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Abstract

The mechanisms leading to the low-grade inflammation observed during obesity are not fully
understood. Seeking the initiating events, we tested the hypothesis that the intestine could be damaged
by repeated lipid supply and therefore participate in inflammation. In mice, 1-5 palm oil gavages
increased intestinal permeability via decreased expression and mislocalization of junctional proteins at
the cell-cell contacts; altered the intestinal bacterial species by decreasing the abundance of
Akkermansia muciniphila, segmented filamentous bacteria, and Clostridium leptum; and increased
inflammatory cytokine expression. This was further studied in human intestinal epithelial Caco-2/TC7
cells using the two main components of palm oil, i.e., palmitic and oleic acid. Saturated palmitic acid
impaired paracellular permeability and junctional protein localization, and induced inflammatory
cytokine expression in the cells, but unsaturated oleic acid did not. Inhibiting de novo ceramide
synthesis prevented part of these effects. Altogether, our data show that short exposure to palm oil or
palmitic acid induces intestinal dysfunctions targeting barrier integrity and inflammation. Excessive

palm oil consumption could be an early player in the gut alterations observed in metabolic diseases.

Highlights

e Palm oil gavages damage the intestinal barrier.

e Bacterial species in mice are changed after four palm oil gavages.

e Palmitic acid impairs paracellular permeability and cell-cell junctions.

e Palmitic acid modifies cytokine expression profile in intestinal epithelial cells.

o De novo synthesis of ceramide reproduces palmitic acid deleterious effects.



1. Introduction

Obesity is the result of an energy imbalance between calories consumed and calories expended,
and its increasing incidence is associated with changes in eating habits. Obesity is associated with
systemic and tissue low-grade inflammation, which contributes to the development of insulin
resistance and increased cardiovascular disease risk [1, 2]. While adipose tissue inflammation has been
described as an important actor in maintenance of the inflammatory state once obesity is established
[1], its origin remains undetermined.

The subclinical systemic inflammation observed during obesity has been attributed to the
immune response to increased circulating levels of lipopolysaccharides (LPS) from the gram-negative
bacterial cell wall, termed metabolic endotoxemia [3]. The passage of bacterial fragments into the
blood through the intestinal mucosa emphasizes the importance of the intestinal epithelial barrier in
this process [3-5]. In a recent study, we showed that obese subjects present subtle impairments of
intestinal barrier function, which were exacerbated after lipid challenge; this feature correlated with
systemic and intestinal inflammation [6]. Therefore, the loss of intestinal barrier integrity is probably
part of the mechanisms driving subclinical chronic inflammation.

Studies on rodents under long-term high-fat diet (HFD) have also highlighted the role of lipids
in endotoxemia, but only a few have analyzed the effect of HFD on intestinal barrier integrity (for
recent reviews, [5, 7]). Decreased mRNA levels of the tight junction proteins ZO-1 and occludin were
observed in mouse intestine after 4 weeks of HFD [8]. Gulhane et al [9] showed that, in mice,
prolonged HFD leads to increased colonic inflammation, which is associated with endotoxemia and
decreased expression of the tight junction protein claudin-1 in this tissue. Some have reported that the
HFD composition can influence microbiota changes, endotoxemia, and the immune response.
Laugerette et al [10] compared the effects of 8-week diets enriched with different oils in mice, and
showed that a palm oil-enriched diet results in the most active transport of LPS to the tissues and the
highest plasma level of the proinflammatory interleukin-6 (IL-6). More recently, Lam et al [11]
showed that mice fed for 8 weeks with HFD enriched with saturated fatty acids or n-6 polyunsaturated
fatty acids displayed similar weight gain and adiposity, but only mice fed with saturated HFD

exhibited increased paracellular permeability to ions, as evaluated by decreased transepithelial



electrical resistance (TEER) and macrophage infiltration in the colon. As one of the main saturated
fatty acids in the human diet, palmitic acid might exert an important effect on gut permeability and
inflammation, and should therefore be further investigated.

Several studies have suggested that the effects of HFD on intestinal permeability occur before
the onset of obesity. Increased albumin in the feces, reflecting higher intestinal permeability, was
observed as early as after 1 day of HFD, and passage of fluorescein isothiocyanate (FITC)-dextran
molecules through the intestinal epithelium was increased after 7 days [12]. Moreover, studies on lean
humans or on rodents under chow diet showed that a single lipid meal would lead to a moderate and
transient increase in endotoxemia [13-15] and increased plasma IL-6 level [13]. In these latter studies,
neither the importance of fatty acid composition of the meal (especially the effects of palmitic acid)
nor the intestinal epithelial barrier integrity was documented. Nevertheless, these results suggest that
an acute supply of lipids is sufficient to provoke transient alteration of the intestinal epithelial barrier.

We may hypothesize that repeated lipid supply can amplify or maintain intestinal epithelial
barrier defect, which in turn could initiate low-grade inflammation or contribute to its maintenance.
Here, we explored the impact of single or repeated supply of palm oil and palmitic acid on intestinal
epithelial barrier integrity and its consequence on the expression of intestinal genes involved in the
inflammatory response. Mechanistic investigations were conducted on endoplasmic reticulum (ER)

stress and ceramide synthesis.

2. Materials and methods

2.1 Treatments, colitis induction and assessment, and intestinal permeability in mice

Three-month-old male C57BL/6J mice (Janvier Labs, Le Genest-Saint-Isle, France) were fed ad
libitum a standard chow diet (AO4, SAFE, Augy, France). The mice were kept on an artificial 12-h
light—dark cycle with lights on 07:00 h. The mice were gavaged with palm oil (Sigma-Aldrich, Saint
Quentin-Fallavier, France) whose fatty acid composition is rich in saturated palmitic acid (about 45%)
and unsaturated oleic acid (about 35%). The mice were gavaged with 0.2 ml palm oil for one or five
consecutive days at 18:00 h, i.e., just before the feeding period. Mice that received the lipid loads had

20% reduced food consumption, but the calorie intake was preserved (control mice and palm oil



treated—mice, 9 kcal/mouse/24 h and 8.8 kcal/mouse/24 h, respectively). On the last day of the
experiment, the mice were successively gavaged at 9:00 h with 0.2 ml palm oil and 0.2 ml 4 kDa
FITC-dextran (Sigma-Aldrich) solution (in water, 0.5 mg/g per mouse). The mice were anesthetized
and then euthanized 1 h after the last gavage. Blood, the small intestine, and colon were then collected.
The duodenum was removed and the rest of the small intestine was divided into two equal parts
referred to here as the jejunum and ileum. For in vivo measurement of intestinal permeability, plasma
FITC-dextran concentrations were determined by fluorometry (FLUOstar Omega; BMG Labtech,
Champigny-sur-Marne, France). Colitis was induced in mice by 5 days of 3.5% dextran sodium sulfate
(DSS, MP Biomedicals, Illkirch-Graffenstaden, France) in drinking water, followed by a 3-day DSS-
free recovery period. All experiments involving mice were approved by the French Minister of
Education and Research and by Animal Care and Use Committee N°5 (agreement number:

APAFIS#2710-201510301447819).

2.2 Fecal bacterial species analysis

Mice received one gavage of 0.2 ml palm oil or water each day for four consecutive days. Fresh feces
were collected 16 h after the last gavage and immediately stored at -80°C until analyzed. DNA was
extracted from 100 mg feces, obtained from fecal pellets pooled from 1-3 mice, as previously
described [16]. Table 1 describes the primers used for the group- and species-specific 16S rRNA
targeting. PCR was performed using the Applied Biosystems StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific, lllkirch-Graffenstaden, France). Bacterial count in the fecal samples was
determined using DNA extracted from cultured bacterial strains (Table 1) and analyzed as described
previously [16]. The abundance of segmented filamentous bacteria and Akkermansia muciniphila was

determined by relative quantification to DNA extracted from the feces of untreated mice

2.3 Cell culture and cell treatments
The Caco-2/TC7 cell line is a clonal population of human colon carcinoma—derived Caco-2 cells,
which reproduce, to a high degree, most of the morphological and functional characteristics of

enterocytes [17]. The cells were checked for the absence of mycoplasma contamination. In all



experiments, the cells were cultured on 6-well Transwell® filters (Thermo Fisher Scientific) for 3
weeks to obtain fully differentiated enterocyte-like cells as previously described [18, 19].

Palmitic acid or oleic acid (Sigma-Aldrich) was supplied as complex micelles to mimic their
physiological form in the intestinal lumen in vivo. Complex micelles (2 mM sodium taurocholate, 0.6
mM oleic acid or 0.6 mM palmitic acid, 0.2 mM lysophosphatidylcholine, 0.05 mM cholesterol, 0.2
mM monoacylglycerol) were prepared in serum-free medium as previously described [19, 20] and
added to the upper compartment. In some experiments, 0.3 mM or 0.1 mM palmitic acid was used
instead. During epithelium integrity analysis, the micelles were removed and replaced with fresh
apical medium. The release of the cytoplasmic enzyme lactate dehydrogenase (LDH) in the medium,
used as a toxicity test, remained at <1% of total LDH activity of the cell lysate when palmitic or oleic
acid was added to the cultured cells. In some experiments, the cells were treated with 4.5 mM EGTA
(Sigma-Aldrich), which was added to the upper compartment, or with 2 mM dithiothreitol (DTT,
Sigma-Aldrich), 20 mM L-cycloserine (Sigma-Aldrich), or 100 uM C,-ceramide (Cayman Chemical,
Montigny-le-Bretonneux, France) added to both the upper and lower compartments. C,-ceramide was
dissolved in 0.5% ethanol as previously described [21]. The duration of treatments is indicated in the

figure legends.

2.4 Permeability measurements in Caco-2/TC7 cells

To assess paracellular permeability, 1Img/ml of 4 kDa FITC-dextran (TdB Consultancy AB, Uppsala,
Sweden) was added to the apical medium on the last day of treatment. Samples of basal medium were
collected after 4h, and fluorescence was determined with a microplate fluorometer (FLUOstar Omega;
BMG Labtech). Transepithelial electrical resistance, which is inversely proportional to the
permeability to small ions, was measured before and after treatment using a volt-ohm meter (Millipore,

Guyancourt, France).

2.5 Total RNA extraction and reverse transcription (RT)-PCR
Total RNA from Caco-2/TC7 cells and from the intestinal segments was extracted with TRI Reagent

(Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer’s instructions. RT



was performed with 1 pg RNA using a high-capacity complementary DNA (cDNA) reverse
transcriptase kit (Applied Biosystem, Thermo Fisher Scientific). Semi-quantitative real-time PCR was
performed with the Mx3000P Stratagene system using SYBR Green (Agilent, Les Ulis, France)
according to the manufacturer’s procedures. Table 2 lists the human and mouse primer sequences used.
The primer sequences for the specific quantification of the spliced XBP1 mRNA have been described

previously [22].

2.6 Cytokine content and secretion

IL-8 and IL-1p protein levels were quantified by enzyme-linked immunosorbent assay (ELISA) using
R&D System kits (Lille, France). For cytokine quantification in mouse intestine, whole intestinal
segments were homogenized in phosphate-buffered saline (PBS) buffer using a FastPrep® instrument
(MP Biomedicals), sonicated (Bioruptor®, Diagenode, Liége, Belgium), and centrifuged at 10,000 g
for 10 min at 4°C. The supernatant (100 pg protein) was used for ELISA. For Caco-2/TC7 cell

experiments, 0.2 ml basal medium was used for the ELISA.

2.7 Immunofluorescence analysis of junctional proteins

Immunofluorescence analyses were performed as previously described [23]. Briefly, Caco-2/TC7 cells
were fixed and permeabilized by 5-min incubation in methanol at —20°C. Jejunum cryosections were
fixed for 30 min in 4% paraformaldehyde at 4°C, and permeabilized for 30 min in 0.1% Triton X-100
at 4°C. For immunostaining of mouse jejunum cryosections, we used primary antibodies against
tricellulin (1:10; Tric2469; kindly provided by Dr. Furuse [24, 25]), ZO-1 (1:200; 617300; Thermo
Fisher Scientific), occludin (1:10; Moc-37; kindly provided by Dr Furuse [26]) and for E-cadherin
(1:500; ECCD2 M108; Takara Bio Europe, Saint-Germain-en-Laye, France). For Caco-2/TC7 cell
immunostaining, we used primary antibodies against tricellulin (1:200; MARVELD?2 700191; Thermo
Fisher Scientific), ZO-1 (1:200; ZO1-1A12; 33-9100 Thermo Fisher Scientific), occludin (1:200; 71-
1500; Thermo Fisher Scientific), and E-cadherin (1:500; ECCD2 M108; Takara Bio Europe). Alexa

488- and Alexa 546-conjugated anti-immunoglobulin G were used as secondary antibodies (1:400;



Molecular Probes, Life Technologies, Saint-Aubin, France). The nuclei were stained with 4'-6-
diamidino-2-phenylindole (DAPI) to assess the monolayer integrity. The cells were examined by
microscopy using an Axio Imager 2 microscope equipped with Apotome.2, allowing optical
sectioning (Zeiss, Oberkochen, Germany). Images were acquired by ZEN 2011® software (Zeiss) and

analyzed in ImageJ 1.46¢ (https://imagej.nih.gov/ij/index.html).

2.8 Western blotting

Caco-2/TC7 cells were lysed as previously described [19]. Protein levels were detected in cell lysates
using a Wes™ capillary electrophoresis system (ProteinSimple, San José, CA, USA) according to the
manufacturer’s instructions. Reconstituted images and quantification were performed using Compass
software for Simple Western (ProteinSimple). The primary antibodies were rabbit anti-tricellulin
(1:2000; MARVELD2 700191; Thermo Fisher Scientific), rabbit anti-ZO-1 (1:200; ZO1-1A12; 33-
9100; Thermo Fisher Scientific), rabbit anti-occludin (1:25; 71-1500; Thermo Fisher Scientific), and
rabbit anti—E-cadherin (1:1000; clone 36, 610181; BD Biosciences, Rungis, France). The secondary
antibodies and reagents were provided in the separation and detection module kits (ProteinSimple).
Junctional protein levels were normalized to Hsc70 (1:100; sc7298 Santa Cruz, CliniSciences Nanterre,

France) or actin (1:1000; NB600-532SS Novus Biologicals, Bio-techne Ltd. Lille, France).

2.9 Statistical analysis

Results are expressed as the mean = SEM. Statistical analyses were performed using GraphPad Prism
6.0 (GraphPad Software, La Jolla, CA, USA). Student’s t-test was used for two-group comparisons.
Multiple groups were compared using one-way analysis of variance (ANOVA). A p-value < 0.05 was

considered significant.

3. Results
3.1 Palm oil gavage increased intestinal permeability, disrupted cell—cell junctions, and modified the

expression of genes involved in inflammation in mice



We analyzed the effects of palm oil on intestinal barrier integrity in mice by measuring the intestinal
permeability to 4 kDa FITC-dextran. We compared the effects of a single gavage of palm oil to daily
gavages for five consecutive days. We calculated that a lipid gavage of 180 mg represents, in one
intake, the daily lipid consumption (210 mg) of a mouse fed control diet containing 8% wi/w fat. DSS-
treated mice were used as a model of chemically induced barrier defect (for review, [27]). As
previously described [28], DSS induced a 2-fold increase in intestinal permeability as compared to the
control group (p = 0.0008) (Fig. 1A). The permeability to 4-kDa molecules after palm oil gavage was
increased in the same range as in the positive control (DSS). Mice that received one palm oil gavage
had higher intestinal permeability (p < 0.0001) than the control group. Surprisingly, no further
increase was observed following multiple gavages.
As an efficient epithelial barrier is dependent on cell—cell junction integrity, we performed
immunofluorescence analysis of the jejunum to determine the localization of the tight junction
proteins (ZO-1, occludin, tricellulin) and the adherens junction protein E-cadherin. One palm oil
gavage resulted in reduced occludin and tricellulin labeling at the apico-lateral membranes. ZO-1
labeling was more diffuse, while E-cadherin was not affected (Fig. 1B). Five consecutive palm oil
gavages disrupted the distribution of all these proteins. In addition to the reduced occludin and
tricellulin labeling, we observed a shift of E-cadherin and ZO-1 labeling toward the basal region of the
lateral membrane (Fig. 1B, red arrows). Decreased occludin mRNA levels were observed after one
and five palm oil gavages (Fig. 1C) while the mRNA levels of the other junction proteins remained
unchanged (data not shown).

We analyzed the expression of several genes linked to inflammation in the intestine (Fig. 2).
The protein level of the proinflammatory IL-1( tended to increase (p = 0.053) in the colon of mice that
received one palm oil gavage; a 2.4-fold increase (p = 0.0027) was observed after five gavages (Fig.
2A). Gata3 is known as a master gene controlling the functions of T cells and innate lymphoid cells
[29, 30]. When compared to control mice, Gata3 mRNA levels in the jejunum were decreased in the
DSS-treated mice (p = 0.0003) or after five palm oil gavages (p = 0.0024), but not after one palm oil
gavage (Fig. 2B). This suggests that the repeated palm oil gavages altered the immune response in the

intestine. Reg3g encodes a major antimicrobial peptide involved in host defense against bacterial
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invasion [31, 32]. One palm oil gavage increased Reg3g mRNA levels (p = 0.0118) in the ileum as
compared to the control group (Fig. 2C). However, Reg3g mRNA levels were unchanged in the ileum
of mice that received repeated gavages and in DSS-treated mice. This suggests that one palm oil
gavage engaged the antimicrobial host defense, which would be lost or less effective after repeated
palm oil gavages. We may hypothesize that repeated palm oil treatment impairs the antimicrobial host
defense and could participate in intestinal barrier defects. This result also suggests that changes in
microbiota composition could occur after palm oil treatment.

Altogether, we show in vivo in mice that short-term treatment with palm oil is sufficient to provoke
the mislocalization of key junctional proteins to increase intestinal permeability and to modify the

expression of several genes involved in the immune response in the intestine.

3.2 Palm oil gavages modified fecal bacterial species in mice

There are major changes in the relative abundance of bacterial species during high-fat feeding
(for review, [33]). Palm oil might affect bacterial abundance via bacterial growth or modification of
the genes involved in the antimicrobial response (e.g., Reg3g) as previously observed after long-term
HFD [34]. We measured the abundance of selected fecal bacteria after four palm oil gavages. We
found significantly decreased Clostridium leptum (Fig. 3A, p=0.0273), Akkermansia muciniphila (Fig.
3B, p=0.0274) and segmented filamentous bacteria (Fig. 3C, p=0.0133) abundance after four palm oil
gavages, while Bacteroides sp. abundance was increased (Fig. 3D, p=0.0230). The abundance of
Lactobacillus sp. (Fig. 3E) and Clostridium coccoides (Fig. 3F), and total bacteria count (Fig. 3G),
were unaffected. These results indicate that four palm oil gavages can modify gut bacterial species

composition.

3.3 Palmitic acid disrupts permeability and cytokine expression in human intestinal epithelial cells

To characterize the impact of lipids on the intestinal epithelial compartment, we investigated
the effects of palmitic and oleic acid, two major fatty acids present in palm oil. We analyzed the
effects of the two fatty acids, delivered as complex micelles, on the paracellular permeability of a

human Caco-2/TC7 cell monolayer. The cells were incubated for 24 h or daily for four consecutive
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days with either palmitic or oleic acid micelles. The positive control was 24-h treatment with 4.5 mM
EGTA, a calcium chelator known to increase epithelial permeability [35, 36]. As expected, EGTA
increased the permeability of the Caco-2/TC7 cell monolayer to 4 kDa FITC-dextran (p < 0.0001) (Fig.
4A) and to ions (decreased TEER, p < 0.0001) (Fig. 4C). Interestingly, 1-day treatment with palmitic
acid provoked significantly increased 4 kDa FITC-dextran flux (Fig. 4A) without significant changes
in permeability as assessed by TEER (Fig. 4D). A repeated supply of palmitic acid for 4 days
markedly enhanced the permeability of the monolayer to 4 kDa FITC-dextran (p = 0.0152). TEER was
decreased as early as the first 48 h of treatment (p = 0.038). These effects were not observed when
oleic acid was used. A dose—response effect of palmitic acid concentration was observed for 4 kDa
FITC-dextran flux (Fig. 4B) and TEER (Fig. 4E).

We performed immunofluorescence analysis of the localization of ZO-1, occludin, tricellulin,
and E-cadherin in cells treated with palmitic acid or oleic acid micelles (Fig. 5A). In cells incubated
for 24 h with palmitic acid, all junctional proteins had decreased fluorescence intensity, without
modification of their localization at cell-cell contacts. However, repeated supply of palmitic acid
micelles over 4 days provoked the internalization of E-cadherin, ZO-1, and occludin, and the loss of
tricellulin at the tricellular junctions. In accordance with the absence of effects on paracellular
permeability, the oleic acid micelles did not alter the junctional protein distribution. The total cell
lysates showed decreased E-cadherin, occludin, and tricellulin protein levels, but not ZO-1, in cells
treated for 4 days with palmitic acid (Fig. 5B—F). No modification of junctional protein levels was
observed in total cell lysates from cells treated for 24 h with palmitic or oleic acid (data not shown).
Occludin mRNA levels were decreased after 4-day palmitic acid treatment (Fig. 5G) but the mRNA
levels of the other junctional proteins were unchanged (data not shown). Altogether, these results
showed that 4-day palmitic acid treatment impairs both the expression of junctional proteins and their
localization at cell-cell contacts.

Intestinal epithelial cells can produce several cytokines [37, 38] among which the CXCL8 (IL-
8), TGFBL1 (transforming growth factor f1), and IL1B genes are particularly well expressed in Caco-
2/TC7 cells. We determined whether palmitic acid could induce the production of these cytokines.

Cells were treated for 24 h or 4 days with palmitic acid or oleic acid micelles (Fig. 6). Palmitic acid
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increased IL-8 expression as early as after 24-h treatment (p = 0.0214; Fig. 6A) and increased its
secretion in basal medium after 4-day treatment (Fig. 6B), while oleic acid did not exert any effect. A
dose-dependent increase in IL8 mRNA expression (Fig. 6E) and a trend for increased IL-8 secretion
(Fig. 6G) were observed upon palmitic acid treatment. TGFB1 mRNA levels (p = 0.0022) were
slightly decreased after repeated supply of palmitic acid (Fig. 6C), whereas oleic acid did not alter
TGFBL1 expression. A lower concentration of palmitic acid (0.1 or 0.3 mM instead of 0.6 mM) was not
sufficient to modulate TGFB1 expression (Fig. 6F). Neither oleic acid nor palmitic acid modified IL1B
MRNA levels, regardless of treatment duration (Fig. 6D). Interestingly, EGTA increased IL8 (p <
0.0001) and IL1B mRNA levels (p < 0.0001) and IL-8 secretion (p = 0.0042), indicating that the
destabilization of cell—cell junctions was sufficient for inducing cytokine production

We next determined whether the effects of palmitic acid were reversible after its removal from
the culture medium (Fig. 7). Cells were treated daily for 4 days with palmitic acid micelles, and then
cultured in control medium for one or two more days. We observed a time-dependent decrease of 4
kDa FITC-dextran passage through the monolayer after the removal of palmitic acid. However, 2 days
after micelle removal, the paracellular permeability of the monolayer remained 3.5-fold higher than
that of untreated cells (Fig. 7A, p = 0.0008). Removing palmitic acid did not restore the basal level of
TEER either, which remained 10-15% lower than that of the control cells (Fig. 7B, p = 0.007).
Immunofluorescence analyses of the junctional proteins were performed after 4-day palmitic acid
treatment and at 1 and 2 days after its removal (Fig. 7C). Gradually improved occludin and tricellulin
distribution over time was observed after palmitic acid removal. E-cadherin and ZO-1 distribution
remained largely altered even 2 days after the cells had been returned to the control medium. Western
blotting showed that tricellulin (Fig. 7D), and E-cadherin and ZO-1 (data not shown) protein amounts
recovered 2 days after palmitic acid removal. While occludin mRNA levels returned to control values
2 days after palmitic acid removal (Fig. 7E), the occludin protein amount remained lower than that in
the control cells (Fig. 7D). Moreover, the effects of palmitic acid on IL8 (Fig. 7F) and TGFB1 (Fig.
7G) mRNA levels were abolished at 2 days and 1 day, respectively, after its removal from the culture
medium. Altogether, these results show that the effects of palmitic acid are attenuated slowly after the

arrest of treatment.
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3.4 Palmitic acid induced moderate ER stress

We analyzed the molecular mechanisms involved in the effects of palmitic acid on barrier
integrity and cytokine production in Caco-2/TC7 cells. Palmitic acid is known as a more potent ER
stress inducer than oleic acid [39-42]. Moreover, the induction of ER stress by various stimuli,
including fatty acids, can increase cytokine expression in several cell types [43, 44] and may trigger
epithelial barrier dysfunction (for review, [45]). We therefore wanted to determine whether the
observed effects of palmitic acid were due to the induction of ER stress. Accordingly, Caco-2/TC7
cells were treated for 24 h or daily on four consecutive days with palmitic acid or oleic acid micelles.
The cells were then treated with 2 mM DTT, a known inducer of ER stress [46, 47]. As expected, DTT
increased paracellular permeability (Fig. 8A) and IL8 mRNA levels (Fig. 8B). DTT induction of ER
stress was assessed through the increased expression of GRP78/HSPA5, GADD153/DDIT3, and the
spliced form of XBP1 (Fig. 8C-E), three gene markers of unfolded protein response. Oleic acid
provoked moderate induction of GRP78/HSPAS expression, which was detected only after 24-h
treatment (p = 0.0085) but not after 4 days (Fig. 8C), while GADD153/DDIT3 and spliced XBP1
MRNA levels were unchanged (Fig. 8D—E). Palmitic acid increased the expression of these three gene
markers of ER stress, but to a limited extent as compared to DTT. This effect was mainly observed
after 24-h treatment (Fig. 8C-E). As both palmitic and oleic acid induce moderate ER stress, while
only palmitic acid alters epithelial barrier integrity and increases IL-8 expression, we concluded that
ER stress cannot explain the specific effects of palmitic acid. We speculate that other molecular

mechanisms may be involved in the deleterious effects of palmitic acid.

3.5 Ceramides mediated the deleterious effects of palmitic acid on epithelial barrier function and
immune response

Palmitic acid, but not oleic acid, is a precursor of de novo ceramide synthesis (for review,
[48]), which contributes not only to membrane structure but also to signaling and metabolic
dysfunctions in various cell types, including Caco-2/TC7 cells [21, 49]. Accordingly, we wanted to

determine whether ceramides could provoke epithelial barrier damage and induce cytokine production.

14



Caco-2/TC7 cells were treated with C,-ceramide, a short chain, cell-permeating, biologically active
ceramide analogue. The 24-h C,-ceramide treatment markedly increased paracellular permeability (p <
0.0001) (Fig. 9A) and decreased TEER (p < 0.0001) (Fig. 9B). These effects were associated with
decreased expression of all junctional proteins (Fig. 9C). Immunofluorescence analysis showed altered
Z0O-1, occludin, tricellulin, and E-cadherin localization at the cell—cell contacts (Fig. 9D). C,-ceramide
increased IL-8 expression and secretion (p = 0.0201, Fig. 9E, F), decreased TGFB1 mRNA levels (p =
0.038, Fig. 9G), and had no effect on IL1B mRNA levels (Fig. 9H). For all these parameters, no effect
was observed for ethanol, used as the vehicle for C,-ceramide. Altogether, these results show that C,-
ceramide induces effects similar to that of palmitic acid on intestinal epithelial barrier integrity and
cytokine production.

We determined whether inhibiting de novo ceramide synthesis could attenuate the deleterious
effects of palmitic acid. Caco-2/TC7 cells were treated with L-cycloserine, an irreversible inhibitor of
serine palmitoyl transferase, the first enzyme of de novo ceramide synthesis [50, 51]. L-cycloserine
did not modify the paracellular permeability of the Caco-2/TC7 cell monolayer at the basal state or in
the presence of palmitic acid micelles (Fig. 10A). However, it abolished the palmitic acid-dependent
increase in IL-8 mRNA levels (Fig. 10B). These results suggest that, in human enterocytes i.e., Caco-
2/TC7 cells; the effects of palmitic acid on cytokine expression are dependent on de novo ceramide

synthesis.

4. Discussion

Multiple studies on rodents with obesity induced by long-term HFD have linked increased gut
permeability to inflammation and metabolic alterations [7, 8]. It has been proposed that endotoxemia,
i.e., the passage of bacterial LPS into the systemic circulation, is a consequence of an altered intestinal
barrier and is the main contributor of the low-grade inflammation triggered by diet-induced obesity [3].
However, in such animal models of diet-induced obesity, and in established obesity in humans, the
initiating events remain unknown. Moreover in such situations, it is difficult to establish the sequence
of events linking hyperpermeability to inflammation as the two processes are highly interconnected.

Here, we show that short-term feeding with palm oil is sufficient to disrupt the intestinal barrier
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integrity in mice. We observed that, in normal mice, a single intake of palm oil provoked increased
intestinal permeability, accompanied by the loss of several tight junction proteins at the cell—cell
contacts. This indicates that intestinal hyperpermeability is an immediate response to palm oil (Fig.
11). This rapid intestinal barrier defect is in accordance with the increased albumin fecal content, a
marker of intestinal permeability, previously reported in mice 1 day after beginning a HFD [12].
Increased expression of the gene encoding the antimicrobial peptide REG3y, i.e., Reg3g, as early as
after one palm oil gavage suggests that the intestine has already engaged the mucosal defense (Fig. 11).
No modulation of genes involved in the intestinal immune response was detected after a single bolus.
Importantly, our results, obtained from a human enterocyte model, demonstrate that palmitic acid can
exert its deleterious effects directly on the epithelial compartment independently of immune cells and
microbiota. Palmitic acid disrupted cell-cell junctions in Caco-2/TC7 cells, resulting in increased
paracellular permeability. In association with these effects on the epithelial barrier, palmitic acid
increased the expression and secretion of the proinflammatory cytokine IL-8, suggesting that the
initiation of an inflammatory response may occur in the epithelial compartment (Fig. 11).

Our results identify the intestinal epithelial compartment as an early target of the deleterious
effects exerted by dietary lipids. In mice, markedly increased permeability is detected before the
modulation of genes involved in the intestinal immune response, suggesting that the disruption of the
intestinal barrier is the primary event. However, in human Caco-2/TC7 enterocytes, both increased
permeability and IL-8 expression were observed after 24-h palmitic acid treatment, suggesting that, in
human epithelial cells, hyperpermeability and the initiation of the immune response occur
concomitantly. IL-8 is produced by many cell types, including intestinal epithelial cells, and
participates in the acute-phase response of inflammation [52]. In the intestine, IL-8 is involved in
recruiting neutrophils in the mucosa, where they participate in the host defense against bacterial
invasion. Interestingly, contrary to humans, mice do not express I1L-8 [53]. It remains to determine
whether the hierarchy of events linking hyperpermeability and inflammation differs between humans
and mice

When the palm oil gavages were repeated, additional gut alterations were observed together

with the increased epithelial permeability (Fig. 11). Indeed, IL-1 was increased in the colon, and
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Gata3 mRNA levels were decreased in the proximal intestine. Gata3 is a key transcription factor
involved in the differentiation and maturation of the innate lymphoid cells controlling the expression
of both proinflammatory and anti-inflammatory cytokines [30]. A link between Gata3 activity and
visceral fat inflammation during obesity was recently reported [54]. However, its exact role in
intestinal inflammation remains to be characterized. Interestingly, the increased Reg3g mRNA levels
observed after one palm oil gavage were not observed after repeated gavages. As Reg3g is involved in
the host defense against bacteria, this suggests that saturated fat overload results in a decreased
efficiency of the intestinal defense response. The observation that the effects of palmitic acid in Caco-
2/TCT7 cells were not reversed as rapidly as they occurred is consistent with our original hypothesis
that repetition of lipid intake could maintain an intestinal epithelial barrier defect and initiate low-
grade inflammation. Cytokines produced by both the epithelial and immune cells could further
contribute to amplifying hyperpermeability. Indeed, both IL-13 and IL-8 disrupt the tight junction
proteins [55, 56]. Increased IL-1f expression in the intestine is frequently reported in HFD models and
in human obesity (for review, [57]). It is not known whether these cytokines participated in the
alteration of tight junctions in our models (Fig. 11). Altogether, these results show that palm oil or
palmitic acid initiates an imbalanced immune response favoring a proinflammatory profile. We
hypothesize that cytokines produced by epithelial cells in response to palm oil or palmitic acid may
also activate the intestinal immune cells, thereby creating a vicious cycle maintaining intestinal
inflammation. It has not been determined whether this initiation of intestinal inflammation by lipids
can eventually lead to systemic inflammation.

In association with changes in immune-related gene expression and intestinal barrier defects,
we observed that repeated palm oil gavages provoked changes in microbiota composition (Fig. 11).
We studied some bacteria species previously reported as modified by HFD or obesity, and observed
decreased fecal abundance of C. leptum, A. muciniphila, and segmented filamentous bacteria in palm
oil-treated mice as compared to the control. These bacteria species exert a protective role against
pathogen proliferation and contribute to host defense by promoting immune cell maturation [58].
Their decreased abundances were related to the inflammatory status of the tissue. The anti-

inflammatory properties of A. muciniphila have gained attention and highlight its importance as a
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therapeutic target for treating intestinal inflammation [59]. In particular, gut A. muciniphila abundance
is reduced in human obesity [60, 61] and in HFD-induced obesity in mice [62]. The decreased
abundance of segmented filamentous bacteria observed after palm oil gavages is in accordance with
their reduction in mice on long-term HFD [63], but its role in inflammation remains uncertain [64].
We observed increased Bacteroides sp. in palm oil-treated mice, congruent with several reports
showing increased abundance of this species associated with the consumption of HFD rich in saturated
fatty acids [65-68]. We may conclude that four gavages with palm oil are sufficient for promoting
changes in microbiota composition corresponding to the changes reported in obesity induced by HFD
and relevant to gut inflammation.

Studies of the molecular mechanisms involved in the deleterious effects of palmitic acid on
intestinal epithelial cells have revealed the contribution of de novo synthesis of ceramides. In
established obesity, increased circulating saturated fatty acids and inflammatory signals promote
ceramide synthesis [69]. Here, we observed that C2-ceramide acted on three parameters: increase in
intestinal epithelial permeability, mislocalization of junctional proteins and modification of cytokine
expression. Interestingly, intestinal barrier defect was recently shown to be associated with elevated
Cl16-ceramide levels [70] and with increased ceramide content induced by the addition of
sphingomyelinase [71]. Ceramides can increase permeability through their property of disrupting
membrane raft domains [72-74], where several junctional proteins are localized [75, 76]. Ceramides
may also alter membrane integrity by their channel-formation capacity [77]. Nevertheless, we
observed that inhibiting de novo ceramide synthesis reduced pro-inflammatory cytokine expression
but failed to restore cell monolayer permeability, suggesting a role of de novo ceramide synthesis
limited to the inflammatory process. Very few studies have analyzed the direct effect of ceramides on
cytokine expression; however, C,-ceramide induction of 1L-6 has been reported in human fibroblasts
[78] and human astrocytoma cells [79]. We show that inhibiting de novo ceramide synthesis prevented
increased IL-8 secretion in palmitic acid—treated cells. Therefore, palmitic acid engages multiple
mechanisms, including ceramide pathways, to exert its deleterious effects on intestinal permeability

and inflammation.
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Recent advances have suggested that fatty acids may act by binding to membrane receptors
(e.g., TLRs and G protein—coupled receptors) or nuclear receptors (e.g., PPARs, LXR, or FXR) and
the subsequent rapid activation of signaling cascades (for review, [80]). Here, our study demonstrates
the specific effect of palmitic acid, as oleic acid had no effect on intestinal barrier integrity and
cytokine expression. However, several fatty acids, such as short- and medium-chain fatty acids,
modulate intestinal barrier integrity (for review, [80]). Interestingly, we observed in the Caco-2/TC7
cells that very short treatment (4 h) with oleic acid in the form of mixed micelles might disrupt
tricellulin distribution and increase intestinal permeability [6]. Altogether, these data underline the
differential effects of fatty acids according to their nature and length of exposure on intestinal barrier
integrity. Altogether, these data underlie the differential effects of fatty acids, based on their nature
and duration of exposure, on intestinal barrier integrity. Fritsche [81] reviewed the beneficial or
deleterious effects of fatty acids on the intestinal barrier and inflammation. Interestingly, the presence
of oleic acid can counteract or diminish the deleterious effect of palmitic acid on cellular functions
[82]. Other lipids or nutrients contribute to barrier dysfunctions [83].

In healthy humans, meals are constituted of mixed nutrients, intestinal barrier integrity is
maintained, and post-prandial inflammation is limited. Nevertheless, in pathological conditions, there
might be chronicization of the alteration of barrier functions. Indeed, we have previously observed that
obese subjects present only subtle intestinal barrier defects that can be revealed after lipid load [6], and
hyperglycemia was recently described as disrupting the gut barrier [84]. Therefore, excess nutrients in
the pathological context might further aggravate barrier dysfunctions, probably by exceeding the
regulatory capacities of the gut. Further studies are needed to identify the other contributors of
metabolic-associated gut barrier defects.

In conclusion, our results show that limited repeated supply of saturated fatty acids, and
particularly palmitic acid, are sufficient for inducing intestinal barrier defect, initiating the intestinal
inflammatory response, and altering microbiota composition. These gut alterations, occurring before
the onset of diet-induced obesity, may therefore represent the initiating events of the low-grade

inflammation observed once the disease is established.
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Figure legends

Figure 1: Palm oil gavage increases intestinal permeability in vivo. Mice received one (1x) or five
gavages (5x) with 200 ul palm oil or water. The control group was constituted of mice treated with
DSS in drinking water to induce barrier damage. (A) Intestinal permeability after oil or water gavage
was assessed by measuring plasma concentrations of FITC-dextran 1 h after oral 4 kDa FITC-dextran
load. Results are expressed in ug/ml (mean £ SEM, n = 5-10). **p < 0.01, ****p < 0.0001 as
compared to water. (B) Immunofluorescence analysis of E-cadherin, ZO-1, occludin, and tricellulin
distribution in jejunum sections. Nuclei were stained with DAPI. An enlargement is shown for each
condition. White arrows indicate junctional protein localization. Red arrows indicate E-cadherin and
Z0-1 mislocalization. Scale bar = 20 um. (C) RT-PCR determination of occludin expression in the
jejunum. Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units
(a.u.) as the ratio of the target gene to cyclophilin mMRNA level (mean = SEM, n = 10). *p < 0.05, ***p

< 0.001 as compared to water condition.

Figure 2: Repeated gavages with palm oil modify the expression of genes involved in the immune
response. Mice received one (1x) or five (5x) gavages with 200 ul palm oil or water. The control
group was constituted of DSS-treated mice. The intestine was collected 1 h after the last gavage. (A)
ELISA quantification of IL-1B protein in the colon. Results are expressed in pg/mg protein (mean +
SEM, n =5-9). *p < 0.05, **p < 0.01 as compared to water condition. (B, C) RT-PCR determination
of Gata3 expression in the jejunum (B) and Reg3g expression in the ileum (C). Cyclophilin (cyclo)
was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target

gene to cyclophilin mRNA level (mean + SEM, n = 5-10).

Figure 3: Repeated palm oil gavages modify gut bacterial species. Mice received daily gavages
with water or palm oil for four consecutive days. Total fecal DNA was extracted and used for g°PCR
guantification of bacterial species content. Results are expressed as the mean + SEM (n = 4-6), *p <
0.05 as compared to water; ns: not statistically significant; a.u.: arbitrary unit. Fecal quantification of
(A) Clostridium leptum, (B) Akkermansia muciniphila, (C) segmented filamentous bacteria, (D)

Bacteroides sp., (E) Lactobacillus sp., and (F) Clostridium coccoides. (G) Total fecal bacterial counts.

Figure 4: Saturated palmitic acid but not unsaturated oleic acid increases the paracellular
permeability of the intestinal epithelial monolayer. Caco-2/TC7 cells were incubated with control
medium (Ctrl) or were treated with palmitic acid (PA) or oleic acid (OA) micelles for 24h or daily for
four consecutive days (4d). The positive control was 24-h treatment with 4.5 mM EGTA. (A)
Paracellular permeability across the Caco-2/TC7 cell monolayer was evaluated by measuring the

accumulation during 4-h exposure to 4 kDa FITC-dextran in the basal compartment. Results are
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expressed as the percentage of 4 kDa FITC-dextran input (amount added in the apical compartment)
(mean £ SEM, n = 6-15). Fold increase, as compared to the control condition, is indicated at the top of
the corresponding histogram. **p < 0.01, ***p < 0.001 as compared to control (Ctrl) cells. (B) Dose—
response to palmitic acid was evaluated on cells incubated for 4 days with micelles containing 0.1 mM,
0.3 mM, or 0.6 mM palmitic acid (PA). The accumulation of 4 kDA FITC-dextran in the basal
compartment was determined. Results are expressed as in (A) (mean = SEM, n = 6). **p < 0.01, ***p
< 0.001 as compared to control (Ctrl) cells. (C) TEER (inverse relationship to permeability) was
assessed in the control and EGTA-treated cells. Results are expressed in percentage of TEER
measured in control condition (mean £ SEM, n = 6). The percentage of decrease compared to the
control condition is indicated. (D) The time course of TEER was measured before (0 h) and every 24 h
during treatment with palmitic acid (PA) or oleic acid (OA) micelles or in untreated cells (control).
The percentage of decrease in PA-treated cells as compared to control cells is indicated. Results are
expressed in ohm.cm? as mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 as compared to
untreated cells, unless otherwise indicated. (E) Dose-response of TEER was assessed in control and in
cells treated for 4 days with micelles containing 0.1 mM, 0.3 mM, or 0.6 mM palmitic acid. Results

are expressed as in (D) (mean £ SEM, n = 6). *p < 0.05, ***p < 0.001 as compared to control cells.

Figure 5: Repeated supply of palmitic acid, but not oleic acid, alters the expression of junctional
proteins and their localization at cell-cell contacts. Cells were incubated with or without micelles
containing palmitic acid (PA) (for 24 h or 4 days [4d]) or oleic acid (OA) (for 4 days [4d]). (A)
Immunofluorescence analysis was performed to study E-cadherin, ZO-1, occludin, and tricellulin
localization. Nuclei were stained with DAPI. Bar = 20 um. (B) Western blot determination of protein
levels in cell lysates. Reconstituted images are shown. Hsc70 protein levels were used as loading
controls. (C—F) Quantification of junctional protein levels normalized to Hsc70 protein levels. Results
are expressed in arbitrary units (a.u.) (mean £ SEM, n = 4), *p < 0.05, **p < 0.001 as compared to
control (Ctrl). (G) RT-PCR quantification of occludin mRNA levels. Cyclophilin (cyclo) was used as
the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to
cyclophilin mRNA level (mean = SEM, n = 6-15).

Figure 6: Palmitic acid modifies cytokine expression in Caco-2/TC7 cells. Caco-2/TC7 cells were
cultured in the same conditions as in Figure 4. The mRNA levels of IL8 (A), TGFB1 (C), and IL1B
(D), were quantified by RT-PCR. Cyclophilin (cyclo) was used as the reference gene. Results are
expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean +
SEM, n = 6-15). (B) ELISA quantification of the concentration of IL-8 protein in the basal
compartment. Results are expressed in pg/ml (mean £ SEM, n = 6). Fold increase as compared to
control condition is indicated at the top of histograms. (E, F) Dose-response to palmitic acid on
MRNA levels of IL8 (E) and TGFBL1 (F). Cells were incubated for 4 days with micelles containing 0.1
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mM, 0.3 mM, or 0.6 mM palmitic acid (PA). The mRNA levels were quantified by RT-PCR.
Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as
the ratio of the target gene to cyclophilin mRNA level (mean £ SEM, n = 4). (G) Dose-response to
palmitic acid on IL-8 secretion was determined as in (B). *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001 as compared to control.

Figure 7: Removing of palmitic acid partially restores its deleterious effects on intestinal
epithelial cell monolayer integrity and on the expression of genes involved in immune response.
Caco-2/TC7 cells were cultured in control medium (Ctrl) or with palmitic acid micelles (PA) for 4
days followed with or without one or two more days in control medium without PA (w/o PA). (A)
Paracellular permeability was evaluated by measuring 4 kDa FITC-dextran flux across the Caco-
2/TC7 monolayer after 4-day palmitic acid treatment and each day after cells were shifted to control
medium. The 4 kDa FITC-dextran was added in the apical compartment and fluorescence values were
determined in the basal compartment 4 h later. Results are expressed as the percentage of 4 kDa FITC-
dextran input in the apical compartment (mean + SEM, n = 6-18). Fold increase, as compared to
control condition, is indicated at the top of histograms. *p < 0.05, **p < 0.01, ***p < 0.001 as
compared to control cells on the same day of culture, unless otherwise indicated. (B) TEER was
measured in control (white circles) and palmitic acid—treated cells (black circles). The measurement
was performed before treatment (day 0), at day 1 and 4 of palmitic acid treatment, and after removing
the palmitic acid micelles (grey circles). Dashed line indicates the day PA-treated cells were shifted to
control medium. Results are expressed in ohm.cm? (mean + SEM, n = 6-18). The percentage of
decrease in PA-treated cells as compared to control cells is indicated. **p < 0.01, ***p < 0.001 as
compared to control cells. (C) Immunofluorescence analysis was performed to study E-cadherin, ZO-1,
occludin, and tricellulin localization. Nuclei were stained with DAPI. Bar = 20 um. (D) Western blot
measurement of occludin and tricellulin protein levels. Reconstituted images are shown. Actin was
used as the loading control. (E-G) RT-PCR quantification of the mMRNA levels of OCLN (E), IL8 (F),
and TGFB1 (G). Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary
units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean = SEM, n = 6-18). *p <

0.05, **p < 0.01 as compared to control, unless otherwise indicated; ns: not statistically significant.

Figure 8: Palmitic acid provokes moderate ER stress in Caco-2/TC7 cells. Caco-2/TC7 cells were
incubated with control medium (Ctrl) or were treated for 24 h or daily for four consecutive days (4 d)
with palmitic acid (PA) or oleic acid (OA) micelles. The positive control was 4-h treatment with 2
mM DTT. (A) Paracellular permeability was evaluated by measuring 4 kDa FITC-dextran flux across
the Caco-2/TC7 cell monolayer. The 4 kDa FITC-dextran was added in the apical compartment on the
last day of the experiment, and fluorescence values were determined in the basal compartment 4 h

later. Results are expressed in percentage of 4 kDa FITC-dextran added in the apical compartment
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(input) (mean = SEM, n = 4-6). (B-E) RT-PCR quantification of the mRNA levels of IL8 (B)
GRP78/HSPAS (C), GADD153/DDIT3 (D), and XBP1 spliced form (E). Cyclophilin (cyclo) was used
as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to
cyclophilin mRNA level (mean £ SEM, n = 6-15). Fold increase as compared to control condition is
indicated at the top of some histograms. *p < 0.05, **p < 0.01, ***p < 0.01, ****p < 0.0001 as
compared to control.

Figure 9: C,-ceramide addition provokes barrier defects and modulates cytokine expression.
Caco-2/TC7 cells were cultured for 24 h in the absence (Ctrl) or presence of vehicle 0.5% ethanol
(EtOH) or 100 uM C,-ceramide (C,-Cer). (A) Paracellular permeability was evaluated by measuring 4
kDa FITC-dextran flux across the Caco-2/TC7 cell monolayer as in Figure 4. Results are expressed as
percentage of 4 kDa FITC-dextran input in the apical compartment (mean £ SEM, n = 6). (B) TEER
was measured after the 24-h treatment. Results are expressed in % of value obtained in untreated cells
(mean = SEM, n = 6). (C) Representative western blots of junction protein levels determined in cell
lysates. Reconstituted images are shown. Hsc70 was used as the loading control. (D)
Immunofluorescence analysis of Caco-2/TC7 cells for ZO-1, occludin, tricellulin, and E-cadherin.
Nuclei were stained with DAPI. Bar = 20 um. (E, G, H) RT-PCR quantification of the mRNA levels
of IL8 (E), TGFBL1 (G), and IL1B (H). Cyclophilin (cyclo) was used as the reference gene. Results are
expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean *
SEM, n = 6-15). (F) ELISA quantification of the concentration of IL-8 protein in the basal
compartment. Results are expressed in pg/ml (mean + SEM, n = 6). *p < 0.05, **p < 0.01, ***p < 0.01,

****p < 0.0001 as compared to untreated cells.

Figure 10: Inhibition of de novo ceramide synthesis abolishes inflammatory effects of palmitic
acid. Caco-2/TC7 cells were cultured for 24 h in the absence (Ctrl) or presence of palmitic acid (PA)
micelles or 20 mM L-cycloserine (Lcyclo). In one condition, cells were pre-treated with L-cycloserine
for 1 h before 24-h incubation with PA micelles (PA+Lcyclo). (A) Paracellular permeability was
evaluated by measuring 4 kDa FITC-dextran flux across the Caco-2/TC7 cell monolayer. Results are
expressed in percentage of 4 kDa FITC-dextran input in the apical compartment (mean £ SEM, n = 3—
6). (B) RT-PCR quantification of IL8 mRNA levels. Cyclophilin (cyclo) was used as the reference
gene. Results are expressed in arbitrary units (a.u.) as the ratio of IL8 mRNA level to cyclophilin
MRNA level (mean + SEM, n = 3-6). **p < 0.01, ***p < 0.001 as compared to control cells unless

indicated; ns: not statistically significant.
Figure 11: Schematic representation of palmitic acid and palm oil effects in intestinal cells.
Left: In mice, one palm oil bolus is sufficient to alter cell junctions and to increase intestinal

permeability to macromolecules. The increased expression of Reg3g, an antimicrobial peptide,
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suggests that the intestine engages the mucosal defense. Additional gut alterations are detected after
repeated palm oil gavages: The increased Reg3g expression observed after a single palm oil bolus is
no longer observed after repeated supply, suggesting that the antimicrobial host defense is lost or less
effective in this condition. Expression of IL-1f is increased in the colon; decreased expression of
Gata3 is observed in the jejunum. Moreover, changes in bacterial species composition of the
microbiota, i.e., C. leptum, A. muciniphila, segmented filamentous bacteria, and Bacteroides sp., are
identified. Altogether, these results show that intestinal epithelial barrier disruption is an early event
triggered by palm oil and that short-term supply of dietary lipids initiates the intestinal inflammatory
response and provoke changes in microbiota composition.

Right: In human epithelial cells, palmitic acid, supplied as micelles, disrupts cell junctions, increases
paracellular permeability, and induces IL-8 expression and secretion. Ceramide production from
palmitic acid controls IL-8 expression and participates in epithelial barrier disruption. Altogether,
these results show that palmitic acid exerts direct effects on the epithelial compartment, where it
initiates the inflammatory response.

We hypothesize that, in response to palm oil or palmitic acid, IL-13 and IL-8 contribute to tight
junction defects and amplify intestinal hyperpermeability. It is not known whether the initiation of
intestinal inflammation by dietary lipids before the onset of diet-induced obesity can lead to low-grade
systemic inflammation.
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Table 1: Primer sequences and bacteria strains used used for the quantification of bacterai

group or species

bacteria
group or strain used
species forward primer reverse primer for
the standard
name sequence name sequence curve
5'- 5-GAATTAAA
Clostridium Clept CCTTCCGTCCGS | Clept CACATCT Faecalibacteri
leptum 09 AGTTA-3 08 CACTGCTT-3' um prausnitzii
5'- 5'-
Akkermansia AKK- GGTAGCCGGTC | AKK- TAGGTGTCTGGA see legend
muciniphila F TGAGAGGAT-3' R CCGTGTCTC-3' below
5'- 5'-
Lactobacillus Lacto CGCCACTGGTG Lacto AGCAGTAGGGA Lactobacillus
sp. 04  TTCYTCCATA-3 05 ATCTTCCA-3' acidophilus
Segmented 5'- 5'-
Filamentous SFB- CACGGTCCATA AGGGTTTCCCCC see legend
Bacteria F CTCCTACGG-3' SFB-R ATTGTG-3' below
5'- 5'- Bacteroides
Bacte CCTWCGATGGA | Bacter CACGCTACTTGGCT | thetaiotaomicr
Bacteroides sp. ril  TAGGGGTT-3' 08 GGTTCAG-3' on
5'- 5'-
Clostridium Ccoc GACGCCGCGTG Ccoc AGCCCCAGCCTT Clostridium
coccoides 07  AAGGA-3 14 TCACATC-3' coccoides
F Ba 5- R PR 5-
ct CGGTGAATACG OK  TACGGCTACCTTGT | Escherichia
All bacteria 1369 TTCCCGG-3' 1492 TACGACTT-3' coli

The determination of Akkermansia muciniphila and Segmented Filamentous Bacteria abundance was

determined by relative quantification to a control sample.

31



Table 2: List of primer sequences used for RT-PCR analyses

human genes (alias
names)

forward primer

reverse primer

CXCLS (IL-8)
TGFB1 (TGF-Beta-1)

IL1B (IL-1-Beta)

HSPAS5 (GRP78, BIP)
DDIT3 (GADD153,
CHOP)

XBP1 spliced form

PPIB (Cyclophilin B)*

CDH1 (e-cadherin)
TJP1 (ZO-1)
OCLN (occludin)
MARVELD?2

(tricellulin)

mouse genes

5.
AGACAGCAGAGCACACAAGC-
3|

5'-GCAGCACGTGGAGCTGTA-3'

5
CTGTCCTGCGTGTTGAAAGA-3'
5
CTGGGTACATTTGATCTGACT
GG-3'
5-AGCTGTGCCACTTTCCTTTC-
3|

5'-
TGCTGAGTCCGCAGCAGGTG-
3 !

5'-
GCCTTAGCTACAGGAGAGAA-
3|
5-GCCGAGAGCTACACGTTCA-
3I

5
CAGAGCCTTCTGATCATTCCA-
3I

5'-AGGAACCGAGAGCCAGGT-
3|

5
CAGGCTGTCCTGAGGAAGTT-
3|

forward primer

S-ATGGTTCCTTCCGGTGGT-3'

5'-CAGCCGGTTGCTGAGGTA-3'
5.
TTGGGTAATTTTTGGGATCTA
CA-3'

5.
TCCTTGAGCTTTTTGTCTTCCT-
3I
5.
CAGAACCAGAGAGGTCACA-3'
5'-
GCTGGCAGGCTCTGGGGAAG-
3!

S-TTTCCTCCTGTGCCATCTC-3'
5'-GACCGGTGCAATCTTCAAA-
3I

5.
CATCTCTACTCCGGAGACTGC-
3I

5.
GGATGAGCAATGCCCTTTAG-
3|

5-CCGAATGATGTGGCAATCT-
3I

reverse primer

Cdh1 (e-cadherin)

Tjpl (Z0-1)

Ocln (occludin)

Marveld2 (tricellulin)
Gata3

Reg3g

S-TCCTTGTTCGGCTATGTGTC-
3|

5.
AGGACACCAAAGCATGTGAG-
3|

5-TCCGTGAGGCCTTTTGAA-3'

5.
AGGCTCCCACATCATTCTGA-3'
5-TTATCAAGCCCAAGCGAAG-
3I

5
ACCATCACCATCATGTCCTG-3'

GGCATGCACCTAAGAATCAG

5'-GGCATTCCTGCTGGTTACA-
3|

5.
GGTGCATAATGATTGGGTTTG-
3|

5.
TCCAGAAACGAAGGGTCATT-
3|

5
TGGTGGTGGTCTGACAGTTC-3'
5
GGCATCTTTCTTGGCAACTT-3'

* PPIB gene is used as reference gene and the same sequences are used for both human and mouse

species.
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