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ARTICLE INFO ABSTRACT

Keywords: Experimental and clinical evidence implicate disrupted gut barrier integrity in provoking innate immune re-
NASH N sponses, specifically macrophages, towards the progression of non-alcoholic steatohepatitis (NASH). Peroxisome
Intestinal permeability proliferator-activated receptors (PPARs), a subset of the nuclear receptor superfamily, act to fine-tune several
PPAR L metabolic and inflammatory processes implicated in NASH. As such, the current study was carried out to
Macrophage polarization . . e . . ) . .
TLR4 decipher the potential role of dual PPAR «/8 activation using elafibranor (ELA) on ileal macrophage polarization

STAT3 (MP) and its likely impact on the liver in a NASH setting. To achieve this aim, an in vitro NASH model using fat-
laden HepG2 cells was first used to validate the impact of ELA on hepatic fat accumulation. Afterwards, ELA was
used in a combined model of dietary NASH and chronic colitis analogous to the clinical presentation of NASH
parallel with intestinal barrier dysfunction. ELA mitigated fat accumulation in vitro as evidenced by Oil Red-O
staining and curbed triglyceride levels. Additionally, ELA restored the expression of tight junctional proteins,
claudin-1 and occludin, along with decreasing intestinal permeability and inflammation skewing ileal macro-
phages towards the M2 phenotype, as indicated by boosted arginase-1 (Argl) and curtailed inducible nitric oxide
synthase (iNOS) expression levels. These changes were aligned with a modulation in hepatic toll-like receptor-4
(TLR4)/nuclear factor kappa B (NF-kB) along with ileal interleukin-10 (IL-10)/signal transducer and activator of
transcription-3 (STAT3) axes. Overall, the present findings suggest that the dual PPAR o/8 agonist, ELA, may
drive MP in the ileum towards the M2 phenotype improving intestinal integrity towards alleviating NASH.

1. Introduction economic burden and entail an alarming health need that is yet to be met
[1]. Once believed to be merely a product of two subsequent metabolic

The widespread global prevalence of non-alcoholic fatty liver disease and inflammatory hits, it is now appreciated that diverse local and
(NAFLD) and the critical clinical outcomes associated with its more extrahepatic pathogenic processes converge into NASH progression [2].

progressive form, non-alcoholic steatohepatitis (NASH), pose a global A subset of NASH patients exhibits pathological alterations in the

Abbreviations: Argl, Arginase-1; BSA, Bovine serum albumin; DMEM, Dulbecco’s Modified Eagle Medium; DMSO, dimethyl sulfoxide; DSS, Dextran sodium
sulfate; ELA, Elafibranor; FFA, Free fatty acids; FITC, Fluorescein isothiocyanate; HFD, High fat diet; IFNy, Interferon-gamma; IL-10, Interleukin-10; iNOS, Inducible
nitric oxide synthase; IxBa, Inhibitor of kappa B-alpha; IKK, inhibitor of kappa-B kinase; LBP, Lipopolysaccharide-binding protein; LPS, Lipopolysaccharide; MP,
Macrophage polarization; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; NF-kB, Nuclear factor kappa B; OA, Oleic acid; PA, Palmitic
acid; PPAR, Peroxisome proliferator-activated receptor; STAT3, Signal transducer and activator of transcription-3; TG, Triglycerides; TLR4, Toll-like receptor-4.
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Fig. 1. Experimental design and timeline of in vitro and in
vivo studies and FITC-dextran intestinal permeability assay.
(A) For in vitro investigations, HepG2 cells were seeded on
the first day in complete media, treated with elafibranor
(ELA, 10 uM) or an equivalent volume of DMSO on the
second day. On the third day, cells were challenged with
0.5 mM free fatty acid (FFA) mixture of oleic/palmitic
acids at a ratio of 2:1, or an equivalent volume of FFA-free
bovine serum albumin (BSA). On the fourth and final day,
cells were either fixed with 10% formalin and subsequently
stained with lipophilic Oil Red-O or harvested for deter-
mination of triglyceride (TG) and protein content. (B) For
in vivo investigations, C57BL/6 male mice were randomly
allocated into 3 experimental groups. The first group was
maintained on standard chow diet, the second and third
groups received a high fat diet (HFD) and 0.5% dextran
sodium sulfate (DSS) supplemented in drinking water. ELA
was administered at a dose of 30 mg/kg, p.o. after 8 weeks
of induction for a duration of 4 weeks. (C) For the intestinal
permeability assay, mice were orally administered fluo-
rescein isothiocyanate (FITC)-dextran after being chal-
lenged with a four-hour food deprivation period with free

Blood Sample
-—

access to water. Four hours later, FITC-dextran concentrations were estimated in serum samples to assess intestinal permeability.

gut-liver axis manifested in dysbiosis, compromised barrier integrity,
and bacterial translocation [3]. Experimental and clinical evidence
suggest that bacterial products translocated from a failing gut barrier is
one of the key mechanisms contributing to the systemic low-grade
inflammation present in NASH [4].

Mirroring the T helper-1 and -2 polarization states, macrophages are
known to alternate between two phenotypes, viz., the classical M1 and
alternative M2. These phenotypes depict both extremes of the macro-
phage polarization (MP) programs where the pro-inflammatory M1
macrophages lie on one end whereas the tempered, tissue repairing, and
anti-inflammatory M2 lie on the other [5]. One of the well-characterized
paradigms explaining the gut-liver crosstalk is that of the toll-like re-
ceptor-4 (TLR4) where lipopolysaccharides (LPS) crossing the gut bar-
rier and translocating to the hepatic tissue become recognized by TLR4
expressed by the liver parenchyma and innate immune cells [6].
Engaging hepatic TLR4 by the translocated LPS leads to downstream
activation of nuclear factor kappa B (NF-kB), a master regulator of the
M1 program in macrophages that controls the secretion of several
pro-inflammatory cytokines implicated in NASH [5,6]. The notion that
therapeutic modalities targeting TLR4/NF-xB signaling might be bene-
ficial in NASH is supported by experimental evidence showing that mice
with genetic defects in TLR4 [7] and NF-xB [8] are protected from
diet-induced liver injury. This is further supported by clinical data
showing higher expression of TLR4 [9] and NF-kB [10] in NASH liver
biopsies. Clinical data also suggest that alterations in barrier integrity
may be linked to TLR4/NF-xB hepatic signaling and the severity of
NASH progression [6].

Barrier integrity and intestinal homeostasis are maintained through
complex interactions between different epithelial and immune cells that
also include macrophages as profound influencers [11]. Overwhelming
evidence supports the notion that polarizing lamina propria macro-
phages towards an anti-inflammatory M2 phenotype confers protection
against intestinal insults [12,13]. While this concept has been well
validated in experimental models of colitis, it was not extensively
explored in a NASH setting. Nevertheless, these macrophages are known
to be extremely malleable by the repertoire of signals present in their
milieu. On one hand, T helper-1-derived interferon-gamma (IFNy) and
LPS-triggered TLR4 synergize for robust engagement of the aggressive
M1 phenotype [14] that is known to wreak havoc on the intestinal
barrier through inducible nitric oxide synthase (iNOS)-mediated pro-
duction of highly noxious nitric oxide (NO) and the secretion of several
pro-inflammatory cytokines [15]. On the other hand, interleukin-10
(IL-10) signaling not only plays a critical role in the metabolic

programming of macrophages towards the anti-inflammatory M2
phenotype countering LPS-induced downstream signals [16] but is also
essential in the maintenance of intestinal homeostasis and barrier
integrity [17]. Interestingly, much of IL-10’s anti-inflammatory effects
appear to be mediated by its downstream target, the signal transducer
and activator of transcription-3 (STAT3) [18].

Peroxisome proliferator-activated receptors (PPARs) with its three
isoforms, PPAR-a, PPAR-y, and PPAR-§, are a group of nuclear receptors
that regulate diverse metabolic and inflammatory processes, many of
which are intimately linked to NASH [19]. That being the case and given
the complex multifaceted nature of NASH, dual and pan PPAR agonists
have recently evolved as multimodal candidates that are thought to
open a new vista in NASH pharmacotherapy. PPAR-« is highly expressed
in the liver and conveys the hypolipidemic effects of their well-known
ligands, fibrates. Activation of PPAR-5, on the other hand, stimulates
B-oxidation in metabolically active tissues such as the liver, adipose
tissue, and muscles [19]. Moreover, burgeoning evidence reveals that
the polarization status of macrophages entails metabolic reprogram-
ming to better support their specialized function [20]. As such, polari-
zation of Kupffer cells and adipose tissue macrophages under the
influence of PPAR activation was previously addressed in a NASH
setting [21]. Interestingly, genome-wide association studies have also
revealed the widespread expression pattern of these receptors in the gut
tissue [22]. Both, PPAR-a [23] and & [24] have been shown to maintain
intestinal homeostasis, albeit in a different context and by several
mechanisms.

Accordingly, the current study sought to investigate whether elafi-
branor (ELA), a PPAR-a/8 dual agonist, can modulate the polarization
status of ileal macrophages towards restoring intestinal barrier integrity
and reflecting onto the hepatic histological landscape in a NASH setting.
Mechanistic insights on whether these effects are allied with a crosstalk
between hepatic NF-«B and ileal IL-10/STATS3 signaling orchestrated by
TLR4 were also provided.

2. Material and methods
2.1. In vitro investigations

2.1.1. Cell culture

HepG2 cells were obtained from American Type Culture Collection
(ATCC; VA, USA) and cultured using Dulbecco’s Modified Eagle Medium
(DMEMV,; Gibco, Life Technologies, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, Life Technologies, Waltham,
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MA, USA) and 1% of antibiotic-antimycotic solution (Gibco, Life Tech-
nologies, Waltham, MA, USA). Cells were maintained in a humidified
incubator (Heracell™ VIOS 160i Tri-Gas CO5 Incubator, 165 L; Thermo
Fisher Scientific, Waltham, MA, USA) at 5% CO5 and 37 °C and split
when reaching approximately 70-80% confluence.

2.1.2. Induction and evaluation of steatosis in vitro

HepG2 cells were seeded in 6-well plates at a density of 5 x 10° using
FBS supplemented DMEM. The next day, cells were treated with either
10 uM elafibranor (ELA; BOC Sciences, NY, USA, CAS# 923978-27-2)
dissolved in dimethyl sulfoxide (DMSO; Fisher Scientific, New Hamp-
shire, USA; CAS#: 67-68-5) or its equivalent volume for positive and
negative controls. Steatosis was induced on the third day, as described
by a previous report [25]. Briefly, a freshly prepared free fatty acid
(FFA)/bovine serum albumin (BSA; MP Biomedicals, Santa Ana, CA,
USA; CAS#: 9048-46-8) conjugate was added to the wells with a final
concentration of 0.5 mM FFA mixture of oleic acid (OA; Alfa Aeser, MA,
USA; CAS#: 112-80-1) and palmitic acid (PA; Acros Organics, NJ, USA;
CAS#: 57-10-3) in a ratio of 2:1, or an equivalent volume of FFA-free
BSA for negative controls and incubated for 24 h. To evaluate fat
accumulation, cells were either harvested for estimation of triglycerides
(TG) and protein contents or fixed with 10% formalin for Oil Red-O
staining. TG content was measured using Triglycerides
GPO-PAP-enzymatic Colorimetric Assay Kit (Spectrum Diagnostics,
Egypt, Ref-314) and normalized to protein content estimated using
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA)
following the respective manufacturers’ instructions. Morphometric
assessment of fat accumulation was carried out on Oil Red-O stained
cells as described earlier [25] using ImageJ software (NIH, USA). In vitro
experimental design is illustrated in Fig. 1A.

2.2. In vivo investigations

2.2.1. Animal model

Male C57BL/6 mice, weighing 25-35 gm, were obtained from The-
odor Bilharz Research Institute, Giza, Egypt and inbred in the animal
house facility of the Faculty of Pharmacy, The British University in
Egypt. A combined model of dietary NASH and chronic colitis was
adopted in the present study, as described by Gabele et al. [26] with
modification. Male littermates were randomly allocated into 3 experi-
mental groups, namely, normal, HFD/DSS, and HFD/DSS+ELA. The
normal group received a standard chow diet while the HFD/DSS and
HFD/DSS+ELA groups received a high fat diet (HFD) [27] and 0.5%
dextran sodium sulfate (DSS; MW ~40 kDa, TdB Consultancy AB,
Uppsala, Sweden, CAS#: 9011-18-1) in drinking water. DSS was
applied in cycles throughout the experimental period of 12 weeks, each
cycle consisted of 7 days of DSS administration in drinking water and 10
days of DSS-free water. Additionally, HFD/DSS+ELA group received
daily oral gavage with ELA at a dose of 30 mg/kg/day [28] in 1% tween
80 initiated after 8 weeks of induction for a duration of 4 weeks
(Fig. 1B). In this model, DSS was used to experimentally simulate the
clinical presentation of NASH patients with gut barrier dysfunction.
Although primarily used in colitis models, DSS-induced disruptions are
not confined to the colon, however, it also extends to include different
regions of the small intestine [29,30]. And since the immunological
milieu in the ileum, rather than the colon, distinctly dictates the intes-
tinal barrier function and dysfunction [31], investigations of the current
study were pursued on ileal tissues. Colonic tissues were only subjected
to histopathological examination to confirm the DSS-induced colonic
insults, being the primary site of its action. Throughout the experimental
protocol, mice were housed in the animal house facility under constant
conditions of temperature (23 + 2 °C), humidity (50 + 10%), light/dark
cycles (12h/12h) and allowed free access to drinking water. All
experimental procedures were carried out in accordance with the EU
Directive 2010/63/EU for animal experiments and were approved by
the Ethical Committee of the Faculty of Pharmacy, The British
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University in Egypt (EX-1902).

2.2.2. Sample collection and preparation

Twenty-four hours after the last ELA dose, mice were subjected to
brief anesthesia and blood samples were withdrawn from the retro-
orbital sinus for further fluorescein isothiocyanate (FITC)-dextran
assay and estimation of lipopolysaccharide-binding protein (LBP) in
serum. Liver, ileum, and colon tissues were also collected. For serum
separation, blood samples were allowed to clot at room temperature for
30 min followed by centrifugation at 3000 RPM for 15 min. Meanwhile,
tissue samples were either fixed in 10% formalin solution for histo-
pathological and immunohistochemical analyses or flash-frozen using
liquid nitrogen for gene expression and protein quantification assays.
Tissue homogenates were prepared in PBS as 10% weight/volume.
Protein content was determined in tissue homogenates using Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, USA) following the
manufacturer’s instructions. In ELISA assays, concentration estimates in
samples were then normalized to their respective protein content.

2.2.3. FITC-dextran intestinal permeability assay

In FITC-dextran permeability assay, mice are orally administered
dextran as an LPS surrogate that follows its distribution kinetics but is
instead conjugated to a fluorophore that permits its detection. If the gut
barrier is intact, the large molecular size of FITC-dextran prevents it
from passing through and, therefore, will not reach the systemic circu-
lation whereas in a compromised barrier, leaked FITC-dextran becomes
detected in serum and its concentration is proportional to the extent of
barrier dysfunction. In the present study, 24 hrs after the last dose of
ELA, FITC-dextran test for intestinal permeability was performed
(Fig. 1C), as described by Volynets et al. [32]. Briefly, mice were
transferred to clean cages with no bedding and a raised mesh to limit
coprophagy. The following day, mice were challenged with a four-hour
food deprivation period with free access to water. Subsequently, mice
were administered oral gavage of 100 pl of FITC-dextran (TdB Consul-
tancy AB, Uppsala, Sweden) at a concentration of 80 mg/ml in sterile
PBS and four hours later, blood samples were drawn to extrapolate FITC
concentrations from a standard curve via measuring the fluorescence
using a CLARIOstar microplate reader (BMG Labtech MARS 3.32,
Germany).

2.2.4. Estimation of lipopolysaccharide-binding protein in serum

LBP was estimated in serum samples using Mouse LBP ELISA Kit
Picokine© (Boster Biological Technology, CA, USA, CAT#: EK1274)
following the manufacturer’s instructions.

2.2.5. Histopathological investigation of liver, ileum, and colon tissues

Formalin-fixed liver, ileal, and colon tissues were dehydrated in
ascending alcohol grades before washing with xylene. Dehydrated tis-
sues were then embedded in paraffin. Subsequently, tissues were cut
into 4 um thick sections using a microtome (microTEC, Duisburg, Ger-
many) and then stained using hematoxylin and eosin (H&E). For each
tissue type, ten random fields per section per animal were blindly
examined at a magnification power of x200 using a light microscope
(Zeiss, Oberkochen, Germany).

Liver sections were graded according to the following criteria for
steatosis [33]:

Mild = 5-30%, moderate = 30-60%, and severe > 60% of hepato-
cytes affected.

2.2.6. Estimation of hepatic TLR4 and ileal iNOS and Argl gene expression

Total RNA was isolated from tissue samples using Direct-zol RNA
Miniprep Plus kit (Zymoresearch Corp, USA, Cat#: R2072), according to
the manufacturer’s instructions. Extracted RNA quantity and quality
were assessed using the Q5000 UV-Vis Nanodrop (Quawell, USA) by
estimating the A260/A280 ratio. Reverse transcription was conducted
using SuperScript IV One-Step RT-PCR kit (Thermo Fisher Scientific,
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Fig. 2. Effect of ELA on free fatty acid (FFA)-
induced lipid accumulation in vitro and histo-
pathological hepatic alterations in vivo. (A)
Representative images of Oil Red-O staining
(ORO, x40) in FFA challenged-HepG2 cells with
or without ELA treatment (10 pM) along with
their corresponding (B) analysis of ORO stain-
ing area percentages, and (C) intracellular tri-
glyceride (TG) content. (D) Hematoxylin and
eosin (H&E, x200)-stained liver sections in
normal, HFD/DSS, and HFD/DSS+ELA groups
along with (E) steatosis scores. Statistical dif-
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Waltham, MA, USA, cat# 12594100), according to the manufacturer’s
recommendations followed by the polymerase chain reaction that was
run on the 48-well StepOne platform (Applied Biosystems, USA). The
following primers were used for TLR4 (NCBI accession no.
NM_021297.3): forward: 5-CGCTTTCACCTCTGCCTTCACTACAG-3';
reverse: 5'-ACACTACCACAATAACCTTCCGGCTC-3/, iNOS (NCBI acces-
sion no. NM_010927): forward: 5'-GAGACAGGGAAGTCTGAAGCAC-3';
reverse: 5'-CCAGCAGTAGTTGCTCCTCTTC-3'; Arginase-1 (Argl): (NCBI
accession no. NM_007482): forward: 5-CATTGGCTTGCGAGACGTA-
GAC-3'; reverse: 5- GCTGAAGGTCTCTTCCATCACC-3', and Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) gene (NCBI accession no.
NM_008084.3): forward: 5-CGTCCCGTAGACAAAATGGT-3'; reverse:
5-TCAATGAAGGGGTCGTTGAT-3'. Fold change in gene expression was
determined using delta-delta cycle threshold calculation (AACt) and
GAPDH was used as the endogenous normalization control [34].

2.2.7. Estimation of hepatic inflammatory markers, NF-kB and IkB-a
Phosphorylated nuclear factor kappa B [Ser536] (p-NF-kB, Cell
Signaling Technology, USA, CAT#: 7173) and phosphorylated inhibitor

of kappa B-alpha [Ser32] (p-IkBa, Cell Signaling Technology, USA,
CAT#: 7355) were estimated in hepatic tissue homogenates using ELISA
following the manufacturer’s instructions.

2.2.8. Estimation of tight junctional proteins, claudin-1 and occludin, along
with TLR4, IL-10, and macrophage polarization markers, iNOS and Argl, in
ileum

Avidin-biotin-immunoperoxidase technique was used for immuno-
histochemistry [35]. Primary monoclonal antibodies were used for
claudin-1 (Invitrogen, MA, USA, CAT#: 37-4900), occludin (Invitrogen,
MA, USA, CAT#: 33-1500), TLR4 (Santa Cruz Biotechnology, Inc., Santa
Cruz, USA, CAT#: sc-293072), IL-10 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, USA, CAT#: sc-8438), iNOS (Cell Signaling, MA, USA,
CAT#: 13120), and Argl (Cell Signaling, MA, USA, CAT#: 43933)
following a dilution of 1:100. For further colorimetric detection, strep-
tavidin-biotin-peroxidase preformed complex and peroxidase-3,3'-
diaminobenzidine were used complying with the manufacturer’s in-
structions (Dako, Denmark). Mayer’s hematoxylin was used for coun-
terstaining. Expression percentages were then estimated in ten random
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Fig. 3. Effect of ELA on hepatic TLR4/p-NF-xkB/
p-IxBa signaling. (A) TLR4 gene expression and

0.0136 (B) p-NF-kB and (C) p-IkBa protein levels in

0.0030

different groups. TLR4 relative gene expression
is expressed as fold change from normal and
was determined by qRT-PCR technique using
delta-delta Ct (AACt) following normalization
to the housekeeping GAPDH gene. Protein
levels of p-NF-kB and p-IkBa were estimated
using ELISA. Statistical difference was tested
using one-way ANOVA, followed by Tukey’s
multiple comparison test and significance was

A 0.0235 B
| |

- 300

: <0.0001  <0.0001 =
s | 10 2
Q 4- <}
@ | S
) 5] > 200
g £
[ [=)
25 ] 2

T 2
55 2 100
<= I
P2 — X
=Ie L
= L ﬁ
[« X
0 T T 0

HFD/DSS HFD/DSS
+ELA

Normal

0.0067
1500 I

L | T

1000

0.0314

(@)

500

T

p-IkBa (ug/mg protein)

0 T T

HFD/DSS HFD/DSS
+ELA

Normal

fields/section for each animal.

2.2.9. Estimation of IFNy and p-STAT3/t-STAT3 ratio in ileum

The following parameters were estimated in ileal tissue homogenates
using ELISA: IFNy (Proteintech, Rosemont, IL, USA, CAT#: KE10001) as
well as phosphorylated and total levels of signal transducer and acti-
vator of transcription-3 (p-STAT3/t-STAT3, Abcam, Waltham, MA, USA,
CAT#: ab176666) following the manufacturers’ instructions.

2.3. Statistical analysis

Statistical analysis was performed using GraphPad Prism V 9.0
(GraphPad Software, Inc., San Diego, CA, USA). Statistical difference
among groups was tested using one-way ANOVA, followed by Tukey’s
multiple comparison test and significance was inferred for P values
below 0.05. All data are presented as means =+ standard deviation (S.D.).

3. Results
3.1. ELA decreased FFA-induced lipid accumulation in vitro

The capacity of ELA to affect hepatic lipid accumulation was exam-
ined in FFA-challenged HepG2 cells and is shown in Fig. 2A & 2B. FFA-
challenged cells elicited a 3 folds surge in area % staining of Oil Red-O
compared to BSA-treated normal counterparts (P = 0.0031). Treatment
with ELA, on the other hand, caused 40% reduction in the estimated
area %, as compared to the FFA group (P = 0.0329). Furthermore, in-
cubation of ELA, 24 h prior to induction with FFA mixture, resulted in
46.29% reduction in TG accumulation compared to FFA-treated cells
(P = 0.0006) (Fig. 2C).

3.2. ELA countervailed hepatic NASH hallmarks

As shown in Fig. 2D, H&E-stained liver sections of normal mice

Normal

inferred for P < 0.05. All results are presented
as means + S.D.

HFD/DSS HFD/DSS
+ELA

showed normal hepatic architecture with hepatocytes arranged in thin
plates displaying normal cellular structure devoid of any fat deposits.
Additionally, liver sinusoids and portal area showed no congestion and
no lymphocytic infiltration, respectively. Meanwhile, H&E staining of
HFD/DSS livers showed several derangements in hepatic architecture
reminiscent of NASH, including multiple fat deposits, hepatocellular
ballooning demonstrated as swollen hepatocytes with rarefaction of the
cytoplasm, congested sinusoids as well as peri- and intra-portal lym-
phocytic infiltrates, whereas these transgressions were not found in liver
sections of ELA-treated mice. Additionally, steatosis scores of HFD/DSS
liver sections showed a mean steatosis score of 57%, while ELA-treated
group showed a reduction in the mean steatosis score reaching 84%, as
compared to HFD/DSS group (P < 0.0001) (Fig. 2E).

3.3. ELA suppressed hepatic pro-inflammatory TLR4/NF-xB/IxBa
signaling axis

Since bacterial products that breach the gut barrier are known to
provoke an immune response in the hepatic tissue and drive NASH
progression [4], we herein sought to substantiate this sequence of events
starting from hepatic TLR4 that gets activated triggering downstream
phosphorylation and nuclear translocation of p-NF-xB to ultimately
upregulate several inflammatory genes. As shown in Fig. 3A, an upre-
gulation of hepatic TLR4 gene expression was observed in the HFD/DSS
group showing more than 3 folds surge (P < 0.0001) from normal levels.
The augmented TLR4 activity was accompanied by a significant eleva-
tion in the protein levels of both p-NF-xB and p-IkBa reaching 4.8
(P = 0.003) and 2.8 (P = 0.0067) folds, respectively, as compared to the
normal group (Fig. 3B & 3 C). On the other hand, hepatic TLR4 gene
expression was curtailed to less than half of its expression (P < 0.0001)
in the ELA-treated group compared to the HFD/DSS group. Moreover,
hepatic p-NF-xB and p-IkBa levels were also curbed by ELA showing a
reduction by 56.89% (P = 0.0136) and 45.14% (P = 0.0315), respec-
tively, compared to HFD/DSS group.
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Fig. 4. Effect of ELA on histopathological alterations in ileum and colon along with serum FITC-dextranand LBP levels. Representative photomicrographs (x200) of
H&E-stained (A-C) ileal and (D-F) colon sections from normal, HFD/DSS, and HFD/DSS+ELA groups. Serum levels of (G) FITC-dextran and (H) LBP in different
groups. Serum FITC-dextran was detected using a spectrofluorometer while LBP was detected using ELISA. Statistical difference was tested using one-way ANOVA,
followed by Tukey’s multiple comparison test and significance was inferred for P < 0.05. All results are presented as means =+ S.D. Black arrow: villi to crypt ratio in (A
& C), ulcerated villi in (B), and normal goblet cells in (D); yellow arrow: normal mucosal lining in (A & D), moderate infiltration of inflammatory cells in the mucosal and
submucosal layers in (B), ulcerated epithelium in (E), and moderate inflammatory cells infiltrate in the mucosa in (F); red arrow: distorted villi to crypt ratio and partial loss of
goblet cells in (B) and mild inflammatory infiltrates in (C); submucosa in (D), complete and mild loss of goblet cells in (E & F, respectively); green arrow: muscle layer (A-C, D &

F) and inflammatory cell infiltration in mucosa and submucosa in (E).
3.4. ELA ameliorated histopathological alterations in ileum and colon

As demonstrated in Fig. 4A, ileal sections of the normal group
showed an intact mucosal layer lined with mucin-secreting columnar
cells with preserved villi to crypt ratio. Meanwhile, ileal sections from
HFD/DSS mice showed marked ulceration of villi that was coupled with
moderate inflammatory infiltrates in the mucosal and submucosal layers
(Fig. 4B). Moreover, the same ileal sections showed atrophic mucosa
with partial loss of goblet cells and distorted villi to crypt ratio. On the
other hand, ileal sections from HFD/DSS+ELA group, showed preserved
mucosal architecture with milder loss of goblet cells alongside fewer
immune cell infiltrates in the mucosal layer and almost complete
restoration of villi to crypt ratio (Fig. 4C). A similar pattern was
observed in histopathological studies conducted in the colon where
sections from normal mice (Fig. 4D) showed intact mucosal layer lined
with mucin secreting columnar cells with preserved goblet cells.
Meanwhile, colon sections from HFD/DSS mice showed distorted
mucosal architecture. Mucosal and submucosal layers showed marked
inflammatory cell infiltration while the surface epithelium showed sig-
nificant ulceration resulting in hyperplasia (Fig. 4E). On the other hand,
colon sections from HFD/DSS+ELA mice showed milder loss of goblet
cells and fewer inflammatory cells infiltrating the mucosa and submu-
cosa (Fig. 4F).

3.5. ELA decreased intestinal permeability

To evaluate gut barrier integrity, intestinal permeability was
assessed via determining serum levels of FITC-dextran. As demonstrated
in Fig. 4G, the HFD/DSS group showed an increase in serum FITC-
dextran by 6.4 folds, as compared to the normal group (P < 0.0001).
Treatment with ELA, on the other hand, caused a significant reduction in
FITC-dextran serum levels reaching almost 93% (P < 0.0001).

3.6. Neither HFD/DSS nor ELA altered serum LBP levels

LBP is a protein that is produced by the liver and secreted into the
circulation to sequester the available LPS pool. As shown in Fig. 4H, no
significant difference was reported in serum LBP levels across groups
which may indicate that LBP might not be altered in the currently
adopted experimental conditions.

3.7. ELA restored normal tight junction protein expression in ileum

To further validate alterations in intestinal barrier integrity, ileal
immunoreactivity of tight junction proteins, claudin-1 and occludin, was
estimated. The HFD/DSS group showed an 80% reduction in claudin-1
expression levels compared to normal (P = 0.0259) while treatment
with ELA resulted in a surged expression reaching 7.5 folds, as compared
to the HFD/DSS group (P = 0.0008), with no significant change relative
to normal (Figs. 5A-C and 5G). Occludin immunoreactivity, on the other
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Fig. 5. Effect of ELA on claudin-1 and occludin tight junction proteins expression. Representative photomicrographs (DAB, x400) of ileal sections from normal, HFD/
DSS, and HFD/DSS+ELA groups against (A-C) claudin-1 and (D-F) occludin. Semi-quantitative analyses for stained sections representing the percentage of positive
expression of (G) claudin-1 and (H) occludin in different groups. Statistical difference was tested using one-way ANOVA, followed by Tukey’s multiple comparison
test and significance was inferred for P < 0.05. All results are presented as means =+ S.D.
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Fig. 6. Effect of ELA on pro-inflammatory M1
polarizing signals, TLR4 and IFNy, in ileum. (A)
Representative photomicrographs (DAB, x400)
and the subsequent (B) semi-quantitative anal-
ysis for TLR4 positive expression in ileal sec-
tions from normal, HFD/DSS, and HFD/
DSS+ELA groups. (C) IFNy levels in ileal tissue
homogenates from different groups estimated
using ELISA. Statistical difference was tested
using one-way ANOVA, followed by Tukey’s
multiple comparison test and significance was
inferred for P < 0.05. All results are presented
as means =+ S.D.



A.N. Hakeem et al.

A

R T

T T

% of IL-10 positive expression

in lamina propria

Normal

Normal

<0.0001

<0.0001

HFD/DSS HFD/DSS

+ELA

Normal

% of INOS
positive expression

<0.0001

800+

D
oS
?

p-STAT3/t-STAT3
(ng/mg protein)
N
S
Il

8
T

0.0012

T

<0.0001

Normal HFD/DSS HFD/DSS
+ELA

HFD/DSS

Normal HFD/DSS HFD/DSS
+ELA

0.0116

iNOS gene expression
(fold change from normal)

HFD/DSS+ELA

Biomedicine & Pharmacotherapy 157 (2023) 114050

Fig. 7. Effect of ELA on M2-polarizing IL-10
and its downstream STAT3 signaling in ileum.
(A) Representative photomicrographs (DAB,
x400) and the subsequent (B) semi-quantitative
analysis for IL-10 positive expression in normal,
HFD/DSS, and HFD/DSS+ELA groups. (C) p-
STAT3/t-STAT3 levels in ileal tissue homoge-
nates from different groups estimated using
ELISA. Statistical difference was tested using
one-way ANOVA, followed by Tukey’s multiple
comparison test and significance was inferred
for P < 0.05. All results are presented as means
+ S.D.
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Fig. 8. Effect of ELA on iNOS as an M1 polarization marker. (A) Representative photomicrographs (DAB, x400) and the subsequent (B) semi-quantitative analysis for
ileal iNOS positive expression in normal, HFD/DSS, and HFD/DSS+ELA groups. (C) Relative gene expression analysis of iNOS. Relative gene expression in (C) is
expressed as fold change from normal and was determined by qRT-PCR technique using delta-delta Ct (AACt) following normalization to the housekeeping GAPDH
gene. Statistical difference was tested using one-way ANOVA, followed by Tukey’s multiple comparison test and significance was inferred for P < 0.05. All results are
presented as means + S.D.
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Fig. 9. Effect of ELA on Argl as an M2 polarization marker. (A) Representative photomicrographs (DAB, x400) and the subsequent (B) semi-quantitative analysis for
ileal Argl positive expression in normal, HFD/DSS, and HFD/DSS+ELA groups. (C) Relative gene expression analysis of Argl. Relative gene expression in (C) is
expressed as fold change from normal and was determined by qRT-PCR technique using delta-delta Ct (AACt) following normalization to the housekeeping GAPDH
gene. Statistical difference was tested using one-way ANOVA, followed by Tukey’s multiple comparison test and significance was inferred for P < 0.05. All results are

presented as means + S.D.

hand, was higher in the HFD/DSS group by 24 folds compared to normal
(P < 0.0001), however, a 68% reduction was observed in the HFD/
DSS-+ELA, as compared to the HFD/DSS group (P < 0.0001) (Figs. 5D-F
and 5H). It is worth mentioning that for the HFD/DSS group, most of the
occludin expression was cytoplasmic (Fig. 5E).

3.8. ELA modulated ileal milieu to suppress M1 polarizing signals, TLR4
and IFNy

The polarization status of macrophages inhabiting the lamina prop-
ria markedly influences intestinal homeostasis and barrier integrity
where M1 macrophages aggravate and M2 macrophages restrain intes-
tinal insults. Two of the most potent well-established M1 polarizing
signals were estimated in the ileum in the current study, namely, TLR4
and IFNy. Ileal tissue from the HFD/DSS group elicited a milieu sup-
portive of M1 polarization characterized by augmented TLR4 immuno-
reactivity (Fig. 6A & 6B) as well as a significant increase in IFNy levels
(Fig. 6C) reaching 40 folds (P < 0.0001) and 2 folds (P = 0.0079),
respectively, as compared to the normal group. This was significantly
curtailed upon treatment with ELA, with reductions reaching 72.31%
(P < 0.0001) and 37.15% (P = 0.0356) in TLR4 ileal expression and
IFNYy levels, respectively, as compared to the HFD/DSS positive control
group. These results might indicate that ELA was capable of dampening
the inflammatory milieu in the ileum away from the pro-inflammatory
M1 polarization.

3.9. ELA modulated ileal milieu to enhance M2 polarizing IL-10/STAT3
signaling

Since the gut tissue harbors the largest pool of IL-10-producing
macrophage population in the body and given that both IL-10 and its
downstream target, STAT3, were exhaustively linked to the mainte-
nance of intestinal homeostasis, alterations in IL-10 and STAT3 were
estimated in ileal tissues. Ileal IL-10 immunoreactivity elicited a 52%
increase in the HFD/DSS group (P = 0.0565), as compared to normal,
while IL-10 levels of ELA-treated group surged 2.6 folds relative to the
HFD/DSS group (P < 0.0001) (Fig. 7A & 7B). Moreover, the ratio of p-
STAT3/t-STAT3 in the HFD/DSS group showed a reduction reaching
72% compared to normal (P = 0.0012), whereas ELA treatment resulted
in almost 3 folds increased ratio when compared to HFD/DSS estimates
(P =0.0116) (Fig. 7C).

3.10. ELA promoted M2 polarization in ileum

To validate MP secondary to ileal milieu alterations in polarizing
signals, iNOS and Arg1 as functional markers of M1 and M2 phenotypes,
respectively, were investigated. Regarding iNOS, the HFD/DSS group
showed almost 5 folds (P = 0.0004) and 37 folds (P < 0.0001) increase
in its ileal gene expression and immunoreactivity, respectively, as
compared to normal. On the other hand, treatment with ELA caused
55% (P = 0.0027) and 74.6% (P < 0.0001) reductions in iNOS gene and
immunohistochemical expression, respectively, as compared to HFD/
DSS (Fig. 8 A-C). An opposite pattern was observed with the expression
of Argl, an M2 polarization marker, where HFD/DSS showed lower
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expression levels reaching 64.5%, as compared to the normal group
(P = 0.0719), however, no change was observed in the relative gene
expression levels among these two groups. Meanwhile, ELA treatment
resulted in almost 3 folds (P = 0.0278) and 6 folds (P < 0.0001) upsurge
in Argl gene expression and ileal immunoreactivity, respectively, as
compared to the HFD/DSS group (Fig. 9 A-C). These results suggest a
likely skewness towards the M1 and M2 phenotypes in the HFD/DSS and
ELA-treated groups, respectively.

4. Discussion

The pathogenesis of NASH is complex involving a myriad of meta-
bolic and inflammatory insults that take place not just in the hepatic
tissue, but also extrahepatically, and is in that sense considered a sys-
temic disease [36]. Particularly, pathogenic processes in the gut leading
to an impaired barrier function are implicated in NASH progression [4].
Macrophages are profound influencers of intestinal homeostasis, yet
how exactly their polarization status contributes to barrier integrity and
bacterial translocation in NASH has been little explored. PPARs are
ligand-activated transcription factors belonging to the nuclear hormone
receptor superfamily that are critical for maintaining metabolic ho-
meostasis by sensing nutrients and modulating intracellular metabolism
[19]. Accumulating evidence reinforces the notion that metabolic pro-
gramming in macrophages lies at the center of their functional plasticity
[20]. As such, PPAR activation was previously reported to fine-tune
metabolism in macrophages, subsequently impinging on their polari-
zation status [21]. Additionally, activation of different PPAR isoforms
was found to confer protection against intestinal insults [23,24], yet
limited studies have attempted to decipher the intricate molecular un-
derpinning of how PPAR activation might potentially modulate
compromised gut barrier integrity and impede bacterial translocation as
critical pathological events implicated in NASH. This has prompted us to
probe the potential role of dual PPAR /5 activation using ELA on ileal
MP in an experimentally induced NASH-colitis model. Alterations in the
ileal IL-10/STAT3 signaling axis were investigated to gain further
mechanistic insights into the underlying mechanisms driving MP, while
the potential hepatic consequences of such phenotypic switching were
explored by assessing TLR4/NF-kB/IxBa signaling in the liver.

Since several simultaneous mechanisms likely contribute to NASH
progression, a promising drug candidate should address more than a
single aspect of this complex disease [37]. As such, a proof-of-concept in
vitro study was carried out in fat-laden HepG2 cells to elucidate the
capacity of ELA in tackling the metabolic facet of NASH where a miti-
gation in TG levels and fat accumulation was observed in ELA-treated
cells. These results are in accordance with the recent work conducted
by Boeckmans and colleagues who showed that, compared to other
PPAR agonists, ELA elicited the strongest anti-NASH properties in vitro
[38].

TLR4 is a pattern recognition receptor that recognizes gut-derived
LPS. Upon stimulation, TLR4 interacts with a cohort of adaptor pro-
teins that ultimately lead to NF-kB activation [39]. At steady state,
NF-kB is chained down to IkBae, the activation of which is under the tight
control of the inhibitor of kappa-B kinase (IKK) complex formed of
IKK-o, IKK-B, and IKK-y. Upon upstream stimulation, phosphorylated
IKK-p catalyzes the phosphorylation of IkBa, thus releasing it off the
NF-kB dicer dimer, provoking nuclear translocation and its transcrip-
tional activity [39]. Multiple lines of evidence implicate the activation of
hepatic TLR4 and its downstream effector, NF-kB, in the pathogenesis of
NASH [6,40,41]. TLR4 is ubiquitously expressed by hepatocytes,
Kupffer cells, and hepatic stellate cells, the activation of which con-
tributes to different pathogenic processes fueling NASH. NF-«B, on the
other hand, is a transcriptional factor that controls the expression of
multiple pro-inflammatory mediators implicated in NASH which was
evident both experimentally [8] and clinically [10]. In the present study,
hepatic TLR4 expression was found to be upregulated along with hepatic
p-NF-kB/p-IkBa levels in the HFD/DSS mice, thus corroborating with the
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previous findings. The surge in TLR4/NF-kB/p-IxBa signaling axis re-
ported herein also aligns with recent clinical evidence where a similar
pattern was observed in NASH biopsies compared to normal livers [39].

An intriguing interplay bridging metabolism to inflammation in the
context of NAFLD can be viewed in the previously reported negative
regulatory loop between TLR4 and PPAR-a. LPS-activated TLR4 was
previously shown to negatively regulate hepatic PPAR-a expression
[42], while PPAR-a deletion in primary hepatocytes resulted in the
upregulation of TLR4 [43]. Intriguingly, in the present study, the acti-
vation of PPAR-a/5 following ELA treatment curtailed hepatic TLR4
expression which was further confirmed by lower levels of
p-NF-kB/p-IkBa. This goes in agreement with the aforementioned re-
ports. Additionally, although gut-derived LPS is inherently recognized
by TLR4, LPS is not the exclusive activator of the receptor, as saturated
fatty acids were also reported to trigger its activation [44]. And since
PPAR-a and -8 induce hepatic fatty acid oxidation [19] and reduce he-
patic fat accumulation, as evident in the in vitro arm of the current study,
the saturated fatty acid pool available for TLR4 stimulation is, therefore,
diminished. Accordingly, hepatic TLR4 downregulation in the
ELA-treated group can conservatively be attributed to either direct
interaction with hepatic TLR4/p-NF-kB/p-IkBa signaling, or to reduced
availability of its agonists whether it is the gut-derived LPS, due to
barrier fortification, or reduced saturated fatty acid pool due to hepatic
fatty acid oxidation induction.

Understanding the contribution of a compromised intestinal barrier
in the progression of NAFLD towards NASH necessitates the dissection of
the underlying local intestinal inflammatory events. Accordingly, the
focus of the current study was shifted towards the gut front of the
enterohepatic crosstalk, with particular emphasis on the contribution of
innate immune responses to barrier integrity. Hence, factors that drive
ileal MP, as well as implications of polarization factors and outputs,
were also investigated herein, with the expression of key tight junction
proteins, as the ultimate thread protecting the liver, lying front and
center of our pondered research question. Therefore, we first sought to
assess alterations in barrier integrity. Owing to the complexity of this
barrier, such assessment begets the estimation of multiple indicators of
integrity [45]. Accordingly, in the current study, histopathological in-
vestigations were first carried out in H&E-stained ileum and colon sec-
tions for qualitative characterization of barrier integrity, while serum
LBP, FITC-dextran permeability assay and ileal immunoreactivity of
tight junction proteins were carried out for quantitative assessment.

The findings reported herein depicted the capacity of ELA to alleviate
barrier dysfunction that was histologically evident in H&E-stained ileum
and colon sections, significant curtailment of systemic FITC-dextran
levels, as well as normalization of ileal tight junction proteins expres-
sion. The present results are interesting owing to scarcity of evidence
tying PPAR-0/8 to barrier function. On the other hand, no significant
changes were observed in serum LBP level across groups, which was also
the case in our previous study [46]. One rationale that can be provided is
the lack of temporal reliability of serum LBP levels as an indicator of
barrier integrity. Indeed, LBP is an acute-phase protein biomarker best
apt to capture changes in acute rather than chronic alterations in barrier
function [47]. In the present study, LPS measurement was not sought
based on several limitations this assay holds as previously reported by
Munford RS [45,48]. These limitations are due to the heterogeneous
nature of LPS which might compromise the reliability of the assay
standards used in the detection Kkits, as each one includes its own LPS
preparation method likely producing different dose-response curves.
Accordingly, the estimated LPS in serum samples may not directly match
that of the LPS used to standardize the assay.

The markers used in the current study in order to identify MP reflect
their functional plasticity and their contribution to intestinal homeo-
stasis [15,49]. Differential expression of iNOS and Argl markedly in-
fluences intestinal homeostasis where the former aggravates, and the
latter attenuates the inflammatory tone of the intestinal tissue [50].
Thus, expression of these enzymes, while validating M1/M2
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polarization, is functionally relevant to the maintenance of barrier
integrity. This can also be implied by the prototypic signaling cues
driving MP that were investigated in the current study. In fact, the ho-
meostatic roles IL-10 plays in the maintenance of gut barrier [17] as well
as the disruptive capacity of both TLR4 [51] and IFNy [52] have been
reported in a number of settings.

One of the key players of inflammation-driven barrier disruption is
the pattern recognition receptor, TLR4. Previous investigations
employing either HFD [51] or DSS [53] indicated that intestinal TLR4
activation mediated barrier dysfunction and downregulated tight junc-
tion expression. Both PPAR isoforms, on the other hand, elicit some
capacity to antagonize TLR4 actions, as discussed earlier with hepatic
TLR4 [24,43]. TLR4 was not, however, linked to tight junction expres-
sion or intestinal permeability in these studies and the potential inter-
play tying PPAR-mediated actions to the gut barrier function was,
heretofore, unexplored in a NASH setting. In concert with these studies,
ileal TLR4 expression surged in the HFD/DSS group which correlated
negatively with claudin-1 protein expression. Additionally, a significant
downregulation of ileal TLR4 that was coupled with restored expression
of the key tight junctional protein, claudin-1, downstream to PPAR o/3
dual activation was observed. Treatment with ELA resulted in the
normalization of the ileal tight junction proteins, claudin-1 and occlu-
din, which was evident by the insignificant difference observed when
compared to the normal group. However, the pattern of tight junctions
protein expression showed a discrepancy where claudin-1 levels were
lowest and occludin levels were highest in ileal sections of the HFD/DSS
control group. This opposite pattern could be explained by the notion
that the expression of tight junction proteins does not necessarily imply
their proper assembly towards a firmer barrier. Particularly, occludin
and zonula occludens-1 expression were previously reported to surge in
pathological settings in which barrier integrity is compromised [54,55]
suggesting that claudin-1 is the backbone of tight junction strands [56].
Furthermore, ileal occludin expression in HFD/DSS group was pre-
dominantly localized in the cytoplasm, essentially away from the in-
testinal epithelial cell membrane to serve its barrier-fortifying function.
The increase in the cytoplasmic expression also paralleled a similar in-
crease in IFNy which was previously reported to result in phosphoryla-
tion and subsequent internalization of occludin [52].

Interferon-gamma (IFNYy), a prototypical pro-inflammatory cytokine,
is heavily implicated in gut barrier disruption and is known to mediate
this by provoking claudin-1 and occludin internalization [52]. More-
over, congruent lines of evidence suggests that IFNy-induced iNOS
expression, at least partly, mediates such disruption [57]. Furthermore,
activation of IFNy receptors upregulated TLR4 expression in cultured
macrophages and both LPS and IFNy synergize for iNOS production
[14]. As such, in the current study, we sought to estimate ileal IFNy,
where the HFD/DSS group demonstrated a robust production in its level
paralleling the increase in iNOS and claudin-1 curtailment, corrobo-
rating with the previously mentioned studies, whereas ELA decreased its
ileal levels. This is likely a PPAR-a and - driven effect since the capacity
of PPAR-« to confer protection against intestinal insults by suppressing
IFNy levels was previously reported in a DSS-induced colitis model [23].
Moreover, PPAR-5 knockout mice were also shown to be more suscep-
tible to DSS-induced colitis while expressing higher levels of intestinal
IFNy [58].

IL-10 is an immunoregulatory cytokine critical in maintaining in-
testinal homeostasis [17]. The gut tissue harbors the largest pool of
IL-10-producing macrophages in the body [59]. Mice with myeloid
specific genetic defects in IL-10 [60], IL-10 receptor (IL-10R) [61], or its
major downstream target, STAT3 [62], exhibit either spontaneous co-
litis or heightened inflammatory responses when challenged with DSS.
Macrophages lacking IL-10R are markedly skewed towards the M1
pro-inflammatory phenotype in vitro [63]. This observation is also
evident in vivo as seen in macrophages inhabiting the intestinal lamina
propria [61] where defective IL-10R in myeloid cells was found to alter
iNOS/Arg]1 levels towards wreaking the intestinal barrier. In fact, IL-10’s
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capacity to counteract LPS-induced pro-inflammatory cytokine secre-
tion was shown to be mediated through metabolic reprogramming of
macrophages in better support of their immunosuppressive function, an
effect reported to be STAT3-dependent [16,64]. Similarly, a cellular
crosstalk between TLR4 and IL-10/STATS3 signaling towards intestinal
homeostasis was previously reported [65]. Intriguingly, in the present
study, IL-10 lamina propria levels tended to increase in HFD/DSS ileums
while p-STAT3/t-STATS3 ratios subsided. The marginal increase in IL-10
levels might have been in response to the higher expression of lamina
propria TLR4 observed in HFD/DSS ileums. TLR4 activation in macro-
phages not only results in the production of pro-inflammatory cytokines
but in a delayed manner, stimulates the production of IL-10 for signal
termination [59] in an attempt to restore homeostasis. However, the low
p-STAT3/t-STATS3 ratio along with the only marginal increase in IL-10
suggest that signal strength might not have been powerful enough to
subdue the augmented TLR4 and IFN-y responses. On the other hand, in
the ELA-treated group, significant increase in IL-10 and restored
p-STAT3/t-STATS3 ratio were observed.

In the current study, the HFD/DSS group demonstrated an increase
in iNOS whereas ELA treatment resulted in an upsurge of Argl. These
effects were observed on both the gene and protein levels. Additionally,
the protein levels of the M2 marker, CD206, were estimated by western
blot where the ELA-treated group exhibited an increase in its level that
failed to reach significance relative to the HFD/DSS group (data in
Supplementary Material). The present findings are in accordance with
previous studies showing a deleterious role for enhanced iNOS-mediated
production of NO [15,66] highlighting the protective role of Arg1 in the
maintenance of intestinal homeostasis [49]. The alterations in intestinal
iNOS/Argl levels observed in the HFD/DSS controls with respect to
barrier integrity in NASH are corroborated by a recent study, albeit in a
different induction model while also lacking a focus on the potent M1
polarizing agents reported herein [50] which was also clinically vali-
dated by the same research group [67].

Robust engagement of the M1 program requires simultaneous acti-
vation of macrophages with LPS (TLR4/NF-kB) as well as IFNy [14]. In
the present study, IFNy in HFD/DSS mice presented a similar behavior
pattern to that of TLR4, thus further supporting potent stimulation of
lamina propria macrophages towards the M1 phenotype. Interestingly,
it has been reported that PPAR-a activation downregulates iNOS mRNA
expression in LPS-triggered bone marrow-derived macrophages [68],
augments iNOS degradation in a proteasome-dependent manner [69] as
well as curbs NO production in RAW264.7, the macrophage cell line
[70]. On the other hand, PPAR-§ activation drives macrophages to an
M2-like anti-inflammatory phenotype in a STAT6-dependent manner,
thereby upregulating Argl [71]. Simultaneous activation of PPAR-o/3
using ELA in the present study, therefore, might have offered comple-
mentary effects that enhanced ileal M2 polarization and subsequently
conferred protection of intestinal barrier integrity.

The current study holds several limitations. Whilst the inference is
strengthened by several immunohistochemical estimations acknowl-
edging the spatial distribution of markers and supporting the proposed
mechanistic insights, the captured images are static. Particularly,
markers were estimated at a single point in time (12 weeks), while
inflammation is a spatiotemporal dynamic state that is a vibrant dance
of cells tangoing one another, infiltrating and exiting the site of insult,
fluctuating in phenotypes, and profoundly shaping one another [72].
Accordingly, this is one limitation that may defer the translatability of
the outcome until further investigations vouch for it. Another possible
caveat is relying heavily on iNOS and Argl as M1 and M2 polarization
markers, respectively. Whereas these markers are indeed emblematic of
distinct macrophage phenotypes, they have also been shown to be
expressed by cells other than macrophages [73]. One limitation is also
related to PPAR expression which is known to be disproportionate be-
tween mice and men. Indeed, PPAR-a is over-represented in mice
compared to human hepatocytes, which might partly explain why the
promising results displayed by fibrates, as PPAR-« activators, in murine
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Fig. 10. Schematic illustration for the proposed modulatory roles of ELA on hepatic and ileal inflammatory insults in an HFD/DSS-induced NASH/colitis model.
PPAR-a/8 dual agonism by ELA suppresses pro-inflammatory hepatic TLR4/NF-kB activation secondary to barrier disruption. Once gut barrier integrity is disrupted,
a feed-forward inflammatory loop is initiated in the lamina propria that polarizes macrophages towards the M1 phenotype. Triggered M1 lamina propria macro-
phages express iNOS and release the ileal pro-inflammatory cytokine, IFNy, that works in an autocrine/paracrine manner perpetuating the inflammatory milieu and
further disrupting claudin-1 and occludin expression. Distinct and complementary actions of PPAR-a/8 dual activation mitigate TLR4/IFNy and boost IL-10/STAT3
signaling subsequently skewing M2 macrophages that express Argl paving the way for tissue repair and barrier restoration. Created with BioRender.com.

models of NASH were lost in translation [74].

In conclusion, the current study highlights a key role of intestinal MP
in the modulation of barrier integrity in NASH. A potential therapeutic
response to ELA, the dual PPAR-a/8 agonist, in a preclinical model of
NASH emphasizing on the enterohepatic crosstalk, was also provided.
Hence, the current study findings suggest a capacity of ELA towards
alleviating barrier dysfunction, mitigating bacterial translocation, and
reinforcing tight junction proteins through complementary activities on
intestinal macrophages. The proposed effect of ELA in experimental
NASH with gut barrier dysfunction is illustrated in Fig. 10. While failing
to meet its promise in the RESOLVE-IT phase-3 clinical trial alongside a
long list of other NASH drug candidates, we propose that such capacity
might be of particular relevance and potential translational benefit in
contexts where intestinal MP is known to profoundly shape disease
progression. Additionally, it is plausible to assume that ELA might
exhibit a better efficacy profile in a cohort of NASH patients with
confirmed compromised gut barrier and/or other gut-related ailments
which can be ultimately determined by pursuing further investigations.
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