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Non-alcoholic steatohepatitis (NASH) is a common chronic liver disease that compromises liver function, for
which there is not a specifically approved medicine. Recent research has identified transcription factor NRF2 as a
potential therapeutic target. However, current NRF2 activators, designed to inhibit its repressor KEAP1, exhibit
unwanted side effects. Alternatively, we previously introduced PHAR, a protein-protein interaction inhibitor of
NRF2/p-TrCP, which induces a mild NRF2 activation and selectively activates NRF2 in the liver, close to normal
physiological levels. Herein, we assessed the effect of PHAR in protection against NASH and its progression to
fibrosis. We conducted experiments to demonstrate that PHAR effectively activated NRF2 in hepatocytes, Kupffer
cells, and stellate cells. Then, we used the STAM mouse model of NASH, based on partial damage of endocrine
pancreas and insulin secretion impairment, followed by a high fat diet. Non-invasive analysis using MRI revealed
that PHAR protects against liver fat accumulation. Moreover, PHAR attenuated key markers of NASH progres-
sion, including liver steatosis, hepatocellular ballooning, inflammation, and fibrosis. Notably, transcriptomic
data indicate that PHAR led to upregulation of 3 anti-fibrotic genes (Plg, Serpinala, and Bmp7) and down-
regulation of 6 pro-fibrotic (including Acta2 and Col3al), 11 extracellular matrix remodeling, and 8 inflam-
matory genes. Overall, our study suggests that the mild activation of NRF2 via the protein-protein interaction
inhibitor PHAR holds promise as a strategy for addressing NASH and its progression to liver fibrosis.

1. Introduction

hepatocellular carcinoma [3,4].
The underlying mechanisms for the development and progression of

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver
disorder and affects approximately 25 % of the world’s population [1,2].
NAFLD is characterized by excessive accumulation of fat in the absence
of a history of alcohol use or other liver diseases [2]. When liver fat
exceeds 5 % and is accompanied by inflammation and swelling of he-
patocytes (ballooning), a very serious condition termed non-alcoholic
steatohepatitis (NASH) develops. NASH leads to the progressive death
of hepatocytes, progressing to fibrosis, cirrhosis, and even

NASH are complex and multifactorial and include hepatic steatosis,
mainly characterized by an excess of triacyl glycerides and hepatocel-
lular injury, mitochondrial dysfunction, exacerbated production of
reactive oxygen species (ROS) exciding homeostatic capacity, and the
presence of an inflammatory infiltrate and pro-inflammatory signaling
[5,6]. NASH leads to liver fibrosis, which is the main driver of mortality
in NASH [7]. Probably due to the difficulty to reverse all these patho-
logical hallmarks with a single drug, the pharmaceutical industry has
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been unsuccessful at tackling this medical problem.

Proof-of-concept studies suggest that it may be possible to combat
several underlying mechanisms in NASH with a single hit at transcrip-
tion factor NRF2 (Nuclear factor erythroid 2-related factor 2; gene name
NFE2L2). Transcriptomic analyses indicate that NRF2 controls the
expression of around 250 genes that participate in various cytopro-
tective functions, and it is nowadays considered a master regulator of
cellular homeostasis [8,9]. Consistently, NASH progression in
NRF2-deficient mice is exacerbated in comparison with wild type mice,
and display enhanced steatohepatitis, oxidative stress, and inflamma-
tion [10-14]. Thus, in the high-fat diet NASH model, the susceptibility
of Nrf2-null mice to steatohepatitis and cirrhosis was associated with
oxidative stress, perturbation of the unfolded protein response, and
disturbance in the expression of metabolic enzymes [12], and a prote-
omic analysis revealed that cellular defence and lipid metabolism are
primary NRF2-associated pathways in the liver [14]. As a compla-
mentary approach, pharmacological activation of NRF2 with TBE-31,
reduced the halmarks of experimental NASH and liver fibrosis [15].

Pharmacological activation of NRF2 has been achieved through in-
hibition of its main repressor Kelch Like ECH Associated Protein 1
(KEAP1), which targets the transcription factor for ubiquitin/protea-
some degradation under non-stress conditions [9]. Briefly, under basal
conditions NRF2 is quickly degraded due to binding to the E3 ubiquitin
ligase adapter KEAP1 that leads to its ubiquitinoylation and subsequent
proteasomal degradation. KEAP1 contains several redox sensitive cys-
teines that can be modified by oxidants or electrophilic compounds.
Such modifications disrupt the KEAP1/NRF2 interaction in a way that
bound NRF2 cannot be degraded, making a stable non-enzymatically
active complex. Overall, this limits the availability of free KEAP1 for
binding newly-synthesized NRF2, which leads to accumulation of the
transcription factor, followed by nuclear translocation and enhanced
transcription of its target genes [16]. Electrophilic KEAP1 inhibitors
such as TBE-31 and omaveloxolone ameliorate NASH progression in
high-fat high-fructose diet-fed mice [15] and STAM mice [17]. However,
electrophiles also react with several other cysteines in off-target pro-
teins, leading to unwanted effects. Thus, a new generation of KEAP1
inhibitors is being developed based on the disruption of the
KEAP1/NRF2 complex with protein-protein interaction inhibitors [18].
The rational is to develop non-covalent KEAP1 binders that limit the
availability of free KEAP1 to interact with NRF2 [19]. One of these
compounds, termed $217879, recently demonstrated a positive effect on
NASH resolution and reduction of liver fibrosis in mice fed a methionine
and choline-deficient diet and diet-induced obesity [18]. However, this
potent drug, as well as NRF2 increase in Keapl-knockout mice, triggers
hepatomegaly [20,21]. Moreover, strong NRF2 activation due to so-
matic point mutations in the interface between NRF2 and KEAP1 are
found in a high fraction of tumors including 10 % of hepatocellular
carcinomas [22]. Besides, clinical data on multiple sclerosis patients that
were treated with the electrophile dimethyl fumarate indicate that
almost half of them had an alteration of hepatic parameters which in 1 %
led to treatment discontinuation [23]. Together these observations
suggest caution with hyper-physiological NRF2 activation resulting
from KEAP1 inhibition.

We have previously described an alternative, less potent mechanism
for proteasomal degradation of NRF2 [24,25]. Under basal conditions,
glycogen synthase kinase 3 (GSK-3) is active and phosphorylates NRF2,
thus creating a recognition motif for the E3 ligase adapter
Beta-Transducin Repeat Containing E3 Ubiquitin Protein Ligase
(B-TrCP) and resulting in its degradation [24,25]. Disrupting the
B-TrCP/NRF2 complex as a means to modestly activate the NRF2
pathway, is possible as we have previously reported the first
protein-protein interaction inhibitor of p-TrCP/NRF2, known as PHAR
[26]. Disruption of the B-TrCP/NRF2 interaction is pharmacologically
attractive for at least four reasons: 1) the B-TrCP/NRF2 interaction is
weaker than that between p-TrCP and other substrates, thus enabling the
development of protein/protein interaction inhibitors that might
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displace NRF2, but not other p-TrCP substrates; 2) the activation of
NRF2 following B-TrCP inhibition is weaker compared to KEAP1 inhi-
bition [26], thus remaining close to homeostatic variations; 3) somatic
oncogenic mutations in the interface of interaction between NRF2 and
B-TrCP have not been reported; 4) in vivo pharmacokinetic studies have
demonstrated selective localization of the drug and NRF2 activation in
the liver with PHAR [26].

In the present study, we tested whether pharmacologic activation of
NRF2 with the NRF2/B-TrCP protein-protein inhibitor PHAR could
suppress NASH progression including fibrosis. We chose the STAM
model, based on single dose of streptozotocin in neonatal mice, leading
to partial damage of endocrine pancreas and insulin secretion impair-
ment, followed by a high fat diet [27-29]. The STAM model re-
capitulates the full spectrum of human NAFLD from steatosis to NASH
and hepatic fibrosis [28]. The histological phenotypes observed in this
model are like those seen in human clinical simples [30]. Due to partial
damage of the endocrine pancreas, the model does not allow reversion of
insulin resistance. The STAM model is similar to human NASH with a
background of diabetes mellitus and resembles the lean-type NASH that
is more prevalent in Asians [31]. Our results demonstrate a highly
protective effect of PHAR in the reduction of hepatocellular lipid accu-
mulation, ballooning, and inflammation. Very importantly, our results
also show an anti-fibrotic effect of PHAR and, therefore, provide a new
therapeutic strategy to tackle this fatal disease.

2. Materials and methods

Cell culture and reagents. Immortalized mouse hepatocytes [32]
were cultured in DMEM supplemented with 10 % fetal bovine serum
(FBS), 2 mM glutamine (Gibco/Life Technologies), 1 mM sodium py-
ruvate (Gibco/Life Technologies), 5 mM HEPES pH 7.4, and 80 pg/ml
gentamicin (Gibco/Life Technologies). Human LX-2 stellate cells were
cultured in DMEM supplemented with 10 % FBS, 2 mM glutamine, 5 mM
HEPES, pH 7.4 and 80 pg/ml gentamicin. Mouse kupffer cells were
cultured in RPMI1640 medium (Sigma-Aldrich) with 10 % FBS and 80
pg/ml gentamicin. PHAR (synthesized by Enamine, https://enamine.
net/) was dissolved in dimethyl sulfoxide (DMSO). The final concen-
tration of DMSO in cell culture was less than 0.2 %. Lipopolysaccharide
from Escherichia coli 0111:B4 (LPS), 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium (MTT), and streptozotocin (STZ) were purchased
from Sigma-Aldrich. TGF-p was purchased from PeproTech.

Animals and treatments. All experimental procedures were per-
formed following the Guide for the Care and Use of Laboratory Animals
and were previously approved by the Autonomous Community of
Madrid (PROEX 105/18). All efforts were made to minimize animal
suffering and to reduce the number of animals used. Animals were
housed under controlled conditions (22 + 1 °C, 55-65 % humidity, 12 h
light-dark cycle) with free access to water and standard laboratory
chow. NASH-STAM mice were generated as described previously [28].
Although the reason is not clear, this NASH model addressed NASH only
in males as females seem to be somehow protected [28]. Briefly,
newborn (2-5 days) C57BL/6 male mice were subjected to a single
subcutaneous (s.c.) injection of vehicle (citrate buffer, pH 4.5) or 200 pg
streptozotocin (STZ) (Cat. S0130, Sigma-Aldrich), to partially damage
pancreatic islets of Langerhans, impair insulin secretion, and induce
insulin resistance and oxidative stress [28,33]. Starting from week 4
after the injection and up to the end of the experiment, the STAM group
was fed a high fat diet (60 % kcal from fat) (TD.06414, Envigo) or
standard diet according to the classification of control of STAM groups.
Hyperglycemia along with a high-fat diet gradually led to different
stages of progressive liver damage: steatosis (week 6 post-STZ injection);
inflammation (week 8) and fibrosis (week 10). We treated STAM or
control mice in the NASH inflammatory stage (week 8) with an i.p dose
of vehicle (Tween-80/PBS, 1:13) or PHAR (50 mg/kg) for 5 days/week
for 2 weeks in order to test progression to fibrosis. Mice were sacrificed
2 h after the last administration, and liver and blood were collected for
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biochemical analyses.

Immunoblotting. This protocol was essentially performed as pre-
viously reported [34]. Briefly, cells were homogenized in lysis buffer
(50 mM TRIS pH 7.6, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1 %
SDS), denaturalized at 95 °C for 15 min, sonicated, and pre-cleared by
centrifugation. Twenty mg of total proteins lysate were resolved in
SDS-PAGE, transferred to Immobilon-P (Millipore) membranes and
proteins of interest were detected with the following primary antibodies:
NRF2 (made in-house, validated in Ref. [24], HO-1 (made in-house,
validated in Ref. [35], NQO1 (ab2346, abcam), p-Catenin (610153, BD
Transduction laboratories), GAPDH (CB1001, Merck Millipore), LAM-
INB (sc-6217, Santa Cruz Biotechnology), f-actin (sc-1616, Santa Cruz
Biotechnology), Vinculin (E1E9V, Cell Signaling Technology), pre-IL1§
(AF-401-NA, RD Systems), a-SMA (a2647, Sigma Aldrich), COL1A1
(sc-293112, Santa Cruz Biotechnology), YAP/TAZ (D24E4, Cell
Signaling Technology), GLI2 (sc-271786, Santa Cruz Biotechnology),
IxBa (sc-1643, Santa Cruz Biotechnology). Proper
peroxidase-conjugated secondary antibodies were used for detection by
enhanced chemiluminescence (GE Healthcare).

Analysis of mRNA levels. Total RNA extraction, reverse transcrip-
tion, and quantitative reverse transcription polymerase chain reaction
(qRT-PCR) were done as detailed in Ref. [36]. Mouse and human primer
sequences are shown in Supplemental Tables 1 and 2, respectively.
Normalization of the reaction was done following amplification of Actb,
Gapdh, and Tbp housekeeping transcripts. Data analysis was based on
the AACT method, with normalization of the raw data by the geometric
mean of the housekeeping genes Actb, Gapdh, and Tbp (Applied Bio-
systems). All PCRs were performed from at least triplicate samples.

Cell viability assessed by MTT reduction. In live cells but not in
dead ones, the tetrazolium ring of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) can be reduced by active de-
hydrogenases to produce a formazan precipitate. At the end of the ex-
periments, cells were washed three times with phosphate-buffered
saline (PBS) followed by the addition of MTT (0.125 mg/ml) and incu-
bation for 1 h at 37 °C. Thereafter, the media was removed and DMSO
was added to each well to dissolve the formazan precipitate for 30 min,
thereby determining the relative number of alive cells. An aliquot (100
ul) of the supernatants were analyzed in 96-well multiwell plates at 550
nm in a VERSAmax microplate reader (Molecular Devices).

Magnetic resonance imaging (MRI). Mice were anesthetized with
1-2% isoflurane mixed in 1 L of oxygen and maintained during the
experiment employing a mask and the flow of anesthetic gas was
constantly regulated to maintain a breathing rate of 60 + 20 bpm. The
animal temperature was maintained at approximately at 37 °C by
passing warm water through a heat exchanger machine into the animal
platform. The physiological state of the mouse was monitored using an
MRI-compatible small animal gating system (SA Instruments; Stony
Brook, NY) that controlled the respiratory rate and body temperature.
All data acquisition was performed in a 7.0T 16 cm bore Bruker Biospect
MRI system (Bruker Medical Gmbh, Ettlingen, Germany) in the High
Field Magnetic Resonance Spectroscopy and Imaging Facility (SIER-
MAC) of the Institute of Biomedical Research “Alberto Sols” CSIC/UAM,
Madrid (Spain), equipped with a quadrature 40 mm coil and a 90 mm
Bruker gradient coil insert (maximum intensity 360 G/cm). Axial and
coronal T2-weighted images were acquired with a rapid acquisition with
relaxation enhancement (RARE) sequence with the following parame-
ters: TR:1000 ms; TE:20 ms, rare factor, 4; number of acquisitions, 4;
field of view: 35 x 35 mm; matrix 256 x 256; slice thickness 0.75 mm
without gap. Single voxel in vivo 1H MRS was carried out with a PRESS
method without suppression pulse water and the following parameters:
voxel size, 3 mm 3; TR, 1000 ms; TE, 20 ms; averages 128 and 8 dummy
scan. Spectroscopic data were acquired using 2018 points and 7.5 KHz
spectral width. The Mnova software was used to estimate the intensity of
the fat and water signal.

Kupffer cells isolation. We followed the protocol reported in
Ref. [37] with minor modifications. The latest supernatant was
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centrifuged at 300 g for 5 min at 4 °C and the pellet containing the
Kupffer cells was resuspended in attachment media. Kupffer cells were
separated by two-step Percoll (Sigma Aldrich) gradient method. After
centrifugation at 800g for 20 min (with break off), Kupffer cells were
enriched between 25 % and 50 % Percoll. Finally, the Kupffer cells pellet
was washed with RPMI1640 medium, centrifuged at 500 g for 10 min at
4 °C to wash out the residual Percoll solution, and cells were resus-
pended in RPMI1640 supplemented with 10 % FBS and 80 pg/ml
gentamicin.

Reduced and oxidized glutathione levels. Liver samples were
homogenized in phosphate buffer and submitted to the protocol
described in Ref. [38]. Liver tissue samples were homogenized in 1 ml of
EDTA (0.5 M)-phosphate buffer saline (pH 8.0) containing 300 pl of
HPO3 (25 %) and then centrifuged at 3000 g for 10 min. Subsequently,
500 pl of the resulting supernatant was mixed with 100 pl of o-phtha-
laldehyde (5 mg/ml) for derivatization. The mixtures were incubated at
25 °C for 15 min, and the amount of glutathione (GSH) was determined
by measuring the fluorescent signal using a Glomax Discover (Promega)
at excitation and emission wavelengths of 350 nm and 420 nm,
respectively. To evaluate the total glutathione, a reduction step of
oxidized glutathione (GSSG) was performed. Briefly, 500 pl of the
sample was combined with 100 pl of 25 mM dithiothreitol and incubated
at 4 °C for 30 min. After centrifugation (5000 g, 10 min), the superna-
tants were used for derivatization. The concentration of GSSG was
determined by subtracting the experimental GSH values from the whole
GSH values obtained after the reduction step. The obtained data were
adjusted based on the protein content.

Protein carbonyl content. As previously described in Ref. [25], the
liver homogenates were treated with 1 % streptomycin sulfate to elim-
inate nucleic acids and then centrifuged at 6000 g (4 °C, 10 min). The
resulting supernatants were subjected to a 1-h incubation at 25 °C with
10 mM 2,4-dinitrophenylhydrazine (DNPH) dissolved in 2.5 M HCL.
Following the addition of 10 % trichloroacetic acid, the samples were
centrifuged at 3000 g (4 °C) for 10 min. The resulting pellets were dis-
solved using 6 M guanidine hydrochloride in phosphate buffer saline
(pH 8.0) and centrifuged at 5000 g (4 °C) for 5 min. The absorbance of
the samples was measured at 370 nm using a spectrometer. The protein
carbonyl content was expressed as nmol DNPH per milligram of protein.

Malondialdehyde determination. Lipid peroxidation was deter-
mined as the formation of thiobarbituric acid-reactive substances (TBA-
RS), according to a previous report [25]. Briefly, 200 pl of liver ho-
mogenates were mixed with 400 pl of TBA reagent, which consisted of
0.375 g of TBA, 15 g of trichloroacetic acid (TCA), 2.5 ml of 37 % HCl
plus phosphate buffer saline until 100 ml. The mixture was then incu-
bated at 95 °C for 15 min, resulting in the production of a pink chro-
mophore directly proportional to the amount of peroxidized products
present. After incubation, the samples were placed on ice for 5 min and
subsequently centrifuged at 3000 g for 15 min. The optical density of the
resulting supernatants was measured using a spectrometer at a wave-
length of 490 nm. The quantity of TBA-reactive substances (mostly
malondialdehyde [MDA]) was determined by interpolating the values
on a constructed MDA standard curve utilizing 1,1,3,3-tetrametoxypro-
pane. The results were expressed as nanomoles of MDA per milligram of
protein.

NAFLD activity scores. We assessed the NAFLD activity scores
(NAS) in H&E stained sections, according to the method of Kleiner et al.
[39]. NAS scores were double-blind evaluated as a composite parameter
based on separate scores for steatosis (0-3), hepatocellular ballooning
(0-2), and lobular inflammation (0-3). The total NAS score is the sum of
these separate scores, and values > 5 are correlated with a diagnosis of
NASH in humans.

Serum analytics. Blood samples were left at room temperature for
30 min and then centrifuged at 400 g for 15 min at 4 °C. The supernatant
was collected and stored at —80 °C until use. Serum analysis was out-
sourced to IDEXX BioAnalytics, which used a Beckman Coulter AU480.

RT? Profiler PCR Array of mouse fibrosis. RNA samples were
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Fig. 1. Safety of prolonged administration of PHAR in mice. A, evolution of weight during the weeks of treatment. B, blood glucose levels, under fed conditions,
throughout the weeks of treatment. C, serum albumin, D, total serum protein. E, alkaline phosphatase (AP). F, alanine aminotransferase (ALT). G, aspartate
aminotransferase (AST). Data are mean =+ S.D. (n = 6). *p < 0.05; according to a Student’s t-test. Animals in this experiment were 11-month-old at the beginning of a

4-week treatment.

extracted using TRIzol (Invitrogen, ID 15596026, Waltham, MA, USA),
according to the manufacturer’s instructions. Five hundred ng of each
mRNA sample were retrotranscribed using the RT? First Strand kit
(QIAGEN, ID 330401, Hilden, Germany). Transcript levels for 84
different fibrosis-related genes were analyzed on an RT? Profiler™ PCR
Array Mouse Fibrosis, from QIAGEN (ID 330231, GeneGlobe ID PAMM-
120ZA; https://geneglobe.qiagen.com/us/product-groups,/rt2-profiler-
per-arrays, accessed on February 24, 2023), according to the manufac-
turer’s instructions, using RT? SYBR Green/ROX qPCR Master Mix
(QIAGEN, ID 330522) for the PCR reaction. The PCR reaction was per-
formed on a 7900 HT Fast Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA). Reverse transcription quantitative PCR (RT-qPCR)
data were analyzed using the R programming language. Ct values for
each gene (Acta2; Agt; Ccll1; Ccli2; Ccl3; Cen2; Greml1; I1113; 1113ra2; 114;
I15; Snail; Bmp7; Hgf; Ifng I110; Colla2; Col3al; Lox; Mmpla; Mmp13;
Mmp14; Mmp2; Mmp3; Mmp8; Mmp9: Plat; Plau; Plg; Serpinala; Serpinel;
Serpinhl1; Timp1; Timp2; Timp3; Timp4; Itgal; Itga2; Itga3; Itgav; Itgbl;
Itgb3; Itgb5; Itgb6; Itgh8; Ccr2; Cxcr4; Il1a; I11b; Ilk; Tnf; Ednl; Egf; Pdgfa;
Pdgfb; Vegfa; Cavl; Dcn; Eng; Inhbe; Ltbp1; Smad2; Smad3; Smad4; Smad6;
Smad7; Tgfbl; Tgfb2; Tgfb3; Tgfbrl; Tgfor2; Tgifl; Thbsl; Thbs2; Cebpb;
Jun; Myc; Nfkb1; Sp1; Statl; Stat6; Aktl; Bcl2; Fasl) were normalized to
the geometric mean of the housekeeping genes (Actb; B2m; Gapdh; Gusb;
Hsp90ab1) using the ACt method. ACt values for each gene were further
normalized by subtracting the mean of the ACt values for all animals,
yielding AACt values. The negative of the AACt values were used for
further analysis as logy of the fold of change and are presented as a
heatmap. To determine the effects of treatment (vehicle or PHAR) and
NASH status (control vs. STAM) on gene expression, a linear model was

fitted to the logy of the fold of change for each gene using the Im()
function. The model considered the interaction between treatment and
NASH status variables. The emmeans package (v1.8.6) was used to test
for statistically significant differences in the mean log; fold of change
values among the different groups. To perform contrast tests, the
emmeans() function was used for each linear model of each gene across
conditions, and Bonferroni’s correction was applied for multiple testing.
The contrasts tested were limited to control-vehicle vs. STAM-Vehicle
and STAM-Vehicle vs. STAM-PHAR groups. Significance was deter-
mined by comparing the adjusted p-values against a Bonferroni’s
adjusted threshold of p < 0.05. The heatmap was made with Morpheus
(https://software.broadinstitute.org/morpheus). For volcano plot visu-
alization, log, of the fold of change for each gene of the STAM-PHAR
group was normalized by subtracting the mean of the logy of the fold
of change for each gene of the STAM-VEH group and -log;o of the
Bonferroni’s adjusted p-value for STAM-VEH vs. STAM-PHAR compar-
ison was calculated.

Statistical analyses. Unless otherwise indicated, all experiments
were performed at least 3 times and all data presented in the graphs are
the mean of at least 3 independent samples. Data are presented as mean
=+ S.D (standard deviation). Statistical differences between groups were
assessed using GraphPad Prism 8 software by the unpaired Student’s t-
test. One and two-way analyses of variance with post-Bonferroni’s test
were used for multiple comparisons. Statistically significant differences
are indicated in the figures (*** indicate p values < 0.001, ** <0.01 and
* <0.05).
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Fig. 2. PHAR activates NRF2 in liver and protects against oxidative stress and inflammation in the STAM model of NASH. During weeks 8-10, mice in either
the control or STAM groups were administered PHAR at a dose of 50 mg/kg/day. A, representative immunoblots of NRF2, HO-1, 8-CATENIN, IxBa, GLI2, YAP/TAZ,
and VCL as a loading control. Black arrow indicates NRF2 specific band. B, densitometric analysis of NRF2 and HO-1 protein levels from representative immunoblots
from A, expressed as a ratio of VCL. Data are mean + S.D. (n = 6-7). *p < 0.05; ***p < 0,001 vs. CTRL-VEH according to a two-way ANOVA test followed by
Bonferroni post-hoc test. C, mRNA levels of NRF2 targets Hnox1, and Nqo1, inflammatory markers Il6 and Tnf, lipid metabolic markers Fasn, Acaca, Cptla and Cd36,
were determined by gRT-PCR and normalized by the geometric mean of Gapdh, Tbp, and Actb levels. Data are mean + S.D. (n = 6-7). *p < 0,5; **p < 0,01; ***p <
0.001 vs. CTRL-VEH or STAM-VEH according to a two-way ANOVA followed by Bonferroni post-hoc test. D, levels of reduced glutathione (GSH) normalized with
total oxidized glutathione (GSSG). E, Peroxidized lipids (Px-lipids) representing mostly MDA. F, protein carbonyl content as determined by DNPH levels. Data are
mean + S.D. (n = 6-7). *p < 0.05; **p < 0.01; ***p < 0.001 vs. CTRL-VEH or STAM-VEH according to a two-way ANOVA followed by Bonferroni post-hoc test.
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Fig. 3. PHAR decreases intrahepatic lipid accumulation. During weeks 8-10, mice in either the control or STAM model groups were administered PHAR at a dose
of 50 mg/kg/day. This treatment was conducted during the transition from NASH stage (week 8, W8) to fibrosis stage (week 10, W10). A, weight changes during the
last 4 weeks. B, blood glucose levels during the last four weeks. C, representative magnetic resonance images of a mouse per group. For each mouse, the hepatic fat of
3 different regions of the liver was measured with a 3 mm® voxel by MRI D, representative MRI spectra derived from STAM-VEH or STAM-PHAR. The peak that
appears at an approximate frequency of 4.7 ppm corresponds to the water molecule (majority), while the rest of the peaks give information about the amount of liver
fat. The ratio between the sum of the fat peaks vs. water peaks indicates the total liver fat content. E, evolution profiles of the normalized liver fat per mouse measured
by MRI at week 8 (NASH) and at week 10 (fibrosis) of each experimental group. Each lane corresponds to the same mouse at the beginning and end of the treatment.
F, normalized quantification of the amount of liver fat per mouse. Data are mean + S.D. (n = 6-7). **p < 0.01 vs. STAM-VEH according to a two-way ANOVA
followed by Bonferroni post-hoc test.
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3. Results
3.1. PHAR activates NRF2 in hepatocytes, kupffer and stellate cells

Murine hepatocytes, murine Kupffer and human stellate cells were
pre-incubated in a low-serum medium (less than 0.5 %) for 16 h before
PHAR treatment. This treatment is necessary to create the GSK-3-
dependent phosphorylation motif in NRF2 and promote its interaction
with the E3 ligase B-TrCP [26].

First, we confirmed that several liver cell types express NRF2 and are
responsive to PHAR. Low-serum growing immortalized hepatocytes
were treated with 10 pM PHAR for 2, 4, 8, 16 and 24 h (Suppl. Fig. 1).
The results showed that PHAR increased NRF2 protein levels from 2 h
until 16 h. At these time points NRF2 activation was further reflected by
an increase in the protein and transcript levels of two well-established
targets, heme oxygenase-1 (HO-1) and NADPH quinone oxidoreduc-
tase (NQO1), encoded by Hmoxl and Nqol genes, respectively.
Furthermore, PHAR significantly increased the expression of other
weaker NRF2-targets, such as gamma-glutamyl cysteine ligase catalytic
(Gcle) and modulator (Gclm) genes. Additionally, we noted that PHAR
affects the expression of several lipid metabolism genes, as evidenced by
the increased expression of lipid translocators to the cell (Cd36) and to
the mitochondria (Cptla), and fatty acid beta-oxidation (Acox1) (Suppl.
Fig. 1D).

Low-serum growing Kupffer cells isolated from wild-type mice were
pre-treated with PHAR (10 pM, 8 h) or vehicle (DMSO) and then stim-
ulated with LPS (100 ng/ml, 4 h) to trigger an acute inflammatory
response. PHAR increased NRF2 and HO-1 protein levels in these liver
macrophages (Suppl. Figs. 2A-B), and, importantly, PHAR attenuated
the LPS-induced inflammatory response, measured by the analysis of
pre-IL1p protein and Il1b, 116, and Tnf transcript levels (Suppl. Fig. 2C).
Taken together, we conclude that PHAR activates NRF2 and attenuates
LPS-induced inflammation in hepatic resident macrophages.

TGF- is considered the most relevant molecule in the pathogenesis
of fibrosis and hepatic stellate cells (HSCs) activation [40,41]. We
challenged low-serum growing LX-2 human HSCs with PHAR and/or
TGF-f for 16 h. As shown in Suppl. Fig. 3, this compound increased
NRF2 and HO-1 at protein and mRNA levels. TGF-p led to the expected
increase in two fibrotic markers, alpha Smooth Muscle Actin (a-SMA)
and Collagen Type I alpha 1 Chain (COL1A1) at protein and mRNA
levels. Importantly, this increase was significantly lower in cells treated
with PHAR (Suppl. Figs. 3A-C). The analysis of cell viability in the same
cells, evaluated with an MTT assay, indicated that PHAR, TGF-f and/or
the co-stimulation are not toxic at any condition (Suppl. Fig. 3D). These
results suggest that PHAR prevents TGF-f-induced fibrosis signaling
elicited by HSCs.

Table 1

Effect of PHAR on liver parameters analyzed in serum of STAM mice. Serum
albumin (Alb), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (AP), and total protein levels (TP) were analyzed for
the different experimental groups using a Beckman Coulter AU480. Data are
mean + S.D. (n = 6-7). ***p < 0.001 vs. CTRL; ###p < 0.001 vs. STAM-VEH
according to two-way ANOVA followed by Bonferroni post-hoc test. Animals
in this experiment were 8-week-old at the beginning of a 2-weeks treatment.

Groups Alb (g/ ALT (U/L) AST (U/L) AP (U/L) TP (g/L)
L)
CTRL 22+76 37.4+10.3 86.7 + 64.4 + 35.6 +
14.1 13.9 14.9

CTRL- 25+1.2 465+ 18.3 79.4 + 59.5 + 46.6 +
PHAR 14.8 15.2 3.3

STAM- 18.5 + 324.7 + 101.0 + 125.2 + 35.2 +
VEH 1.0 70.8%%% 20.8 72.3 6.7

STAM- 21.5 + 185.3 + 95.3+7.8 103.5+ 49.2 +
PHAR 2.6 64.1%## 11.5 10.4
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3.2. Prolonged administration of PHAR in mice is safe

We conducted safety studies in eight-week-old C57BL/6 mice to
evaluate the potential risks associated with prolonged administration of
PHAR. The mice were subjected to an intraperitoneal (i.p.) treatment of
vehicle (Tween-80/PBS; 1/13) or 50 mg/kg PHAR, 5 days/week for 4
weeks. During the treatment, the mice did not experience any weight
loss, which is a highly sensitive indicator of disease in these animals
(Fig. 1A). Additionally, glucose levels remained stable throughout the
study (Fig. 1B). We also analyzed total protein serum levels (TP), as well
as several hepatic parameters, including albumin (Alb), alkaline phos-
phatase (AP), aspartate aminotransferase (AST), and alanine amino-
transferase (ALT) (Fig. 1C-G). These parameters were not statistically
different between PHAR and vehicle-treated mice except AST levels
which were slightly lower in the presence of PHAR. These results suggest
that prolonged administration of PHAR is safe and non-toxic, least for a
4-week exposure to this treatment.

3.3. PHAR activates the NRF2 signature in the liver and protects against
oxidative stress

Eight-week-old control and STAM mice received a daily i.p. injection
of vehicle or PHAR (50 mg/kg), 5 days/week for 2 weeks. As observed in
Fig. 2A-C, PHAR induced the protein expression of NRF2 and HO-1, as
well as Hmox1 and Ngqol transcripts, used as readouts of NRF2 tran-
scriptional activity. We have previously reported an in silico analysis of
the energy of binding of several substrates to beta-TrCP and suggested
that NRF2 is among the substrates with weakest affinity, therefore
providing selectivity for PHAR-mediated displacement of NRF2 [24].
Here, we further analyzed in liver the effect of PHAR on several known
key substrates of B-TrCP: p-CATENIN, YAP/TAZ and GLI2 (Fig. 2A).
PHAR did not modify the levels of any of them, indicating that this
compound shows preference for inhibition of the NRF2/-TrCP inter-
action. The transcript levels of the inflammatory cytokines Il6 and Tnf
were also significantly reduced by PHAR in the STAM mice. (Fig. 2C).
Regarding lipid metabolism, transcript levels of Fasn, Acaca and Cd36
exhibited a tendency to decrease while Cptla was increased in the
presence of PHAR (Fig. 2C). A major hallmark of NASH is the presence of
oxidative stress [11,42]. Consistent with the well-established role of
NRF2 as a master regulator of redox homeostasis, PHAR partially
rescued STAM livers from oxidative stress as determined by partial
normalization of the GSH/GSSG ratio, and the levels of lipid peroxides
(malondialdehyde, MDA) and carbonylated proteins (adducts of 2,
4-dinitrophenylhydrazine, DNPH) (Fig. 2D-F). Together, these results
show target engagement (NRF2) by PHAR in the liver and reduction of
inflammatory and oxidative markers as well as modification of lipid
metabolism markers.

3.4. PHAR decreases intrahepatic lipid accumulation

From the point of view of its therapeutic use, we analyzed the effect
of PHAR in eight-week-old control and STAM mice, a moment that
correlates with incipient NASH in humans at the time of clinical diag-
nosis. As previously described, these mice received i.p. administration of
vehicle or 50 mg/kg of PHAR, 5 days/week until 10 weeks of age, a
period at which these mice develop fibrosis [28]. As previously reported
[28], we observed a significant decrease in the body weight of the STAM
mice compared to control mice, but there was no change in weight in
either group due to PHAR treatment (Fig. 3A). Also as expected, STAM
mice exhibited hyperglycemia (Fig. 3B), and PHAR did not modify
glucose levels.

To monitor the effect of PHAR on hepatic fat, we used magnetic
resonance imaging (MRI) at the beginning and end points of each
experimental condition. As liver fat is diffuse, we took three measure-
ments with a 3 mm? voxel from three different liver regions in each
mouse (Fig. 3C), as previously published [43]. In agreement with former
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Fig. 4. PHAR prevents the development of NASH and fibrosis. A, histochemical analysis of H&E, Oil red O (neutral fat), Sirius red. (collagen I and III), and
immunohistochemistry for F4/80. Black arrow in H&E photographs points an area with an inflammatory focus; orange arrow indicates an area of ballooning. B-C,
steatosis, inflammation, and ballooning, and integration of the three parameters in the NAFLD activity score (NAS). Data are mean + S.D. (n = 6-7). *p < 0.01; **p
< 0.01 vs. STAM vehicle according to a two-way ANOVA followed by Bonferroni post-hoc test. D, quantification of Oil red O positive area. Data are mean + S.D. (n =
6-7). **p < 0.01 vs STAM vehicle according to a two-way ANOVA test. E, quantification of Sirius red positive area. Data are mean + S.D. (n = 6-7). *p < 0.05 vs.
STAM-VEH according to a two-way ANOVA followed by Bonferroni post-hoc test. F, Quantification of DAB-staining positive area of F4/80. Data are mean + S.D. (n
= 6-7). ***p < 0.001 vs. CTRL-VEH or STAM-VEH according to a two-way ANOVA test. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

<

reports [28], STAM mice accumulated fat in the liver, despite the ani-
mals were not obese. However, PHAR-treated mice showed significant
protection against liver steatosis (Fig. 3D-F). Therefore, this integrative
non-invasive strategy indicated that PHAR exerts global protection
against lipid accumulation during NASH progression.

3.5. PHAR preserves liver integrity

We analyzed serum levels of albumin, ALT, AST, AP, and total pro-
tein. In the STAM mice, ALT levels were greatly increased, and PHAR
significantly protected against this effect. Serum AST and AP levels also
exhibited a slight non-significant increase and, again, PHAR tended to
attenuate this effect (Table 1).

Hematoxylin and eosin (H&E)-stained sections confirmed the normal
liver histology in mice receiving PHAR (Fig. 4A). Furthermore, double-
blind analysis of the levels of steatosis, inflammatory cells, and
ballooning (NAS score) revealed a high NAS score in STAM mice that
was significantly lower in PHAR-treated mice, consistent with liver
protection against NASH (Fig. 4B and C).

Liver lipid content was further analyzed by Oil red O staining
(Fig. 4A). In agreement with the MRI data of Fig. 3, ten-week-old STAM
mice developed strong steatosis, and PHAR greatly attenuated this effect
(Fig. 4D). Importantly, collagens I and III content, analyzed by Sirius red
staining, was significantly decreased by PHAR (Fig. 4A and E), therefore
anticipating an anti-fibrotic effect. Inmunohistochemical staining with
anti-F4/80 of hepatic macrophages (Kupffer cells) revealed that STAM
model significantly increases staining of this cell type, as expected, and
that this increase is greatly diminished in STAM PHAR-treated mice
(Fig. 4A and F). Therefore, these results confirm that PHAR favors an
inflammation-protective environment in mouse liver in STAM model.

3.6. The expression profile of fibrotic genes is attenuated by PHAR

We analyzed the expression of a battery of 84 genes involved in liver
fibrosis using RT2 Profiler™ PCR Array Mouse Fibrosis (see Materials
and Methods). We grouped all genes with significant expression changes
(CTRL-VEH vs. STAM-VEH; p-value <0.05) by their biological function
in a heatmap (Fig. 5A) (anti-fibrotic, profibrotic, extracellular matrix
remodeling, and inflammatory genes). We further analyzed transcript
levels of these genes in a volcano plot (Fig. 5B). In STAM mice, we found
a reduction of several anti-fibrotic genes (Plg, Serpinala, and Bmp7) and,
importantly, PHAR shifted their levels towards normal physiological
values. On the other hand, the expression of several pro-fibrotic genes
(Acta2, Pdgfb, Colla2, Col3al, Tghl, and Cavl), extracellular matrix
remodeling genes (Mmp13, Mmpla, Mmp3, Mmp9, MmP8, Plat, Serpinhl,
Timp1, Ednl, Itga2, and Itgh3), and inflammation markers (Nfkb1, Ccl3,
Cxcr4, Illa, Il1b, II5, Tnf, and Ccr2) were increased. Of note, PHAR
strongly attenuated the expression of these genes. Altogether, these re-
sults provide additional information about the effect of PHAR in atten-
uating liver fibrosis.

4. Discussion

Despite huge efforts in clinical research, no licensed drugs for NASH
treatment have been approved so far. In general, it seems that an
approach based only on the use of metabolically active drugs that have
been previously used to control obesity or hyperglycemia may not be

sufficient to combat NASH [44-48]. Similarly, several anti-fibrotic drugs
have failed to resolve NASH in phase 2 and 3 clinical trials [49]
demonstrating the need for new pharmacological approaches. Probably,
this failure reflects the complexity of NASH, which might be viewed as a
syndrome resulting from environmental factors and lifestyle, biochem-
ical causes, and interindividual genetic differences [11]. For this reason,
we have pursued the preclinical validation of a recently proposed new
target, the pleiotropic transcription factor NRF2, which is a master
regulator of multiple homeostatic functions including lipid metabolism,
inflammation, and oxidative stress [8].

The identification of NRF2 as a new therapeutic target for NASH has
been suggested by several studies [11]. For example, NRF2-deficient
mice are more susceptible to NASH development than their wild-type
littermates [50]. Moreover, in recent years several NRF2 activators
have demonstrated a beneficial effect in several murine NASH models in
proof-of-concept studies. Just as a few examples, constitutive NRF2
activation due to genetic Keapl knockdown leads to reduced liver
lipogenesis, lipid accumulation and hepatic steatosis [51,52]. More in
connection with NASH, Nrf2-knockout mice submitted to several pro-
tocols of a high fat diet administration exhibit increased oxidative stress
and hyperlipidemia [12,53,54]. Pharmacological activation of NRF2
also elicits several protective effects against hyperlipidemia, inflam-
mation and fibrosis [15]. It seems however surprising that there is not
yet a clear pipeline to NRF2 activators for NASH therapy. Our view is
that the previous studies have focused on inhibiting the potent NRF2
regulator KEAP1, therefore, raising concerns about the long-term side
effects of chronic treatment. By contrast, our study is the first to target
NRF2 with a completely new approach based on the inhibition of its
interaction with the mild regulator B-TrCP [26]. Thus, regarding the
STAM model, our study is in line with a recent report with a the
KEAP1/NRF2 interaction inhibitor S217879 [18] which protected
against similar hallmarks of NASH, including liver fat accumulation,
inflammation and fibrosis. However, S217879, led to increased liver
weight and hepatomegaly, which was not observed with our
B-TrCP/NRF2 interaction inhibitor.

Although NRF2 is a ubiquitous transcription factor, there is a high
variability in its cell and tissue expression, probably related to its
epigenetic regulation. Thus, under basal conditions, stellate and Kupffer
cells appear to have about 64 % higher NRF2 transcript levels than
hepatocytes, according to a single cell RNA analysis of the Liver Cell
Atlas Database [55]. Therefore, we analyzed the NRF2 signature in these
specific liver cells in response to PHAR. We found that the three cell
types were responsive to PHAR by upregulating NRF2 and modulating
LPS and TGF-B-responses in Kupffer and HSCs, respectively. These re-
sults are in agreement with previous studies showing that a
cell-permeable PROTAC degrader against KEAP1 suppresses HSC acti-
vation through the antioxidant and anti-inflammatory pathway [56].
Therefore, while this study supports a new strategy to combat NASH,
further work is still needed to determine PHAR selectivity of the
beta-TrCP/NRF2 axis and if its affects are hepatocyte-dependent or
involve other liver cell types including dendritic and stellate cells. By
comparison with other stem cells, for instance in the adult brain, it is
plausible that NRF2 favors the maintenance of liver progenitor niches,
which are otherwise exhausted in the progression towards cirrhosis, in a
similar way as it does in the neurogenic niches [57].

Consistent with the cell culture data, we found that PHAR induces
NRF2 expression and activates the NRF2 transcriptional response in the
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liver as determined by the increases in transcript levels of the bona fide
NRF2 targets Hmox1 and Nqol, and the widely reported effect of NRF2
in modulation of oxidative stress (GSH/GSG ratio and reduced levels of
lipid peroxides and carbonylated proteins) and inflammation (II6 and
Tnf). A prediction of the pharmacokinetics profile with the DataWarrior
and ADMETsar program [58,59] suggested that PHAR is not toxic and,
consistently, mice submitted to daily i.p. injections of PHAR for 4 weeks
(5 doses/week) did not show any evidence of toxicity. Further studies
will be required to analyze in more detail the safety of PHAR adminis-
tration, but based on these preliminary observations we went ahead to
further evaluate the efficacy in NASH.

Considering interindividual variations and to better mimic the situ-
ation of recently diagnosed NASH patients, we tracked NASH progres-
sion by MRI. We found that from week 8-10 the ratio lipid/water was
increased in vehicle-treated STAM mice as expected [28]. By contrast,
PHAR greatly protected STAM mice from lipid accumulation during this
time frame. Encouraged by this finding, we explored independent pa-
rameters of NASH progression. Although PHAR protected the liver from
steatosis, oxidative stress and inflammation, the current challenge is to
protect the liver against fibrosis since the clinical course of NASH is
significantly dependent on the progression rate of fibrosis [60]. Impor-
tantly, Sirius red staining, a general marker of liver fibrosis, evidenced
perivascular collagen accumulation after 10 weeks in control STAM
mice, most likely contributing to portal hypertension. By contrast, the
deposition of collagen was markedly reduced in PHAR-treated mice.
Consistent with an antifibrotic role, the TGF-B-dependent induction of
a-SMA and COL1A1 was greatly attenuated in HSCs which are the main
cell type contributing to fibrosis (Supplem. Fig. 2). We analyzed the
expression of 84 genes highly connected with liver fibrosis by using a
customized array. In agreement with the results shown in Supplem.
Figs. 2 and 3 and Fig.5, the expression of inflammatory markers 116 and
Tnf, and profibrotic markers, Acta2 and Collal, was highly attenuated in
the presence of PHAR. The array data further extended these observa-
tions to show increased levels of anti-fibrotic genes and reduced levels of
pro-fibrotic genes. Among the anti-fibrotic genes, Bmp7 showed the
highest statistically significant increase in response to PHAR. This pro-
tein is an antagonist of TGF-f [60]. Among the profibrotic genes, Acta2,
encoding a-SMA, a well-established marker for myofibroblast formation
and progression towards hepatic cirrhosis, Mmp3 and Mmp13 were
highly downregulated. Of relevance, the cluster of genes that were
downregulated by PHAR also includes those involved in extracellular
matrix remodeling, probably connected with persistent activation of
interstitial myofibroblasts [61].

Further studies are required to determine how NRF2 reduces fibrosis.
Direct repression of pro-fibrotic or activation of anti-fibrotic genes is
unlikely because after analysis of ChIP-Atlas database for NRF2 ChIP
peaks [62] we could not retrieve any putative NRF2-regulated Antiox-
idant Response Elements (AREs) in the regulatory regions of those genes.
Considering the widely accepted role of NRF2 in the protection against
oxidative and inflammatory stress, it is more plausible that NRF2 con-
trols indirectly the fibrotic response. One plausible possibility that will
be explored in future studies is that NRF2 might regulate the expression
of antifibrotic microRNAs. Additionally, the normalization of hepatic
metabolism and attenuation of oxidative and inflammatory stress by
PHAR may be the driver for its protection against fibrosis.

In conclusion, this study presents an innovative approach to thera-
peutically activate NRF2 by using a disrupter of its interaction with
B-TrCP. Our findings suggest that PHAR may hold promise for the
treatment of chronic liver diseases, such as NASH.
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