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Abstract

Nonalcoholic fatty liver disease (NAFLD) onset and its progression towards nonalcoholic steatohepatitis (NASH)
features increased intestinal permeability and leaky gut,thereby favoring the escape of endotoxin
[lipopolysaccharides (LPS)] from the gut to the liver. The aim of this study was to resemble the crosstalk between
intestine and liver during NAFLD by using an in vitro model of co-culture system. Enterocytes (Caco-2) were
seeded on Transwell filters (pore size: 0.4 um) and cultured for 21 days to constitute a confluent monolayer, and
then they were co-cultivated with hepatocytes (HepG2) for an additional 24 h. Caco-2 on the apical chamber were
exposed to LPS and/or a mixture of palmitic and oleic acid (PAOA) for 24 h. FITC-4000 dextrans (FD4)
permeability across Caco-2 monolayer was increased by the treatment of Caco-2 cells with PAOA and LPS,
consistently with tight junction-associated proteins reduction. Caco-2 exposure to PAOA/LPS promoted ApoB,
triglyceride (TG), and free fatty acid secretion in basolateral media. In turn, HepG2 co-cultured with Caco-2
exposed to LPS, PAOA, or both accumulated lipid droplets and increased intracellular TG content. Likewise, Caco-2
released pro-inflammatory cytokines in basolateral media. These events triggered endoplasmic reticulum (ER) and
oxidative stress, enhancing reactive oxygen species (ROS), H,0,, aldehyde derivate production, and ROS-induced
DNA damage in HepG2 cells. Hence, Caco-2/HepG2 co-culture system may faithfully reproduce the breach in the
intestinal barrier integrity that occurs in NAFLD, thus resulting in the increased inflammatory response and ER and
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oxidative and stress, which promote the switch towards NASH.

Keywords: NAFLD, NASH, gut-liver axis, intestinal permeability, leaky gut, co-culture system

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), or as it has been more recently re-named “metabolic
dysfunction-associated fatty liver disease (MAFLD)”!", is the most frequent chronic hepatic disorder
worldwide, affecting 20%-40% of the adult population in Western countries®”. Hence, due to its ever rising
prevalence, it constitutes a huge socioeconomic burden™. NAFLD is diagnosed when hepatic fat
accumulation exceeds 5% of liver weight in absence of alcohol misuse, and it entails a wide phenotypic
variety of hepatic aberrancies, ranging from simple and uncomplicated steatosis to nonalcoholic
steatohepatitis (NASH), in which steatosis is intertwined with inflammation, oxidative stress, and
hepatocyte degeneration. This condition may be aggravated by fibrosis, and, in some cases, it may worsen
into cirrhosis and hepatocellular carcinoma (HCC)™. The convoluted natural course of the disease relies
on multiple drivers, encompassing exacerbated immune system activation, endoplasmic reticulum (ER) and
oxidative stress, organelle impairment, and DNA derangements”. However, the fine-tuned mechanisms
which regulate the switching from fatty liver to NASH are still under study.

In this context, mounting evidence points to the gut-liver axis as one of the primary contributors to NAFLD
development and its precipitation to NASH up to more severe forms, as a consequence of the close
anatomical and functional relationship between the gastrointestinal tract and the liver®. Indeed, the
hepatic tissue is exposed to a perpetual flow of potentially harmful gut microbial byproducts and ingested
nutrients via the portal vein, and, consequently, the liver modulates microbiota taxonomic composition
through bile acid secretion into the duodenum'™. The bowel wall displays immunological and selective
barrier properties, regulating bidirectional fluxes between the gut and the liver, due to the presence of
adherent and tight junctions [constituted by zonula occludens 1 (ZO-1) and claudins] and desmosomes,
which hold together the juxtaposed epithelial cells and protects the host from invasive bacteria, thus
avoiding pathogens overgrowth and their systemic translocation'®. Notwithstanding, defects in intestinal
barrier integrity (a phenomenon known as leaky gut) along with imbalances in gut microbiota proportion
(referred to as dysbiosis) frequently affect patients with severe NAFLD!"""”. As a result, enhanced gut
permeability has been associated with the escape of pathogenic microorganisms and endotoxemia, thereby
fostering intestinal mucosal inflammation and a chronic low-grade immune system activation, as reported
in several studies*". Therefore, disturbances in the gut-liver axis homeostasis may describe the evolution
of steatosis to NASH and HCC"”*". Lipopolysaccharides (LPS) per se, including several pathogen-associated
molecular patterns, activate toll-like receptor (TLR) cascade in hepatocytes, Kupffer cells, and hepatic
stellate cells, elevating serum tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL6) and precipitating
systemic inflammation and fibrosis®**’. Otherwise, exaggerated amounts of free fatty acids (FFAs), whose
levels are typically increased in NAFLD due to enhanced adipose tissue lipolysis, may independently
modulate inflammatory pathways®***. In turn, severe inflammation in NASH patients may contribute to
favor intestinal high-permeability and dysbiosis®*. In addition, similar to pro-inflammatory mediators,
microRNAs (miRNAs) and dysregulated bile acid secretion may also influence gut barrier integrity by
targeting ZO-1, claudins, and occludins®”. However, intensive efforts are essential to completely understand
the true causality between intestinal impairments and hepatic morbidities as well as to pinpoint the
mechanisms through which intestinal alterations may affect liver pathology.
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Thus, to model the interaction which occurs between the gut and the liver in the context of NAFLD, a
representative in vitro co-culture system is necessary. Unfortunately, these studies may often require
sophisticated and expensive intestine-liver-on-chip platforms, partially limiting their wide applications.
Here, our aim was to exploit a reproducible protocol to possibly integrate different signals that participate to
the onset of NAFLD and its progression towards NASH. Since increased intestinal permeability along with
systemic LPS translocation represents the hallmarks of progressive NAFLD, featuring excessive FFA efflux
to the liver, we aimed to recreate the gut-liver axis interactions by exploiting an in vitro model of a co-
culture system of enterocytes (Caco-2) and hepatocytes (HepG2). Caco-2 on the apical chamber were
exposed to LPS and/or a mixture of palmitic and oleic acid (PAOA) to recapitulate what occurs in NAFLD
due to the presence of dysbiosis and higher fat intake. Then, we measured intestinal permeability and lipid
and cytokine secretion in basolateral media. As concern the hepatic response, it was evaluated in terms of
fat overload, inflammation, and ER and oxidative stress.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), fetal bovine serum (FBS),
L-glutamine, penicillin/streptomycin, Trypsin/EDTA, Hank’s balanced salt solution, and fast SYBR green
master mix were obtained from ThermoFisher Scientific (Waltham, USA). Cell culture flasks, plates, and
polyester membrane inserts (12 mm diameter, 0.4 pm pore diameter) were obtained from Corning
(Cambridge, MA, USA). Free fatty acids (FFAs) Quantification Kit and Triglyceride Quantification Kit were
purchased from BioVision (Milpitas, United States). Cholesterol Colorimetric Assay Kit - HDL and
LDL/VLDL, DCF ROS/RNS Colorimetric Assay Kit, Hydrogen Peroxide Assay Kit, Lipid Peroxidation
(MDA) Assay Kit, and DNA Damage Assay Kit were purchased from Abcam (Cambridge, UK). Anti-
pTLR4, TLR4, ZO-1, and Claudin antibodies were acquired from Cell Signaling Technologies (Boston,
USA). Anti B-Actin was purchased from Abcam (Cambridge, UK).

Cell culture and co-culture system

Caco-2 cells, a model of the human colon epithelial cancer cell line, were obtained from ATCC (HTB-37,
LGC Standards, Milan, Italy) and were cultured at 50% confluency and maintained at 37 °C under 5% CO,
atmosphere in DMEM containing 1% L-glutamine, 100 U/L penicillin, and 100 pg/L streptomycin,
supplemented with 10% FBS. For Caco-2 differentiation, cells were seeded on polycarbonate filter
Transwells with 12 mm of diameter and 0.4 um semipermeable pore diameter (Transwell, Corning Inc.,
Lowell, MA, USA) at a 3.5 x 10° cells/cm® density in complete medium supplemented with 10% FBS in both
apical and basolateral compartments for two days to allow the formation of a confluent cell monolayer.
Then, from the third day after seeding, fresh complete medium was added in both compartments and cells
were cultured for 21 days with regular medium changes three times per week. During these 21 days, Caco-2
spontaneously differentiated into small intestinal phenotype, acquiring microvilli at the apical pore and
formed tight intercellular junctions at the basolateral surface, thus mimicking the human intestinal
absorption™.

The HepG2 cell line was provided by from ATCC (HB-8065, LGC Standards, Milan, Italy), and it was
cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 1% L-
glutamine and incubated at 37 °C under 5% CO, atmosphere. Caco-2 and HepGz2 cells were used for no
more than 20 passages after thawing, as the increase in the number of passages may affect cell phenotype
and alter experimental results.
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Cell monolayer integrity and differentiation evaluation

To determine whether Caco-2 cell layers were fully confluent, Transwells were placed in new multi-well
plates and then phenol red leakage, through the intercellular spaces, from the apical to the basolateral
compartment was examined™”. DMEM with phenol red was added to the apical compartment, while pre-
warmed PBS 1x without phenol red was added to the basolateral compartment for 2 h at 37 °C under 5%
CO, atmosphere. The optical density (OD) of the basolateral solution was measured at 450 nm using a
spectrophotometer (Beckman, Pasadena, CA, USA) and only confluent Caco-2 polarized monolayers
(characterized by a measure of OD at 450 nm of the basolateral medium less than 0.02) were used for co-
culture experiments”"’.

In vitro treatments

HepGz cells were seeded at the concentration of 3.5 x 10° in multi-well plates and cultured for 48 h. Then,
confluent monolayers of intestinal Caco-2 cells on Transwells were transferred on top of multi-well culture
plates containing 90% confluent HepG2 cells, at the bottom. Caco-2 and HepGz2 cells were incubated
together in a co-culture system to recreate the bidirectional interplay between gut and liver. After an
overnight quiescence in DMEM, 0.5% FBS, 100 ng/mL LPS (Sigma-Aldrich, Amsterdam, The Netherlands),
and/or a mixture of palmitic and oleic acids at the final concentration of 0.25 mM (ratio 1:2, Sigma-Aldrich)
were added in the quiescent medium of the apical chamber, whereas fresh quiescent medium was added to
the basolateral compartment. After 24 h of incubation, co-cultured cells and apical and basolateral media
were collected for further analyses. The optimal LPS and FFAs concentrations were determined by previous
experiments”. A schematic representation of the Caco-2/HepG2 co-culture system is illustrated in
Figure 1.

Epithelial permeability assay

To test the integrity of Caco-2 confluent monolayer, which mimics the intestinal barrier'™, in response to
FFAs and/or LPS stimulation, we measured the transepithelial flux of 4 kDa fluorescein isothiocyanate
(FITC)-labeled dextrans (FD4, Sigma Aldrich) as previously described”**”. Briefly, intestinal monolayers
were equilibrated with pre-warmed PBS 1x at 37 °C, and then the fluorescent FD4 (1 mg/mL in PBS 1x) was
added to the apical chamber. Then, 100 uL of sample were removed from the basolateral compartment at 1
h intervals for 4 h, and the volume removed was replaced with warmed PBS 1x. Epithelial permeability was
compared between the different experimental conditions in quadruplicate, at the end of the 4 h.
Fluorescence intensity (excitation 492 nm/emission 520 nm) was measured on a Promega GloMax plate
reader. Concentrations of FD4 passed through the gut barrier were determined by linear regression using
known dilutions of FITC-dextrans in PBS 1x.

[33]

Lipid secretion

Basolateral media of co-cultured cells were collected and concentrated using the Vivaspin 20/10 KDa
polyethersulfone twin membrane (Sartorius Stedim Biotech, France), with the purpose to quantify
apolipoprotein B (ApoB) release through enzyme linked immunosorbent assay (ELISA), which detects both
ApoB main isoforms, the intestinal ApoB-48 and the hepatic ApoB-100, according to the manufacturer’s
instructions (ThermoFisher Scientific). The lower limit of ApoB detection was 0.21 ng/mL.

The same methodological procedure was applied to determine TG-lipoprotein, TG, and FFA concentrations
in basolateral media, by using sensitive enzyme-based methods (Abcam, Cambridge, UK).

All quantifications were normalized for the total protein content.
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Figure 1. Schematic overview of the Caco-2/HepG2 co-culture system. Caco-2 cells were grown and differentiated on polycarbonate
filter membranes (0.4 um semipermeable pore diameter) for 21 days to recreate intestinal barrier. Then, Transwells were transferred
on the top of confluent HepG2 cells seeded in multi-well plates and treated with endotoxin (LPS) and/or palmitic and oleic acids (FFAs)
to mimic gut-liver interplay during NAFLD onset. NAFLD: Nonalcoholic fatty liver disease.

Cytokine secretion

Basolateral concentrated media were also exploited to quantify cytokine secretion through ELISA assays to
detect TNF-q, IL6, and IL1B (R&D Systems, Minneapolis, USA). The lower limits of detection were 15.6, 3.9,
and 9.4 pg/mL, respectively. Data were normalized to the total protein content.

Quantification of DNA damage

Total DNA was extracted from cell lysates of Cacoz and HepG2 by using DNeasy Blood & Tissue Kits
(Qiagen, Hilden, Germany). Then, oxidative DNA damage induced by free radicals and other reactive
species was measured as the formation of a-basic sites in genomic DNA, exploiting an aldehyde reactive
probe that interacts with an aldehyde group on the open ring form of apurinic/apyrimidinic (AP) sites. The
latter are common DNA lesions developed in the presence of enhanced oxidative stress. AP sites are tagged
with biotin residues that can later be quantified using a streptavidin-enzyme conjugate, detected at
OD450 nm (sensitivity range of 4-40 AP sites per 1 x 10° bp). Absorbances were normalized to the total
amount of DNA isolated for each condition*””\.

Gene expression analysis

RNA was extracted from cell cultures using Trizol reagent (ThermoFisher Scientific, Waltham, USA). Then,
1 ug of total RNA was retro-transcribed with VILO random hexamers synthesis system (ThermoFisher
Scientific), and real-time quantitative reverse transcription PCR (qRT-PCR) was performed with a
QuantStudio 3 Real-Time PCR thermocycler (ThermoFisher Scientific) using SYBR Green chemistry (Fast
SYBR Green Master Mix; ThermoFisher Scientific) for all genes following the manufacturer’s instructions.
All reactions were delivered in triplicate. Data were normalized for B-actin gene expression, and the results
were expressed as arbitrary units or fold increase as indicated in violin plots. All primers are listed in
Table 1.

Western blot analysis

Total protein lysates were extracted from co-cultures using RIPA buffer containing phosphatase and
protease inhibitors (PhosSTOP and cOmplete™ Protease Inhibitor Cocktails, Roche-Sigma Aldrich).
Samples were pooled prior to electrophoretic separation and all reactions were performed in duplicate.
Then, equal amounts of proteins (60 pg) were separated by SDS-PAGE, transferred electrophoretically to
nitrocellulose membrane (BioRad, Hercules, CA), and incubated with specific antibodies overnight. At least
three independent lots of freshly extracted proteins were used for experiments. The antibodies and
concentrations used are listed in Table 2.
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Table 1. Sequence of primers used in quantitative real-time PCR experiments

Forward 5'—3'

Reverse 5'—3'

ATF4 AAACCTCATGGGTTCTCCAG GGCATGGTTTCCAGGTCACT
ATF6 AATTCTCAGCTGATGGCTGT TGGAGGATCCTGGTGTCCAT
FASn GCTGGGTGGAGTCTCTGAAG TGCAACACCTTCTGCAGTTC
GRP78 CTTGCCGTTCAAGGTGGTTG CTGCCGTAGGCTCGTTGAT
MnSOD2 CAAATTGCTGCTTGTCCAAA TCTTGCTGGGATCATTAGGG
MTTP GCTTCCGTTAAAGGTCACACA CAGCTGTTATCGTGACTTGGA
PPARa ATGGCATCCAGAACAAGGAG TCCCGTCTTTGTTCATCACA
SREBP1 TGCATTTTCTGACACGCTTC CCAAGCTGTACAGGCTCTCC
TNF-a TCAGCCTCTTCTCCTTCCTG TGAGGTACAGGCCCTCTGAT
XBP1 GAAGCCAAGGGGAATGAAGT GCCCAACAGGATATCAGACTC
B-actin GCTACAGCTTCACCACCACA AAGGAAGGCTGGAAAAGAGC

ATF4: Activating transcription factor 4; ATF6: activating transcription factor 6; FASn: fatty acid synthase; MTTP: microsomal triglyceride transfer
protein; PPARa: peroxisome proliferator-activated receptor alpha; SREBP1: sterol regulatory element binding protein 1; TNF-a: tumor necrosis
factor alpha; XBP1: X-box binding protein 1.

Table 2. List of antibodies and relative dilutions used in Western blotting experiments

Antibody Catalog number

APOB (1:1000 WB) ThermoFisher #H4YB0690202
Claudin 1(1:1000 WB) ThermoFisher #2H10D10 37-4900
Claudin 2 (1:1000 WB) ThermoFisher #12H12 32-5600

p (Ser800)-TLR4 ThermoFisher #PA5-105713

TLR4 ThermoFisher #48-2300
Z0-1(1:500 WB) ThermoFisher #33-9100
Vinculin (1:5000 WB) Abcam # ab129002
B-actin (1:5000 WB) Abcam #ab6276

Oil red O staining

Oil red O (ORO) is a soluble red powder with high affinity for neutral triglycerides and lipids stored in the
lipid droplets. In brief, co-cultures were gently washed twice with 1 mL of sterile PBS 1x, and then cells were
fixed with 4% formalin for 15 min at room temperature. Next, each sample was washed with 1 mL of sterile
water and 60% isopropyl alcohol was added for 5 min. ORO working solution was prepared by mixing three
parts of ORO stock solution (3 mg/mL in isopropyl alcohol 100%) and two parts of sterile water, followed
by filtration in a filter funnel. Next, 1 mL/well of ORO working solution was added to each sample and left
for 45 min. Finally, plates were gently rinsed with tap water, paying attention not to disrupt monolayers,
and lipid content was visualized in red color. ORO positive areas were quantified by ImageJ software (1.51a
version) in 10 random non-overlapping micrographs (at magnification 200x) by calculating the ORO

positive area as percentage of pixels above the threshold value with respect to the total pixels per area.

Statistical analyses

Statistical analyses were performed using JMP Pro 16.0 (SAS, Cary, NC) and Prism software (version 9.1.0,
GraphPad Software) by using one-way analysis of variance (ANOVA) which was followed by post hoc -
tests adjusted for the number of comparisons when multiple groups were involved (Bonferroni correction).
The results are shown as means = SD or median and interquartile range, for violin plots, of at least three
independent experiments, each containing triplicates or quadruplicates. P values lower than 0.05 (at two-
tailed) were considered statistically significant (***P < 0.0001, **P < 0.001, *P < 0.01).
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RESULTS

Caco-2/HepG2 co-culture system resembles the derangement of intestinal barrier integrity in
presence of endotoxin and fatty acids

To investigate whether Caco-2 polarized monolayers are affected by endotoxin and/or fatty acids, we added
in the quiescent medium of the apical chamber 100 ng/mL LPS and/or a combination of PAOA at the
concentration of 0.25 mM, to recapitulate the clinical condition of NAFLD patients in which intestinal
dysbiosis and excessive FFAs have been reported"’. Then, to test the integrity of Caco-2 confluent
monolayers, which recreate intestinal barrier™, we measured the transepithelial flux of FD4. FD4
permeability across monolayers was increased after the exposure to LPS or PAOA, but more so in the
presence of both (P < 0.0001, one-way ANOVA; adjusted P < 0.0001 for PAOA LPS vs. PAOA or LPS alone;
Figure 2A). In keeping with the enhanced permeability, protein expressions of ZO1, claudin-1, and claudin-
2, tight-junctions associated proteins, were also decreased (P < 0.0001, one-way ANOVA; adjusted P < 0.001
for PAOA LPS vs. PAOA or LPS alone; Figure 2B-D), thus mirroring what occurs in NAFLD patients, in
which gut permeability is increased according to the disruption of intercellular tight junctions"**".

Caco-2/HepGz2 co-cultures secrete TGs in response to FFAs and more so in the co-presence of LPS

We next examined whether Caco-2 monolayers exposed to PAOA and LPS accumulate lipid droplets by
exploiting ORO staining to mark neutral lipid content. As expected, Caco-2 stimulated with PAOA
displayed enhanced ORO positive areas and intracellular TG content [P < 0.0001, one-way ANOVA;
adjusted P < 0.0001 for PAOA vs. untreated cells (Ctrl); Figure 3A-C]. However, the co-stimulation of
PAOA with LPS did not further exacerbate fat deposition but rather favored TG disposal (adjusted P <
0.0001 for PAOA LPS vs. PAOA alone; Figure 3A-C). Consistently, LPS alone or combined with PAOA
enforced TG dismissal, promoting ApoB [Figure 3D], TG-lipoprotein [Figure 3E], TG [Figure 3F], and FFA
[Figure 3G] release in basolateral media (P = 0.002, P < 0.0001, P = 0.004, and P < 0.0001, one-way ANOVA,
respectively; adjusted P < 0.05 for PAOA LPS vs. PAOA for all comparisons). These observations collectively
suppor the notion that endotoxemia may boost the secretion of triglyceride-rich lipoproteins, fueling the
creation of a pro-inflammatory context and resembling a condition named “lipemia of sepsis”***!.

HepG2 cells co-cultured with Caco-2 exposed to FFAs and LPS accumulated intracellular lipid
droplets

As a consequence of the enhanced lipid secretion, HepG2 co-cultured with Caco-2 exposed to LPS, PAOA,
or both accumulated lipid droplets and increased intracellular TG content (P < 0.0001, one-way ANOVA;
adjusted P < 0.01 for PAOA LPS vs. PAOA alone; Figure 4A-C), as a result of lipid secretion from Caco-2
polarized monolayers. In this model, intracellular fat accumulation was paralleled by an induction of the
lipogenic program, as detected by the conspicuous upregulation of sterol regulatory element binding
protein 1-c and fatty acid synthase mRNA levels in HepGz2 cells exposed to Caco-2 monolayers stimulated
with PAOA and LPS (P < 0.0001, one-way ANOVA; adjusted P < 0.001 for PAOA LPS vs. PAOA alone for
both comparisons; Figure 4D and E). On the other hand, the expression of genes regulating p-oxidation, i.e.,
peroxisome proliferator-activated receptor alpha, and very low-density lipoprotein (VLDL) export, i.e.,
microsomal triglyceride transfer protein, was suppressed, sustaining fat overload (P < 0.0001, one-way
ANOVA; adjusted P < 0.001 for PAOA LPS vs. PAOA alone for both comparisons; Figure 4F and G).

41-43]

Superimposable results have previously been reported in patients and in preclinical models of NAFLD™" ],

Caco-2 polarized monolayers secreted pro-inflammatory cytokines in response to LPS, and the
effect was amplified by the co-presence of FFAs

To ascertain the role of Caco-2 monolayers treated with PAOA and LPS in the promotion of a pro-
inflammatory microenvironment, we quantified cytokine secretion in basolateral media. As expected,
TNF-o, IL1p, and ILs, extensively reported to be induced by endotoxin'“*, rose according to the presence of
LPS, and even more in the co-presence of FFAs (P < 0.0001, one-way ANOVA; adjusted P < 0.01 for PAOA
LPS vs. PAOA alone for all comparisons; Figure 5A-C). Alongside, LPS per se enforced the phosphorylation
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Figure 2. Intestinal permeability was further increased by the co-presence of LPA and PAOA. Polarized monolayers of Caco-2 cells co-
cultured with HepG2 were assayed for paracellular permeability to 4 kDa FITC-dextrans (FD4). The amount of dextrans diffused from
the apical to the basolateral compartments was determined by linear regression at 4 h using known standard concentrations of FD4.
The results are represented as mean + standard deviation of three independent experiments in triplicate (A). Tight junction-associated
protein levels were evaluated in lysates from Caco-2 cells co-cultured with HepG2 in the presence or not of LPS and/or PAOA using
Western blot: ZO-1 (B); Claudin 1 (C); and Claudin 2 (D). The expressions were normalized for B-actin as the housekeeping gene. For
each condition, fresh protein lysates of at least three independent experiments were pooled. ***P < 0.0001 according to one-way
ANOVA. LPA: lysophosphatidic acid; PAOA: palmitic and oleic acid; ANOVA: one-way analysis of variance; ZO-1: zonula occludens 1.

of TLR4, stimulating TNF-a gene expression in HepG2 cells (P < 0.001, one-way ANOVA; adjusted P < 0.01
for PAOA LPS vs. PAOA alone for both comparisons; Figure 5D and E). Hence, to decipher whether
cytokine over-secretion was more attributable to HepG2 cells or to Caco-2 monolayers, we compared
mRNA levels of TNF-a, a key mediator in the switching from simple steatosis to NASH, between these two
cell types and determined that Caco-2 on top more promptly responded to PAOA/LPS combination
compared to HepG2 on bottom, further enhancing TNF-a gene expression (adjusted P < 0.0001 for PAOA
LPS condition in Caco-2 monolayer vs. PAOA LPS condition in HepGz2 cells; Figure 5E). These findings
outline the essential role of the gut-liver axis not only in the development of fatty liver but also in fostering
inflammation and consequently the transition towards NASH.

Caco-2/HepG2 co-cultures remodeled the switching from simple steatosis to NASH

We next assessed the impact of TG accumulation and inflammation driven by intestinal barrier
derangement on the development of endoplasmic (ER) and oxidative stress, which are the hallmarks of
NASH"**!. We demonstrated that HepG2 co-cultured with Caco-2 exposed to a combination of PAOA and
LPS strongly upregulated the expression of markers of ER stress and unfolded protein response, including
activating transcription factor 4 (ATF4), ATFe, X-box binding protein 1, and GRP78 (P = 0.0006 for ATF4
and P < 0.0001, one-way ANOVA for all genes; adjusted P < 0.05 for PAOA LPS vs. PAOA alone for all
comparisons; Figure 6A-D). Oxidative stress was also triggered in HepG2 co-cultured with Caco-2 exposed
to a combination of PAOA and LPS, as testified by the elevation of ROS/reactive nitrite species (RNS)
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Figure 3. Caco-2 polarized monolayers released TGs in response to FFAs and more so in the co-presence of LPS. Fat accumulation in
Caco-2 polarized monolayers on top of the co-culture system was evaluated by ORO staining (200x magnification) and quantified by
Image) software in 10 random non-overlapping micrographs for each experimental condition, by calculating the percentage of pixels
above the threshold value with respect to the total pixels per area. At least three independent experiments were conducted (A, B).
Intracellular TG content was assessed in lysates from Caco-2 polarized monolayers (C). Assessment of APOB (D), TG-rich lipoproteins
(E), TGs (F) and FFAs (G) secreted were measured in concentrated culture media from the basolateral compartment and normalized
for the total protein content. For violin plots, data were expressed as median concentration (thick dashed lines) and interquartile range
(dotted lines). At least three independent experiments were conducted and pooled together. ***P < 0.0001, *P < 0.01 according to one-
way ANOVA. TGs: Triglycerides; FFAs: free fatty acids; LPS: lipopolysaccharides; ORO: oil red O; APOB: apolipoprotein B; ANOVA: one-
way analysis of variance.

production, H,0O,, aldehyde derivate [malondialdehyde (MDA)] concentrations, and apurinic/apyrimidinic
sites, the main ROS-induced DNA damage (P < 0.0001, one-way ANOVA; adjusted P < 0.01 for PAOA LPS
vs. PAOA alone for all comparisons; Figure 6E-H). Similarly, the expression of the superoxide dismutase
(MnSOD2) was further increased in HepGz2 exposed to Caco-2 monolayers treated with PAOA and LPS,
possibly as a compensatory mechanism to dampen ROS overflowing (P < 0.0001, one-way ANOVA;
adjusted P < 0.01 for PAOA LPS vs. PAOA; Figure 6I).

Superimposable findings have been obtained in basolateral media, in which harmful reactive species are
elevated as a result of the exposure to PAOA and/or LPS (P < 0.0001, one-way ANOVA; adjusted P < 0.01
for PAOA LPS vs. PAOA alone for all comparisons; Supplementary Figure 1A-C). We cannot rule out that
these triggers released from both damaged cells may exert a direct detrimental effect on gut barrier, further
precipitating the derangement of intestinal tight-junctions integrity.

DISCUSSION

In this study, we examined the impact of endotoxins and FFAs on the alteration of the intestinal barrier
integrity and fat accumulation in hepatocytes, which frequently co-occur in severe NAFLD, by using an in
vitro model of Caco-2/HepG2 co-culture, in an attempt to mirror the gut-liver axis.
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Figure 4. HepG2 cells co-cultured with Caco-2 exposed to FFAs and LPS accumulated intracellular lipid droplets. Fat accumulation in
HepG2 on bottom of the co-culture system was evaluated by ORO staining (200x magnification) and quantified by ImageJ software in
10 random non-overlapping micrographs for each experimental condition by calculating the percentage of pixels above the threshold
value with respect to the total number of pixels per area. At least three independent experiments were conducted (A, B). Intracellular
TG content was assessed in lysates from HepG2 cells (C). (D, E) SREBP1c and FASn (genes involved in de novo lipogenesis); (F) PPARa
(marker of B-oxidation); (G) and MTTP expressions were evaluated by gRT-PCR in HepG2 cell lysates; mRNA levels were normalized to
B-actin. Data are expressed as fold increase compared to Ctrl. For violin plots, data are expressed as median concentration (thick
dashed lines) and interquartile range (dotted lines). At least three independent experiments were conducted and pooled together. ***P
< 0.0001 according to one-way ANOVA. FFAs: Free fatty acids; LPS: lipopolysaccharides; ORO: oil red O; SREBP1c: sterol regulatory
element binding protein 1-c; FASh: fatty acid synthase; PPARa: peroxisome proliferator-activated receptor alpha; MTTP: microsomal
triglyceride transfer protein; ANOVA: one-way analysis of variance.

The human intestinal Caco-2 cell line was isolated, for the first time, by colon adenocarcinoma by
Fogh et al."*, and it remains the most powerful tool to reproduce absorptive small intestinal enterocytes in
toxicological and pharmacological studies. Indeed, when they are seeded on Transwell filters, Caco-2
confluent monolayers differentiate into their small intestinal phenotype after three weeks of culture, form
tight intercellular junctions, and they are fully polarized, acquiring microvilli and the property of
lipoprotein secretion'”. In detail, the upper brush border membrane extends microvilli into the apical
chamber, as occurs in the intestinal lumen, while the basolateral domain, in contact with the semipermeable
porous membrane, is exposed to the lower compartment*”’.

HepGz2 cells, derived from human hepatocellular carcinoma, are usually used in metabolic studies, since
they retain cell differentiation that is lost by primary hepatocytes in culture, preserving their ability to
secrete plasma lipoproteins, internalize chylomicrons, regulate cholesterol metabolism and bile acid
synthesis, and express inducible cytochrome P450 pathway!**.

Here, we combined the use of these two different cell types to reproduce as far as possible the gut-liver
crosstalk, which occurs in vivo. Our results demonstrate that differentiated Caco-2 monolayers are
susceptible to the apical exposure to noxious concentrations of a combination of PAOA and LPS,
significantly altering FD4 permeability and tight-junction integrity. Our observations are aligned with the
current concept that Western diet and high-fat diet administration in rodents disrupted gut barrier integrity
and induced pro-inflammatory luminal LPS transition into the blood flow, contributing to liver
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Figure 5. Caco-2 polarized monolayers released pro-inflammatory cytokines in response to LPS and more so in the co-presence of FFAs.
Secretion of TNF-a (A), IL6 (B), and IL1B (C) was measured in concentrated culture media from the basolateral compartment and
normalized for the total protein content. pTLR4 and total TLR4 protein levels were evaluated in lysates from HepG2 cells co-cultured
with Caco-2 stimulated with LPS and/or PAOA using Western blot. The expressions were normalized for the housekeeping gene B-
actin. For each condition, fresh protein lysates of at least three independent experiments were pooled (D). TNF-oo mRNA levels were
evaluated by gRT-PCR in HepG2 cell lysates and normalized to -actin (E). For violin plots, data are expressed as median concentration
(thick dashed lines) and interquartile range (dotted lines). At least three independent experiments were conducted and pooled
together. ***P < 0.0001, **P < 0.001 according to one-way ANOVA. LPS: Lipopolysaccharides; FFAs: free fatty acids; TNF-a: tumor
necrosis factor alpha; IL6: interleukin 6; TLR4: toll-like receptor 4; PAOA: palmitic and oleic acid; ANOVA: one-way analysis of variance.

damage"*>'**). Moreover, the incubation of HepGz2 cultures with effectors released in basolateral media from
Caco-2 boosts fat deposition, paralleled by TLR4 activation and severe oxidative damage, resulting in lipid
peroxidation and ROS-triggered DNA injuries. Our findings confirm that elevated concentration of serum
LPS forces the activation of TLR4/NF-«B signaling in hepatocytes, thus driving, in turn, pro-inflammatory
cytokine secretion and ROS production.

The relevance of gut-liver interplay in NAFLD susceptibility has been broadly addressed in both preclinical
and clinical studies, although it remains a matter of debate. Despite the relatively standard co-culture
conditions that we chose for the growth and maintenance of the Caco-2 and HepGz2 cell lines, this is the
first study, to our knowledge, that adopts this system to resemble human NAFLD and deeply investigate the
mechanisms underlying NASH development. Our co-culture method is surely technically limited compared
to novel and more advanced three-dimensional cell culture protocols (i.e., spheroids, organoids, 3D bio-
printed tissues, and many others), however it seems to be fully reproducible, cost-effective, and capable of
mirroring the interactions between the intestinal tract and the liver during the natural history of human
disease.
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Figure 6. HepG2 cells co-cultured with Caco-2 exposed to FFAs and LPS displayed an enhanced ER and oxidative stress. The
expressions of ATF4 (A), ATF6 (B), XBP1(C), and GRP78 (D), markers of ER stress were evaluated by gRT-PCR in HepG2 cell lysates
and normalized using B-actin as the housekeeping gene. Data are expressed as fold increase compared to Ctrl. ROS/RNS content was
measured using a colorimetric assay (Abcam) (E). H,0, levels were quantified in HepG2 lysates through DCF ROS/RNS Colorimetric
Assay Kit (Abcam) (F). Malondialdehyde (MDA) was colorimetrically measured in HepG2 lysates following the manufacturer's
instructions (Abcam) (G). The number of apurinic/apyrimidinic (AP) sites was obtained by isolating total DNA from HepG2 lysates
and then it was normalized to the total amount of DNA extracted (H). MnSOD2 mRNA levels were assessed by gRT-PCR and
normalized to B-actin (1). For violin plots, data are expressed as median concentration (thick dashed lines) and interquartile range
(dotted lines). At least three independent experiments were conducted and pooled together. ***P < 0.0001, **P < 0.001 according to
one-way ANOVA. FFAs: Free fatty acids; LPS: lipopolysaccharides; ER: endoplasmic reticulum; ATF4: activating transcription factor 4;
ATF6: activating transcription factor 6; XBP1: X-box binding protein 1, ROS: reactive oxygen species; RNS: reactive nitrite species;
ANOVA: one-way analysis of variance.

CONCLUSION

The Caco-2/HepGz2 co-culture system may faithfully reproduce the breach in the intestinal barrier integrity
that occurs in NAFLD, thus resulting in the increased inflammatory response and oxidative and ER stress,
which in turn promote the switch towards NASH. This study paves the way for future investigations,
exploiting co-culture platforms to pinpoint precise cell-to-cell communications and soluble mediators
exchanged between different cell types during progressive NAFLD onset and to test the efficacy of novel
therapeutic strategies or dietary approaches to this disease.
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