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A B S T R A C T   

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease (CLD) worldwide 
and inflammation is key to its progression/resolution. As we have previously described that rilpivirine (RPV) is 
hepatoprotective in murine models of CLD, here we determine the molecular mechanisms involved, focusing on 
its anti-inflammatory and immunomodulating properties. They were evaluated in vitro (human hepatic cell lines 
of the major hepatic cell types), in vivo (liver samples from a murine nutritional model of NAFLD) and ex vivo 
(peripheral blood mononuclear cells -PBMC- from patients with CLD). Transcriptomic analysis of liver samples 
from NAFLD mice showed RPV down-regulated biological processes associated with the inflammatory response 
(NF-κB/IκB signaling and mitogen-activated protein kinase -MAPK- activity) and leukocyte chemotaxis and 
migration. We observed a decrease in Adgre1 and Ccr2 expression and in the number of CCR2 + cells in the 
periportal areas of RPV-treated NAFLD mice. This RPV-induced effect on the CCL2/CCR2 axis was confirmed in 
vitro. A similar result was also obtained with CXCL10/IP10, one of the main chemokines in the liver. RPV also 
diminished activation of MAP kinases p38 and JNK. In addition, RPV inhibited the NLRP3 inflammasome 
pathway in vitro, decreasing NLRP3 protein expression, caspase-1 activation and IL-1β gene expression. RPV was 
also proven anti-inflammatory in PBMC from patients with CLD treated ex vivo. In conclusion, beyond its well- 
described role in antiretroviral therapy, RPV manifests anti-inflammatory and immunoregulatory effects, a 
finding that could be of great relevance for the search of novel targets or repositioning strategies for CLD.   

1. Introduction 

Chronic liver disease (CLD) is a process of continuous and progres
sive deterioration of the liver function which occurs through inflam
mation, destruction and compensatory regeneration of liver 

parenchyma, liver fibrosis (LF), and in a later stage can lead to cirrhosis 
and hepatocellular carcinoma (HCC). CLD is highly prevalent worldwide 
[1] and accounts for approximately 2 million deaths per year, half of 
which are due to complications of cirrhosis [2]. The spectrum of etiol
ogies for CLD is broad and includes prolonged exposure to hepatotoxins, 
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alcohol abuse, viral infection (HBV and HCV), autoimmune diseases, 
and genetic and metabolic disorders. Non-alcoholic fatty liver disease 
(NAFLD) has become the most common form of CLD, with a worldwide 
prevalence of 25%, thereby representing a great health burden [3]. 
Importantly, specific pharmacological therapies for NAFLD are still 
missing. The more progressive stage of NAFLD is non-alcoholic steato
hepatitis (NASH) in which inflammation is a pivotal driver, thus 
mechanisms underlying inflammation in NAFLD/NASH clearly repre
sent promising therapeutic targets [4]. NASH is also characterized by 
the progressive development of LF, in which excessive and aberrant 
extracellular matrix is deposited mainly by activated hepatic stellate 
cells (aHSC). Various intra- and extrahepatic modulators involved in the 
metabolic injury and inflammatory processes typically lead to the acti
vation of different immune cells, including Kupffer cells (KC), which can 
adopt an inflammatory phenotype and activate other immune cells by 
releasing inflammatory cytokines. As inflammation progresses, KC are 
increasingly replaced by monocyte-derived macrophages (MDM). He
patic macrophages engage in close interactions with other 
non-parenchymal cells of the liver, especially HSC; for instance, trans
forming growth factor β1 (TGF-β1) and platelet derived growth factor 
(PDGF) secreted by hepatic macrophages can activate HSC thereby 
causing LF [5]. 

The hepatic stress response is sensed by hepatocytes through 
mitogen-activated protein kinases (MAPK), which transduce extracel
lular and intracellular signals to regulate cell proliferation, differentia
tion, apoptosis, and metabolism through terminal kinases such as c-Jun 
N-terminal kinase (JNK) and p38. JNK activation has been identified as a 
common pathway in numerous models of liver injury through its rela
tionship with oxidative stress, cell death, inflammation, fibrogenesis and 
lipotoxic stress [6]. Diets, specifically hypernutrition-type diets, such as 
high fat and/or high carbohydrate, activate hepatic JNK longer than 
standard fat and carbohydrate diet. 

Recruitment of blood cells to the damaged liver is key in the path
ogenesis and resolution of liver injury. CCL2, also known as monocyte 
chemotactic factor 1 (MCP1), regulates the migration and infiltration of 
monocytes/macrophages through combination with its specific C-C 
chemokine receptor type 2 (CCR2). It has been reported that CCL2/ 
CCR2 axis has a vital role during LF [7]. CCL2-dependent infiltrating 
macrophages promote angiogenesis in progressive LF and CCR2 is 
mainly responsible for recruiting pro-inflammatory and profibrogenic 
infiltrating monocytes during LF progression [8]. 

We have already described that rilpivirine (RPV), an antiretroviral 
drug widely employed in the treatment of HIV infection, is hep
atoprotective, showing antisteatotic and anti-inflammatory effects, and 
ameliorating LF in different animal models of chronic liver injury [9]. 
RPV impairs TGF-β-induced activation of cultured HSC, as demonstrated 
by downregulated expression of general profibrotic markers, and of 
phosphorylated signal transducer and activator of transcription 3 
(pSTAT3), a fibrogenic transcription factor that stimulates HSC survival, 
proliferation, and activation. In addition, RPV induced apoptosis in 
aHSC through selective STAT1 activation [9] and this effect involved 
altered autophagy [10]. 

Given the implication of the inflammatory and immune response in 
the development of CLD and the previous findings regarding the 
mechanisms involved in RPV́s action in the liver, the aim of the present 
study is to investigate the anti-inflammatory and immunomodulating 
action of this drug both in vivo and in vitro. 

2. Material and methods 

2.1. Reagents 

Unless stated otherwise, general chemicals were from Sigma-Aldrich. 
RPV (Sequoia Research Products) was dissolved in DMSO and employed 

at a final concentration of 1–8 μM. This solvent was used as a control 
treatment (denoted as “vehicle”) and employed for all statistical 
comparisons. 

2.2. Mouse model of fatty liver disease 

Animal procedures were performed in accordance with the Univer
sity of Valencia’s guidelines for the care and use of laboratory animals 
and were approved by the local ethics committee (ref. 2014/VSC/PEA/ 
00188). Female C57BL/6 J mice aged 9 weeks (Janvier Labs) were 
randomly assigned to different experimentation groups (10 mice per 
group). Animal dosage was calculated using the normalised interspecies 
allometric scaling factor established by the Food and Drug Administra
tion (FDA) to achieve the equivalent to the maximum daily therapeutic 
dose of RPV (25 mg). A nutritional model of NAFLD was employed, for 
which animals received a normal diet (ND) or a customized high-fat diet 
(HFD) (Ssniff Labs; EF R/M D12331 mod.*/Surwit; 59% fat and 2% free 
cholesterol) for 12 weeks, and were administered either RPV (5 mg/kg/ 
day, p.o.) or its vehicle (Veh, DMSO). 

2.3. Transcriptomic analysis 

The transcriptomic analysis used in the present study was already 
published [9] and deposited in NCBI Gene Expression Omnibus (acces
sion number GSE120484) [11]. Briefly, RNA expression data came from 
whole liver samples from a HFD mouse model treated with RPV 
(comparing hepatic gene expression between HFD mice treated with 
Veh and HFD mice treated with RPV), and a functional enrichment by 
gene set analysis (GSA) using Gene Ontology (GO) biological processes 
[12] was performed. To analyse the mechanisms involved in inflam
matory and stress responses processes, the resulted altered GO terms 
whose adjusted p-value < 0.005 were filtered to those related to the 
following general GO terms: GO:0006950 (response to stress), 
GO:0051716 (cellular response to stimulus) and GO:0002376 (immune 
system process). This analysis was carried out using CateGOrizer web 
tool, as it classifies the GO terms into groups from a pre-defined list of 
parent/ancestor GO terms [13]. 

2.4. Cell culture, treatment and transfections 

Human hepatoblastoma Hep3B cells (American Type Culture 
Collection, ATCC) were cultured in MEM (Gibco, Invitrogen) supple
mented with 10% heat-inactivated fetal bovine serum (hi-FBS, Sigma- 
Aldrich), 1x non-essential amino acid solution, 2 mM L-glutamine and 
1 mM sodium pyruvate (all from Gibco, Invitrogen). LX-2, an immor
talized cell line of human HSC, (Sigma-Aldrich) was cultured in high 
glucose (4.5 g/L) DMEM supplemented with 10% hi-FBS (Sigma- 
Aldrich). The human leukemia monocytic cell line THP-1 (European 
Collection of Authenticated Cell Cultures, ECACC) was maintained in 
suspension in RPMI 1640 medium supplemented with 10% hi-FBS 
(Sigma-Aldrich), 1x non-essential amino acid solution, 1 mM sodium 
pyruvate and 10 mM HEPES. For ex vivo experiments, freshly isolated 
PBMC from CLD patients were resuspended in RPMI 1640 medium 
(Sigma-Aldrich) with sodium bicarbonate and L-glutamine, supple
mented with 250 µg/mL amphotericin B and 10% hi-FBS. Finally, we 
employed a model of hepatic macrophages, non-parenchymal cells that 
consist of embryologically-derived resident ones denominated KC, 
recruited MDM and capsular macrophages. Ex vivo obtained MDM are an 
appropriate model to study the function of macrophages in hepatic 
diseases. In order to obtain MDM, freshly isolated PBMC form healthy 
donors were resuspended in X-VIVO™ 15 culture medium (Lonza) 
supplemented with 1% hi-FBS, seeded in 6-well plates incubated for 2 h, 
washed with HBSS and cultured for 5 days in X-VIVO™ 15 supple
mented with 1% de hi-FBS and M-CSF 20 ng/mL (Peprotech). 
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All cell cultures were maintained with 100 U/mL penicillin and 100 
μg/mL streptomycin in an incubator (MCO-19AICUV-PE, Panasonic 
Healthcare Co. Ltd.) at 37⁰C, with a humidified 5% CO2/95% air at
mosphere (AirLiquide Medical). Subculturing was performed using 
0.25% Trypsin-EDTA and subconfluent cell cultures of passage number 
lower than 25 were used for all the experiments. Pro-inflammatory or 
profibrotic stimulation of cells was performed with interferon gamma 
(IFN-γ) (8 ng/mL), tumor necrosis factor alpha (TNF-α) (12.5 ng/mL), 
lipopolysaccharide cocktail (LPSc, 50 ng/mL LPS, 12.5 ng/mL IFN-γ and 
12.5 ng/mL TNF-α), LPS (2 ng/mL) or TGF-β (2.5 ng/mL). 

For the transient transfection experiments in Hep3B cells, Lipofect
amine™ 2000 (Invitrogen, Thermo Fisher Scientific) was employed 
according to the manufacturer’s instructions. Cells were seeded in 6-well 
plates and for the transfection, 100pmol of STAT1 siRNA (Sigma- 
Aldrich) and 5 μL Lipofectamine™ 2000 were diluted in 250 μL of 
serum-free Opti-MEM® (Invitrogen, Thermo Fisher Scientific). As a 
control, SignalSilence® control siRNA (Cell Signaling Technologies) was 
employed. Diluted siRNA or siControl and Lipofectamine™ 2000 were 
incubated for 20 min. The transfection mixture (total volume 250 μL) 
was then added to Hep3B cells (70–80% confluence) in 6-well plates 
containing 450 μL of Opti-MEM® and incubated for 5 h. 

2.5. Isolation of PBMC by density gradient centrifugation 

Human PBMC were isolated from peripheral venous whole blood 
samples obtained from CLD patients using density gradient centrifuga
tion. Briefly, 25 mL were collected in tubes containing sodium citrate as 
an anticoagulant, diluted with the same amount of PBS and then, layered 
over Ficoll-Plaque™ medium and centrifuged (400 g, 45 min), thus 
obtaining PBMC that were then washed with PBS (400 g, 10 min). 

2.6. Protein extracts and Western blotting 

Total protein extracts from liver samples or cultured cells were ob
tained, quantified and used for SDS-PAGE as described previously [9]. 
Primary antibodies included: anti-GAPDH rabbit polyclonal (1:20000, 
Sigma-Aldrich), anti-STAT3 rabbit monoclonal (1:1000, Cell Signaling 
Technology), anti-pSTAT3 rabbit monoclonal (1:1000, Cell Signaling 
Technology), anti-STAT1 rabbit monoclonal (1:1000, Cell Signaling 
Technology), anti-pSTAT1 mouse monoclonal (1:1000, Abcam), anti-
NF-κB (p65) rabbit monoclonal (1:1000, Cell Signaling Technology), 
anti-pNF-κB (pp65) rabbit monoclonal (1:1000, Cell Signaling Tech
nology), anti-p38 rabbit polyclonal (1:1000, Sigma-Aldrich), anti-pp38 
mouse monoclonal (1:1000, Cell Signaling Technology), anti-JNK1/2 
rabbit polyclonal (1:1000, Cell Signaling Technology), anti-pJNK1/2 
rabbit monoclonal (1:1000, Thermo Fisher Scientific), anti-nucleolin 
rabbit polyclonal (1:2500, Sigma-Aldrich), anti-CXCL10 mouse mono
clonal (1:1000, Abcam), anti-caspase-1 rabbit polyclonal (1:1000, Cell 
signaling) and anti-NLRP3 rabbit monoclonal (1:1000, Cell signaling). 
The secondary antibodies were HRP-conjugated anti-rabbit (1:5000, 
Vector laboratories) and anti-mouse (1:2000, ThermoFisher). Immuno
labeling was detected by enhanced chemiluminescence visualized with a 
digital luminescent image analyser (Amersham), employing Luminata™ 
Crescendo Western HRP substrate (Merck), or SuperSignal™ West 
Femto Maximum Sensitivity Substrate (ThermoFisher Scientific). 
Densitometric analysis was performed using ImageJ software (Fiji). 
Protein expression is represented as a percentage of control (average 
expression in the control group was considered 100%), using GAPDH as 
a loading control. 

2.7. Enzyme-linked immunosorbent assay (ELISA) 

Hep3B, MDM and LX-2 cells were cultured and treated with RPV. 
After treatment, cell culture media was recollected and IP-10 (in Hep3B) 
and MCP-1 (in MDM and LX-2) secretion were measured by ELISA, using 
a Human CXCL10/IP-10 Quantikine ELISA Kit (R&D Systems Europe) 

and Human MCP-1 ELISA Kit (Invitrogen) respectively, following the 
manufacturer’s instructions. Briefly, standard (serial dilutions of a re
combinant human chemokine) and cell supernatants were added in 
duplicate to 96-well polystyrene microplates, coated with a monoclonal 
antibody specific for human IP-10 or MCP-1. Conjugate-HRP was added 
and plates were incubated (2 h). Following a washing step to remove the 
excess of conjugate-HRP, a chromogenic substrate solution (3,3’,5,5’- 
tetramethylbenzidine) was added in each well and incubated for 10 min 
protected from light. The reaction was stopped with stop solution and 
absorbance was measured at 450 nm with an infinite® 200 PRO series 
spectrophotometer (TECAN Trading AG). In order to obtain accurate 
values, background absorbance was also detected at 620 nm and was 
subtracted from that obtained at 450 nm. 

2.8. RNA extraction, cDNA synthesis and quantitative RT-PCR 

Extraction and quantification of RNA from liver tissue or cultured 
cells was performed as described previously [9]. Complementary DNA 
(cDNA) was synthetized with 1 μg of total RNA using “PrimeScript™ RT 
Reagent Kit” (Takara Bio). The reaction was performed as suggested in 
the manufacturer’s protocol, in 20 μL final volume and the presence of 4 
μL PrimeScript Buffer, 1 μL PrimeScript RT Enzyme Mix I, 1 μL Oligo dT 
Primer and 1 μL Random 6-mers. The reaction was carried out in Sim
pliAmp™ Thermal Cycler (Applied Biosystems™) under the following 
conditions: 37 ◦C for 15 min, 85 ◦C for 5 s, 4 ◦C ∞ . qRT-PCR was per
formed with SYBR® Premix Ex Taq™ (Tli RNaseH Plus) (Takara Bio), 
containing TaKaRa Ex Taq HS, dNTP mixture, Mg2+, Tli RNase H and 
SYBR Green I. The reaction was performed by mixing 1 μL cDNA, 5 μL 
SYBR® Premix Ex Taq™, 0.2 μM primers (forward and reverse) and 
RNase-free water (10 μL final volume). qRT-PCR were carried out in a 
Lightcycler® 96 Real-Time PCR System (Roche Life Science) following 
this protocol: 95⁰C, 30 s; 95⁰C, 5 s, 60⁰C, 20 s (40 cycles); 95⁰C, 1 s; 65⁰C, 
15 s; 95⁰C, 1 s and 40⁰C, 30 s). All experiments were performed in 
duplicate, together with a negative control (RNase-free water instead of 
cDNA). The primer pairs used (sequences shown in Table 1) were syn
thetized by Metabion or IDT® (Integrated DNA Technologies). Data 
were analysed using the comparative CT method, obtaining the relative 
gene expression of the gene of interest. This method of presenting 
quantitative gene expression consists in this equation: Fold Change =
2-Δ(ΔCT), where ΔCT = CT (target gene) - CT (housekeeping gene), and 
Δ(ΔCT) = ΔCT (treated) - ΔCT (control). GAPDH or ACTB were used as a 
housekeeping gene and results were normalized taking into consider
ation their expression. 

2.9. Immunohistochemistry 

Mouse liver samples were fixed, embedded in paraffin wax and cut 
into sections of 5 µm as described previously [9]. Prior to staining, 
samples were deparaffinized (55⁰C for 30 min), rehydrated and rinsed 
with distilled water. After inducing epitope retrieval with citrate buffer 
pH.6 antigen retriever (Sigma-Aldrich) (95ºC, 30 min), endogenous 
peroxidase activity was blocked with 3% hydrogen peroxide solution 
(Sigma-Aldrich) for 30 min. Slides were subsequently incubated with 
blocking solution (10% goat normal serum and 1% BSA in TBS, 3 h), 
anti-CCR2 rabbit monoclonal antibody (Abcam, 1:100, 4ºC, overnight) 
and SignalStain® Boost Detection Reagent (Cell Signaling, 45 min). The 
chromogenic substrate peroxidase enzyme 3,3’-diaminobenzidine tet
rahydrochloride (DAB Enhanced Liquid Substrate System, 
Sigma-Aldrich) was employed to immunodetect target antigens. After 
immunodetection, slides were counterstained with Haematoxylin solu
tion (Gill No. 3; Sigma-Aldrich), dehydrated and mounted with 
mounting medium (DPX® Mountant for histology, Sigma-Aldrich). Im
ages (10/sample) were acquired using a digital light microscope (Leica 
DMD 6200, Leica Microsystems) at 40X magnification. Quantifications 
were performed using the Fiji software. 
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2.10. Migration assay 

The monocyte migration assay was performed using the “Calbio
chem® InnocyteTM 96-Well Monocyte Cell Migration Assay” kit (Merck 
Milipore), based on the Boyden chamber principle, which consists of 
inserting a cell culture coated with a porous membrane into another 
culture dish. THP-1 cells were washed 2 times with PBS to remove traces 
of serum and resuspended in non-supplemented X-VIVO™ 15 medium 
(3 ×106 cells/mL). Then, 150 μL of conditioned medium from MDM 
treated with RPV for 48 h, human MCP-1 (CCL2) 10 ng/mL in X-VIVO™ 
15 medium as a positive control or X-VIVO™ 15 medium without sup
plementation as a negative control were added to the lower well; all 
conditions were evaluated in triplicate. 100 μL of the cell suspension 
were added to the upper well and allowed to migrate for 15 h at 37 ◦C 
and 5% CO2 in a cell incubator. At the end of the migration, media with 
migrated cells were transferred to a black and conical 96-well plate 
(provided with the kit), which was centrifuged for 10 min at 300 g. After 
discarding the supernatant, wells were washed with 200 μL of PBS, and 
then 100 μL of “Cell Labeling Mixture” (Calcein-AM in PBS) were added 
to each well. After 30 min of incubation at 37 ◦C in a CO2 incubator, 
fluorescence was detected using a fluorescence plate reader (SpectraMax 
Gemini XPS, Molecular Devices), with excitation and emission wave
lengths of 485 nm and 520 nm, respectively. 

2.11. Statistical analysis and presentation of data 

All images are representative of at least 3 independent experiments. 
In most cases, data are represented as % of control, with untreated cells 
considered 100%. Data are shown as mean±SEM and analysed using 
GraphPad Prism V.8.01 (GraphPad Software) with unpaired or paired 
Student’s t-test (#p < 0.05) or a one-way analysis of variance (ANOVA) 
followed by a Bonferroni test (*p < 0.05). 

3. Results 

3.1. Effect of RPV on stress response pathways 

With the aim to better understand the anti-inflammatory effect that 
RPV showed in vivo [9], a targeted transcriptomic analysis was 

performed in liver samples obtained from a NAFLD mouse model 
through a comparison between HFD and HFD+RPV mice. During the 
bioinformatic analysis, a gene set enrichment analysis was performed in 
order to detect significantly up- or down-regulated blocks of function
ally related genes, grouped as biological processes of functions. The 
results are included in Fig. 1 and consist of the down-regulated GO terms 
whose adjusted p-value is < 0.005 and are related in the pre-computed 
GO hierarchies with the following generic GO terms: GO:0006950 
(response to stress), GO:0051716 (cellular response to stimulus) and 
GO:0002376 (immune system process). The analysis revealed 56 
down-regulated biological processes in RPV-treated animals that were 
associated with inflammation, lymphocyte activation, regulation of 
MAPK cascade, and cell migration, hence we decided to delve more 
deeply into these processes. Firstly, given that several GO terms referred 
to regulation of stress-activated MAPK (GO:0032874, GO: 0070304 and 
GO:0043405), we assessed the presence of phosphorylated (activated) 
JNK and p38 in whole liver tissue through WB, and observed that HFD 
led to an increase in both parameters which was significantly reversed in 
the HFD+RPV group (Fig. 2A). Secondly, our aim was to address the 
stress response in the major hepatic cell populations by assessing these 
signaling pathways upon exposure to RPV under basal conditions or 
submitted to pro-inflammatory stimuli and co-treated with RPV. In 
Hep3B cells exposed to LPSc, we observed a tendency towards activation 
of p38 and JNK (increased levels of pp38 and pJNK) which was reversed 
by co-treatment with RPV (Fig. 2B). In the case of the HSC cell line LX-2, 
stimulation with the profibrotic cytokine TGF-β lead to an increase in the 
levels of the phosphorylated form of JNK, but not that of p38 (Fig. 2C). 
Moreover, RPV diminished the amount of pp38 in the control (unsti
mulated cells), while there was no effect in TGF-β exposed cells. 
Regarding pJNK, RPV displayed a tendency to reverse the increase 
induced by TGF-β. Finally, in human MDM, RPV reduced the levels of 
both pJNK and pp38 in a concentration-dependent fashion (Fig. 2D). It is 
noteworthy that in MDM, both the levels of pp38 and those of pJNK1 
were enhanced by the treatment with vehicle (DMSO). 

3.2. Anti-inflammatory and immunomodulating effect of RPV 

The capacity of RPV to exert anti-inflammatory and immunomodu
lating effects was assessed in several models. Firstly, the transcriptomic 

Table 1 
Pairs of primers used for quantitative RT-PCR experiments. Name of the gene, forward and reverse sequences, and size of the amplified products (base pairs) are 
presented.  

GENE SPECIES FORWARD PRIMER 5 ́ - 3 ́ REVERSE PRIMER 5 ́ - 3 ́ SIZE (bp) 

ACTB human GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG  234 
ARG1 human AGGGACAGCCACGAGGAGGG AGTTTCTCAAGCAGACCAGCCTTTC  70 
CCL2 human AGCAGCAAGTGTCCCAAAGA GGTTGTGGAGTGAGTGTTCAAG  152 
CCL20 human TTATTGTGGGCTTCACACGG GGTTCTTTCTGTTCTTGGGCT  212 
CCL5 human ACAGGTCAAGGATGCCAAAGA GGGTGGGGTAGGATAGTGAG  266 
CXCL10 human GCTGCCTTATCTTTCTGACTCT TTTTGCTCCCCTCTGGTTTT  290 
CXCL9 human TGTTCTTTTCCTCTTGGGCATC TGGATAGTCCCTTGGTTGGT  111 
CXCR3 human TGCCTTTGTAGGGGTCAAGT CTCACAAGCCCGAGTAGGAG  155 
GAPDH human CTTCTTTTGCGTCGCCAGCC TTCTCAGCCTTGACGGTGCC  232 
IFNG human GGCTGAACTGTCGCCAGCAGC GTTGGCTGCCTAGTTGGCCCC  356 
IL10 human GTGATGCCCCAAGCTGAG CACGGCCTTGCTCTTGTTTT  138 
IL1B human TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG  84 
IL22 human GCCCTATATCACCAACCGCA GCGCTCACTCATACTGACTCC  118 
IL6 human CACTGGTCTTTTGGAGTTTGAGG ATTTGTGGTTGGGTCAGGGG  169 
IL8 human AGAGACAGCAGAGCACACACAAG AATTTGGGGTGGAAAGGTTTGG  223 
NRLP3 human AGAACTGTCATCGGGTGGAG AACTGGAAGTGAGGTGGCTG  174 
PPARG human GACAGGAAAGACAACAGACAAATC GGGGTGATGTGTTTGAACTTG  96 
SERPINE1 human CGCTGTCAAGAAGACCCACA ACCTGCTGAAACACCCTCAC  250 
STAT6 human AGCCCAAGGATGAGGCTTTC AATCAGGGGCCATTCCAAGG  177 
TGFB1 human CTTCAGCTCCACAAGAAGAACTG CACGATCATGTTGGACAACTGCTC  297 
TLR4 human CAACCTCCCCTTCTCAACCAA AGATTTGTCTCCACAGCCACC  264 
TNFA human AGCCGAATCGCCGTCTCCTA CAGCGCTGAGTCGGTCACCC  163 
Actb mouse GCCAACCGTGAAAAGATGACC GAGGCATACAGGGACAGCAC 95 
Adgre1 mouse TGACTCACCTTGTGGTCCTAA CTTCCCAGAATCCAGTCTTTCC  111 
Ccr2 mouse CCAGAAGAGGGCATTGGATT CCAGAAGAGGGCATTGGATT  112  
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Fig. 1. List of biological functions related to inflammation and leukocyte chemotaxis/migration that are significantly downregulated in rilpivirine-treated HFD-fed 
mice. The terms “Gene Ontology” (GO) are shown. Data were obtained from gene set enrichment bioinformatics analysis performed after transcriptomic RNA analysis 
of whole liver tissue from mice in the HFD and HFD+RPV groups (n = 3). Adjusted p-value < 0.005. 
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analysis revealed alterations of IκB/NF-κB signaling in whole liver 
samples of HFD mice treated with RPV compared to HFD mice 
(GO:0007252, GO:0043123 and GO:0043124), as shown in Fig. 1. When 
Hep3B cells were treated with TNF-α as a stimulus for NF-κB activation, 
we observed increased nuclear presence of p65, which was slightly 
diminished with co-treatment with RPV (Fig. 3A). In the case of LX-2 
cells, treatment with TGF-β did not significantly alter p65 signaling 
(data not shown). Also, no significant effect of RPV on the activation of 
this transcription factor was observed in neither LX-2 cells nor MDM 
(data not shown). 

Given the role of inflammasomes in the inflammatory process, we 
studied the activation of NLRP3 inflammasome whose assembly leads to 
caspase-1-dependent release of the pro-inflammatory cytokines IL-1β 
and IL-18. In LX-2 cells exposed to TGF-β, activation of caspase-1 
(cleavage of procaspase-1 to produce caspase-1) was enhanced and co- 
treatment with RPV, in a concentration-dependent manner, showed a 
tendency to normalize this activation (Fig. 3B). Interestingly, RPV 
actually led to a decrease in caspase-1 activation even under basal 
conditions (without TGF-β). Similarly, in MDM, RPV diminished the 
protein levels of NLRP3, activated caspase-1 and pSTAT1, a major pro- 
inflammatory transcription factor in leukocytes (Fig. 3C). In addition, 
in these cells, RPV stimulated anti-inflammatory signaling through 
enhanced gene expression of STAT6 and its targets PPARG and ARG1 
(Fig. 3D). Furthermore, we observed a positive and significant correla
tion between STAT6 expression and that of PPARG and ARG1 in RPV- 
treated MDM enforcing the idea of RPV triggering one of the most 
vital anti-inflammatory axes in leukocytes, STAT6-PPARγ-ARG1 
(Fig. 3E). Finally, we also aimed to analyze the capacity of RPV to exert 
anti-inflammatory actions under pro-inflammatory conditions. For this, 
MDM were exposed to LPS as a pro-inflammatory stimulus and co- 
treated with RPV, and mRNA levels of several inflammation markers 
were studied (IL18, IL6, IL8 and NLRP3). Of note, the gene expression of 
all these markers was enhanced with LPS while RPV rescued this in
crease in a concentration-dependent manner (Fig. 3F). Altogether, these 
findings point to an anti-inflammatory action of RPV in MDM, both 
under basal and inflammatory conditions. 

3.3. Effect of RPV on leukocyte migration and recruitment 

The transcriptomic analysis revealed downregulation of several GO 
terms associated with leukocyte migration in whole liver samples of 
HFD+RPV mice compared to HFD (GO:0002685, GO:0050900 and 
GO:0060326) (Fig. 1). In order to delve into this process more deeply, 
we assessed the presence/recruitment of macrophages in the liver of 
HFD vs ND mice and RPV́s effect on it. qRT-PCR analysis using whole 
liver samples of Adgre1 (F4/80), a classical marker of mature macro
phages, revealed a slight increase in HFD vs ND mice. Of note, RPV 
produced a major decrease of Adgre1 expression in both ND and HFD 
mice (Fig. 4A). We also analyzed the mRNA levels of Ccr2, as a crucial 
receptor in the liver for monocyte/macrophage recruitment, and 
observed that they were upregulated in HFD mice while RPV rescued 
this effect (Fig. 4B). This result was corroborated through immunohis
tochemistry of liver sections (Fig. 4C), observing that chronic adminis
tration of RPV decreased the number of CCR2 + cells in the periportal 
area in this murine model of NAFLD. aHSC secrete many immunomod
ulatory cytokines and chemokines to regulate the phenotype and func
tion of monocytes, NK cells and T cells, including CCL2. With this in 

mind, we studied the production of CCL2 by LX-2 cells and human MDM, 
assessed as mRNA levels (qRT-PCR) and secretion of this chemokine in 
the extracellular medium (ELISA). Importantly, in both unstimulated 
and TGF-β-treated LX-2 cells RPV led to a decrease in the intracellular 
and secreted levels of CCL2 (Fig. 4D,E). A very similar result was ob
tained with MDM exposed to RPV (Fig. 4F,G). In addition, RPV dimin
ished CCL2 gene expression in MDM under pro-inflammatory conditions 
(LPS) in a concentration-dependent manner (Fig. 4H). To further delve 
into the capacity of RPV to interfere with chemotaxis, a migration assay 
was performed in which THP-1 cells (human monocytic cell line) were 
left to migrate towards conditioned medium obtained by treatment of 
MDM with RPV. Although no statistically significant results were ob
tained, RPV showed a clear tendency to reduce the number of migrated 
cells (Fig. 4I). 

Beside CCL2/CCR2 axis, CXCL10/IP-10 is a pivotal recruiter of im
mune cells, especially leukocytes, to the liver parenchyma and a key 
inflammatory mediator in NASH [14]; therefore, we next analysed 
CXCL10/IP-10 protein levels in the same mouse model (Fig. 5A). There 
was no significant increase of CXCL10/IP-10 expression in the livers of 
the animals fed with HFD compared to those with ND, however RPV 
significantly reduced CXCL10/IP-10 protein expression in the 
HFD+RPV group. Given the fact that one of the most prominent targets 
of STAT1 regulation is CXCL10/IP-10, we hypothesized that part of the 
hepatoprotective effects of RPV are related to downregulation of STAT1 
and the consequently decreased CXCL10/IP-10 expression in hepato
cytes. RPV significantly reduced mRNA expression of CXCL10/IP10 
(Fig. 5B), as well as its extracellular levels studied by ELISA (Fig. 5C), in 
Hep3B cells. In order to evaluate if reduced CXCL10/IP10 expression 
depends directly on STAT1 activation, we transiently silenced STAT1 in 
Hep3B by means of RNA interference (Fig. 5D). Interestingly, it was 
observed that STAT1 silencing led to an increase in CXCL10 expression 
in Hep3B, while RPV’s effect on CXCL10 expression was preserved 
(Fig. 5E). Additionally, Hep3B cells were treated with the chemical in
hibitor of STAT1, fludarabine (5 μM), and similar results were obtained 
as fludarabine enhanced CXCL10 gene expression, while once again RPV 
induced its down-regulation (Supplementary Fig. 1). These findings 
suggest that transcription factors other than STAT1 are involved in the 
effect of RPV on CXCL10 expression. Regarding MDM treated with RPV, 
we detected no changes in CXCL10 expression (data not shown). 

3.4. Anti-inflammatory effect of RPV ex vivo in PBMC isolated from 
patients with CLD 

The characteristics of the 38 study participants are shown in Table 2. 
Regarding the etiology of CLD, the majority of patients had suffered 
from or presented HCV infection (34.2%), followed by those with 
persistent alcohol consumption (21.5%) and patients within the mixed 
etiology group (21.5%), meaning that they were affected at the same 
time by at least two chronic liver conditions. Seven patients were 
diagnosed with NASH, one was HBV-infected, and no data were avail
able for another patient. As for the presence of metabolic comorbidities, 
34.2% had arterial hypertension, 36.8% were diabetic and 14 of them 
suffered from dyslipidemia. The data about LF detected by FibroScan®, 
ultrasound-based transient elastography that measures liver stiffness 
(elasticity), showed that 39.5% had the lowest grade, F0-F1, while 
23.7% were F2 and 31.6% had the most severe (F3-F4 grade). Liver 
stiffness is normally between 2 and 6 kPa and in the present cohort the 

Fig. 2. Effect of rilpivirine on the activation of stress kinases in the liver of NAFLD mouse model and in vitro, in two human hepatic cell types (Hep3B and LX-2) and 
human MDM. Western blot analyses of p38, JNK and their phosphorylated forms pp38 and pJNK are shown with representative images and densitometric quan
tification, expressed as ratio between the phosphorylated and the total amount of the protein, being the ratio in the untreated cells (Control) considered 1. Results 
include (A) Whole-liver samples of a mouse model of NAFLD exposed to vehicle or RPV (mean±SEM, n = 7–8); (B) Hep3B cells unstimulated or stimulated with LPSc 
for 24 h and then RPV added for additional 24 h without refreshing the medium (mean±SEM, n = 4–9). (C) LX-2 cells exposed to increasing concentrations of RPV 
alone or co-treated with TGF-β + RPV for 48 h (mean±SEM, n = 3–4). (D) MDM treated with a range of increasing concentrations of RPV for 48 h (mean±SEM, 
n = 3–4). Data, normalized vs those of the reference protein GAPDH, were statistically analysed by one-way ANOVA with Bonferroni post-test (**p < 0.01, RPV vs. 
Veh in C) or with Student́s t-test (*p < 0.05, RPV vs. Veh in A and #p < 0.05 Veh-HFD vs Veh-ND in A). ND, normal diet; HFD, high fat diet. 
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median value of LS was above the normal range. Controlled attenuation 
parameter (CAP) quantifies liver steatosis and is measured as ultrasound 
attenuation. Normal values range from 100 to 400 dB/m; in this cohort, 
the median value was 278 dB/m. 17 patients had cirrhosis (compen
sated in 11 patients and decompensated in 6). Regarding the biochem
ical and hematological parameters of all the patients, all median values 
were within the range considered normal, except for ferritin and GGT 
levels, whose values were above the upper limit of the normal range. The 
analysis of hematological, biochemical and markers of liver function in 
the patients with CLD classified according to the etiology of their liver 
pathology and as a comparison between patients with fibrosis F0-F1 and 
F4 are shown in Supplementary Fig. 2 and 3 respectively. In order to 
analyze whether RPV can also exert anti-inflammatory effects in patients 
with CLD, we treated PBMC isolated from these CLD patients with 
clinically relevant concentrations of RPV (1 and 4 μM) ex vivo for 24 h. 
We studied the gene expression of several chemokines including CXCL10 
and its receptors CXCR3 and TLR4, CXCL9, CCL2 and CCL20, in addition 
to several pro-inflammatory, profibrotic and anti-inflammatory markers 
(Fig. 6A). A concentration-dependent decrease in CXCL10 and CXCL9 
mRNA levels was observed, with no change in their receptor CXCR3. 
Another altered mediator was the pro-inflammatory and profibrotic 
marker SERPINE1, whose expression was downregulated with RPV 
(Fig. 6A). Finally, a concentration-dependent tendency for an increase in 
the expression of anti-inflammatory mediators was observed in IL-22 
and IL-10 (statistically significant) (Fig. 6B). Also, RPV led to a signifi
cant and concentration-dependent decrease in the levels of pSTAT1, 
while no changes in pSTAT3 and a tendency for increased IκB were 
detected (Fig. 6C). 

4. Discussion 

The worldwide prevalence of CLD and, particularly that of its more 
frequent form NAFLD is increasing dramatically. Multiple drugs have 
been used to combat different manifestations and risk factors associated 
with CLD, but there is a lack of specific pharmacological agents to target 
it. More significantly, there is absence of approved anti-fibrotic com
pounds and with this, pharmacological repurposing has gained special 
interest. Beyond its well-described role in combined antiretroviral 
therapy, RPV has shown a clear anti-inflammatory effect in different 
preclinical models of CLD [9]. The present study has associated this 
effect with its actions on different cell types in multiple experimental 
settings. 

The chemokine system is critical for the function of the immune 
system as it organizes the migration and localization of immune cells in 
different tissues by the exertion of chemotactic effects. In recent years, 
extensive in vivo and in vitro studies have shown that CCR2, a chemokine 

receptor primarily expressed on the surface of monocytes/macrophages 
and lymphocytes, and its ligand system play a fundamental role in liver 
pathology [15]. CCR2 drives the pathogenesis of acute liver injury and 
CLD, through its role in inflammation, LF and tumor progression. In 
addition, both preclinical and phase IIb studies have shown that the dual 
CCR2/CCR5 antagonist cenicriviroc is an effective and safe anti-fibrotic 
agent for treating alcohol-induced steatohepatitis and NASH [16,17]. 
However, it is important to note that the AURORA Phase III randomized 
study did not demonstrate the efficacy of cenicriviroc for treating LF 
assessed by histology in adults with NASH [18]. Our data show that mice 
exposed to HFD and RPV display less CCR2 expression in the liver 
compared to HFD, and both MDM of human origin and LX-2 cells secrete 
less CCL2 if treated with RPV in a concentration-dependent manner. 
Importantly, PBMC of patients with CLD exposed to RPV also display 
diminished expression of CCL2. This is in line with RPV diminishing the 
capacity of monocytes to migrate shown in vitro and also with the fact 
that the livers of HFD+RPV mice show smaller presence of macrophages 
compared to mice exposed only to HFD. 

One particularly important pro-inflammatory cytokine associated 
with lipotoxicity is CXCL10/IP-10, which recruits inflammatory cells 
(monocytes, macrophages and T cells) to the site of damaged/inflamed 
liver tissue. In various types of liver injury, CXCL10 is secreted by he
patocytes in areas of lobular inflammation [19,20]. Moreover, CXCL10 
has been associated with NASH, as it is upregulated in patients [21] and 
circulating CXCL10 levels is an independent risk factor for patients with 
NASH [14]. Overall, CXCL10 could be viewed as a pivotal molecule that 
facilitates transition from benign steatosis to progressive hepatocellular 
damage, inflammation and fibrosis in this condition. In our mouse 
model of NAFLD, whole liver tissue displayed only a slight increase in 
IP-10 expression, however treatment with RPV significantly diminished 
it. This result was supported by in vitro data of RPV downregulating both 
basal and IFN-γ-induced CXCL10/IP-10 expression. However, this effect 
was not mediated by STAT1, one of the pivotal regulators of CXCL10 
transcription, suggesting the involvement of other, non-canonical IFN 
pathways in such effect, being the main ones the MAP kinases and the 
phosphoinositide 3-kinases (PI3K)/mammalian target of rapamycin 
(mTOR) pathways. RPV also dramatically reduced CXCL10 mRNA levels 
in PBMC of patients with CLD treated ex vivo. 

In addition, our findings reveal that the anti-inflammatory action of 
RPV is a common theme among the different cell types in the liver. RPV 
downregulates p38 and JNK, also known as the stress-activated protein 
kinases (SAPK), which are essential for the production of the pro- 
inflammatory mediators TNF-), IL-6, IL-1 and IL-8, as well as for acti
vation of transcription factors NF-κB, AP1, and hypoxia-inducible factor 
1 (HIF-1). JNK and p38 signaling pathways also trigger the secretion of 
cytokines and chemokines, leading to the recruitment of monocytes, 

Fig. 3. Effect of rilpivirine on several markers of inflammation (NF-κB, NLRP3 inflammasome and STAT activation) in Hep3B, LX-2 and MDM. For all western blot 
analysis, representative images and densitometry data are shown. (A) Hep3B cells were pre-treated with 12.5 ng/mL TNF-α for 24 h and RPV or Veh (DMSO) were 
added for another 24 h. Western blot analysis of nuclear p65 levels was performed and data were normalized vs the housekeeping protein nucleolin (mean±SEM, 
n = 4–8). (B) LX-2 cells were exposed to increasing concentrations of RPV or co-treated with TGF-β + RPV or Veh (DMSO) for 48 h. Representative WB images of 
caspase-1 levels; activation of caspase-1 was evaluated by means of the ratio between the active form, of 20 kDa, and the pro-caspase-1, of 45 kDa (mean±SEM; 
n = 3–5). (C) MDM were treated with increasing concentrations of RPV for 48 h. Representative WB images of NLRP3, STAT1 and caspase-1 levels. Quantification of 
STAT1 activation was performed as ratio between the phosphorylated form and the total form of the protein (mean±SEM; n = 3–5). All results are represented as 
relative expression with respect to that observed in untreated cells (control, considered 100% or 1, in the ratio). Statistical analysis was performed using the one-way 
ANOVA test, followed by a Bonferroni test, *p < 0.05 for the treatment with RPV compared to its vehicle. Comparison of Veh-TNFα vs Veh was performed with 
Student́s t-test (#p < 0.05). In B and C, protein expression was normalized against the expression of the reference protein GAPDH. (D,E) Study of STAT6/PPARG/ 
ARG1 pathway. mRNA levels of STAT6, PPARG and ARG1 and correlation between STAT6 and PPARG and with ARG1 are shown (r: Pearson’s correlation coeffi
cient). Results (mean±SEM; n = 5–6) are represented as relative expression to that observed in untreated cells (control, considered 100%) and normalized against 
ACTB expression. Statistical analysis was performed using the one-way ANOVA test, followed by a Bonferroni test (*p < 0.05 and ***p < 0.001 in the case of 
treatment with RPV compared to its vehicle). (F) Gene expression study by RT-qPCR of inflammatory mediators in MDM stimulated with LPS (2 ng/mL) for 1 h and 
further co-treated with different concentrations of RPV for 48 h. The results (mean±SEM; n = 4–7) are represented as relative expression with respect to that 
observed in untreated cells (control, considered 100%). Gene expression data were normalized against ACTB expression. Statistical analysis was performed using the 
one-way ANOVA test, followed by a Bonferroni test (**p < 0.01) for RPV treatment with respect to the pro-inflammatory stimulus alone (LPS). 
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Fig. 4. Effect of rilpivirine on the he
patic infiltration of macrophages in a 
NAFLD mouse model and on CCL2 
levels in vivo and in vitro. Gene expres
sion analysis by qRT-PCR of (A) the 
macrophage marker Adgre1 (F4/80), 
and of (B) Ccr2, characteristic of infil
trated macrophages, in liver tissue of 
mouse model of NAFLD. Data (mean 
±SEM; n = 6) are represented as rela
tive expression with respect to that 
observed in untreated mice of the ND 
group (control, considered 100%). Gene 
expression data were normalized 
against Actb expression. Statistical 
analysis: Student’s t-test (*p < 0.05, 
RPV vs. Veh and #p < 0.05, Veh ND vs. 
Veh HFD). ND, normal diet; HFD, high 
fat diet. (C) Representative IHC images 
of CCR2 in the periportal area of the 
liver (n = 4). Black arrows point to 
positive cells. Scale bar= 0.1 mm. (D,E) 
LX-2 cells were treated with TGF-β 
alone or in the presence of increasing 
concentrations of RPV for 48 h. CCL2 
mRNA levels were studied by qRT-PCR 
(D) and extracellular secretion of CCL2 
was assessed by ELISA (E). Results 
(mean±SEM; n¼4–6) are represented 
as relative levels to that observed in 
untreated cells (control, considered 
100%); mRNA levels were normalized 
against ACTB expression. (F,G) MDM 
were treated with increasing concen
trations of RPV for 48 h, and mRNA 
levels of CCL2 were assessed by RT- 
qPCR (F) and secreted CCL2 was stud
ied by ELISA (G). The results are shown 
as mean±SEM of n = 5–6 (F) and n = 4 
(G) of relative expression/secretion 
with respect to that observed in un
treated cells (control, considered 
100%); mRNA levels were normalized 
against ACTB expression. (H) Gene 
expression study by RT-qPCR of CCL2 in 
MDM stimulated with LPS (2 ng/mL) 
for 1 h and further co-treated with 
different concentrations of RPV for 
48 h. The results (mean±SEM; n = 5) 
are represented as relative expression 
with respect to that observed in un
treated cells (control, considered 
100%); data were normalized against 
ACTB expression. (I) THP-1 cell migra
tion test towards conditioned medium 
of MDM treated with different concen
trations of RPV for 48 h. Results (mean 
±SEM; n = 4) are represented as rela
tive migration with respect to that 
observed towards medium without 
serum (control, considered 100%). Pos
itive control: LPS (0.1 µg/mL) + IFN-γ 
(20 ng/mL) (G) or CCL2 (10 ng/mL (I). 
Statistical analysis was performed using 
the one-way ANOVA test, followed by a 
Bonferroni test (*p < 0.05, **p < 0.01, 
****p < 0.0001) for treatment with 
RPV compared to its vehicle (D,E,F,G,I) 
or LPS treatment alone (H), or Student’s 
t-test for the treatment of TGF-β vs 
Vehicle (##p < 0.01, ####p <

0.0001).   
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neutrophils, and various types of lymphocytes. The fact that RPV clearly 
downregulates these pathways in vivo and in vitro is of particular inter
est, as understanding the mechanisms by which immune cells are acti
vated and recruited to the liver is considered paramount for the 
detection of novel targets for the treatment of liver diseases. The ther
apeutic potential of JNK inhibitors has been shown in preclinical studies 
of liver diseases, including acute liver failure, ischemia/reperfusion 
injury, LF, HCC, NAFLD and NASH [22]. Nevertheless, to our knowledge 
there have not been SAPK inhibitors in clinical trials for the treatment of 
CLD due to their non-specificity and side effects. 

The STAT family of transcription factors includes seven members 
that are activated in response to different cytokine-receptor interactions. 
In this study, we provide evidence of the capacity of RPV to interfere 
with the activation of some of these factors in the context of CLD. In 
immune cells such as leukocytes and macrophages, STAT1 activates the 
inflammatory response, while STAT6 is involved in the resolution of 

inflammation by inducing the development of Th2 lymphocytes and M2- 
type macrophages. In the same context, STAT6 promotes the activation 
of PPARγ which, besides being a major regulator of fatty acid synthesis 
and storage, and glucose metabolism, exerts anti-inflammatory proper
ties [23]. Here, we provide evidence that MDM exposed to RPV display 
diminished STAT1 activation in parallel with an increase in the 
expression of STAT6, PPARG and ARG1. Treatment with RPV also led to 
a decrease in pSTAT1 levels in PBMC from patients with CLD. 

The present study offers clues for the hepatoprotective effect of RPV 
in a mouse model of NAFLD. The customized diet employed (59% fat 
plus 2% free cholesterol for 12 wks) led to a significant development of 
steatohepatitis with fibrosis, as revealed by multiple molecular and 
histological markers [9]. This is also supported by abundant literature 
which shows that in preclinical models, cholesterol-containing HFD 
rather than HFD diet alone confers features similar to clinical NASH 
including hepatic inflammation and fibrosis [24–27]. 

Fig. 5. Effect of rilpivirine on CXCL10 (IP-10) levels in vivo (in a NAFLD mouse model) and in vitro. (A) Western blot analysis of IP-10 - densitometry and repre
sentative images are shown. Data (mean±SEM, n = 7–8) were normalised vs those of the reference protein GAPDH. Statistical analysis: Student’s t-test: *p < 0.05 
RPV vs. Veh. ND, normal diet; HFD, high fat diet. (B.C,D,E) Effect of RPV on CXCL10 in Hep3B cells. Cells were pre-treated with IFN-γ (8 ng/mL) for 24 h and RPV (2 
or 4 µM) or Veh (DMSO) were added for additional 24 h. (B). qRT-PCR analysis of CXCL10 mRNA levels (n = 6–8). (C). Levels of secreted CXCL10 measured by ELISA 
(n = 2–4). Data (mean±SEM) are expressed as percentage of untreated cell (control) which was considered 100% and were analysed by one-way ANOVA with 
Bonferroni post-test, *p < 0.05, * *p < 0.01 vs Veh, or Student́s t test #p < 0.05 Veh vs IFN-γ + Veh. (D,E). RPV́s effect on CXCL10 expression in Hep3B cells lacking 
active STAT1. The expression of CXCL10 in siControl cells was considered 100% (D). RT-qPCR analysis of CXCL10 (n = 4) after transient transfection with siC or 
siSTAT1 (E). Analysis of the protein levels of STAT1 by WB - densitometry and a representative image are shown (n = 3). Data were normalised vs those of the 
reference protein GAPDH and were analysed by one-way ANOVA with Bonferroni post-test *p < 0.05 vs Veh. 
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An obvious limitation of our study is the use of only female mice in 
the animal model of liver injury. We employed C57BL/6 J mice, one of 
the most commonly used mouse strains in experimental research of 
metabolic diseases. Both male and female C57BL/6 J mice are highly 
sensitive to obesogenic stimuli and the development of NAFLD, and 
several reports even indicate higher levels of liver injury in females in 
different NAFLD models. In one study, female C57BL/6 J mice with 
NAFLD (induced by adding 30% fructose solution in the drinking water 
for 16 wks) showed markedly more pronounced liver inflammation 
compared to male mice, while hepatic steatosis was similar [28]. Simi
larly, in another study, while WT C57BL/6 J mice displayed only stea
tosis after a short-term high fat+cholesterol diet, both male and female 
ldlr(-/-)/ APOE2ki mice showed severe liver inflammation, but marked 
steatosis was only present in females [29]. 

Besides the fact that hormonal levels/fluctuation in females may 
modulate some aspects of nutritional models of NAFLD, gender differ
ences have been especially associated with differences in body weight 
and, in some cases, with the development of advanced NASH [30,31]. In 
our model, we did observe a significant development of steatohepatitis 

with LF in female C57BL/6 J mice and thus the finding that RPV is 
hepatoprotective in this model is relevant. 

In conclusion, we provide evidence of anti-inflammatory and 
immunomodulating actions of RPV in the context of CLD using different 
in vivo, ex vivo and in vitro models. These findings shed light on the 
mechanisms involved in the hepatoprotective effects of RPV and may be 
helpful in the search for novel drugs, novel druggable targets and drug 
repositioning strategies for the therapeutics of CLD. 
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Table 2 
Characteristics of the patients with chronic liver disease. Variables include general characteristics (anthropometry and substance abuse), disease etiology, 
comorbidities-related parameters, and liver fibrosis-related parameters. Data from general biochemical and hematological analyses are also included. Values are 
expressed as number of patients and percentage of total number of patients for non-numerical data, and median (1st and 3rd percentiles) for numerical data. ALT, 
alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index; CAP, controlled attenuation parameter; CRP, C-reactive 
protein; GGT, gammaglutamyl transferase; INR, international normalized ratio; Hg, hemoglobin; HBV, hepatitis virus B; HCV, hepatitis virus C; HDL, high density 
lipoprotein cholesterol; LDL, low density lipoprotein cholesterol; TC, total cholesterol, TG, triglycerides.  

GENERAL CHARACTERISTICS OF THE PATIENTS 

GENDER 
MALE FEMALE     
28 (72.5%) 10 (27.5%)     

AGE (years) median (IQR) 58.5 (55.0 – 68.3)      
BMI (kg/m2) median (IQR) 26.5 (24 – 31)      

SMOKING YES NO PREVIOUS SMOKER    
8 (21.1%) 22 (57.9%) 8 (21.1%)    

ALCOHOL USE 
YES NO PREVIOUS    
9 (23.7%) 23 (60.5%) 6 (15.8%)    

COMORBIDITIES-RELATED PARAMETERS 

ARTERIAL HYPERTENSION 
YES NO     
13 (34.2%) 25 (65.8%)     

DIABETES MELLITUS YES NO     
14 (36.8%) 24 (63.2%)     

DYSLIPIDEMIA YES NO     
14 (36.8%) 24 (63.2%)     

ETIOLOGY 
NASH ALCOHOL HCV HBV MIX OTHER 
7 (18.4%) 8 (21.5%) 13 (34.2%) 1 (2.6%) 8 (21.5%) 1 (2.6%) 

FIBROSIS-RELATED PARAMETERS 

LIVER FIBROSIS (grade) F0-F1 F2 F3-F4 NO DATA   
15 (39.5%) 9 (23.7%) 12 (31.6%) 2 (5.3%)   

ELASTICITY (kPa) median (IQR) 7.80 (5.45 – 11.35)      
CAP (dB/m) median (IQR) 278 (212.8 – 305)      
HEPATIC CIRRHOSIS COMPENSATED DECOMPENSATED NO     

11 (28.9%) 6 (15.8%) 21 (55.3%)    
BIOCHEMICAL ANALYSIS HEMATOLOGICAL ANALYSIS 
PARAMETER VALUE (IQR) REFERENCE PARAMETER VALUE (IQR) REFERENCE  
Glucose (mg/dL) 104.5 (93–136.8) 64–106 Leukocytes * 109/L 5.46 (4.9 – 7.9) 3.9–11  
Urea (mg/dL) 38.5 (31.3 – 47.5) 20–50 Neutrophils * 109/L 3.1 (2.2–4.5) 2.5–7.5  
Creatinine (mg/dL) 0.8 (0.7–1) 0.51–0.95 Lymphocytes * 109/L 1.7 (1.3–2.4) 1.5–4.5  
Ferritin (ng/mL) 128 (65.3 – 226) 10–120 Monocytes * 109/L 0.5 (0.4–0.7) 0.2–0.8  
Total cholesterol (mg/dL) 175.5 (155 – 204.3) 140–200 Eosinophils * 109/L 0.1 (0.1–0.25) 0.05–0.5  
HDL cholesterol (mg/dL) 51 (46–63.5) > 35 Basophils * 109/L 0.04 (0.02–0.06) 0.01–0.15  
LDL calculated (mg/dL) 109.5 (93.3–133.8) < 130 Platelets * 109/L 176 (112.8 – 253.5) 140–400  
TG (mg/dL) 89 (75.3 – 131.8) 40–160     
ALT (U/L) 31 (18.3 – 56.8) 1–31     
AST (U/L) 32 (27–45.5) 1–31     
GGT (U/L) 67 (31 – 101.8) 1–38     
ALP (mU/mL) 85 (64.3 – 102.5) 30–120     
Hg (g/dL) 14.4 (13.5–15.9) 11.2–15.5     
Bilirubin (mg/dL) 0.6 (0.5–0.8) 0.1–1.0     
Albumin (g/dL) 4.4 (4.2–4.6) 3.5–5.2     
INR 1.04 (1–1.1) 0.85–1.35     
CRP (mg/L) 2.1 (1.1–4) 0–5      
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Fig. 6. Expression of selected inflammation and immunoregulatory markers in PBMC isolated from CLD patients after treatment with RPV ex vivo. (A) Relative mRNA 
levels of chemokines, chemokine receptors and other pro-inflammatory mediators. (B) Relative mRNA levels of anti-inflammatory mediators. (C) Western blot 
analysis of STAT1, pSTAT1, STAT3, pSTAT3 and IκBα in whole-cell protein extracts. Cells were treated for 24 h with RPV (1 and 4 μM), vehicle (DMSO) or left 
untreated (control) (n = 13–17). Relative mRNA expression was analyzed by RT-qPCR. In the western blot analysis, graphical representations of the quantified data 
and representative images are shown (1, 2, 3 refer to three different patients). Data (mean±SEM) were normalized versus the expression of the housekeeping gene/ 
protein GAPDH and expressed as percentage of control (gene expression in the untreated cells were considered 100%). Statistical analysis was performed by repeated 
measures (RM) one-way ANOVA with Bonferroni’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, vs Veh). V, vehicle. 
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