protein trans-
lation in PA-treated cells. Furthermore, Esrra or Rplp1 overexpression
also decreased Casp3 cleavage in PA-treated AML12 and restored the
expression of Lamp2 and Ctsd proteins (Figure 3D-G). Moreover,
increased Map1lc3b-ii and decreased Sqgstm1 proteins in Esrra or
Rplp1 overexpressed AML12 cells treated with PA, suggesting there
was improved autophagy (Figure 3D,G). Additionally, the induction of
inflammatory and fibrosis genes expression by PA was attenuated by
Esrra and Rplp1 overexpression (Supplementary Figure 3).

2.4. Esrra-Rplp1-lysosome protein translation pathway was
impaired in the liver tissues of MASH patients and mice

Next, we analyzed liver tissues collected from patients with hep-
atosteatosis (n = 7), MASH (n = 9), and control (n = 11) based upon
liver histology (Supplementary Table 2). There was increased
expression of inflammatory (TNFA, IL1B, IL6, CCL2 and CCL5) and
fibrosis (TGFB, COL1A1, COL1A2, COL3A1, ACTA2 and MMP9) genes
in livers from patients with hepatosteatosis when compared to controls
that was further increased in livers from patients with MASH
(Supplementary Fig. 4A). These findings were consistent with the
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Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

MOLECULAR METABOLISM 87 (2024) 101997 © 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

Original Article

A AMLA12 cells B AML12 cells C AML12 cells
IP » 1gG Puromycin WB IP » IgG Puromycin WB IP » IgG Puromycin WB
ctpPA Y CTPA Y CTPA v
P [ === | Esra P [ ® T crsd P [« = = Pin2
Input ‘— we @ | Esrra Input |*™= = | Ctsd Input [ = = #®| Piin2
P [~ %= <] Rolp P [ % ] meptic3p input [emem =] Gapdh
Input | == w= | Rplp1 Input I;g%] Map1ic3b
P Lamp2 IP| ®®° | Sgstm1
Input |se == &4 Lamp2 Input E] Sqgstm1
Input — h
5 El Sk Input | S Input Ponceau S
Input Ponceau S Input Ponceau S
4
;
D AML12 Cells
+ + - - Empty plasmid
- - + - mEsma E F
- - - + mRplp1 Puromycin-AML12 2 Control
s + % % PA 15 s PA0.5mM
> ® mEsrra+PA
g | 2w o ¢
" 8 0101 e e i 8 ;
a o
i 25 % » 2 Polysome
; 55 L <
Anti- &=
Puromycin 0 : . . ' 0 —
‘ & X é\@ <& raction
RS
a8 X %
. " X ¥
® 4 cCasp3 o 2 0-AML12 cells
- ' & Esrra p— ] x —
2 _ 154 s = i T
o e — KKK —_— kKR
' - '. Rplp1 §§ _— - ;— ek o P
S W see sss  Lamp2 0 <1.0 » * * o
" £ I $ y : ¥ ¥ = § $
— v w— | Ctsd 205 ; : ! E ’ !; ’2 ! s
o° 3 $
- ) N 'Y}
e % s = Map1lc3b-ii 0.0 T T T T T T T
& G N S > » >
- & =  ggstmi R N N { & v &
q Op,bra & o~ \,,bé‘ O Q'\\{,b %&g\
- A e e Gapdh N4
e CT e PA e PAtmEsrra e PA+mRpip1

Figure 3: Esrra or Rplp1 overexpression increased translation and lysosome-autophagy protein expression and activity in hepatic cells. (A, B and C) Western blots of
immunoprecipitated (IP) proteins labelled by puromycin or IgG in 24 h PA (0.5 mM) treated AML12 cells to analyze puromycin-labeled proteins as a measure to recent translation
events. (D) Representative Western blots of 24 h PA (0.5 mM) treated AML12 cells overexpressed with Esrra or Rplp1 or empty vector. (E and F) Plots represent relative density of
corresponding Western blots normalized to Gapdh. (G) Representative polysome profile in BSA (control) or PA treated (0.5 mM, 24 h) AML12 cells with or without Esrra over-

expression.
Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

histological classification of the liver tissues. Remarkably, we found
that ESRRA and RPLP1 gene and protein expression were significantly
decreased in these MASH liver tissues. Additionally, LAMP2, CTSD,
and MAPLC3B-II protein expression decreased in hepatosteatosis and
further declined in MASH (Supplementary Figs. 4B and C) whereas
SQSTM1 protein significantly accumulated in MASH consistent with
late autophagy blockage.

To determine whether decreased hepatic Esrra, Rplp1, Lamp2, and
Ctsd proteins’ expression and autophagy block in MASH were

6

associated with impaired translation in vivo, we fed mice with
methionine-choline deficient (MCD) diet for 3 and 6 weeks to rapidly
generate MASH [40,41], and labeled the proteins with puromycin (i. p.,
20 mg/kg body weight) just 30 min before euthanasia. Histological
analysis using H&E staining showed MASH progression between 3 and
6 weeks in mice fed MCD diet i.e. steatosis, inflammatory foci and
fibrotic regions (Figure 4A). These mice also exhibited progressive
increases in liver triglycerides (TG), and inflammatory/fibrosis gene
expression at 3 and 6 weeks (Figure 4B,C). Moreover, we observed
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Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

progressive decreases in puromycin-labeled proteins in conjunction  mice fed MCD diet for 3 and 6 weeks, respectively (Figure 4D—F).
with decreased expression of Esrra, Rplp1, Lamp2, Ctsd and  Similar to the results found in PA-treated AML12 cells (Figure 3A—C),
Map1lc3b-ii proteins and increased expression of Sgstm1 protein in  there was decreased puromycin-labeling (i.e. decreased translation
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activity) of Esrra, Rplp1, Lamp2, Ctsd, Map1lc3b-ii, and Sqstm1 pro-
teins, even though Sgstm1 protein expression was increased due to
autophagy block (Figure 4G,H). Moreover, puromycin-labeling of Plin2
showed was increased during MASH (Figures 4l), confirming their
regulation by other translation factors such as elF6, elF2, RPS6KB1
[18,25,27].

2.5. Esrra regulated Rplp1-dependent translation of lysosome/
autophagy proteins in mice model of MASH

To understand Esrra’s role in regulating Rplp1 and lysosome/auto-
phagy proteins’ expression in vivo, first we generated liver-specific
knock out mice. Mice with liver-specific deletion of Esrra (LKO) had
increased liver index and liver triglycerides (TG), and decreased [3-
hydroxybutyrate when fed normal chow diet (NCD; age 20—22 weeks)
and compared to their wild-type (WT) littermates (Supplementary
Figs. 5A—C). This indicated that LKO had fatty liver and decreased
B-oxidation of fatty acids even on NCD. Interestingly, LKO mice also
had an increased inflammatory and fibrosis gene expression
(Supplementary Fig. 5D). Furthermore, these LKO mice had decreased
protein expression of Rplp1, Lamp2, Ctsd and Map1Ic3b-ii protein and
accumulation of Sgstm1 suggesting a late block in autophagy due to
impaired lysosomal function (Supplementary Figs. 5E and F). However,
mRNA expression of only Rplp1 was significantly decreased whereas
mRNA expression of Lamp2, Ctsd, Map1lc3bii, and Sqstm1 expression
was not changed significantly (Supplementary Fig. 5G). Furthermore,
to confirm that Rplp1 regulate protein expression of lysosome and
Map1lc3b-ii regulating autophagy process downstream to Esrra, we
silenced Rplp1 in AML12 cells and treated with puromycin
(Supplementary Figs. 5H—K). We observed a significant decrease in
puromycin incorporated proteins along with decreased expression of
Rplp1, Lamp2, Ctsd and Map1lc3b-ii protein and accumulation of
Sgstm1 suggesting a late block in autophagy due to impaired lyso-
somal function. However, Esrra protein expression was not changed.
These data confirm that Esrra transcriptionally regulated Rpip7,
whereas the lysosome and autophagy protein expression were regu-
lated at translational level. Further, the data also suggested that basal
autophagic impairment in the LKO mice could increase hepatic
inflammation and fibrosis as previously reported [3,11,12,16,22].
Moreover, Esrra is upstream to Rplp1 and downregulation of Rplp1 is
able to decrease translation of lysosome proteins and autophagy
activity.

We next examined liver-specific (Alb)-Esrra overexpression in wild type
mice fed WDF (Alb-mEsrra-WDF) and found that it significantly
increased hepatic Rplp1, Lamp2, Ctsd, and Map1lc3b-ii protein
expression compared to control wild type mice fed WDF (A/b-Null-
WDF) (Figure 5A,B). The Sgstm1 protein accumulation found in control
Alb-Null-WDF group decreased in Esrra overexpressing mice fed WDF
(Alb-mEsrra-WDF) in conjunction with the increase in Map1lc3b-ii
expression, and suggested there was improved autophagy flux in
these mice. H&E staining showed improvements in MASH pathological
features such as micro/macro steatosis, fatty hepatocytes hypertrophy/
ballooning and inflammatory foci in Alb-mEsrra-WDF mice compared
to Alb-Null-WDF mice when both were fed WDF (Figure 5C). Further-
more, Alb-mEsrra-WDF group had reduced liver index, liver TG, and
serum glucose and increased serum -HB compared to control mice
when both were fed WDF (Figure 5D—G). Alb-mEsrra-WDF mice had
reduced hepatic inflammation and fibrosis gene expression compared
to Alb-Null-WDF mice suggesting that Esrra overexpression improved
MASH in vivo (Figure 5H). Previously, Esrra inhibition showed
improvement during hepatosteatosis in a global Esrra-KO mouse
model [50] fed high fat diet (HFD). On the contrary, pharmacological

inhibition worsened rapamycin-induced fatty liver [39]. Of note, we
examined liver-specific inactivation/activation of Esrra rather than
systemic inhibitory effects of Esrra on MASH.

2.6. Alternate day fasting-improved MASH required activation of
esrra/rplp1-mediated translation

Intermittent fasting regimens involving alternate day fasting or time-
restricted feeding for several days have had beneficial effects in
obesity, diabetes, and MASH [51—53]. Moreover, these beneficial
effects induced by fasting have been associated with activation of
autophagy [17,51,54—57]. Esrra protein is induced by fasting/star-
vation (Figure 6A) [50]; and, it is noteworthy that hepatic Esrra over-
expression in mice fed WDF activated the Esrra-Rplp1-lysosome
pathway, improved autophagy, and reduced hepatosteatosis, inflam-
mation, and fibrosis compared to null mice when both were fed WDF
(Figure 5A—H). Thus, we examined whether intermittent fasting could
induce the Esrra-Rplp1-lysosome pathway and have beneficial effects
in mice with a pre-established MASH condition. Accordingly, we
employed an alternate day fasting regimen for five cycles in mice
earlier fed WDF for 16 weeks to pre-establish MASH. These mice with
MASH then were injected with vehicle or Esrra-specific inhibitor C29
during fasting to examine the role of Esrra during intermittent fasting
(Figure 6B). Mice fed NCD or WDF continuously were used as controls.
Mice fed WDF for 16 weeks developed MASH and had significantly
reduced puromycin-labeling of overall proteins and the decreased
protein expression of Esrra, Rplp1, Lamp2, Ctsd and Maplc3b-ii sug-
gesting there was impaired lysosome-autophagy protein translation
rates and function at baseline (Figure 6C—F). Surprisingly, alternate
day fasting for five cycles induced the expression of Esrra and Rplp1,
and reversed the decline in puromycin-labeled proteins in mice fed
WDF. This regimen also restored Rplp1, Lamp2, Ctsd, Map1lc3b-ii
proteins’ expression and decreased Sqstm1 protein expression sug-
gesting activation of lysosome and improved autophagy (Figure 6E,F).
In contrast, injection of the Esrra inhibitor, C29, during only fasting
(when Esrra expression was increased) significantly inhibited Esrra
protein expression and increased Sgstm1 expression suggesting there
was impaired autophagy. We further confirmed that the protein
expression in C29 injected mice was attenuated at translation level as
the gene expression of Lamp2, Ctsd, Map1c¢3b and sqstm1 were still
upregulated in C29 treated mice (Supplementary Fig. 6).
Remarkably, mice fed WDF that underwent alternate day fasting had
significant improvements in serum [-HB, liver index, and serum
glucose levels in conjunction with the increased Esrra protein
expression induced by alternate day fasting (Figure 6G,H, and K). In
contrast, mice fed WDF that underwent alternate-day fasting and C29
injection during alternate day fasting had little or no improvement in
these parameters compared to mice fed WDF continuously. Addition-
ally, mice fed WDF undergoing alternate day fasting while fed WDF had
reduced expression of inflammatory and fibrosis genes compared to
mice fed WDF continuously or mice fed WDF and injected with C29
while undergoing alternate day fasting (Figures 6l). H&E staining also
showed that alternate day fasting improved MASH histological features
(micro/macro steatosis and inflammatory foci) in WDF fed mice, while
C29 treatment worsened these features (Figures 6J). Thus, alternate
day fasting induced Esrra expression and restored Rplp1-mediated
translation of lysosome-autophagy proteins and decreased inflam-
mation and fibrosis. Taken together, we now have identified a novel
pathway that plays a key role in the beneficial fasting-mediated im-
provements on metabolism and MASH. It is noteworthy that the in-
duction of Esrra and the inhibition of mTOR activity also may have
synergistic effects during fasting [39,50].
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Figure 5: Hepatic Esrra overexpression positively regulated Rplp1, lysosome, and autophagy proteins’ expression, and improved MASH in vivo. (A) Representative
Western blots of livers from wild type mice injected with empty AAV8-Alb-Null vector and fed with NCD diet (Alb-null-NCD), WDF diet (A/b-Null-WDF), or mice injected with liver-
specific Esrra overexpressing vector AAV8-Alb-mEsrra and fed with WDF diet (Alb-mEsrra-WDF) for 16 weeks (n = 5 per group). Esrra Western blots were low exposed (L. Exp) and
high exposed (H. Exp) for accurate densitometric measurements of Esrra overexpression and basal Esrra expression. (B) Plots represent relative density of corresponding Western
blots normalized to Gapdh. (C) Representative micrograph of H&E staining in liver tissues collected from null and hepatic-Esrra overexpressed mice fed NCD or WDF for 16 weeks
(n = 5 per group). Scale bars are 100 pM. (D—G) Measurements of liver index, serum (B-HB, liver TG, and fasting blood glucose measurements in null and hepatic-Esrra
overexpressed mice fed NCD or WDF for 16 weeks. (H) RT-gPCR analysis of relative gene expression in livers from null and hepatic-Esrra overexpressed mice fed NCD or

WDF for 16 weeks (n = 5 per group). Gene expression was normalized to Gapdh.
Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

3. DISCUSSION AND CONCLUSION

Our investigation into the pathophysiology of MASH has unveiled a
critical role for the nuclear hormone receptor Esrra in controlling key
cellular mechanisms that maintain liver health. We showed that there
was decreased lysosome/autophagy proteins translation in MASH that
was dependent upon the induction of Rplp1 expression by Esrra
(Supplementary Fig. 7). This deficit hampers autophagy and B-
oxidation of fatty acids, processes essential for the prevention of fat
accumulation, inflammation, and fibrosis in the liver-characteristic
features of MASH [1]. Intriguingly, our results indicate that the
adverse effects on protein translation seen in MASH can be reversed.
Overexpression of Esrra in cellular and mouse models restore
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translation defects and reinstate normal autophagy and lipid meta-
bolism pathways, highlighting a potential therapeutic target. Other
important finding is that alternate day fasting promotes Esrra and
Rplp1 expression, which in turn restores normal protein expression,
thus offering a dietary approach to manage MASH. The mechanism(s)
for the beneficial effects of intermittent fasting on MASH are poorly
understood but likely involve the induction of the Essra-Rplp1-
lysosome pathway to restore autophagy and [-oxidation of fatty acids.
Nuclear receptors have traditionally been classified as transcription
factors that are activated by specific ligands [58]. Yet, our research
reveals a multifaceted role for the nuclear receptor Esrra, showing that
it governs not only gene transcription but also plays a pivotal role in the
translation of crucial proteins. This regulatory effect on protein
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Levels of significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

synthesis occurs through an intermediary mechanism that necessi- involved in cellular proliferation, survival, and metabolism [35,39,59—
tates the activation of Rplp1. Our study proposes that agents capable of ~ 61]. This dual role of Esrra, promoting metabolic health under certain
stimulating Esrra expression or functioning as Esrra agonists could conditions while potentially exacerbating cancer progression under
potentially initiate the Esrra-Rplp1-depnedent translation of lysosome/  others, highlights the complexity of targeting this nuclear receptor. The
autophagy proteins, thereby offering a novel approach to slow or  systemic activation of Esrra could lead to ‘off-target’ undesirable ef-
potentially reverse the progression of MASH. This could be especially ~ fects. Thus, activating Esrra to combat metabolic diseases could
effective when used in conjunction with dietary modifications, such as  inadvertently promote cancer cell proliferation and survival, raising
alternate day fasting. significant concerns regarding the safety of such interventions. This
However, the specificity of Esrra activation to target tissues or path-  paradox emphasizes the need for targeted approaches that can
ways remains a challenge. Esrra is known to be overexpressed in  modulate Esrra activity with high specificity, minimizing the risk of
several cancer types, including breast, ovarian, and colorectal cancers,  promoting oncogenesis. Given the extensive cross-talk between
where it can drive tumor growth and metastasis by regulating genes  metabolic pathways and cancer progression, interventions targeting
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metabolic regulators like Esrra necessitate further studies for its roles
across different tissues and disease states.

Previously, we have demonstrated that thyroid hormone (TH) enhances
the expression of Ppargcia and Esrra [24], thereby not only activating
hepatic autophagy and mitochondrial function but also potentially
engaging both protein translation and gene transcription pathways that
are instrumental in ameliorating MASH [22,62,63]. Whether the
disruption of the Esrra-Rplp1 pathway is a disruption exclusive to MASH
or if it is implicated in other liver-related, metabolic, or cancerous
conditions remains unknown. Esrra’s role in inducing autophagy across
a range of cell types [24,35—37,64,65] invites further investigation into
its broader biological implications. This research offers significant clin-
ical implications in light of the current absence of pharmacological
options for MASH. By demonstrating that Esrra is a dual regulator-
impacting both transcription and translation mechanisms-it empha-
sizes Esrra’s central role in maintaining hepatic cellular homeostasis.
Our findings not only highlight the critical involvement of Esrra in the
development of MASH but also suggest new therapeutic possibilities that
leverage the body’s intrinsic response to fasting. Moreover, they prompt
further exploration into whether the Esrra-Rplp1 axis plays a universal
role in various diseases, potentially transforming our strategies for
treating a broad range of metabolic disorders.

4. METHODS
4.1. Animal studies

41.1. MCD diet

Mice were fed with normal chow control diet (NCD) or methionine-and
choline-deficient L-amino acid diet (MCD; A02082002BR, Research
Diets, Inc.) for 3 and 6 weeks for progressively develop MASH [41,66].

4.1.2. WDF diet

Mice were fed with normal chow control diet (NCD) or Western diet
(WD; D12079B, Research Diets, Inc.) supplemented with 15% (w/v)
fructose (FO127, Sigma—Aldrich) in drinking water (WDF) for 8 or 16
weeks to progressively generate steatosis and MASH respectively
[7,8,66].

4.1.3. Starvation and alternate day fasting study

10—12 weeks old male mice were fasted overnight for food syn-
chronization two nights before starvation for 0, 8, 24, and 48 h. For
alternate day fasting, mice were fed WDF for 16 weeks, and fasted and
fed alternate days (Fast-Fed one cycle) for five cycle (Figure 6B). We
injected C29 (10 mg/kg body weight) or vehicle i.p. twice a day. Pu-
romycin (Puro, 20 mg/kg body weight) was injected i.p. 30 min before
euthanization for protein-labeling and translation analysis. Mice were
euthanized during fed condition.

4.1.4. Liver-specific Esrra KO mice (LKO)
Esrra\WT and LKO mice are described in the supplementary data, were
fed normal chow diet and fasted 6 h before euthanization.

4.1.5. Alb-mESRRA overexpression
Mice were generated by injecting AAV8-Alb-mEsrra (5 x 1011 gc/
mice) via tail vein in wild type mice and housed for four weeks with no
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4.1.6. General mouse care and ethics statement

Mice were simple randomized before grouping and fed different diets
and normal water, or fructose treated ad libitum. All mice were
maintained according to the Guide for the Care and Use of Laboratory
Animals (NIH publication no. One.0.0. Revised 2011), and the exper-
iments performed were approved by the IACUCs at SingHealth (2015/
SHS/1104) and (2020/SHS/1549).

Other details can be found in Supplementary Methods.

4.2. Cell cultures

AML12 cells (ATCC® CRL-2254™) and Primary human hepatocytes
(5200, ScienCell) were cultured as described in the Supplementary
Methods.

Other methodological details for Label-Free Quantification (LFQ) of
hepatic proteome, Polysome profiling, ChiPseq, ChIP-gPCR analysis,
in vitro gene manipulation, measurements of blood glucose, serum [3-
hydroxybutyrate (B-HB/Ketone bodies), and serum and liver tri-
glycerides (TG), RNA/protein expression, statistical analysis etc. can be
found in the Supplementary Methods section of Supplementary In-
formation file.
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