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Abstract 

Drug combination and repurposing are potential therapeutic strategies for the treatment of 

metabolic dysfunction-associated steatotic liver disease (MASLD). Here, we have 

demonstrated that, in rats, both pemafibrate and telmisartan reverse hepatic steatosis 

induced by a high-fat, high-fructose diet. Pemafibrate attenuated liver steatosis via a PPARα-

mediated increase in fatty acid catabolism, while the antisteatotic response to telmisartan did 

not rely on PPAR modulation. Our results in rats and in a zebrafish larva model of liver lipid 

accumulation suggest that part of telmisartan’s antisteatotic effects are driven through the 

blockade of the angiotensin II type 1 receptor, along with a reduction in the expression of 

several lipogenic genes, which also contributes to some extent. Telmisartan’s response is 

mediated by the upregulation of hepatic phosphoenolpyruvate carboxykinase 1 (PCK1) 

expression. Liver metabolomic analysis revealed that by increasing PCK1, telmisartan diverted 

the metabolic flux of fructose from lipid towards glucose synthesis, which was subsequently 

fueled to the polyol pathway, thereby preserving glucose homeostasis. Moreover, telmisartan 

increased the hepatic levels of spermine and spermidine, which may counteract the putative 

detrimental effects caused by the accumulation of metabolites of the polyol route. Targeting 

different intrahepatic pathways, both PPAR-dependent and independent, the combination of 

pemafibrate and telmisartan, each at half the individual dose, was equally effective as the full 

dose of either drug alone to reduce liver lipid accumulation in the rat model. Our findings 

support the repurposing potential of these drugs, with the additional advantage of addressing 

both hepatic and cardiometabolic MASLD-associated complications. 
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Highlights 

 Telmisartan reverses hepatic steatosis via PCK1 upregulation, independently of 
PPARα/Ƴ  

 Telmisartan diverts fructose metabolism from lipid synthesis towards gluconeogenesis 
and polyol pathways 

 Pemafibrate effectively reduces liver steatosis through PPARα-mediated mechanisms 
 The results support the repurposing of telmisartan and pemafibrate for MASLD 

management  
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1. Introduction 

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most prevalent liver 
disease globally. Recent estimates suggest it affects approximately 38% of adults, and its 
prevalence is anticipated to continue rising in the coming years [1]. MASLD includes a range of 
disease states, from the asymptomatic accumulation of triglycerides in the liver without 
inflammation or hepatocyte enlargement [2](metabolic dysfunction-associated steatotic liver, 
MASL), to metabolic dysfunction-associated steatohepatitis (MASH), characterized by 
inflammation, hepatocyte ballooning and a high risk to progress to hepatic fibrosis [3]. 
Intrahepatic lipid accumulation is the hallmark of the MASLD spectrum and plays a causative 
role in disease progression [2]. Despite persistence of MASH and advanced fibrosis leading to 
cirrhosis and hepatocellular carcinoma, the overall risk of mortality already increases from the 
early stages of MASLD, with cardiovascular disease (CVD) being the leading cause of death 
[4,5]. Thus, the presence of MASLD has been associated with a high risk of both fatal and non-
fatal CVD events [6]. Current pharmacotherapy is limited and given the high prevalence but 
low liver-related mortality, MASLD treatment must prioritize safety, making drug repurposing 
an ideal therapeutic strategy. 

Hypertension is one of the risk factors that have been related to the pathogenesis of both 
MASLD and atherosclerotic CVD [7]. Around 50% of patients with hypertension also have 
MASLD, and increased activity of the renin-angiotensin-aldosterone system (RAS) may be a 
pathogenic mechanism connecting both diseases [8]. In line with this, a common gain-of-
function variant in the gene encoding angiotensin II type 1 receptor (AGTR1), AA1166C, has 
been associated with increased risk of MASLD and fibrosis [9]. The liver expresses all the 
components of the system, and activation of hepatic RAS results in steatosis, insulin resistance, 
inflammation and necrosis [10]. Therefore, RAS inhibition with an angiotensin II receptor 
blocker (ARB) like telmisartan (Tel), an effective anti-hypertensive agent, emerges as a 
promising therapeutic approach. Small clinical trials have reported improvements in MASLD 
markers with Tel treatment [11,12]. Unlike other ARBs, Tel has may provide an additional 
protection against MASLD, thanks to its putative peroxisome proliferator-activated receptor Ƴ 
(PPARƳ) agonistic properties [13]. Although ARBs reduce insulin resistance and hepatic fibrosis 
in animal models of MASLD [14], their potential benefit against hepatic steatosis and the 
mechanism of action are not fully understood. 

Since MASLD is a complex disease with relevant extra-hepatic comorbidities, a 
multidisciplinary treatment approach is recommended to reduce both hepatic and 
cardiometabolic complications. Combination therapy with drugs targeting different pathogenic 
pathways may be a better strategy than monotherapy, due to potential synergistic effects and 
to reduced toxicity related to the use of lower doses of individual drugs. Specifically, the 
combination of drugs that simultaneously activate several PPAR isotypes may be more 
beneficial than targeting only a single isotype [15]. Recently, we implemented a MASL model 
by feeding female Sprague-Dawley rats with a high-fat diet supplemented with liquid fructose 
(HFHFr) [16]. In this model, we examined the liver-targeted effects of pemafibrate (PemA), a 
selective PPARα modulator approved for the management of hypertriglyceridemia, a common 
comorbidity in MASLD patients [17]. PemA is currently being evaluated in a clinical trial for 
MASLD and hypertriglyceridemia [18]. 

Here, we assessed the antisteatotic effects of Tel, alone and in combination with PemA, to 
evaluate the repurposing potential for MASLD of these two drugs, which present an adequate 
safety profile in humans. Our findings in the HFHFr rat model confirm and extend our previous 
results with PemA, showing its efficacy in reversing liver steatosis by a PPARα-mediated 
increase in fatty acid catabolism, even at lower doses than those reported for its clinical use. 
We also show the ability of Tel alone to ameliorate hepatic steatosis in two experimental 
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MASLD models. The antisteatotic effect of Tel was PPAR-independent and was related to the 
upregulation of liver phosphoenolpyruvate carboxykinase 1 (PCK1) expression, leading to a 
diversion of the hepatic flux of metabolites from lipid synthesis towards gluconeogenesis and 
polyol pathways. 

2. Materials and methods  

2.1. Rat MASL model and experimental design  

Two-month-old female Sprague-Dawley rats weighting 149 ± 4 g (Envigo, Barcelona, Spain) 
were housed two per cage under conditions of constant humidity (40–60 %) and temperature 
(20–24 ºC), with a light/dark cycle of 12 h. Rats were randomly divided into five groups (n = 8 
each): (i) control (CT), fed a regular chow diet (2018 Teklad Global rodent diet, Envigo, 
Madison, USA) with free access to water; (ii) HFHFr, fed a high-fat diet (Teklad Custom Diet 
180456, Envigo, Madison, USA) [16], with free access to a 10% w/v fructose solution; (iii) 
PemA, fed the HFHFr diet plus PemA at a dose of 0.5 mg/kg/day, (iv) Tel, fed the HFHFr diet 
plus Tel at a dose of 10 mg/kg/day, and (v) combination of PemA and Tel (P+T, at a dose of 
0.25 and 5 mg/kg/day, respectively). CT and HFHFr groups were fed on the respective diets for 
three months. The PemA, Tel and P+T groups received the HFHFr diet for two months, 
followed by an additional month in which rats received the indicated drugs incorporated into 
the diet at a concentration providing the daily doses. Doses, route, and length of drug 
administration were chosen based on previous studies by our group and others. Solid food and 
liquid consumption were controlled three times a week, and body mass was recorded once a 
week. 3 animals were excluded from the study due to signs of distress, in accordance with 
humane endpoints and ethical guidelines. 

At the end of the treatment, rats were fasted for 2 h, and tail vein blood samples were 
obtained to measure triglyceride and cholesterol levels using an Accutrend Plus system meter 
(Cobas, Roche Farma, Barcelona, Spain), while glucose levels were determined using a Nesira 
glucometer (Acofarma, Barcelona, Spain). The rats were then immediately anesthetized as 
described [16] and blood was collected into micro-tubes (Sarstedt AG & Co., Nümbrecht, 
Germany) through cardiac puncture. Serum was obtained by centrifugation at 10,000x g for 5 
min at room temperature. Samples of liver, brown adipose tissue, subcutaneous and 
perigonadal white adipose tissue (WAT) were collected, immediately frozen in liquid nitrogen, 
and stored at -80 ºC. 

2.2. Serum analytes. 

Serum insulin, leptin, and fibroblast growth factor 21 (FGF21) concentrations were determined 
using specific ELISA kits from Millipore (Insulin: EZRMI-13K, Leptin: EZRL-83K, FGF21: 
EZRMFGF21-26K; Billerica, MA, USA). Adiponectin levels were detected by an ELISA kit from 
Proteintech (KE20016; Rosemont, IL, USA). Serum non-esterified free fatty acids (NEFA) were 
determined by a colorimetric kit from Biooscientific (5620-01; Austin, TX, USA). The kits to 
assess alanine (ALT) and aspartate aminotransferase (AST) kinetics were acquired from 
Spinreact (41270 and MI41264 respectively, Girona, Spain). Serum angiotensin 1-7 (ang (1-7)) 
levels were assessed using an ELISA kit from Universal Biologicals (RD-Ang1-7-Ra, Cambridge, 
UK). The insulin sensitivity index (ISI) was calculated as described previously [19].  

2.3. Fatty acid β-oxidation activity 

Total fatty acid β-oxidation was determined as described by Lazarow [20], using 30 µg of post-
nuclear supernatant from the liver samples. 

2.4. Liver Lipid Content 

Hepatic triglyceride (TG) and cholesterol were extracted as described by Qu et al. [21] and 
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determined using colorimetric assay kits from Spinreact (1001311 and MD41021, respectively, 
Girona, Spain). 

2.5. Hepatic glycogen contents 

The hepatic concentration of glycogen was determined using the colorimetric Glycogen Assay 
Kit MAK016 (Sigma-Aldrich, St. Louis, MO, USA), following the manufacturer’s instructions.  

2.6. Histological studies and pathology assessment 

Paraffin-embedded livers were cut into 5 μm sections and stained with hematoxylin and eosin 
(H&E) or Sirius Red, and OCT-embedded liver sections stained with Oil-Red O (ORO). Images 
were acquired with a Leica DMSL microscope equipped with a DP72 camera (Leica 
Microsistemas, Barcelona, Spain) and analyzed using Image J 1.49 software (National Institutes 
of Health, Bethesda, MD, USA). The area positive for ORO staining was normalized to the total 
area. All procedures were carried out in the Animal Histopathology Laboratory at the 
University of Barcelona. Disease stage was evaluated based on the Nonalcoholic Fatty Liver 
Disease (NAFLD) activity score (NAS) system [22]. 

2.7 Measurement of fatty acid methyl esters in liver TGs. 

Fatty acid methyl esters (FAMEs) from liver TGs were determined by Gas Chromatography-
Mass Spectrometry (GC/MS-EI) as described in detail elsewhere [17]. 

2.8. Fecal bile acids analysis 

The concentrations of 10 bile acids (BA) (cholic acid, chenodeoxycholic acid, deoxycholic acid, 
lithocholic acid, ursodeoxycholic acid, α-muricholic acid, β-muricholic acid, hyocholic acid, 
hyodeoxycholic acid, and murideoxycholic acid) in rat feces were determined by ultra-high-
performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS) 
as described previously [17].  

2.9. Western blot analysis 

Tissue samples for western blot analysis were homogenized with a Polytron PT 1200E 
homogenizer in lysis buffer containing proteases, phosphatases, and deacetylase inhibitors, 
and incubated for 1.5 h at 4°. Samples were then centrifuged at 15,000 x g for 15 min at 4 ºC, 
and supernatants were collected. Protein concentrations were determined by the Bradford 
method [23]. Western blots were carried out using 10-30 µg of total protein. After SDS-
polyacrylamide gel electrophoresis, proteins were transferred onto Immobilon polyvinylidene 
difluoride transfer membranes (Millipore, Billerica, MA, USA), and blocked for 1 h at room 
temperature with blocking solution (SP 7000; WestVision™, Newark, CA, USA). Membranes 
were then incubated with specific primary antibodies (Table S1). Detection was performed 
using the Immobilion Western HRP substrate Peroxide Solution® (Millipore, Billerica, MA, 
USA). To confirm the uniformity of protein loading, blots were incubated with anti-vinculin 
(Santa Cruz Biotech, Dallas, TX, USA) antibody as a control for total protein extracts. 

2.10. Mas receptor liver protein levels. 

Liver Mas receptor (MasR) protein levels were detected using a specific ELISA kit from LSbio 
(LS-F66779, Newark, CA, USA) following the manufacturer’s protocol. 

2.11. Ubiquitinated PCK1 

Ubiquitinated PCK1 relative protein levels were detected using the Signal-SeekerTM 
Ubiquitination kit (BK161-S, Cytoskeleton Inc, Denver, CO, USA), following the manufacturer’s 
protocol for liver tissue. Briefly, a co-immune precipitation was performed from liver tissue 
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extracts using either control beads or ubiquitination affinity beads. Subsequently, the enriched 
and whole protein populations were analyzed by western blot using a specific primary 
antibody against PCK1. 

2.12. RT-qPCR analysis 

Total RNA was extracted from rat tissues (50-100 mg of each sample) using a phenol-based 
method according to the manufacturer’s instructions (Trisure® reagent, Bioline, Meridian 
Biosciences, Cincinnati, OH, USA). RNA concentration was assessed using absorbance at 260 
nm, while the 260/280 nm absorbance ratio was used to quantify RNA quality. For real-time 
polymerase chain reaction (RT-qPCR), 1 μg RNA was reverse transcribed into cDNA using the 
Moloney Murine Leukemia Virus Reverse Transcriptase (MLV-RT; Invitrogen, Carlsbad, CA, 
USA), random hexamers (Roche, Meylan, France) and dNTP (Sigma-Aldrich, St. Louis, MO, 
USA). Specific mRNAs were assessed in the StepOnePlus Real-Time PCR System Thermal 
Cycling Block (Applied Biosystems, Foster City, CA), using 100 µM of each specific primer, 10-
100 ng of cDNA, and Maxima SYBR Green qPCR Master with ROX (K0253, ThermoFisher, 
Waltham, MA, USA). mRNA expression was calculated using the recommended 2-ΔΔCt method. 
β-actin was used as a housekeeping gene to normalize the results for the rat and zebrafish 
studies. The primer sequences, Genbank TM accession numbers and PCR product lengths are 
listed in Table S2. 

2.13. Untargeted metabolomic analysis 

The metabolomic analysis was conducted at oloBion SL, an omics bioscience laboratory (Parc 
Cientific de Barcelona, Spain). Tissue sample preparation involved homogenization with cold 
methanol using a grinder, followed by the addition of methyl tert-butyl ether containing an 
internal standard. The mixture was shaken and subsequently supplemented with 10% 
methanol. After an additional shaking step, the samples were centrifuged to separate the 
phases. 

For metabolomic profiling, two aliquots of 70 µL of the bottom aqueous phase were collected 
and processed. The first aliquot was evaporated to dryness and resuspended in 
acetonitrile/water (containing an internal standard). The solution was shaken, centrifuged, and 
analyzed using a hydrophilic interaction liquid chromatography. The second aliquot was mixed 
with isopropanol/acetonitrile (1:1) mixture, shaken, centrifuged and the supernatant was 
evaporated and resuspended in 5% methanol containing internal standards. After shaking and 
centrifuging, the sample was analyzed using a reversed-phase liquid chromatography. 

Chromatographic separation of polar metabolites was performed on Waters ACQUITY UPLC 
C18 BEH Amide and ACQUITY UPLC HSS T3 columns, both maintained at 45 °C. The system was 
coupled to an Agilent 1290 Infinity UHPLC (Agilent Technologies) and a ZenoTOF 7600 system 
(SCIEX). Sample injection was performed at 4 µL for both electrospray ionization positive and 
negative modes. 

For metabolite identification, the acquired data were processed and analyzed using oloMAP2.0 
and the analysis and interpretation was performed with oloMAP Portal 6.1, an advanced data 
visualization and interpretation platform for omics datasets. The metabolite filters used for 
chemical and pathway enrichment analysis were p < 0.05 and |log2 FC| > 0.5. 

2.14. Zebrafish MASLD model 

Adult zebrafish (Danio rerio) were housed in systems with recirculating filtered water at 28.5°C 
(Aquaneering, San Marcos, CA, USA) on a 14/10 h light/dark cycle. We used fish with 
transgenically expressed, fluorescently labelled hepatocytes (Tg(-2.8fabp10a:EGFP)as3TG) 
(European Zebrafish Resource Center, EZRC [24,25] ) in the AB background 
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(EZRC; http://zfin.org/ZDB-GENO-960809-7). To generate offspring for experiments, fish 
homozygous for the fluorescently labelled transgene were outcrossed with wild type AB fish. 
Eggs were allowed to develop in an incubator at 28.5 °C. At 1 day post fertilization (dpf), 
unfertilized eggs and dead embryos were removed, and remaining embryos were distributed 
at 60 per Petri dish. At 5 dpf, larvae from the different crosses were proportionally distributed 
into experimental tanks at a density of 30 larvae per 1 L tank containing 300 mL of water. 
Tanks were then randomly assigned to experimental conditions, i.e., the standard fed group 
(SF), fed 5.43 mg dry food twice per day (zebrafeed <100 μm; SPAROS, Portugal); the overfed 
plus fructose (OF+FR) or overfed plus glucose (OF+GL) groups, fed on 3x more, i.e., 16.3 mg of 
dry food twice a day that were additionally exposed to 3% fructose or glucose in the water; 
OF+GL treated with Tel from 8 to 10 dpf at 0.4 (Tel 0.4µM) or 2 (Tel 2µM) µM. Tanks were fed 
approximately at 9:00 and 15:30 and the different dietary regimens started at 5 dpf in the 
afternoon and were continued until the afternoon of 7 dpf (in 5 to 8 dpf experiments) or until 
the afternoon of 9 dpf (in 5 to 10 dpf experiments). Tel was dissolved in DMSO to the desired 
working concentrations, maintaining a final DMSO concentration of 0.08% in all experimental 
tanks. The same concentration of DMSO was used, when necessary, in untreated tanks. A full 
water exchange was performed once a day, and drug or DMSO solutions were renewed daily. 
 
2.15. CRISPR/Cas9-induced mutations and presumed loss-of-function (pLOF) model in zebrafish 

Based on European Bioinformatics Institute (EMBL-EBI) and the Danio rerio genome version 
from (www.ensembl.org/index.html) we identified the human orthologs and relevant 
alternative transcripts for the human AGTR1 (i.e., agtr1a - ENSDARG00000018616 and agtr1b - 
ENSDARG00000045443) and PCK1 genes (pck1 - ENSDARG00000013522). CRISPOR (v4.98 and 
v4.99; http://crispor.tefor.net) online tool [26] was used to identify single guide RNA (sgRNA) in 
the coding region of these zebrafish genes that meet the following criteria: (1) target early 
exons (first quarter of the coding regions); (2) are shared across all relevant alternative 
transcripts; (3) avoid DNA variants included in the reference genome; (4) have a high ‘azimuth 
score’; and (5) have no or few predicted off-target sites with zero to four mismatches (Table 
S3). Following the same criteria, an identical sgRNA from (ZDB-CRISPR-180314-3; 
www.zfin.org) to target sparse/Kit receptor tyrosine kinase-a gene, Kita 
(ENSDARG00000043317) was used as a control gene. Specifically, to generate agtr1a/b 
crispants both orthologs, agtr1a and agtr1b plus kita, were targeted simultaneously (Fig. S3). 
pck1 crispants were generated by targeting the only protein-coding transcript of the zebrafish 
ortholog at two sites, along with kita (Fig. S3). Finally, controls were only targeted at kita. All 
genes were targeted using the Alt-R CRISPR/Cas9 system (IDT, Belgium) [28]. crRNAs with the 
selected target sequences and Alt-R CRISPR/Cas9 tracrRNA were resuspended at 100 μmol/L in 
Duplex Buffer (IDT, Coralville, IA, United States) and stored at –20°C for later use. To prepare 
50 μmol/L sgRNA, equal volumes of the 100 μmol/L crRNA and tracrRNA solutions were 
combined. This mixture was then annealed by heating to 95 °C for 5 min, gradually cooled at a 
rate of 0.1 °C per sec to 25 °C, held at 25 °C for 5 min, and quickly chilled to 4 °C. The resulting 
sgRNA solution was stored at –20 °C until needed. On the day of microinjection, injection 
mixtures were freshly prepared for each genotype: for agtr1a/b crispants, 1 μl of kita sgRNA, 1 
μl of agtr1a sgRNA, and 1 μl of agtr1b sgRNA were combined; for pck1 crispants, 1 μl of kita 
sgRNA, 1 μl of pck1_1 sgRNA, and 1 μl of pck1_2 sgRNA were used; and for kita controls, 3 μl of 
kita sgRNA was added. Each mixture was then combined with 2.4 μl of Alt-R Cas9 (IDT) and 4.6 
μl of ultra-pure H2O. Mixes were incubated at 37 °C for 5 min and 1 μl of phenol red (Sigma-
Aldrich-Merck, Solna, Sweden) was added as a visual injection aid. 
 
For micro-injections, eggs from all clutches produced in the same round of crossings were 
pooled and then randomized into two groups to generate agtr1a/b or pck1 crispants and 
controls. Microinjections into the cell or into the yolk close to the cell were performed at the 
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single-cell stage using standard micro-injection equipment. Eggs were kept and sorted at 1 dpf 
as described previously. At 5 dpf, the efficiency of CRISPR/Cas9 gene editing was evaluated by 
observing pigmentation patterns under a stereo microscope. Since kita disruption leads to a 
reduction or absence of melanocyte presence and migration, larvae showing pigmentation 
were excluded from further analysis. After that, the survival rate for each genotype was 
recorded (Fig S3) and the remaining larvae from the different crossing rounds were 
proportionally distributed to experimental tanks at a 50:50 ratio of crispants and controls, to 
blind the imaging procedure and to reduce the influence of tank-specific effects. Tanks were 
randomly assigned to either OF+GL or Tel 2µM conditions as described previously. 
 
For the pLOF model experiments, larvae were categorized by genotype according to fragment 
length analysis (as described by Varshney et al [29]), using larval DNA. Detailed procedures of 
DNA obtention, amplification of the sgRNA target region, DNA-analyzer reaction mix, 
chromatograms and analysis are described in Mazzaferro et al. [30]. An R script generated in-
house was used to discriminate between mutated larvae and controls based on the wild-type 
length, which was defined as the mean of the fragment size in the un-injected siblings ± 0.4 
base pairs. Larvae were classified as mutated at agtr1 if both primer sets (one corresponding 
to each ortholog) showed a relative wild-type peak area < 0.50. Larvae were considered 
mutated at pck1 if at least one primer set met this criterion. Larvae were considered controls 
when the relative wild-type peak area was > 0.80 at all targeted sites (except kita). 
 
2.16. Imaging of zebrafish larvae 
 
On the morning of 8 dpf or 10 dpf, larvae were washed twice with water and incubated for 30 
min at 28.5 °C in 12.5 μmol/L monodansylpentane (MDH) (Abcepta, San Diego, CA, USA) in PBS 
at 0.8 μl/larva to stain neutral lipids. After incubation, larvae were anesthetized by adding 
tricaine to a final concentration of 230 μmol/L and were placed individually into wells of a 96-
well plate. From there, they were automatically aspirated and oriented in a glass capillary 
using an Autosampler and Vertebrate Automated Screening Technology (VAST) BioImager 
(Union Biometrica, Aalst, Belgium) built on the stage of a Leica DM6 B fluorescence microscope 
with a DFC9000 GT sCMOS camera (MicroMedic A/B, Stockholm, Sweden) and its software 
(Leica Application Suite X V3.7.3.23245). Once larvae were positioned, we first acquired full 
body images, one every 30° of rotation around the longitudinal axis of the body using the VAST 
BioImager’s bright-field camera. After that, a z-stack of 75 optical sections of the liver was 
acquired using a 10X objective (HCX APO L NA 0.30 U-V-I) and a GFP filter for the hepatocytes, 
and a 405 filter for the MDH-stained lipids. After imaging, larvae were dispensed into a 96-well 
PCR plate and euthanized by prolonged exposure to tricaine and ice. Water was removed and 
samples were stored at –20°C until further analysis if necessary. Using the imaging data, body 
size traits (whole-body length, dorsal area, lateral area) and hepatic traits (liver size, number 
and area of lipid objects) were quantified by custom-written deep learning algorithms [27]. 
 
2.17. Statistical analysis 

Results obtained in the rat HFHFr model are expressed as mean ± standard deviation (SD). 
Significance was established by t-test or one-way ANOVA multiple comparisons test and a 
Šidák’s post-hoc test for selected comparisons (GraphPad Software version 10, San Diego, CA, 
USA). When the SD of the groups was different according to the Brown–Forsythe test, the data 
were log-transformed and the parametric test was rerun, or the corresponding non-parametric 
test was applied. Zebrafish data management was performed with STATA (v18; StataCorp, 
USA) except for the fragment length analysis, which was performed with R (v 4.3.3). For 
zebrafish studies, deep-learning image-analysis results (outcomes) were inverse normally 
transformed to a mean of 0 and SD of 1 before the analysis. Linear regression analysis was 
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performed to examine the effect of gene and/or treatment effects on traits of interests, 
adjusting the results for the time of the day at which larvae were imaged and for batch 
(experimental round). Effects on dorsal and lateral area were additionally adjusted for body 
length as a covariable. T-tests were used to compare the mortality from day 1 to 5 between 
agtr1a/b or pck1 crispants and controls, or between treated and untreated tanks in pLOF 
experiments from 8 to 10 dpf. For the metabolomics study, the statistical analysis was 
performed using oloMAP 2.0. In all cases, statistical significance was defined at P <0.05. 

3. Results 

3.1. Pemafibrate and telmisartan both reduce hepatic triglyceride content and steatosis 

As we previously described [16], rats that received a HFHFr diet consumed fewer calories from 
solid food than control rats. Treatment with PemA (0.5 mg/kg/day), Tel (10 mg/kg/day), or 
their combination at half the individual dose of each drug, did not alter energy intake from 
solid or liquid sources compared with untreated rats (Fig. 1A). At the end of treatment, body 
weight was similar between groups (Fig. 1B).  While circulating cholesterol levels were similar, 
blood TG levels were increased by the HFHFr diet (x1.4) and unaffected by drug treatment (Fig. 
1C, D). Blood glucose levels and serum insulin concentrations were similar across groups, but 
the insulin sensitivity index (ISI) was lower in HFHFr than CT fed rats (Fig. 1E-G). PemA, alone or 
combined with Tel, marginally increased the ISI value (p=0.08). 

ORO staining of liver samples showed that treatment with PemA or Tel completely abolished 
HFHFr diet-induced hepatic steatosis. Combined treatment with both drugs induced a similar 
reduction (Fig 2A). Moreover, these treatments significantly reduced all fatty acid species 
analyzed, except arachidonic acid (Fig. S1). H&E staining of liver samples showed that these 
treatments abolished early signs of damage caused by the HFHFr (Fig. 2B). Sirius Red stains of 
liver sections from all experimental groups revealed no evidence of fibrosis (Fig 2C). The NAS 
score and all subcomponent scores (steatosis, inflammation and ballooning) were reduced by 
drug treatment (Fig. 2D-E). In line with similar circulating AST and ALT levels in HFHFr and CT, 
none of the oxidative stress or inflammation/fibrotic markers were upregulated, precluding 
the classification of this model as MASH (Fig. 2F-H). However, absolute and liver to body 
weight ratio were higher in HFHFr than CT fed rats (x 1.2), and in PemA or P+T vs. HFHFr (x 1.4 
and 1.3, respectively). Tel alone did not alter these parameters (Fig. 2I-J). Our results also 
showed that liver cholesterol levels were similar among the five groups, while hepatic TG 
levels were increased by the HFHFr diet (x 3.9-fold) and similarly reduced by all therapeutic 
interventions (Fig 2 K, L). 

 

3.2. Pemafibrate reduces liver triglycerides by increasing fatty acid catabolism 

We have previously described that PemA, at a dose of 1 mg/kg/day, abrogated liver lipid 
accumulation in HFHFr-fed rats by a PPARα-dependent increase in fatty acid catabolism [17]. 
As described above, at 0.5 mg/kg/day PemA also exhibited a strong antisteatotic effect. Hence, 
we investigated if PemA, Tel, and P+T, shared the same mode of action. Our results confirmed 
that, in HFHFr-fed animals, PemA alone or combined with Tel, significantly increased hepatic β-
oxidation activity to a similar degree (Fig 3A). Accordingly, hepatic expression of genes coding 
for rate limiting enzymes of mitochondrial (liver-carnitine palmitoyl transferase I, l-Cpt1), and 
peroxisomal (acyl-CoA oxidase, Aco) β-oxidation, as well as pyruvate dehydrogenase kinase 4 
(Pdk4), a sensitive marker of fatty acid oxidation, were all increased by PemA (Fig 3B). In 
addition, the mRNA levels of adipose triglyceride lipase (Atgl), the rate limiting enzyme of 
triglyceride hydrolysis that is positively associated with hepatic β-oxidation, were increased by 
PemA (Fig 3B). In turn, only PemA increased serum levels of FGF21 (Fig 3C), a well-known 
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PPARα target, and decreased hepatic protein levels of ketohexokinase (KHK), an essential 
enzyme for fructose metabolism whose expression is downregulated by PPARα activation (Fig 
3D). Unlike PemA [17], Tel did not affect the concentration of fecal BA compared to rats fed on 
HFHFr (Fig. S2), suggesting this mechanism does not mediate its effect on liver metabolism. 

We also examined the effects of PemA, Tel and P+T on two proteins that regulate plasma TG 
levels, angiopoietin-like protein 3 (ANGPTL3) and patatin-like phospholipase domain-
containing protein 3 (PNPLA3). As shown in Fig 3B, no treatment influenced Pnpla3 expression, 
although PemA and P+T tended to increase ANGPTL3 serum levels (Fig 3E).  

3.3. Telmisartan does not activate PPARƳ or induce adipose tissue browning in HFHFr fed rats 

After having confirmed that PemA reduced liver TG accumulation by enhancing fatty acid 
catabolism and that Tel did not share this mode of action, we focused on Tel’s effects on other 
metabolic pathways. Tel has been shown to activate PPARƳ [13] and induce adipose tissue 
browning in HFD-fed mice [28]. However, Tel administration to HFHFr rats did not alter the 
mRNA levels of Pparƴ2 or its target gene Cd36 either in liver or perigonadal WAT (pWAT, Fig. 
4A). Moreover, pWAT expression of the gene encoding adiponectin (AdipoQ, Fig. 4B) as well as 
its serum levels (Fig. 4C) remained unaltered. Interestingly, pWAT relative weight was 
increased by the HFHFr diet, and treatment with Tel totally prevented this increase. 
Conversely, the higher relative weight of subcutaneous WAT (sWAT) induced by the diet was 
not altered by Tel, and brown adipose tissue (BAT) relative weight was similar in the three 
groups of treatment (Fig. 4D). In agreement with reduced adiposity, the NEFA serum levels 
were also significantly reduced in Tel treated rats (Fig. 4E). The efficacy of Tel in reducing 
pWAT weight prompted us to study thermogenic gene expression in this specific depot. The 
results showed that only the mRNA levels of uncoupling protein 1 (Ucp1) were significantly 
upregulated by Tel treatment, but results were not confirmed at the protein level (Fig. 4F). 

3.4. Telmisartan reverses HFHFr diet-induced ACE2 downregulation without altering Ang (1-7) 
serum levels 

As Tel is an antagonist of AGTR1, we examined the expression of local components of the 
classical and alternative RAS in the liver. The mRNA levels of Agtr1 were reduced by the HFHFr 
diet, and this response was reversed by Tel treatment (Fig. 5A), without altering protein levels 
(Fig. 5B-C). Next, we focused on the alternative RAS pathway. Despite Ace2 expression being 
similar (Fig. 5A), its protein levels were downregulated by the HFHFr diet (Fig. 5B) and 
increased after Tel treatment (Fig. 5C). However, serum levels of ang (1-7) were not modified 
by the diet or the drug treatment (Fig. 5D), and liver levels of MasR protein also remained 
unaltered in the three conditions (Fig. 5E). Moreover, the ACE2/Ang (1-7)/MasR axis activates 
Akt and 5' AMP-activated protein kinase (AMPK) signaling [29], but our results did not show 
evidence of changes in the phosphorylation of these proteins (Fig. 5C).  

3.5. Telmisartan does not affect hepatic expression of key lipogenic transcription factors.  

As shown in Fig. 6A, the liver mRNA levels of several enzymes involved in de novo lipogenesis 
(DNL) tended to decrease with Tel treatment (Fig 6A), with a significant effect observed only in 
ATP citrate lyase (ACLY) and FAS protein levels (Fig 6B). However, the expression of the 
lipogenic transcription factor carbohydrate response element binding protein β (Chrebpβ) and 
its target gene liver-pyruvate kinase (l-Pk), were not significantly modified (Fig 6A). Similarly, 
protein levels of the mature form of sterol response element binding protein 1c (SREBP-1C) 
remained unaltered (Fig. 6B). 

3.6. Untargeted metabolomic: telmisartan causes a shift toward hepatic gluconeogenesis 

To gain insight into the mechanisms by which Tel reduces hepatic lipid accumulation, we 
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performed untargeted metabolomics in hepatic samples from control, HFHFr and Tel-treated 
rats. A principal component analysis (PCA) plot (Fig. 7A) showed that quality control (QC) 
samples were highly clustered, indicating test stability and data reliability. We also observed 
some clustering by exposure, with maximal separation when data were analyzed by 
unsupervised partial least squares discriminant analysis (PLS-DA), as shown in Fig. 7B. The 
results showed proper discrimination of the CT group, while HFHFr and Tel partially 
overlapped, suggesting that diet is the main factor altering the rat liver metabolite profile. 

A total of 348 metabolites were identified, and those with |Log2 FC| >0.5 and P value<0.05 are 
shown in the Volcano plots (Fig. 7C-D). 74 differential metabolites were detected between 
HFHFr vs. CT, of which 59 were downregulated and five upregulated. When comparing Tel vs. 
HFHFr, four metabolites were downregulated and 20 upregulated. Pathway analysis was 
performed by over-representation analysis (ORA), and the average log2 FC of each pathway 
was calculated using the metabolite InChIKeys and the ChEBI and Reactome databases. In 
HFHFr vs. CT comparison (Fig 7E), most of the metabolites pertaining to 
gluconeogenesis/glycolysis, pyruvate metabolism and citric acid cycle pathways were 
downregulated. Importantly, the Tel vs. HFHFr comparison showed the opposite enrichment 
pattern (Fig. 7F), with Tel mostly restoring the metabolomic profile to resemble that of CT 
animals. 

Accordingly, Fig. 8 shows the metabolites most affected by Tel. As expected, Tel was the most 
upregulated compound, indicating that the drug has been absorbed and is present in the liver 
of treated animals. In addition, metabolites pertaining to the above cited pathways, like 2/3 
phosphoglyceric acid, phosphoenolpyruvic acid, malic acid, fumaric acid and maleic acid, were 
significantly downregulated by HFHFr and upregulated by Tel. Moreover, the increased levels 
of fructose, sorbitol and N-acetylgalactosaminitol in the liver of Tel-treated rats suggest an 
activation of the polyol pathway, while levels of oxidated (GSSG) or reduced (GSH) glutathione 
were not altered by HFHFr or Tel. Metabolites involved in the pentose phosphate pathway 
(PPP) and purine/pyrimidine metabolism, such as nicotinamide, xanthine, uridine, uracil 
ribose-1-phosphate and AMP, were increased by Tel, along with the polyamines spermine and 
spermidine. 

3.7. Telmisartan increases hepatic PCK1 protein levels without modifying its expression 

Results from the metabolomic analysis prompted us to examine the effects of Tel on the first 
rate-limiting enzyme for gluconeogenesis, PCK1. We found a significant reduction of Pck1 
mRNA levels in liver samples of HFHFr (Fig. 9A), in line with our previous results showing that 
this diet decreases hepatic PCK1 protein levels [16]. In contrast, we found a significant increase 
in PCK1 protein levels after Tel treatment (Fig. 9B), while no such effect was observed in PemA 
or P+T. Notably, the protein level changes in Tel occurred without alterations in Pck1 mRNA 
expression. Thus, we explored if Tel affects mechanisms involved in PCK1 protein stability. 

We observed no changes expression of the E3 ligase UBR5, which enhances PCK1 degradation 
by ubiquitination [30] (Fig. 9A). GSK3β phosphorylation may lead to PCK1 ubiquitination and 
degradation, whereas SIRT1 deacetylates PCK1 and enhances its gluconeogenic activity [31]. 
Neither GSK3β phosphorylation at Ser9 nor SIRT1 protein levels were modified in Tel vs. HFHFr 
(Fig. 9C). Moreover, when hepatic polyubiquitinated proteins from the two groups were 
purified using specific affinity beads, western blot analysis revealed a parallel increase in the 
levels of both polyubiquitinated and total PCK1 in samples from Tel-treated rats (Fig. 9D). 

Increased liver PCK1 protein levels suggest enhanced gluconeogenesis after Tel treatment. 
However, since Tel did not influence blood glucose or serum insulin levels (Fig 1), we next 
examined hepatic glycogen content. As shown in Fig. 9E, glycogen concentration in liver 
samples from the three groups did not differ significantly. 
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3.8. Telmisartan has ATR1 and PCK1 dependent antisteatotic effects in zebrafish larvae 

To explore which proteins mediate the antisteatotic effect of Tel in a more time-efficient 
manner, we turned to a zebrafish MASLD model. To establish the optimal MASLD model, we 
first compared image-based liver fat content in three groups: one group of standard-fed larvae 
(SF), and two overfed (OF) groups, that received three times the standard diet from day 5 to 
10, with water supplemented with either 3% w/v glucose (OF+GL) or 3% w/v fructose (OF+FR). 
Using image-based quantification of liver fat content and whole-body size in live 10-day-old 
larvae (Fig. S4), we showed that both dietary-challenged groups has significantly more liver fat 
than the SF group. The steatotic effect was most pronounced in OF+GL, which were 
additionally longer, larger, and had a larger liver than SF (Fig. S4 A, D). Hence, we selected the 
OF+GL model to test the antisteatotic effects of Tel in zebrafish larvae. 

Since a significant increase in steatosis is already evident by 8 dpf (Fig. S4B) and to align with a 
treatment approach similar to the rat model, we treated OF+GL fed larvae with 0.4 or 2 µM Tel 
from 8 to 10 dpf (Fig. 10A). Compared with untreated OF+GL controls, 2 µM Tel significantly 
decreased liver fat content and marginally reduced hepatomegaly, without causing significant 
effects on mortality (Fig. 10B). Tel treatment also resulted in a small but significantly reduced 
body length and restored the increase in dorsal and lateral area caused by OF+GL (Fig. 10C). 
Although the liver results presented are not adjusted for length to avoid potential bias, Tel 
effects persisted after adjusting for body length (data not shown). 

Having confirmed the antisteatotic effect of Tel in zebrafish larvae, we aimed to gain insights 
into the underlying mechanism by testing the consequences of disrupting atgr1, the 
pharmacological target of Tel, and pck1, which emerged as one of the most relevant molecular 
nodes in the rat study on the effect of Tel treatment. One human gene at a time, we used 
CRISPR/Cas9 to target all relevant transcripts of zebrafish orthologs (Fig. S3). In targeted larvae 
as well as sibling controls, the control gene kita – which affects pigment – was also disrupted, 
to ensure both groups experienced micro-injections at the single cell stage, DNA editing and 
DNA repair. The absolute amount of micro-injected Cas9 and gRNA was the same in targeted 
larvae and controls. Survival from 1 to 5 dpf was the same in agtr1a/b or pck1 targeted larvae 
and kita controls. On day 5, targeted larvae and controls were randomly distributed 50/50% in 
1L tanks, at 30 larvae per tank. All larvae were fed OF+GL up to 10 dpf. Half the tanks were 
treated with 2 µM Tel from 8 to 10 dpf (Fig. 11A). CRISPR/Cas9-induced agtr1a/b mutants 
displayed reductions in liver fat, liver area, and both dorsal and lateral body area whereas pck1 
mutation did not produce any effect (Fig. 11B-D). Tel’s effect on liver lipid content was similar 
in kita controls as compared with OF+GL larvae that had not undergone DNA editing (Fig. 
11B,C). However, when the agtr1a/b mutants were treated with 2μM of Tel, its antisteatotic 
effect was attenuated, showing non-significant modifications on liver fat (−0.273 ± 0.227) and 
liver area (-0.392 ± 0.279) (Fig. 11B) compared to agtr1a/b mutants alone. Similarly, pck1 
mutation led to the abolishment of Tel liver lipid lowering effect showed on control larvae 
(−0.260 ± 0.455 vs. pck1 mutants alone) (Fig. 11C). These results, together with data obtained 
in rat liver, point to a role of PCK1 in the regulation of hepatic lipid contents. 

4. Discussion 

MASLD, formerly known as NAFLD, is the most common chronic liver pathology, with a global 

prevalence projected to rise to 55.4% by 2040 [1]. The rising trend in MASLD prevalence 

emphasizes the need for early diagnosis and drug screening. In this context the recent FDA 

approval of resmetirom is an important step forward [32]. Still, concerns remain about its high 

cost and limited efficacy, with nearly 70% of patients being non-responders [33]. Moreover, 

resmetirom has been approved for patients with hepatic fibrosis grade 2/3, while drugs 

targeting earlier stages of the disease could be a more effective approach to prevent MASLD 
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progression. Therefore, more drugs are needed, to be used either alone or in combination 

treatments. To date, most new compounds studied for MASLD treatment failed in clinical trials 

for several reasons, including safety issues [34]. Thus, repurposing of drugs with a well-known 

and acceptable side-effect profile in humans may be a good, safe and economic option. 

In the present study, we examined the repurposing potential of the single or combined 

administration of a lipid-lowering and an antihypertensive drug (PemA and Tel) for the 

treatment of MASLD. Using a female rat dietary model of simple hepatic steatosis without 

obesity, we confirmed that PemA at 0.5 mg/kg/day was highly effective in reducing liver TG by 

a mechanism involving a PPARα-related increase in fatty acid catabolism, as we previously 

reported in the same model using a dose of 1 mg/kg/day [17].  

Interestingly, treatment of HFHFr-fed rats with Tel 10 mg/kg/day also caused a reduction in 

hepatic fat accumulation of similar magnitude as PemA, assessed by ORO/H&E staining of rat 

liver sections, and by analysis of hepatic TG content. To confirm Tel’s efficacy and explore its 

mechanism, we additionally examined it’s anti-steatotic effect in another in vivo model of 

MASLD, using zebrafish larvae. In recent years, zebrafish has emerged as an interesting 

alternative model that facilitates the study of MASLD physiopathology and treatment 

evaluation. Zebrafish models are simpler and more economic than rodent models, that show a 

carbohydrate/lipid metabolism and liver physiology similar to mammals, as well as the ability 

to develop rapid and progressive MASLD when challenged with the appropriate dietary stimuli 

[35]. Specifically, 5-dpf zebrafish larvae have a functional liver, are transparent, and more 

amenable than adults to experiments requiring a large number of individuals to ensure 

adequate statistical power [36]. To obtain a dietary model of MASLD comparable to the HFHFr 

rat model, we used overfed 10 dpf larvae that had been exposed to a 3% solution of simple 

sugars (fructose or glucose) dissolved in the medium. The experiments in zebrafish larvae 

showed a stronger effect of glucose than fructose on hepatic parameters, characterized by 

earlier and more intense hepatic fat accumulation, accompanied by an increase in liver size. 

Although we used fructose in our rat model, a recent report shows that both sugars induce 

MASLD to the same extent in a similar experimental setting [37]. Hence, we chose glucose to 

promote hepatic steatosis in zebrafish larvae. Using this model, we confirmed the antisteatotic 

effect of Tel at a dose of 2 µM, close to the maximal blood concentration of the drug after its 

oral administration to rats [38]. 

So far, the positive effects of Tel on liver health in MASH animal models and in humans have 

been mainly attributed to its antifibrotic, anti-inflammatory, antioxidant and insulin sensitizing 

properties [14]. In contrast, simple steatosis in the clinical setting is often overlooked and 

remains untreated, with drug treatments being focused on advanced phases of MASLD. 

However, simple steatosis is associated to a high cardiovascular mortality, so telmisartan 

repurposing would be ideal as it is a safe drug that could reduce at the same time the liver lipid 

burden and cardiovascular risk. In this context, our HFHFr rat model – characterized by isolated 

hepatic steatosis, without fibrosis or marked alterations in glycemic control [16]- represents a 

suitable pre-clinical model to explore the therapeutic potential of telmisartan in early-stage 

MASLD, as well as to characterize its antisteatotic mechanism of action. To this end, we first 

focused on PPARs, as Tel has been described as a PPARƳ modulator, acting as a partial agonist 

[13]. Further, it has been shown to activate PPARα in the liver of high-fat diet-fed obese mice 

[39]. Our results clearly preclude these mechanisms, as Tel treatment did not increase β-

oxidation activity in rat livers and did not modify the expression of any PPARα-target genes 

studied, either in the rat or in the zebrafish model. In addition, our results also rule out that Tel 
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acts as a PPARƳ agonist at the doses used in our study, as the hepatic expression of pparƴ and 

its target gene cd36 were not increased in either model. Moreover, the hepatic expression and 

serum levels of adiponectin remained unaltered. We reason that the lack of Tel’s effect as a 

PPARƳ agonist in our in vivo study could be related to the dose used. Although the dose was 

chosen on the basis of similar studies [40], Tel activates PPARƳ at micromolar concentrations, 

while exhibiting a sub-nanomolar IC50 value toward AGTR1 [41]. Thus, even though after its 

oral administration Tel accumulates in the liver [39], the concentration reached in this organ 

may be too low to activate PPARƳ, while it may suffice to block AGTR1. 

Tel's PPARƳ partial agonist properties have been suggested to pay a role in its ability to 

attenuate body mass gain and adiposity in rodents fed on a HFD [42–44]. However, the 

absence of key indicators of PPARƳ activation suggests that Tel effects may be primarily 

mediated by AGTR1 blockade, as supported by findings in Agtr1 knockout mice, which also 

exhibit reduced adiposity [45]. These results, further supports that Tel does not behave as a 

PPAR modulator in our study.  

Several reports suggest that alterations in the RAS may be linked to MASLD [46,47]. Knocking 

out Agtr1 in a mouse model of steatohepatitis, as well as silencing the expression of this 

receptor in HepG2 cells, reduced hepatic lipid accumulation [48]. In accordance with these 

results, CRISPR/Cas9-induced mutations in agtr1 in our zebrafish model exerted a protective 

effect against hepatic steatosis, confirming the involvement of the local hepatic RAS pathways 

in the accumulation of liver lipids. Two distinct pathways, the classical and the alternative RAS, 

play a crucial role in liver physiology and pathology. The classical ACE/Ang II/AGTR1 pathway is 

associated with pro-inflammatory, pro-oxidant, and pro-fibrogenic effects in the liver. In 

contrast, the alternative RAS ACE2/Ang (1–7)/MasR axis has emerged as a counterbalance to 

the classical pathway, with ACE2 overexpression improving steatotic liver in db/db mice [49] 

and MasR deletion aggravates steatosis in HFD-fed mice [50]. Here we show that Tel’s effects 

on liver fat and liver size were attenuated in zebrafish larvae with CRISPR/Cas9-induced 

mutations in agtr1. Moreover, Tel treatment reversed the decrease in hepatic ACE2 protein 

levels caused by the HFHFr diet in rats. However, although upregulation of the alternative 

pathway has been reported after treatment with ARBs [14], we only detected increased 

hepatic ACE2 protein levels, while the ang (1-7) serum levels, MasR protein and downstream 

effectors remained unchanged. Thus, our results suggest that at least part of Tel’s antisteatotic 

effects are driven through the blockade of the AGTR1-mediated detrimental effects, rather 

than by activation of the alternative RAS pathway. However, we cannot totally rule out the 

possibility that in the long term a reduction in hepatic ACE2 could potentially influence 

circulating Ang-(1-7) levels. 

The accumulation of hepatic lipids in rats and individuals with MASLD highly depends on 

increased DNL [16,51]. Therefore, we sought to determine whether Tel modulates expression 

or protein levels of genes and transcription factors involved in this pathway. Our initial results 

were not conclusive, because despite the reduced expression of some key enzymes in liver of 

Tel-treated rats, the magnitude of effect was low compared with the almost complete 

reversion of liver lipid accumulation caused by this drug. Moreover, the main lipogenic 

transcription factors ChREBP and SREBP-1c were unaffected. Nevertheless, as Tel reduced the 

amount of liver TG and associated fatty acids in the absence of i) a decreased food 

consumption, ii) enhanced fatty acid catabolism and iii) increased TG export from liver to 

blood, we reasoned that the flux of metabolites directed to hepatic lipid synthesis might be 

impaired, contributing to reduced accretion of hepatic TG. To explore this possibility, 
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metabolomics offers advantages over gene or protein expression analysis, because it directly 

measures the end products of cellular processes and reflects what is currently happening in 

response to different stimuli, in this case diet and drug treatment. The results of untargeted 

metabolomic analysis of liver samples showed that Tel treatment restored levels of several key 

metabolites that had been reduced by the HFHFr diet, like phosphoenolpyruvic acid (PEP). PEP 

is generated from oxalacetate in the hepatic cytoplasm, via the main gluconeogenic enzyme 

PCK1. In accordance with metabolomics results, PCK1 protein levels were reduced in HFHFr-

fed rat liver [16], consistent with our previous research in rats supplemented with liquid 

fructose [16,52–54]. Here, we show that PCK1 reduction induced in rats by a HFHFr diet was 

reversed by Tel treatment, but not by PemA or by the combination of P+T. These results 

indicate that this is a specific effect of Tel that requires the full dose of this compound (10 

mg/kg/day), while in the P+T group we used half the dose of each one. Despite P+T 

combination did not increase PCK1, it still reduced hepatic steatosis, presumably due to the 

strong activation of PPARα elicited by PemA, even at very low doses. In zebrafish larvae, the 

ability of Tel to reduce liver fat content was impaired if pck1 is perturbed, thereby sustaining 

the importance of PCK1 regulation in Tel-induced responses. 

Interestingly, the amount of phosphoglyceric acid, an intermediate metabolite of the 

gluconeogenic pathway, was also halved by HFHFr diet and doubled by Tel treatment. On the 

other hand, the PEP precursor oxalacetate is the product of malic acid oxidation, and malic 

acid is generated in the mitochondrial Krebs cycle from fumarate and then exported to the 

cytosol. Levels of these metabolites, and of maleic acid (an isomer of fumaric acid) followed 

the same pattern: they were significantly lower in HFHFr samples compared with CT, and 

higher in Tel samples vs. HFHFr. These results suggested that gluconeogenesis was favored in 

rat liver after Tel treatment. However, neither blood glucose, insulin levels, nor hepatic 

glycogen concentrations were modified, indicating that glucose generated was neither 

exported to the bloodstream or stored in the liver. Importantly, the levels of sorbitol and 

fructose, which originate from gluconeogenesis-derived glucose via the polyol pathway, were 

significantly higher in liver of Tel treated rats. To reconcile these data, we propose the 

following hypothesis (Fig. 12): in HFHFr fed rats, reduced hepatic PCK1 expression inhibits 

gluconeogenesis, fueling the metabolic fate of ingested fructose toward lipid synthesis, and 

contributing to the deposition of TG in the liver. This is in line with the results of Ye et al. [55], 

who demonstrated reduced hepatic PCK1 expression in mice and humans with MASLD, and 

showed that PCK1 deficiency in mice stimulated lipid synthesis and deposition in the liver. Our 

results further suggest that Tel treatment opposes this mechanism by increasing 

gluconeogenesis and reducing the flux of metabolites into lipogenesis. Glucose synthesized by 

enhanced gluconeogenesis is diverted to a metabolic death end, the polyol pathway, 

generating fructose and sorbitol. Since the polyol pathway consumes NADPH and NAD+, part of 

the gluconeogenic substrate is also derived to the PPP and to the Purine/Pyrimidine pathways 

to regenerate the levels of those coenzymes. 

Several limitations must be acknowledged, like the accumulation of fructose and sorbitol in the 

liver resulting from an increased polyol pathway after Tel treatment. This may be regarded as a 

negative finding, as both compounds may cause detrimental effects in the liver [56,57]. 

Specifically, the consumption of NADPH in the first step of the polyol pathway by the enzyme 

aldose reductase, could lead to lower amounts of GSH, which would contribute to oxidative 

stress. Nevertheless, our metabolomic data show that levels of GSSG and GSH were not 

modified, suggesting preserved redox homeostasis. Although we cannot discard the possibility 

that long-term treatment induces undesired effects, the higher levels of spermine and 
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spermidine in the liver of Tel-treated rats could counteract a potential induction of oxidative 

stress [58]. Moreover, spermidine promotes beneficial effects in the liver by various 

mechanisms [59,60]. In any case, our results emphasize the importance of reducing fructose 

ingestion to prevent development of MASLD, a recommendation already included in the 

current MASLD management guidelines. On the other hand, a limitation to the generalization 

of the study is that it did not consider gender/sex issues. Nevertheless, we previously 

demonstrated that the HFHFr diet did not cause overt hepatic steatosis in male rats [19], 

therefore we used the female model to assess the antisteatotic effects of the assayed drugs.   

One of the strengths of our study is that we showed that administering both compounds 

together at half the dose of each one is equally effective in reducing accumulation of hepatic 

fat in our rat model. The nearly complete remission of MASL in all groups could have masked 

any additional potential benefit from the combination. Our results showed that β-oxidation 

activity was enhanced in the P+T group to a similar magnitude as in the PemA group, 

suggesting that this compound has reached maximal efficacy at the dose of 0.25 mg/kg/day. In 

contrast, PCK1 upregulation, the key component of Tel's antisteatotic mechanism, was not 

shown in the P+T group. Therefore, we cannot confirm that a synergic additive effect was 

produced with the combination of both compounds. Nevertheless, combination therapy could 

offer an advantage in the clinical setting, allowing the use of effective lower doses to attenuate 

steatosis, thereby reducing the risk of adverse effects. 

In summary, we show that both PemA and Tel are effective in preclinical models of hepatic 

steatosis, by different mechanisms. PemA reduces liver lipids essentially by enhancing fatty 

acid catabolism through its PPARα agonist properties. Tel exerts its antisteatotic effects via 

PCK1: increased PCK1 levels lead to a reduced flux of metabolites toward lipogenesis, which 

along with the reduced expression of enzymes involved in DNL causes a decrease in hepatic 

lipid accumulation. The use of these compounds in a clinical setting could offer the advantage 

of simultaneously treating liver pathology and extrahepatic co-morbidities. Thus, the 

combination of reduced hypertriglyceridemia and blood pressure produced by PemA and Tel 

administration could contribute to the reduction of CVD burden in MASLD patients. 
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Figure legends 

 Fig. 1. Drug treatment does not alter energy consumption, body weight circulating lipids or 

glucose levels. A) Total calorie intake, expressed as area under the curve (AUC) in Kcal/cage/90 

days. B) Final body weight. Blood/serum concentrations of cholesterol (C), TG (D), glucose (E), 

insulin (F), ISI (G).  Quantitative results are presented as bar plots with individual values, 

showing the mean ± SD of 6–8 animals/group. * P<0.05, ***P<0.001. 

 

Fig. 2. Treatment with PemA, Tel and their combination reduces the NAFLD activity score 

(NAS). Representative images of Oil Red O-stained (A) and Hematoxylin-Eosin (B) stained and 

Sirius Red (C) sections of liver samples along with the corresponding histological analysis from 

CT, HFHFr, PemA, Tel and P+T. (D) shows NAFLD activity score, and (E) the subcomponent 

scores. AST (F), ALT (G), and (H) relative mRNA levels of markers of inflammation/oxidative 

stress fibrosis. Absolute (I) and relative (J) liver weight. Hepatic content of cholesterol (K) and 

TG (L).  Quantitative results are presented as bar plots with individual values, showing the 

mean ± SD of 6–8 animals/group. * P<0.05, ** P<0.01, ***P<0.001 ****P<0.0001. 

 

Fig. 3. Treatment with PemA increased hepatic fatty acid oxidation. (A) Fatty acid β-oxidation 

activity and (B) mRNA levels of genes related to fatty acid catabolism. Serum FGF21 (C) and 

ANGTL3 (E) levels from all experimental groups. (D) Relative content of KHK protein levels in 

liver samples, along with the representative Western Blot bands from HFHFr, PemA, Tel and 

P+T groups. Quantitative results are presented as bar plots with individual values, showing the 

mean ± SD of 6–8 animals/group. * P<0.05, ** P<0.01, ***P<0.001 ****P<0.0001. 

 

Fig. 4. The antisteatotic effect of telmisartan is PPARƴ-independent. Relative mRNA levels of 

PPARƴ target genes in liver (A) and pWAT (B) from CT, HFHFr and Tel groups. (C) Serum 

adiponectin levels, (D) relative weights of BAT, pWAT and sWAT and (E) serum NEFA 

concentrations in CT, HFHFr and Tel groups. (F) Relative mRNA levels of browning markers in 

pWAT from CT, HFHFr and Tel groups. (G) UCP1 protein levels in pWAT from HFHFr and Tel 

groups. On the upper part of the figure, representative western blot bands corresponding to 

the mentioned groups. Quantitative results are presented as bar plots with individual values, 

showing the mean ± SD of 6–8 animals/group. * P<0.05 

 

Fig. 5. Effects of telmisartan treatment on the renin angiotensin system. (A) Relative liver ace2 

and agtr1 mRNA levels in the livers of CT, HFHFr and CT groups. (B) Relative liver protein levels 

of ACE2 and AGTR1 from CT and HFHFr groups. (C) Relative liver protein levels of ACE2, AGTR1, 

phosphor/total AMPK and phosphor/total AKT from HFHFr and Tel groups. On the right part of 

the figures C and D, representative western blot bands corresponding to the mentioned 

groups. Serum ang (1-7) and MasR liver protein levels from CT, HFHFr and Tel groups. 
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Quantitative results are presented as bar plots with individual values, showing the mean ± SD 

of 6–8 animals/group. * P<0.05. 

 

Fig. 6. Effects of telmisartan treatment on key enzymes involved in de novo lipogenesis (DNL). 

Relative mRNA (A) and protein levels (B) of liver DNL markers. On the right part of the figure, 

representative western blot bands corresponding to HFHFr and Tel groups are shown. 

Quantitative results are presented as bar plots with individual values, showing the mean ± SD 

of 6–8 animals/group. * P<0.05. 

 

Fig. 7. Metabolomic analysis of liver samples from CT, HFHFr Tel groups. Principal component 

analysis (A) and partial least squares discriminant analysis (B) showing the clustering patterns 

and separation of metabolic profiles from the different groups. Volcano plots highlighting 

significant differences (p < 0.05, |Log₂FC| > 0.5, colored) in CT vs HFHFr (C) and Tel vs. HFHFr 

(D). Pathway enrichment analysis using Over-Representation Analysis with metabolites that 

were significantly altered (differences (p < 0.05, |Log₂FC| > 0.5) in the CT vs. HFHFr (E) and 

HFHFr vs. Tel (F) comparisons. Dot size is proportional to the number of hits per pathway. 

 

Fig. 8. Relevant liver metabolites involved in the antisteatotic effect of telmisartan. Box plots 

showing the levels of metabolites involved in gluconeogenesis and polyol pathways (A), and 

those related to pentose phosphate pathway and purine/pyrimidine metabolism (B). 

Metabolite signal intensities were Z-score normalized for plotting purposes. Statistical analysis 

was performed with raw data from 6-8 animals per group. * P<0.05. ** P<0.01, ***P<0.001 

****P<0.0001. 

 

Fig. 9. Telmisartan effects on PCK1 expression. (A) Relative liver mRNA levels of pck1 and ubr5 

from CT, HFHF rand Tel groups. (B, C) Relative liver protein levels of PCK1, p-GSK3β and SIRT1 

from the corresponding experimental groups. On the upper part of the figures, representative 

western blot bands are shown. (D) Ubiquitinated PCK1 protein levels relative to total PCK1 

protein levels in the livers from CT, HFHFr and Tel groups. (E) Hepatic glycogen content from 

CT, HFHFr and Tel groups. Quantitative results are presented as bar plots with individual 

values, showing the mean ± SD of 6–8 animals/group. * P<0.05, ** P<0.01. 

 

Fig. 10. Telmisartan effects on OF+GL model. (A) Schematic representation of the experimental 

design. (B) Scatter plot of the normalized (Z-score) Liver Lipid Area and Liver Area individual 

values along with margin plots in the SF, OF+GL and Tel at different concentrations. Scatter 

plot, mean and standard deviation of the survival rate (%) in experimental tanks from 8 to 10 

days post fertilization from CT, OF+GL, Tel 0.4µM and Tel 2µM groups. (C) Length, Dorsal Area 

and Lateral Area of SF, Tel 0.4µM or Tel 2µM vs OF+GL group. Analysis was performed using 

multiple linear regression adjusting the values by “Time of day” and “Batch” (3 Batches). 

Dorsal and lateral area were additionally adjusted by length. Fold change calculated using raw 

data is indicated when the differences are statistically significant (p<0,05) between indicated 

groups. 
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Fig. 11. Evaluation of the effects of agtr1 or pck1 mutations, telmisartan treatment or both in 

OF+GL fed larvae. (A) Schematic representation of the experimental design. Scatter plot of the 

inversely normalized Liver Lipid Area and Liver Area individual values, along with margin plots 

for the untreated and treated Controls as well as for their respective untreated and treated 

agtr1 (B) or pck1 (C) mutant siblings. Box plots showing the survival rate (%) in Telmisartan 

2µM treated or untreated experimental tanks from 8 to 10 days post fertilization. (D) Effect of 

mutations and telmisartan treatment or both on Length, Dorsal and Lateral area. Analysis was 

performed using multiple linear regression adjusting the values by “Time of day” and “Batch” 

(2 Batches). Fold change calculated using raw data is indicated when the differences are 

statistically significant (p<0,05) between groups differing by a single variable. 

Fig.  12. Telmisartan proposed mechanism of action. Blue arrows correspond to the direction 

of the metabolic flux following telmisartan treatment. Grey and blue sings next to the 

metabolites indicate the metabolomic analysis results for the HFHFr and Tel groups 

respectively. DHAP: dihydroxyacetone phosphate; F-1-p: fructose 1-phosphate; F-1,6-p: 

fructose 1,6-diphosphate; F-6-p: fructose 6-phosphate; G-6-p: glucose 6-phosphate; GA3P: 

glyceraldehyde 3-phosphateGSH: reduced glutathione; GSSG: oxidized glutathione; OAA: 

oxalacetate; PRPP: phosphoribosyl pyrophosphate. 
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