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ARTICLE INFO ABSTRACT

Keywords: Objective: Succinate and succinate receptor 1 (SUCNR1) are linked to fibrotic remodeling in models of non-
Succinate alcoholic fatty liver disease (NAFLD), but whether they have roles beyond the activation of hepatic stellate
SIiCNRl cells remains unexplored. We investigated the succinate/SUCNR1 axis in the context of NAFLD specifically in
Is\lte::)sis hepatocytes.

Hepatocyte Methods: We studied the phenotype of wild-type and Sucnrl ™'~ mice fed a choline-deficient high-fat diet to
Glycogen induce non-alcoholic steatohepatitis (NASH), and explored the function of SUCNR1 in murine primary hepato-

cytes and human HepG2 cells treated with palmitic acid. Lastly, plasma succinate and hepatic SUCNRI
expression were analyzed in four independent cohorts of patients in different NAFLD stages.

Results: Sucnrl was upregulated in murine liver and primary hepatocytes in response to diet-induced NASH.
Sucnrl deficiency provoked both beneficial (reduced fibrosis and endoplasmic reticulum stress) and detrimental
(exacerbated steatosis and inflammation and reduced glycogen content) effects in the liver, and disrupted

Abbreviations: ACC, acetyl-CoA carboxylase; AMPKa, AMP-activated protein kinase subunit alpha; ASM, acid-soluble metabolites; ATF6, activating transcription
factor 6; a-SMA, alpha-smooth actin; CD-HFD, choline-deficient high-fat diet; CHD, chow diet; CHOP, C/EBP-homologous protein; Collal, Collagen type I alpha 1;
CREB, cAMP response element binding protein; EIF2q, alpha subunit of eukaryotic initiation factor 2; ER, endoplasmic reticulum; FAS, fatty acid synthase; GAPDH,
glyceraldehyde-3phosphate dehydrogenase; GS, glycogen synthase; GSK3a/p, glycogen synthase kinase 3 alpha/beta; HFD, high-fat diet; HSCs, hepatic stellate cells;
IRE-1, inositol-requiring enzyme 1; PA, palmitic acid; PKA-C, protein kinase A subunit C; PPARG, peroxisome proliferator-activated receptor gamma; SREBF1, sterol
regulatory element binding transcription factor 1; SUCNRI1, succinate receptor 1; Tnf, tumor necrosis factor alpha.
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glucose homeostasis. Studies in vitro revealed that hepatocyte injury increased Sucnrl expression, which when
activated improved lipid and glycogen homeostasis in damaged hepatocytes. In humans, SUCNR1 expression was
a good determinant of NAFLD progression to advanced stages. In a population at risk of NAFLD, circulating
succinate was elevated in patients with a fatty liver index (FLI) >60. Indeed, succinate had good predictive value
for steatosis diagnosed by FLI, and improved the prediction of moderate/severe steatosis through biopsy when

added to an FLI algorithm.

Conclusions: We identify hepatocytes as target cells of extracellular succinate during NAFLD progression and
uncover a hitherto unknown function for SUCNR1 as a regulator of hepatocyte glucose and lipid metabolism. Our
clinical data highlight the potential of succinate and hepatic SUCNR1 expression as markers to diagnose fatty

liver and NASH, respectively.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common form
of chronic liver disease in western countries and evolves in a scenario of
metabolic dysfunction closely associated with obesity, type 2 diabetes
mellitus (T2D) and cardiovascular disease [1]. Its progression from
simple steatosis to more advanced phases such as non-alcoholic steato-
hepatitis (NASH), cirrhosis, and hepatocellular carcinoma involves
multiple “hits”, including lipotoxicity, oxidative stress, inflammation
and gut microbiome dysfunction [2]. Although many agents can target
these concurrent hits, no pharmacological therapies are currently
approved for NAFLD [3]. Liver biopsy remains the gold standard in the
evaluation of the course of NASH, despite limitations in its interpreta-
tion and inherent risks of the procedure, and diagnosis of its more severe
forms is routinely performed by grading inflammation and staging
fibrosis [4]. Accordingly, there is an urgent need for novel therapeutic
strategies and noninvasive biomarkers for managing NAFLD.

We recently showed that succinate, a metabolite derived from both
mitochondrial activity and bacterial metabolism, is a promising circu-
lating biomarker for the early detection of metabolic dysfunction in
obesity [5], T2D [6], and cardiovascular disease [7]. In the context of
NAFLD, specific studies in patient cohorts are scarce and limited in size;
however, elevated levels of circulating succinate have been reported in
initial [8] and advanced [9] stages of the disease. Succinate belongs to a
specific group of metabolites with signaling properties and functions as
an extracellular ligand by binding its cognate receptor, succinate re-
ceptor 1 (SUCNR1), in a cell-specific manner [10]. Succinate thus acts
akin to hormones and cytokines in regulating myriad biological
processes.

Recent studies have shed light on the role of the succinate/SUCNR1
axis in both physiological and non-physiological processes, including its
function in modulating the inflammatory response [11-13], the renin-
angiotensin system in kidney [14], lipolysis in adipose tissue [15], and
skeletal muscle remodeling [16]. Results from the few studies exploring
the succinate/SUCNRI axis in liver have described that Sucnrl is pri-
marily expressed in hepatic stellate cells (HSCs) and activates fibrotic
remodeling in cell culture and rodent models of NAFLD [17-22] in
response to succinate secreted by hepatocytes. This suggests that
blocking SUCNRI1 could be an anti-fibrotic treatment for NAFLD [23].
However, the contribution of SUCNR1 signaling in other liver cell
populations has not been explored, and it is unknown whether SUCNR1
might also modulate hepatic glucose homeostasis, steatosis, and
inflammation.

We used mice with global Sucnrl deletion together with primary
hepatocytes, cell lines and patient clinical data, to explore the succinate/
SUCNR1 axis in hepatocytes in the context of NAFLD. We found that
hepatocyte expression of Sucnrl is elevated in a murine model of diet-
induced NASH and that hepatic SUCNR1 expression is an independent
factor associated with NASH in patients. Mice lacking Sucnr1 displayed
both beneficial (reduced fibrosis and endoplasmic reticulum (ER) stress)
and harmful (exacerbated steatosis and inflammation, and decreased
glycogen content) features in the liver in response to NASH, with the
latter reflected by systemic metabolic disturbances, particularly glucose
intolerance. Results in hepatocytes supported a role for the succinate/

SUCNRI1 axis in modulating glycogen and lipid metabolism. Finally,
analysis of clinical data of patients at risk of NAFLD identified succinate
as a non-invasive biomarker for fatty liver diagnosis. Overall, our find-
ings strengthen the idea of cell-specific effects of SUCNR1 and suggest
the use of hepatocyte- or HSC-directed pharmacology with
nanotechnology-based drug delivery systems [24] over strategies with
agonists or antagonists of SUCNR1 to manage NAFLD.

2. Materials and methods
2.1. Human studies

We used four well-characterized cohorts: three of patients with
obesity and one of a general population at risk of NAFLD. All partici-
pants provided written informed consent. The study was reviewed and
approved by the Ethics and Research Committee of the corresponding
institutions, according to Good Clinical Practice Guidelines of the Health
Department of Generalitat de Catalunya, and met all requirements of the
Declarations of Helsinki and Istanbul.

2.1.1. Subjects with obesity

Samples were used from patients with obesity with different degrees
of steatosis undergoing bariatric surgery. Patients were recruited in
three Spanish centers (Cohort I: Hospital Sant Joan de Reus, Reus;
Cohort II: Hospital Virgen de la Arrixaca, Murcia; Cohort III: Hospital
Josep Trueta, Girona). The local ethics committees approved the study
(ESO3/18012013, #2020-2-4-HCUVA, 2009046, respectively) and all
patients provided written informed consent. Exclusion criteria included
history of cardiovascular disease, chronic inflammatory disease, liver
disease other than NAFLD (hepatitis C or B, autoimmune liver disease,
hemochromatosis), alcohol consumption >20 g/day, treatment with
steatosis-inducing drugs and pharmacological anti-obesity treatments.
In patients with T2D, antihyperglycemic medications were considered
as confounding variables. Liver biopsies were classified by a pathologist
according to the criteria of Brunt [25]: the severity of steatosis was
graded from 0 to 3, inflammation from O to 3, hepatocellular ballooning
from none to many, and fibrosis from O to 4. Based on these criteria,
patients were included in the group of steatosis/fibrosis when the cor-
responding score was >1. Each liver specimen was assessed for the
presence or absence of NASH by pattern recognition and NAFLD activity
score (NAS), defined as the sum of steatosis, inflammation, and hepa-
tocyte ballooning. Patients with NAS <3 were diagnosed as “not NASH”,
patients with 3 < NAS < 5 as borderline and patients with NAS > 5 as
NASH [26]. Clinical and laboratory data are shown in Table 1.

2.1.2. Patients at risk of NAFLD

Patients for the NAFLD study were recruited in the setting of a
multidisciplinary hepatology outpatient monographic clinic at the Joan
XXIII University Hospital (Tarragona, Spain). The study was reviewed
and approved by the Ethics and Research Committee of Institut
d'Investigacié Sanitaria Pere Virgili (IISPV CEIm, Tarragona, Spain)
(151/2019). In total, 101 patients with a wide range of body mass index
(BMI) (21-43 kg/mz) were included (Table 2). Patients were referred
from general practitioners for diagnostic evaluation of NAFLD including
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Table 1
Clinical and laboratory data of obese cohorts.
Obese cohorts Cohort I Cohort II Cohort III
(n=44) (n=56) (n = 30)
Sex, n (%)
Females 32(72.7) 40 (71.4) 22(73.3)
Males 12 (27.3) 16 (28.6) 8(26.7)
Age (years) 49.3 £ 10.0 47.5 £11.1 45.5 + 8.4
BMI (kg/mZ) 47.1 £5.7 43.5 + 6.0 447 £ 7.6
Waist circumference (cm) 133.7 £15.3 125.8+14.0 12424145
Systolic blood pressure (mm Hg) 138.9 £20.8 139.5+21.4 139.5+17.6
Diastolic blood pressure (mm Hg) 82.2 + 26.8 82.8 +£10.3 78.4 £ 14.5
Glucose (mg/dl) 147.2+41.4 1054 +443 1089 +45.1
Insulin (pU/ml) 16.7 £ 12.6 16.4 +£ 13.7
HOMA-IR 6.5+ 5.7 4.3 £4.0 4.0 £2.6
Total cholesterol (mg/dl) 173.7 £42.5 165.4+29.6 186.3 +28.3
HDL cholesterol (mg/dl) 35.6 £ 10.4 43.3 £11.8 45.5 + 8.1
LDL cholesterol (mg/dl) 122.9 + 40.2 86.8 + 27.4 116.4 £ 27.7
Triglycerides (mg/dl) 162.7 £79.6  184.5+89.3 121.9+48.7
ALT (U/D) 38.4 +18.0 23.7 £13.8
AST (U/D) 40.8 £ 18.6 20.9+9.3 22.0 £10.4
GGT (U/D) 28.8 + 26.4 23.0 + 16.4 31.8 + 28.0
T2D, n (%) 17 (38.6) 26 (46.4) 7 (23.3)
Hypertension, n (%) 28 (63.6) 33 (58.9) 12 (40)
Dyslipidemia, n (%) 16 (36.4) 49 (87.5) 9 (30)
Steatosis, n (%) 34 (77.3) 40 (71.4) 20 (66.7)
Inflammation, n (%) 41 (93.2) 11 (19.6)
Ballooning, n (%) 14 (31.8) 30 (53.6) 1(3.3)
NAS >3, n (%) 35 (79.5) 24 (42.9) 5(16.7)
Fibrosis, n (%) 35 (79.5) 0(0) 6 (20)

Quantitative data are presented as mean + SD. Abbreviations: BMI, body mass
index; HDL, high-density lipoprotein; LDL low-density lipoprotein; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyl
transferase; T2D, type 2 diabetes mellitus; NAS, non-alcoholic fatty liver disease
activity score.

Table 2
Clinical and laboratory data of population at risk of NAFLD.
NAFLD risk cohort Cohort IV
(n=101)
Sex, n (%)
Females 43 (42.6)
Males 58 (57.4)
Age (years) 57.2+10.1
BMI (kg/m?) 30.9 + 4.8
Waist circumference (cm) 105.2 £ 11.7
Glucose (mg/dl) 111.0 &+ 32.3
Insulin (uU/ml) 20.2 +14.3
HOMA-IR 59+5.3
Total cholesterol (mg/dl) 198.3 + 42.2
HDL cholesterol (mg/dl) 53.3 +15.3
LDL cholesterol (mg/dl) 113.3 +£ 35.3
Triglycerides (mg/dl) 160.7 + 88.8
ALT (U/D) 47.4 + 33.2
AST (U/D) 34.4 +£19.7
GGT (U/1) 86.7 + 99.6
T2D, n (%) 28 (27.7)
Hypertension, n (%) 46 (45.5)
Dyslipidemia, n (%) 61 (60.4)
FLI 78.9 + 18.4

Quantitative data are presented as mean + SD. Abbreviations:
BMI, body mass index; HDL, high-density lipoprotein; LDL low-
density lipoprotein; ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; GGT, gamma glutamyl transferase; T2D,
type 2 diabetes mellitus; FLI, fatty liver index.

liver biopsy, when necessary, following the criteria of the hepatologist.
Exclusion criteria included neoplastic or autoimmune disease, use of
chemotherapy, immunosuppressors, immunomodulators, or corticoids,
pregnancy, and alcohol consumption >30 g/day in men and 20 g/day in
women. Patients were assessed for anthropometric, biochemical, and
clinical measures after an overnight fast. Patients were classified
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according to the fatty liver index (FLI), an algorithm based on waist
circumference, BMI, triglycerides (TG) and gamma-glutamyl transferase
(GGT) (15 healthy patients and 86 patients with fatty liver). A sub-
sample of 14 patients was classified according to hepatic steatosis grade
at liver biopsy: 7 patients with no or a mild grade of hepatic steatosis
(<33 % of hepatocytes with fat) and 7 patients with a moderate/severe
grade (>33 % of hepatocytes with fat).

2.2. Mice

Male C57BL/6J mice (wild-type, WT) were purchased from The
Jackson Laboratory, and Sucnr1~/~ mice on the same background were
kindly provided by Dr. Kenneth McCreath (CNIC, Madrid, Spain). Mice
were maintained at the Faculty of Medicine and Health Science animal
facility of Rovira i Virgili University, and were housed 5 per cage under
controlled conditions of 12-h light/dark at 22 °C with ad libitum access to
diet and water. Mice were fed a choline-deficient high-fat diet (CD-HFD)
(45 % fat, D05010402; Research Diets Inc.) for 15 weeks starting from 8
weeks of age. Body weight and food intake were recorded weekly. Mice
were anesthetized with isoflurane and blood samples were obtained at
sacrifice by cardiac puncture. All animal studies were supervised and
approved by the Universitat Rovira i Virgili Animal Welfare and
Governmental Ethics Committee (reference 10970). All experimental
procedures involving animals conformed to the European Union Direc-
tive 2010/63/EU and the European Commission Recommendation
2007/526/EC on the protection of animals used for experimental and
other scientific purposes, enacted under the Spanish Royal Decrees 53/
2013 and 118/2021.

2.3. Cell cultures and treatments

2.3.1. Human primary hepatocytes

Human hepatocytes isolated from healthy human liver were pro-
vided by Innoprot and cultured following the instructions of the pro-
vider. Cells were treated with 0.2 mM palmitic acid (PA) or a vehicle for
24 h to study SUCNRI expression.

2.3.2. Human HepG2 cells

Human liver cancer HepG2 cells were obtained from the American
Type Culture Collection, and were cultured in a humidified 5 % CO32
incubator at 37 °C with DMEM/F12 medium (Cultek) supplemented
with 10 % fetal bovine serum (FBS) (Sigma-Aldrich), 1 % penicillin-
streptomycin (Cultek), 2 mM glutamine (PAN Biotech) and 20 mM
Hepes (Cultek). Cells were cultured with FBS-free medium including 0.2
% bovine serum albumin (BSA) for 2-5 h prior to the experiment until its
end. Cells were treated with PA, the SUCNR1 agonist cis-epoxysuccinic
acid (cESA) [27] (TCI, Tokyo Chemical Industry), and the SUCNR1
antagonist NF56-EJ40 (MedChemExpress) [28]. Independent experi-
ments (n) were conducted from different passages.

2.3.3. Isolation and culture of murine primary hepatocytes

Twelve-week-old mice and 8-week-old mice fed chow diet (CHD),
HFD (60 % fat, D12492; Research diets) or CD-HFD for 16 weeks were
used. Primary hepatocytes were isolated by liver perfusion with colla-
genase type IV from Clostridium histolyticum (Sigma-Aldrich) through the
inferior cava vein [29,30]. Primary hepatocytes were used for gene
expression analysis or were subjected to treatments. Cells from different
mice were used as biological replicates (n).

2.4. Statistics

Significant differences between two groups were determined using
unpaired or paired t-tests (two-tailed, 95 % confidence interval) when
comparing the same group at different time points. For non-normal
distributions, the Mann-Whitney test was employed. One-way ANOVA
plus Tukey's multiple comparisons test was used to analyze the
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differences between more than two groups. Two-way ANOVA was used
to test statistical significance in the glucose (GTT) and insulin (ITT)
tolerance tests. For clinical data, associations between quantitative
variables were evaluated using Spearman correlation analysis. Regres-
sion analyses (stepwise forward selection procedures) and receiver
operating characteristic (ROC) curves were employed to identify the
prediction value of hepatic SUCNR1 or circulating succinate as inde-
pendent factors related to NAFLD. Subsequently, the equality between
the different ROC curve areas was tested. For categorical variables, the
Chi-square test was used to determine significant differences between 3
groups, and Fisher's exact test was used to study differences between 2
groups. Scatter dot plots and time-course graphs data are presented in
graphs as mean + SEM. Quantitative data in tables are presented as
mean + SD. The results were considered significant at P < 0.05. Sta-
tistical analyses were performed using SPSS (version 28.0, SPSS Inc.) or
GraphPad Prism software (version 8.0, GraphPad Inc.). Graphical rep-
resentations were generated with GraphPad Prism 8 Software.

Additional method details are provided in the supplementary ap-
pendix, including supplementary methods, Tables S1 and S2.

3. Results

3.1. Sucnrl expression in hepatocytes is elevated in animal models of diet-
induced NASH

To investigate the role of the succinate/SUCNRI axis in NAFLD, we
first comparatively evaluated the expression of plasma membrane suc-
cinate transporters in primary hepatocytes isolated from mouse models
of diet-induced NAFL (mice fed HFD [31,32]), NASH (mice fed CD-HFD
[33-35]) (Table S3), and from control mice (fed CHD). The gene
expression of succinate transporters was lower under HFD conditions
than under CHD conditions (Fig. 1A). Importantly, both uptake (Slc13a3
and Slc13a5) and release (Slc22a7 and Slc22al3) succinate-transport
systems were significantly upregulated in response to diet-induced
NASH (Fig. 1A), indicating that succinate might function as a
hepatocyte-derived paracrine signal for liver damage [36]. We also
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confirmed Sucnrl expression in the liver, albeit at lower levels than in
adipose tissue (Fig. 1B), which agrees with previous reports [37]. As
expected [17], both diet-induced NAFL and NASH triggered elevated
Sucnrl expression in liver (Fig. 1C), which was also confirmed at the
protein level in the NASH model (Fig. 1D). We also observed that Sucnrl
expression in isolated hepatocytes was significantly higher in both diet
models than in CHD conditions, particularly in the NASH model
(Fig. 1E). Overall, the data suggest that the succinate/SUCNR1 axis
might have signaling functions in hepatocytes beyond its role in HSC
activation and fibrosis.

3.2. Elevated hepatic SUCNRI1 expression is an independent factor of
NASH

While there is some data on the circulatory pattern of succinate in the
context of NAFLD in patients [8,9], only scarce information is available
on liver SUCNRI1 expression, which has been obtained from few subjects
[22]. Single-cell RNA transcriptome landscaping of human liver recently
identified SUCNRI expression in hepatocytes (among the 10 most
expressed cell populations) but not in quiescent HSCs [38]. In agreement
with the murine data, we found that SUCNRI expression was signifi-
cantly higher in human primary hepatocytes (1.6-fold) and HepG2 cells
(3.6-fold) treated with PA (a widely used in vitro challenge to mimic
NAFLD) than in equivalent vehicle-treated cells (Fig. S1A, B). We
assessed hepatic SUCNRI1 expression in liver biopsies of patients with
obesity from three independent cohorts (clinical and anthropometrical
characteristics summarized in Table 1). No statistically significant dif-
ferences were found in hepatic SUCNR1 expression in any cohort when
classifying the data according to steatosis (Fig. 2A). However, hepatic
SUCNRI expression was significantly higher in those patients classified
with borderline/NASH according to the NAS (NAS > 3) in Cohorts [ and
II (Fig. 2B). Strikingly, linear regression analysis revealed hepatic
SUCNRI1 expression as a main determinant of NASH in persons with
obesity and NAFLD after controlling for BMI, T2D, dyslipidemia and
high blood pressure, in both cohorts (Table 3). We therefore pooled data
from Cohort I and II and constructed a ROC curve to determine the

C Fig. 1. Hepatic upregulation of suc-
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Fig. 2. Hepatic SUCNRI expression is elevated in human NASH and fibrosis. (A) Hepatic SUCNR1 expression was analyzed by RT-qPCR according to steatosis in
three independent cohorts. (B) In cohorts I (n = 44) and II (n = 56), hepatic SUCNRI expression was analyzed in patients classified by NAS. (C) In Cohort I and II,
receiver operating characteristic curves were constructed for steatosis, ballooning, inflammation, fibrosis and SUCNR1 for predicting NASH risk. (D) In cohort III (n
= 30), SUCNRI expression in liver from patients with or without fibrosis was determined by RT-qPCR. (E) Succinate was measured by a fluorimetric assay in blood
samples from patients in Cohort III classified according to fibrosis. All results are expressed as mean + SEM, and, for gene expression, normalized to 18S expression

(A, B, D); *p < 0.05; **p < 0.01 (two-tailed unpaired t-test).

Table 3
Linear regression model for the prediction of NAS >3 in Cohort I and Cohort II.

Cohort I NAS > 3 (R = 0.384; R? = 0.147)

Variable B (Non- SE 95 % CI B P-value
standardized) (Standardized)

Constant 0.605 0.091 0.421-0.789 - <0.001

SUCNRI1 0.141 0.053 0.036-0.247 0.384 0.010

CohortII  NAS > 3 (R = 0.370; R = 0.137)

Variable B (Non- SE 95 % CI i P-
standardized) (Standardized) value

Constant 0.183 0.105 —0.027- - 0.086

0.393
SUCNRI1 1.095 0.374 0.344-1.845 0.370 0.005

Variables included in the regression model were SUCNR1, body mass index, type
2 diabetes, dyslipidemia and high blood pressure. Abbreviations: NAS, non-
alcoholic fatty liver disease activity score; SUCNRI1, succinate receptor 1.

predictive capacity of hepatic SUCNR1 expression for developing NASH.
Results showed that SUCNR1 expression had a similar sensitivity and
specificity to that of steatosis, inflammation and fibrosis (AUC = 0.72)
(Fig. 2C). These results were not found for Cohort III (Fig. S2A), likely
due to the reduced number of subjects, and to differences in lipid profiles
(Table S4) and the percentage of ballooning, NAS > 3 and fibrosis
compared with the other cohorts (Table S5). Of note, we observed an
upregulation of SUCNRI in patients with fibrosis in Cohort III (Fig. 2D),
which was concomitant with higher levels of circulating succinate
(Fig. 2E). These differences were not observed in Cohort I (Fig. S2B, C),

presumably because of the variability in clinical and anthropometrical
data (Tables S4, 5). Altogether, the patient data reflect the heterogeneity
of the disease [39] and point to the involvement of SUCNR1 in NAFLD
progression to more advanced stages.

3.3. Sucnrl deficiency impacts the systemic and liver phenotype of mice
with diet-induced NASH

To study the relevance of the succinate/SUCNR1 axis in NAFLD
development in vivo, we explored the response of global Sucnrl ™/~ mice
to diet-induced NASH. Sucnrl™~ and WT mice had a similar body
weight before and 15 weeks after the CD-HFD intervention (Fig. 3A).
Unexpectedly, however, when compared with WT mice, Sucnr1 ™~ mice
showed an increase in fasting blood glucose concentrations (Fig. 3B) and
impaired glucose tolerance (Fig. 3C). Deficiency of Sucnrl had no effect
on insulin secretion (Fig. 3D), but whole-body insulin sensitivity
(measured by an ITT) (Fig. 3E) and HOMA-IR and QUICKI indices
(Fig. 3F) were impaired in Sucnrl~/~ mice. Consistent with the reported
pro-fibrogenic function of SUCNR1 in HSCs [17,18,40], the degree of
hepatic fibrosis associated with CD-HFD was lower in Sucnrl ™/~ mice
than in WT mice, as demonstrated by Collagen type I alpha 1 (Collal)
gene expression (Fig. 3G), a-smooth actin (a-SMA) protein expression
(Fig. 3H) and Masson's trichrome staining of liver sections (Fig. 3I).
Likewise, we noted a reduction in the expression of ER stress markers
(the phosphorylated form of alpha subunit of eukaryotic initiation factor
2, p-eiF2a, and C/EBP-homologous protein, CHOP), which are well
known pro-fibrotic stimuli [41], in liver biopsies of Sucnrl ~/~ mice
(Fig. 3J). Contrastingly, hepatic steatosis was more severe in Sucnrl /-
mice than in WT mice in response to the NASH challenge (Fig. 3K, L),
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Fig. 3. Systemic and liver alterations in Sucnrl '~ mice with diet-induced NASH. Eight-week-old wild-type (WT) and Sucnrl~/~ mice were fed a choline-deficient
high-fat diet (CD-HFD) for 15 weeks to induce NASH. (A) Initial and final body weights. (B) Fasting glucose concentrations in blood. (C) Glucose tolerance test (GTT)
and its respective AUC. (D) Insulin concentration in blood (basal and 30 min after of glucose injection). (E) Insulin tolerance test (ITT) and its respective AUC. (F)
HOMA-IR (left) and QUICKI (right). (G) RT-qPCR analysis of Collal mRNA expression in liver. (H) Western blotting of a-smooth actin in liver, with densitometry
analysis. (I) Masson's trichrome staining (x24) of liver sections; black arrows indicate collagen. (J) Western blotting of endoplasmic reticulum stress markers in the
liver (left panel) and their respective densitometry analysis (right panel). (K) Hematoxylin and eosin staining of liver sections (x10). (L) Triglycerides (TG) content in
the liver. (M) De novo lipogenesis of fatty acids (FAs) in liver tissue. (N) Rate of FA oxidation in liver tissue determined by the production of acid-soluble metabolites
(ASM) and CO.. (O) Western blotting of phospho-AMPKa and phospho-acetyl-CoA carboxylase in liver samples (left panel) and densitometry analysis (right panel).
(P) Periodic acid-Schiff staining of glycogen accumulation (x40) in liver. (Q) Glycogen quantification in liver. (R) Western blotting of proteins involved in glycogen
metabolism in liver (left panel) and densitometry analysis (right panel). (S) Hematoxylin and eosin staining of liver tissue; red arrows indicate immune cells (x40).
(T) RT-qPCR analysis of pro-inflammatory cytokine genes in liver. All data is presented as mean + SEM and normalized to WT values (n = 4-7). For protein blots,
data were normalized to -actin (H, O, R) or GAPDH (J) expression. For RT-qPCR analysis (G, T), data were normalized to B2m expression. For bar graphs, statistical
significance between genotypes was calculated with a two-tailed unpaired t-test, and differences between time points in the same group were analyzed with a two-
tailed paired t-test. For GTT and ITT curves, two-way ANOVA was used. *p < 0.001 versus WT mice at week 0; *p < 0.001 versus Sucnrl ™/~ mice at week 0; *p < 0.05
versus WT; **p < 0.01 versus WT; ***p < 0.001 versus WT; ns, non-significant. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

which was accompanied by an increase in de novo fatty acid synthesis
(Fig. 3M) without substantial changes in fatty acid oxidation rates
(Fig. 3N). Furthermore, the level of phosphorylation of 5' AMP-activated
protein kinase o (AMPKa) and acetyl-CoA carboxylase (ACC) (Fig. 30), a
key pathway that inhibits lipid synthesis [42], was significantly lower in
Sucnrl ™/~ mice than in WT mice. Considering the anti-lipolytic role of
SUCNR1 in adipose tissue [15], we evaluated whether the steatosis in
Sucnrl ™/~ mice was associated with the increased delivery of free fatty
acids (FFAs) to the liver. Indeed, we found elevated FFAs in circulation
(Fig. S3A) and reduced adipocyte area in subcutaneous white adipose
tissue (Fig. S3B) but not in visceral white adipose tissue (Fig. S3C).
Moreover, liver glycogen content was significantly lower in Sucnrl ™/~
mice than in WT mice (Fig. 3P, Q), which correlated with an inhibition
of the glycogenesis pathway in Sucnrl™~ mice as indicated by the
reduced levels of phospho-glycogen synthase kinase 3 o/f (p-GSK3a/p)
(inactive form of GSK3) and higher levels of the inactive form of
glycogen synthase (p-GS) (Fig. 3R). Consistent with the elevated lipid
deposition in liver, immune cell infiltration (foci) was greater in the liver
of Sucnrl™~ mice than in WT mice, as observed by H&E staining
(Fig. 3S) and by the expression of pro-inflammatory cytokines, reaching
significance for Tumor necrosis factor alpha (Tnf) (Fig. 3T).

Overall, the results indicate that SUCNR1 signaling might have
pleiotropic effects on the hepatic metabolic changes occurring during
NAFLD progression, including the negative regulation of lipogenesis and
the positive regulation of glycogenesis.

3.4. SUCNRI activation protects hepatocytes from lipid accumulation
and glycogen depletion induced by NAFLD challenge

We next performed in vitro experiments to directly test whether the
metabolic changes observed in vivo are a consequence of the loss of
SUCNR1 signaling in hepatocytes, rather than a reflection of its impact
on HSCs and fibrosis. We established cultures of primary murine hepa-
tocytes treated with PA to induce lipid storage and lipotoxicity. In WT
hepatocytes, PA treatment triggered lipid deposition, as shown by an
increase in Oil Red O staining, and this was significantly attenuated in
cells co-treated with the SUCNR1 agonist cESA (Fig. 4A). Likewise, there
was a trend for a decrease in lipid content and in the expression of key
genetic regulators of lipogenesis in PA-treated HepG2 cells co-treated
with cESA (Fig. S2A, B). In contrast to its effects on WT cells, cESA co-
treatment had no effect on lipid accumulation in PA-treated Sucnrl ™/~
primary hepatocytes (Fig. 4B). Co-treatment of PA-treated primary
murine WT hepatocytes with cESA induced the phosphorylation and
activation of AMPKa, a key regulator of fatty acid metabolism (Fig. 4C),
and also stimulated the phosphorylation of protein kinase A subunit C
(PKA-C) and the downstream signaling protein CREB (Fig. 4C), which
has been reported as an inhibitor of the transcription of lipogenic genes
[43].

We next studied the modulation of glycogen metabolism through

SUCNR1. As previously reported [44], PA treatment reduced the
glycogen accumulation both in WT and Sucnrl /™ primary hepatocytes,
as revealed by immunofluorescence staining with an anti-glycogen
antibody (Fig. 4D). Of note, we observed fewer glycogen granules in
primary Sucnr1 ™/~ hepatocytes both with vehicle and PA treatments
(Fig. 4D), which for the latter is in accordance with the in vivo analysis of
mice on CD-HFD (Fig. 3P, Q). Short-term treatment with cESA promoted
GSK3a/p phosphorylation (inactive form) and GS dephosphorylation
(active form) in primary murine WT hepatocytes treated with PA
(Fig. 4E), suggesting an increase in glycogen synthesis. Notably,
glycogen synthesis through succinate and cESA was reproduced in PA-
treated human HepG2 cells, as demonstrated by glycogen quantifica-
tion (Fig. S2C) and GS dephosphorylation (Fig. S2D). These findings
indicate that SUCNR1 signaling promotes the restoration of glycogen
accumulation in hepatocytes under lipotoxic conditions. Finally, given
that hepatocytes secrete elevated amounts of succinate to the extracel-
lular space under lipotoxicity [17], we sought to confirm an autocrine/
paracrine function of succinate in hepatocytes. Of note, PA-treated
HepG2 cells further stimulated with a SUCNR1 antagonist showed
lower glycogen levels than non-stimulated cells (Fig. 4F), suggesting
that hepatocyte-derived succinate might have autocrine and paracrine
effects on glycogen metabolism through SUCNRI.

Altogether, our findings show that while blocking SUCNR1 might
improve fibrosis, it also exacerbates disturbances in NAFLD-related
lipogenesis and glucose metabolism.

3.5. Circulating succinate is an early biomarker of steatosis in population
at risk of NAFLD

The prevalence of NAFLD in the general population has been esti-
mated to be ~25 % [45]; however, this might be an underestimation
given the nonspecificity of symptoms and the lack of reliable non-
invasive biomarkers for diagnosis. The FLI is an accurate and simple
algorithm to employ in routine clinical practice to identify subjects at
high risk of developing fatty liver disease [46]. In a fourth cohort of 93
subjects with a wide BMI range classified according to FLI (patients at
risk, Table 2), we observed that circulating succinate levels were
elevated in subjects with a high FLI (>60, indicative of hepatic stea-
tosis), with a positive correlation between circulating succinate and the
FLI scale (Fig. 5A, B). To determine the value of circulating succinate
levels in predicting hepatic steatosis in a population at risk of NAFLD, we
generated an ROC curve that included all of the components of FLI plus
succinate levels. Of note, circulating succinate had a good predictive
capacity (AUC = 0.77, 95 % CI 0.66-0.87), which was slightly lower
than the anthropometric variables and greater than the analytical
measures (GGT and TG) (Fig. 5C). To further confirm the potential role
of circulating succinate to predict early stages of fatty liver and as a
method to prevent unnecessary liver biopsies or to improve the indica-
tion of their need, 14 patients of this cohort with available liver samples
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to cESA stimulation (100 pM) in primary murine hepatocytes isolated from WT mice and treated with PA for 27 h (n = 3). (D) Glycogen immunofluorescence in
vehicle- and PA-treated hepatocytes isolated from WT and Sucnrl~/~ mice (left panel) and relative quantification with ImageJ (right panel) (n = 3, 3 images from
each mouse). (E) Western blotting of p-GSK3 o/p and p-GS and densitometry analysis in response to cESA stimulation (100 pM) of primary hepatocytes isolated from
WT mice and treated with PA for 27 h (n = 3). (F) Glycogen quantification in human HepG2 cells in response to treatment of PA or PA plus a SUCNR1 antagonist (1
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were classified according to the grade of hepatic steatosis diagnosed by CI 0.4-0.98) to FLI (0.63, 95 % CI 0.32-0.94) and the FLISucc model
biopsy (7 patients with no or mild steatosis and 7 patients with moderate exhibited an improved predictive capacity (AUC = 0.78, 95 % CI

or severe steatosis). ROC curves were then constructed to assess the 0.52-1.0), albeit without reaching significance (Fig. 5D). Although
performance of FLI, succinate, and a model including FLI and succinate further studies will be required, the present findings allow us to specu-
(FLISucc). Notably, circulating succinate had a similar AUC (0.69, 95 % late that circulating succinate, an excellent marker of metabolic status,
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Fig. 5. Circulating succinate is a non-invasive biomarker of fatty liver in a population at risk of NAFLD. (A) Circulating succinate measured by fluorometric assay in
patients classified according to fatty liver index (FLI). (B) Spearman's correlation between FLI and circulating succinate. (C) ROC curves for body mass index (BMI),
waist circumference (WC), triglycerides (TG), gamma-glutamyl transferase (GGT) and succinate in predicting fatty liver. (D) ROC curves for FLI, circulating succinate
and the combination of FLI plus succinate (FLISucc) in predicting moderate/severe steatosis through biopsy in a subset of patients from cohort IV. For (A, B, C), n =
101 and for (D), n = 14. Results are expressed as mean + SEM; ***p < 0.001 (two-tailed unpaired t-test).

might have potential as a non-invasive biomarker for early stages of
fatty liver disease.

4. Discussion

Our study identifies SUCNR1 as an autocrine/paracrine sensor of
hepatocyte damage with a likely key function in NAFLD. Beyond its
described role in fibrosis [17,18,20-22,36,40], we show that the succi-
nate/SUCNR1 axis behaves as a counteracting effector of NAFLD-
induced steatosis, inflammation and aberrant glycogen metabolism.
We also provide meaningful clinical data for hepatic SUCNR1 expression
as a diagnostic hallmark of NASH, and for circulating succinate as a non-
invasive biomarker of fatty liver in a population at risk of NAFLD.
Overall, our findings point to the succinate/SUCNRI axis as an impor-
tant regulator of liver disease progression in a cell-dependent manner.

In the context of obesity, although there were disparities between
some cohorts, SUCNR1 was overexpressed in liver from patients with
NAS > 3 and fibrosis, making it a good determinant of NAFL progression
to NASH and fibrosis in this population. These findings are in accordance
with previous results of SUCNR1 immunohistochemistry in liver bi-
opsies from a small cohort of patients graded by NAS and fibrosis [22].
We also confirmed that Sucnrl is elevated in liver from mice with diet-
induced NASH, as described [17], although its downregulation has also
been reported [47]. These contentious findings might be explained by
the differences in diet composition and duration. Focusing on hepato-
cytes, we found that the expression of succinate transporters was
oppositely regulated by NAFL compared with NASH. Further studies are
warranted to discern whether this contrasting regulation might be a
consequence of the absence of choline in the diet used to induce NASH,
or whether it indicates that succinate transport is differentially regulated
depending on the NAFLD stage. In the latter case, the underlying
mechanism may include SUCNR1 expression and activation, as
described for renal cells [48]. Of note, the upregulation of succinate
transport systems in NASH is consistent with a study describing succi-
nate as a key player in the crosstalk between hepatocytes and activated
HSCs through SUCNR1 [17]. Importantly, we also describe for the first
time an upregulation of Sucnrl in hepatocytes from NASH-challenged
mice, which was also observed in diet-induced obese mice, although
no statistical significance was reached. This suggests that SUCNR1
signaling in hepatocytes is relevant under conditions of NASH, which
provides new insight into SUCNRI in liver disease. Indeed, single-cell
RNA analysis revealed SUCNRI expression in human hepatocytes
[38], highlighting the likely importance of the receptor in this cell type.

Although tissue/cell-selective knockout models are the best tools to
study the cell-intrinsic functions of genes, NAFLD is characterized by

complex intercellular and interorgan crosstalk [49] and, accordingly,
the global Sucnrl knockout model used here can capture the prominent
features of loss of the receptor. As expected, we found that Sucnrl
deficiency ameliorated liver fibrosis [17,18,40] and ER stress [50];
however, rather than yielding a better metabolic profile, it exacerbated
the disturbances in glucose homeostasis induced by NASH. Of particular
note was the increase in hepatic lipid accumulation induced by diet-
induced NASH in Sucnrl™~ mice, which contrasts with an earlier
study using a methionine- and choline-deficient diet [17]. The latter diet
results in a rapid NASH phenotype but also induces weight loss, which
would suggest that the modulation of hepatic steatosis by SUCNRI is
also dependent on the metabolic phenotype. Indeed, our data on adipose
tissue morphology and FFAs suggest that the hepatic steatosis might be,
at least in part, a reflection of unrestrained lipolysis in adipose tissue due
to the lack of Sucnrl and subsequent exacerbated transport of FFAs to
liver, which has been intensely investigated with different experimental
approaches [15,51-53]. Nevertheless, we also found a significant in-
crease in de novo lipogenesis in liver, indicating that Sucnr1 deficiency in
both organs might contribute to the evident hepatic steatosis. Remark-
ably, our data also revealed that hepatic glycogen content is influenced
by Sucnrl deficiency. It is well known that hepatic glycogen falls once
insulin resistance is established due to reduced glycogen synthesis and
increased glycogen degradation [42]. In agreement with the reduced
insulin sensitivity, global Sucnrl deficiency also led to a reduction of
glycogen levels in liver in response to NASH challenge. Glycogen has
been previously described as a trigger of lipogenesis in the context of
nutrient excess [54], yet Sucnr1 deficiency resulted in the uncoordinated
synthesis of glycogen and lipids, which supports a broad role for
SUCNR1 in hepatic metabolism. In parallel with the defective fat and
glycogen metabolism in liver, Sucnrl™~ mice showed exacerbated
inflammation. This agrees with our previous studies showing that
myeloid-cell-specific Sucnrl-deficient mice have an overall pro-
inflammatory phenotype [11], although these results contrast with the
anti-inflammatory phenotype observed in Kupffer cells isolated from
global Sucnrl knockout mice on chow diet [19], overall indicating that
the phenotypic outcome depends on the metabolic background and the
target cell. Our in vivo findings argue against the proposal of using
SUCNRI1 antagonists as a therapy for NASH [23], as global Sucnrl
deficiency improves fibrosis but dysregulates hepatic metabolism and
impairs glucose homeostasis.

While dysfunctional succinate/SUCNRI1 signaling in adipose tissue
might partially underlie the metabolic phenotype in vivo, our in vitro
data identify hepatocytes as target cells of extracellular succinate,
particularly in the context of NAFLD. Thus, our findings reveal a hitherto
unrecognized role of SUCNRI as a key regulator of the crosstalk between
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lipid and glycogen metabolism in NASH-affected hepatocytes, which
together with its role in adipocytes might contribute to the metabolic
phenotype observed in vivo. SUCNR1 activation had no impact on
lipogenesis or glycogenesis in HepG2 cells under basal conditions, likely
due to its low gene and protein expression, but reversed the effects of
NASH challenge (which upregulated the expression of the receptor) on
glycogen content and fat accumulation in both human HepG2 cells and
murine primary hepatocytes, in agreement with our findings in liver.
Specifically, we found that the SUCNR1 agonist cESA regulates both
lipogenic and glycogenic signaling including the PKA/CREB, AMPK and
GSK3/GS pathways, explaining, at least in part, the mechanism of action
of SUCNRI in hepatocytes.

The above-described outcomes of succinate signaling in liver point to
succinate as an alarmin secreted by damaged hepatocytes, similar to
danger-associated molecular patterns such as hepatocyte mitochondria-
derived danger signals [55,56] or IL-33 [57]. Interestingly, IL-33 was
reported to ameliorate hepatic steatosis and promote an anti-
inflammatory program in NASH liver, but also aggravated hepatic
fibrosis [58], which is similar to our observations with succinate.
Accordingly, succinate might be secreted in response to injury and act
through SUCNRI in different liver cells to activate tissue repair mech-
anisms, such as reprogramming lipid and glycogen metabolism in he-
patocytes, modulating inflammatory processes in immune cells, and
stimulating fibrosis in HSCs, although disproportionately in the latter
case.

In the clinical setting, it is conceivable that circulating levels of
succinate might reflect disease progression. We identified succinate as a
potential early biomarker of hepatic steatosis (diagnosed both by FLI
and liver biopsy) in a cohort of patients at risk of NAFLD, which is in
accord with a smaller cohort study comparing patients with hepatic
ultrasound-diagnosed NAFLD with healthy controls [8]. This association
was not observed in obese cohorts, where the majority of patients were
women. While it is well-established that sex can impact the prevalence,
influencing factors, pathophysiology, complications and efficacy of
therapies in NAFLD [59], our analysis did not reveal any significant
differences in succinate levels or SUCNRI1 expression between sexes in
any of the cohorts (data not shown). These findings suggest that sex may
not significantly influence our results.

It is important to note that prospective long-term follow-up studies
will be needed to confirm the utility of succinate as a clinical tool to
identify patients at high risk of developing a more aggressive phenotype.

5. Conclusions

Our data support the idea that the succinate/SUCNR1 axis might
play a crucial role in the progression of NAFLD to NASH. However, our
data suggest a different concept for this pathway as merely an activator
of fibrosis. Thus, succinate-SUCNR1 signaling is placed as a protective
mechanism-likely activated at early stages—to counteract inflammation,
lipid overload and glycogen depletion in damaged hepatocytes, at the
expense of activating fibrosis, rather than as a driver of pathology per se.
This is consistent with the notion of hepatocyte mitochondria-derived
molecules as danger signals by triggering pro-fibrotic HSCs activation
[58], with an excessive fibrotic response and disease progression ulti-
mately the consequence of a failure of this protective mechanism. Our
data thus strengthens the need for a cell-specific study of SUCNR1
function to develop future cell-directed pharmacology [24].

We acknowledge some limitations in our study. Our proposal of
circulating succinate as a biomarker of fatty liver will need to be tested
in a validation cohort of patients at risk of NAFLD from a different
geographical location. Also, a murine model of hepatocyte-specific
deletion of Sucnrl would be useful to determine the specific contribu-
tion of both liver and adipose tissue to the systemic phenotype.
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