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Diet-associated alterations of the intestinal barrier and gut microbiota promote intestinal lipopolysaccharide
(LPS) translocation from the lumen to the lamina propria through different pathways, leading to an increase in
LPS levels in the plasma known as metabolic endotoxemia.

As a pharmacological dose of grape seed proanthocyanidin extract (GSPE) can reduce metabolic endotoxemia
of obese rats, in the current study, we aimed to evaluate GSPE modulation of LPS translocation and the un-
derlying mechanisms. We performed both an in vitro experiment with Caco-2 cells and an in vivo experiment with
Wistar female rats fed a cafeteria (CAF) diet. GSPE was effective in regulating intestinal permeability through the
modulation of receptor-mediated endocytosis pathway, as well as the gut microbiota interaction with the
endocannabinoid system through epigenetic mechanisms. Our results confirm that GSPE can ameliorate intes-
tinal dysfunction and metabolic endotoxemia caused by an excess of dietary lipids by modulating the endotoxin-

translocation pathways.

1. Introduction

The gastrointestinal tract is a high-surface organ of the body. Its
primary function is nutrient absorption but it is also a selective barrier
and is involved in the immune defence, metabolism and endocrine
functions (Ge et al., 2000; Gil-Cardoso et al., 2017).

Dietary pattern is a relevant factor affecting gut homeostasis. Under
healthy dietary conditions, the intestinal barrier prevents the passage of
undesirable compounds such as endotoxins from the lumen to the lam-
ina propria (Rohr et al., 2020). In contrast, consumption of high-fat/
high-sugar diets affects the integrity of the intestinal barrier as well as
the microbiota composition and functionality (dysbiosis). LPS is a major
component of the outer membrane from both commensal and patho-
genic gram-negative bacteria, and it plays a key role in host-pathogen
interactions with the immune system. Low concentrations of LPS in
the blood are associated with good maintenance of the immune system
(Gnauck et al., 2016); however, dietary patterns linked to dysbiosis
translate into a greater passage of LPS from the intestinal lumen towards
the lamina propria, and consequently, into the blood circulation. This
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phenomenon is known as metabolic endotoxemia. This condition is
characterized by the activation of the immune system, thus inducing
systemic inflammation by increasing pro-inflammatory secretion of
Tumour Necrosis Factor alpha (TNF-a) and Interleukin-6 (IL-6), espe-
cially in tissues involved in the metabolism of sugars and lipids, such as
the liver and adipose tissue (Rohr et al., 2020). This situation contributes
to the development of metabolic diseases, including type 2 diabetes,
atherosclerosis and cardiovascular disease (Gnauck et al., 2016; Hersoug
et al., 2016).

The precise pathway by which LPS is transported through the gut
barrier remains controversial. However, currently, different mecha-
nisms for LPS transport across the intestinal barrier have been proposed:
(1) paracellular transport by passive diffusion associated with an in-
crease in gut permeability due to tight junction alterations (Gil-Cardoso
etal., 2017); (2) a transcellular pathway through cell-associated antigen
passage as intestinal-epithelial microfold cells or goblet cells that are
implicated in transporting antigens from the intestinal lumen to immune
cells (Ghoshal et al., 2009); (3) receptor mediated endocytosis through
clathrin- or caveolin-dependent transcytosis in enterocytes and
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colonocytes (Guerville & Boudry, 2016); or (4) the chylomicron-
associated pathway in which LPS is transported in newly released chy-
lomicrons (CM) during the post-prandial period (Ghoshal et al., 2009;
Hersoug et al., 2016). Indeed, intestinal epithelium cells of the proximal
intestine express the Cluster of Differentiation 36 (CD36 or Cd36 for
human and rat, respectively) and Scavenger Receptor Class B type 1
(SRB1 or Srb1 for human and rat, respectively). These are both involved
in endocytosis and CM-associated pathways by uptaking fatty acids,
triglycerides and other dietary lipids (Hersoug et al., 2016). They act as
sensors of dietary lipids, thus leading to an optimization of the size of
CM produced during the postprandial stage (Ghoshal et al., 2009).

Traditional approaches to deal with obesity and its related metabolic
endotoxemia were based on weight loss through eating a healthy diet
and practising sport. In recent years, new anti-obesity treatments based
on nutrition supplementation have been studied. Bioactive compounds,
particularly flavonoids, are chemical components found in small quan-
tities in food and have demonstrated beneficial effects on inflammatory
pathways, barrier integrity and microbiota composition (Gil-Cardoso
et al., 2016). The most abundant flavonoids in the Western diet are
proanthocyanindins (PAC), also known as condensed tannins (Bladé
etal., 2016). PAC are oligomers and polymers of monomeric flavan-3-ols
mainly found in foods and beverages of vegetal origin that are ingested
daily, such as grapes, cocoa, chocolate, red wine and green tea (Bladé
et al., 2016; Salvado et al., 2015; Smeriglio et al., 2017). PAC have been
attributed to a wide range of biological activities as they modulate
pathways involved in chronic inflammation, lipid homeostasis, energy
metabolism, apoptosis and cell cycle arrest (Bladé et al., 2016). In
relation to their function in lipid metabolism, PAC repress lipoprotein
secretion, inhibit the absorption of dietary lipids and reduce CM secre-
tion by enterocytes (Moreno et al., 2003; Quesada et al., 2012). There-
fore, PAC have been attributed hypotrigliceridemic and hypolimidemic
effects (Moreno et al., 2003; Quesada et al., 2012).

In previous studies, we demonstrated that PAC are involved in
maintaining the intestinal barrier (Gonzalez-Quilen et al., 2020) and
reducing metabolic endotoxemia acting on the paracellular pathway in
CAF-fed rats (Gil-Cardoso et al., 2018). Now, with the aim of obtaining a
more holistic view of the effects and mechanisms of GSPE for modu-
lating LPS transport, we have studied the receptor-mediated endocytosis
and CM-associated pathways. In this study, PAC are evaluated as
possible modulators of LPS translocation through the intestinal barrier
using both in vitro and in vivo models of intestinal dysfunction.

2. Materials and methods
2.1. Proanthocyanidin extract

The grape-seed extract enriched in proanthocyanidins (GSPE) was
provided by Les Dérivés Résiniques et Terpéniques (Dax, France). Ac-
cording to the manufacturer, the GSPE composition used in this study
contains monomers (21.3%), dimers (17.4%), trimers (16.3%), tetra-
mers (13.3%) and oligomers (5-13 units; 31.7%) of flavan-3-ols. A more
detailed analysis of GSPE composition is shown in Table 1.

2.2. Chemicals

Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/ml
glucose, glutamine, 0.5 g/L trypsin-versene mixture solution and pen-
icillin-streptomycin were purchased from Lonza Bioscience
(Switzerland). HEPES buffer, Fetal Bovine Serum (FBS), fungizone, lip-
opolyssacharide (LPS) from Escherichia coli O111:B, oleic acid, sodium
taurocholate, egg lecithin and phosphate buffer saline (PBS) were all
purchased from Sigma Aldrich (Madrid, Spain). Sodic pentobarbital was
purchased from Fagron Iberica (Barcelona, Spain). Heparin was pro-
vided by Deltalab (Barcelona, Spain). Total RNA was isolated from
frozen intestinal segments using Trizol reagent (Ambion, MA, USA) ac-
cording to the manufacturer’s protocol.
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Table 1
Main phenolic compounds of the GSPE used in this study, analysed
by HPLC-MS/MS.

Compound Concentration (mg/g)
Gallic acid 31.07 + 0.08
Protocatechuic acid 1.34 £+ 0.02
Vanillic acid 0.77 + 0.04
PA dimer B2 33.24 £1.39
PA dimer B1' 88.80 + 3.46
PA dimer B3' 46.09 + 2.07
Catechin 121.32 + 3.41
Epicatechin 93.44 + 4.27
Dimer gallate 8.86 + 0.14
Epicatechin gallate 21.24 +£1.08
Epigallocatechin? 0.03 + 0.00
PA trimer’ 4.90 + 0.47
PA tetramer’ 0.05 + 0.01

Extracted from (Margalef et al., 2016). The results are expressed on a
wet basis as the means + SD (n = 3) in mg of phenolic compound/g
of GSPE. Abbreviations: GSPE: Grape seed proanthocyanidin extract;
PA: proanthocyanidins. 'Quantified using the calibration curve for
proanthocyanidin B2. 2Quantified using the calibration curve for
epigallocatechin gallate.

2.3. Lipid mixture and GSPE solution preparation

Fatty acid micelles were prepared according to the adapted method
used by Yao et al. (Yao et al., 2013). A 10X lipid mixture (LM) was
prepared by mixing oleic acid, sodium taurocholate and egg lecithin
(OA:NaTC:LC = 20 mM:10 mM:13.6 mM) in PBS 1X. To ensure complete
homogenization, the solution was maintained in agitation overnight at
room temperature and then sterilized by filtration with a syringe
coupled to a 22 pm pore-size filter. 10X LM stock solution was stored at
—20 °C prior to use.

GSPE was frozen upon receipt at —80 °C until the treatment day and
kept in darkness. On the day of the assay, the GSPE solution was pre-
pared freshly in 10% ethanol in pyrogen-free water.

2.4. Cell culture

Human epithelial colorectal adenocarcinoma Caco-2 cells were
purchased from the European Collection of Authenticated Cell Cultures
(ECACQ). Cells were cultured and maintained in an incubator at 37 °C
and 5% CO2 in DMEM 4.5 g/ml glucose supplemented, 0.02 mM
glutamine, 1 U/mL-1 pg/ml penicillin/streptomycin solution, 0.1 mM
HEPES, 0.1% FBS and 0.01% fungizone. Cells were split at a 1:4 ratio
when they reached 70-80% confluence using 0.5 g/L trypsin-versene
mixture solution. The medium was changed every two-three days.

Cells were differentiated for 21 days using transwell inserts (Milli-
Cell, Northeim, Germany) in 6-well and 12-well plates (Greiner Bio-one,
Madrid, Spain) to imitate the thin epithelial-cell monolayer. In 6-well
plates, 200,000 cells/2 ml were seeded at the upper part of the insert
of each well and, 65,000 cells/0.4 ml were seeded in the 12-well plates.
Basolateral medium contained 1 ml and 2.5 ml of supplemented DMEM
for 12-well and 6-well plates, respectively.

2.5. Invitro chylomicron production

The experimental procedure to induce in vitro chylomicron produc-
tion was adapted from Yao et al. (Yao et al., 2013). Colourless medium
was used for colorimetric determinations. The experimental medium
was the same cell culture medium described in 2.4; however, it was not
supplemented with FBS to avoid possible interferences of triglycerides
contained in it.

Firstly, 10X LM stock solution prepared previously was thawed and
diluted with experimental medium. After the cells were washed with
PBS 1X, the different study treatments were added: (1) Control
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containing experimental medium; (2) LPS (1 pg/ml); (3) LM; (4)
LM+LPS; (5) LPS+GSPE (250 pg/ml); (6) LM+GSPE; and (7)
LM+LPS+GSPE. After four hours of incubation, apical and basolateral
media were collected and stored at —80 °C until analysis.

2.6. Lipoprotein fractionation

NaCl density gradient ultracentrifugation was used to isolate the CM-
rich fraction from other types of lipoproteins. The procedure was
adapted from Nauli et al. (Nauli et al., 2014). Basolateral media from 6-
well plates were mixed with the corresponding amount of NaCl to obtain
a solution with a density of 1.006 g/ml. This density mixture was then
carefully overlaid with 500 pl of pyrogen-free water and subjected to
ultracentrifugation (16,000 rpm, 30 min, 4 °C; Beckman Coulter, JA-
25.15 rotor). The top 500 pl was carefully isolated to obtain a CM
enriched fraction. Samples were stored in pyrogen-free tubes at —80 °C
prior to determinations.

2.7. Animal models

Female Wistar rats (240-270 g) were purchased from Charles River
Laboratories (Barcelona, Spain). After one week of adaptation, the rats
were individually caged in animal quarters at 22 °C with a 12 h light/12
h dark cycle and were fed ad libitum with a standard chow diet (Panlab
04, Barcelona, Spain) and tap water. After the acclimation period, rats
were randomly distributed into four experimental groups (n = 7-10/
group). The control group (STD) was fed only with a standard chow diet.
In addition to the chow diet, the other three groups received a cafeteria
(CAF) diet as a model of a high-fat/high-sucrose diet (CAF groups). Two
CAF groups were also supplemented with an oral dose of 500 mg GSPE/
kg body weight at different times. The preventive treatment group (PRE)
was administered GSPE during 10 days before the CAF diet challenge,
whereas the simultaneous intermittent treatment-CAF (SIT) group
received GSPE together with the cafeteria diet every other week (Fig. 1).

The CAF diet consisted of bacon, sausages, biscuits with paté, carrots,
muffins and sugared milk to induce voluntary hyperphagia (Sampey
et al., 2011). This diet was offered freshly every day to the animals for
17 weeks, which was the entire duration of the study. The energy con-
tent of each diet has been described previously by Ginés et al. (Ginés
et al., 2018).

GSPE was dissolved in tap water and was administered orally by
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GSPE oral gavage
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[] Simultaneous treatment

Fig. 1. Schematic diagram of the experimental design. All animals were sub-
jected to adaptation to the environment and to oral gavage during one week
before the onset of the experiment. (1) STD: rats receiving the standard diet
during the whole experiment; (2) CAF: rats receiving the standard diet before
the cafeteria diet intervention; (3) PRE: rats receiving a preventive treatment
with GSPE for 10 days before the cafeteria diet challenge; (4) SIT: rats receiving
GSPE treatment simultaneously and intermittently with the cafeteria diet every
other week. Abbreviations: CAF, cafeteria diet; GSPE, Grape Seed Proanthocya-
nidin Extract; STD, Standard diet.
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gavage to the rats at 18:00 h for each treatment in a volume of 500 pl,
one hour after removing all available food. Non-supplemented animals
received tap water as a vehicle.

All procedures involving the care and use of animals in this work
were reviewed and approved by The Animal Ethics Committee of the
Universitat Rovira i Virgili (code: 01525/4655/2015).

2.8. Blood and tissue collection

At the end of the study, animals were fasted for 4 h, anesthetized
with sodic pentobarbital (70 mg/kg body weight) and exsanguinated
from the abdominal aorta. The blood was collected using heparin
(Deltalab, Barcelona, Spain) as an anticoagulant. Plasma was obtained
by centrifugation (1500xg, 15 min, 4 °C) and stored at —80 °C until
analysis. Mesenteric adipose tissue (MWAT), liver, and gut sections were
rapidly removed, weighed and frozen in liquid nitrogen before storage at
—80 °C until analysis.

2.9. Morphometric and biochemical parameters

LPS, triglycerides (TAG) and insulin concentration in plasma, and the
HOMA-IR index were determined as previously described (Gil-Cardoso
etal., 2018; Ginés et al., 2018). LPS levels in cell culture media, liver and
MWAT homogenates were measured using the ToxinSensor™ Chro-
mogenic LAL Endotoxin Assay Kit (GenScript, Spain). A colorimetric
enzyme commercial kit was used to measure the TAG concentration
(QCA, Amposta, Spain). The apolipoprotein B48 (APOB-48) concentra-
tion in basolateral media was quantified using a commercial ELISA kit
(MyBiosource, Brussels, Belgium).

2.10. Quantitative real-time PCR

Total mRNA was isolated from 50 mg of duodenum, ileum and colon
using Trizol Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. RNA from Caco-2 cells was
extracted using an RNeasy Mini kit (Qiagen, Hilden, Germany). cDNA
was obtained by reverse transcription of total RNA using the High Ca-
pacity cDNA Reverse Transcription kit (Applied Biosystems, Madrid,
Spain) following the manufacturer’s instructions. Quantitative real-time
polymerase chain reaction (QPCR) was carried out in the Bio-Rad CFX96
Real-time PCR Systems (Bio-Rad Laboratories, Barcelona, Spain). All
samples were run in duplicate in 96-well reaction plates.

The gene expression of SRB1/Srb1 and CD36/Cd36 were measured in
both in vitro and in vivo experiments. Cannabinoid receptor 1 gene
expression (Cnrl) was also determined in rat colon samples. For rat
samples, the iTaq Universal SYBR® Green Supermix (Bio-Rad) was used,
together with the respective forward and reverse primers (Biomers,
Germany) for the targeted rat genes (Table 2). The results were
normalized with respect to the mRNA levels of Hypoxanthine-guanine
Phosphoribosyl Transferase (HPRT or Hprt for human and rat, respec-
tively) and cyclophilin-E (Ppia) genes, used as housekeeping controls.
The relative mRNA expression levels were calculated following the 2
AACt method. The identity and purity of the amplified products were
assessed by melting curve analysis.

For cell culture samples, we used the TagMan Universal PCR Master
Mix (Applied Biosystems), together with the respective specific TagMan
probes  (Applied Biosystems): Hs00354519.m1 for CD36,
Hs00969821_m1 for SRB1 and Hs02800695_m1 for HPRT. The relative
amount of mRNA was normalized to the HPRT as the endogenous con-
trol gene.

Reactions with the iTaq Universal SYBR® Green Supermix were
performed using the following thermal profile: 30 s at 95 °C, 40 cycles of
5sat95°Cand 30 s at 60 °C. Reactions with the TagMan Universal PCR
Master Mix were performed as previously described by Gil-Cardoso et al.
(Gil-Cardoso et al., 2018). The relative mRNA expression levels were
calculated following the 2"24Ct method. Zoonulin-1 (Zo-1), Occludin-1
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Table 2
Primer sequences used for Quantitative real-time PCR of rat tissues.
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Gene Genbank number Forward primer (5’ - 3') Reverse primer (5’ - 3')

Cd36 NM_031561.2 GTCCTGGCTGTGTTTGGA GCTCAAAGATGGCTCCATTG
Srb1 NM_031541.2 AGCCCCACTTCTACAATGCT TGGCTCGATCTTCCCTGTTT
Cnrl NM_012784.5 TCGACAGGTACATATCCATTCACA GAGAGGCAACACAGCGATTACTACT
Hprt NM_012784.5 TCCCAGCGTCGTGATTAGTGA CCTTCATGACATCTCGAGCAAG
Ppia NM_017101.1 CCAAACACAAATGGTTCCCAGT ATTCCTGGACCCTTTTCGCT

Abbreviations: Cd36, Cluster of Differentiation 36; Cnrl, Cannabinoid receptor type 1; Hprt, Hypoxanthine-guanine phosphoribosyl transferase; Ppia, cyclophilin-E; Sr-b1,

Scavenger receptor class B type 1.

(Ocln), Claudin-1 (Cldnl) and Jam-A gene expression were previously
determined by Gil-Cardoso et al. (Gil-Cardoso et al., 2018).

2.11. DNA methylation analysis

Genomic DNA was extracted from colon samples using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany). DNA was subjected to
bisulfite modifications using a commercially available kit (Zymo
Research, Irvine, CA, USA). After that, DNA methylation analysis was
carried out by pyrosequencing. Primers for rat Cnr1, the gene coding for
the cannabinoid receptor type 1 (CNR1), targeting eight CpG sites, were
generated according to Pyro Mark Assay design Assay Software version
2.0 (Qiagen). Bisulfite-treated DNA was amplified using a PyroMark
PCR kit (Qiagen) according to the manufacture’s protocol. The PCR
protocol was as follows: 95 °C for 15 min, followed by 45 cycles of 94 °C
for 30 s, 56 °C for 30 s, 72 °C for 30 s, and finally, 72 °C for 10 min. PCR
products were checked in an agarose electrophoresis. PyroMark Q24
(Qiagen, Hilden, Germany) was used to perform pyrosequencing
methylation analysis and the PyroMark Q24 ID version 1.0.9 software
(Qiagen) was used to calculate the methylation level. This software
calculates the methylation percentage mC/(mC + C) (where mC is
methylated cytosine and C is unmethylated cytosine) for each CpG site
and makes quantitative comparisons possible. Quantitative methylation
results were expressed both as a percentage of individual CpG sites and
as an average of the methylation percentage of all the investigated CpG
sites. Table 3 shows the primer sets for the Cnrl pyrosequencing
analysis.

2.12. Short chain fatty acid quantification

Short chain fatty acids (SCFAs) (propionic, isobutiric, butyric, iso-
valeric, and valeric) concentrations were determined in cecal content
thawed at 4 °C. The experimental procedure was performed according to
Ginés et al. (Ginés et al., 2019).

2.13. Statistical analysis

The results are expressed as the mean value + the standard error of
the mean (SEM). For in vitro experiments, statistical comparisons be-
tween groups were assessed by a two-sided Student’s t-test. For in vivo
experiments, non-parametric Kruskal-Wallis and Mann-Whitney tests
were used. Pearson’s correlation coefficient was evaluated to assess re-
lationships between different parameters. A multiple linear regression
analysis with backward variable selection was carried out to identify
independent predictors of LPS circulating levels. Variables included in
the model were ovalbumin (OVA) and TAG plasma levels, butyric acid in
cecal content, and Cldn-1, Cd36 and Cnrl gene expression in different
gut sections. These variables presented strong correlation coefficients

Table 3
Primer sets used for pyrosequencing.

Rat  Cnrl  Forward 5 — AGAAGGGTAAGATTTGGTATAGTG - 3’
Biot-Reverse 5 — AACTATACAACTAAATAAACACCACATTA - 3’
Sequencing 5 - GTGGAGTTTGGGAATAGTTT - 3

with LPS levels. We considered p-values < 0.05 as statistically signifi-
cant. Analyses were performed with XLStat 2021.03.1 (Addinsoft, Bar-
celona, Spain).

3. Results
3.1. GSPE as a modulator of LPS transport across the intestinal barrier

Our group obtained previous results (Ginés et al., 2018) that
demonstrated that consuming a CAF diet significantly increased the
body weight in the CAF-fed rats compared to the chow diet-fed rats
(346.2 + 12 vs 273.7 £+ 7.8). Interestingly, the simultaneous GSPE
treatment was effective in reducing body weight from the second week
until the end of the experiment (297.3 + 9.8 vs 346.2 4+ 12). Moreover,
in the SIT groups, visceral adiposity (8.4 + 0.6 vs 11.8 £ 0.8) and brown
adipose tissue (0.8 + 0.1 vs 1.0 + 0.1) were significantly reduced
compared to CAF group. Furthermore, CAF diet significantly induced an
increase in LPS circulating levels in rats. We also found that a pharma-
cological dose of GSPE (500 mg/kg body weight) was able to reduce
metabolic endotoxemia in both PRE and SIT groups (Gil-Cardoso et al.,
2018). The details of the experimental groups are shown in Fig. 1.

In order to study how GSPE modulates LPS transport, we first
explored the associations between metabolic endotoxemia and variables
related to barrier integrity and intestinal permeability. We found that
the LPS concentration was negatively associated with the transepithelial
electrical resistance (TEER) values in duodenum and with Cldnl gene
expression in ileum (Fig. 2A and F, respectively) showing a relationship
between metabolic endotoxemia and the paracellular pathway.
Furthermore, the LPS concentration was strongly positively associated
with the TAG concentration in plasma (Fig. 2B), suggesting a
lipoprotein-associated LPS transport. Finally, the fact that LPS and OVA
levels in plasma were positively associated (Fig. 2D), led us to investi-
gate receptor mediated endocytosis because this is one of the mecha-
nisms of OVA transport across the intestinal barrier.

3.2. GSPE modulation of CM-associated LPS transport

To study the potential modulation of GSPE on CM-associated LPS
transport, Caco-2 cell CM-production was induced using lipids. We first
quantified TAG levels in the CM-rich fraction. As observed in Fig. 3A, we
were able to induce in vitro CM production up to 3-fold with respect to
the control cells, although the differences were not statistically signifi-
cant. GSPE supplementation seemed to reduce TAG levels (p > 0.05).

Moreover, the LPS levels were also quantified in CM-rich fraction
media to assess the amount of LPS that crosses the cell monolayer
associated with CMs and the potential effect of GSPE-supplementation.
The LPS levels were significantly higher in LPS-treated cells compared
with the control (Fig. 3B). Interestingly, when administered together
with lipids, the LPS levels were slightly higher than LPS administration
alone. This suggests an increase in LPS transport associated with CMs.
GSPE decreased CM-associated LPS levels in the co-culture of LM-+LPS
but not when cells were cultured with LPS alone (Fig. 3B).

Considering these results, we wondered if GSPE was modulating LPS
transport by reducing CM production. For this reason, we measured the
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Fig. 2. Pearson’s correlations between LPS levels in plasma and different parameters: (A, C, E) Transepithelial Electrical Resistance (TEER); (B) Plasma triglycerides
(TAG); (D) Ovalbumin (OVA); (F) Claudin-1 (CldnI) relative gene expression in the ileum; n = 35-54; *p < 0.05.

APOB-48 levels in the cell culture media. The APOB-48 levels were
increased up to 4-fold in all treatments containing LM in clomparison
with the control and non-stimulated cells, thus confirming CM secretion
in our in vitro model. However, GSPE did not modify the APOB-48 levels
(Fig. 3C), which indicates that GSPE was not reducing LPS transport by
decreasing CM synthesis. To assess whether GSPE induces a reduction in
CM size, we calculated the TAG/APOB-48 ratio. As shown in Fig. 3D,
although not significant, GSPE limited CM size when treated with LM.

3.3. GSPE modulation of LPS transport through receptor-mediated
endocytosis

We studied the receptor-mediated endocytosis pathway by evalu-
ating CD36 and SRB1 gene expression in Caco-2 cells. LPS treatment
induced a significant increase in CD36 expression. Moreover, when cells
were treated with a mixture of LM+LPS, the mRNA levels were even
higher compared to individual treatments. GSPE induced a significant
decrease in CD36 expression compared to the respective controls
(Fig. 3E). With respect to SRB1, LM treatment increased its expression
levels compared to the control. Similar to the results observed for CD36,
the combination of LM+LPS induced a higher increase in SRB1 expres-
sion. Contrary to CD36, GSPE increased SRBI mRNA levels when

administered together with LM and with the co-culture with LM+LPS
(Fig. 3F).

To validate these in vitro results, we measured Cd36 and Srb1 gene
expression in the duodenum, ileum and colon of obese rats. In duo-
denum, although changes were not significant, Cd36 expression was
higher in the PRE group compared to the CAF group (Fig. 4A) and Srb1
did not show any difference between treatments (Fig. 4B). In the ileum,
CAF-fed rats showed an increase in Cd36 mRNA levels with respect to
the control, and the simultaneous treatment with GSPE tended to reduce
mRNA levels (Fig. 4C). In contrast, the CAF diet seemed to induce a
reduction in Srb1 mRNA levels compared with the control, and GSPE
had no effect on gene expression (Fig. 4D). No changes in gene expres-
sion were observed in the colon (Fig. 4E-F).

3.4. GSPE modulates LPS accumulation in the liver

In previous animal studies, we showed that the CAF diet provoked
metabolic endotoxemia (Gil-Cardoso et al., 2018). Moreover, it has been
described that metabolic endotoxemia is directly associated with insulin
resistance due to LPS tissue accumulation, especially in liver and white
adipose tissue (Ghosh et al., 2020). To assess LPS accumulation, we
measured LPS levels in liver and MWAT homogenates. In the liver, the
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CAF diet induced a higher accumulation of LPS compared to the control
animals. GSPE significantly decreases LPS accumulation in the liver
when administered both preventively and simultaneously with the CAF
diet and was statistically different in the SIT group (Fig. 5A). No changes
were observed in the LPS levels in adipose tissue (Fig. 5B).

3.5. GSPE epigenetic modulation of the endocannabinoid system

Given our results, in which intestinal permeability is affected by the
CAF diet, and GSPE supplementation seems to have a modulatory effect,
we aimed to determine its mechanism of action. One potential mecha-
nism is the modulation of the endocannabinoid system (ECS). CNR1
activation regulates intestinal permeability and inflammation (Chen
et al., 2020), especially in a context of obesity (Pucci et al., 2021). For
this reason, we studied whether GSPE could be modulating intestinal
permeability and LPS translocation at this level in our diet-induced
obesity animal model.

We evaluated Cnrl gene expression in the colon because it is the most

abundant LPS-containing intestinal segment due to the presence of
microbiota. The CAF diet induced an increase in Cnrl mRNA levels
compared with the STD group. Moreover, GSPE simultaneous supple-
mentation reduced Cnrl expression (Fig. 6A).

To further study the possible mechanism of GSPE modulation on
Cnr1 expression in the colon, we performed an epigenetic analysis of the
Cnrl promoter’s CpG site methylation (Fig. 6B). Although no changes in
the average methylation were observed (Fig. 6C), the methylation of the
promoter in position 7 was higher in the SIT group than in the CAF group
(Fig. 6D). This result could partially explain the decrease in Cnrl gene
expression (Fig. 6A). Furthermore, preventive supplementation with
GSPE also reduced the DNA methylation pattern of the Cnrl promoter
with respect to the CAF rats in positions 4 and 6 (Fig. 6D).

3.6. Gut microbiota as a modulator of the endocannabinoid system

Gut microbiota and SCFAs can be altered by the consumption of
sugars and saturated fats (Rohr et al., 2020). Moreover, gut microbiota
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Fig. 4. The effect of GSPE treatment on CD36 and SRB1 gene expression in the intestine of diet-induced obese rats. (A-B) Gene expression in the duodenum; (C-D)
Gene expression in the ileum; (E-F) Gene expression in the colon. The expression of target genes was normalized to Hprt. Abbreviations: Cd36, Cluster of Differ-
entiation 36; Srb1, Scavenger Receptor Class B member 1. Values are means + SEM (n = 4-10). *p < 0.05. *Trends: 0.05 < p-value < 0.1.

can modulate intestinal permeability and LPS translocation through the
interaction with ECS (Chen et al., 2020; Muccioli et al., 2010). There-
fore, we wanted to evaluate the possible correlations between some
cecal SCFAs and the expression of Cnrl and the methylation pattern of
its promoter (Table 4). The expression of Cnrl was negatively correlated
with methylation levels in positions 2 and 5. We also found that posi-
tions 2 and 5 were positively correlated with the isobutyric acid levels,
and position 8 with isovaleric acid. Moreover, we also found some
negative correlations between positions 2, 3, 4, 6, and 7 with valeric acid
in the cecal content (Table 4). In addition, the methylation of positions
2, 3, 4 and 5 were negatively associated with insulin resistance indexes
such as HOMA-IR and insulin levels (Table 4).

3.7. Gut microbiota SCFAs are associated with intestinal permeability

With this established correlation between the Cnrl methylation
pattern and SCFAs, we aimed to evaluate the possible associations be-
tween SCFAs and intestinal permeability, LPS transport and tissue
accumulation (Table 5). Srb1 expression levels were negatively corre-
lated with propionic acid and positively with butyric acid. Interestingly,
accumulation of TAG in the liver, plasma LPS and Cd36 gene expression
in the colon were positively associated with isobutyric acid levels.
Moreover, butyric acid was negatively correlated with plasma OVA
levels and positively with Srb1 gene expression in the colon. Valeric acid
was positively associated with the accumulation of LPS in the MWAT
(Table 5).

3.8. Paracellular pathway, receptor-mediated endocytosis and gut
microbiota as major contributing factors of increased metabolic
endotoxemia

With this scenario, we decided to generate a multiple regression
model to explain the major factors studied that contribute to intestinal
LPS translocation and subsequent metabolic endotoxemia. The inde-
pendent variables were OVA and TAG levels in plasma, Cldn1, Cd36 and
Cnrl intestinal gene expression, and butyric acid cecal concentration.
Applying the backward exclusion method, we obtained a reduced model
to explain LPS accumulation in plasma through OVA levels, Cd36 gene
expression in the ileum and butyric acid concentration. Hence, the most
important factors determining LPS translocation are related to para-
cellular, receptor-mediated endocytosis and CM-associated pathways, as
well as gut microbiota, with a corrected R? of 0.767 (Table 6).

4. Discussion

The excessive consumption of dietary sugars and fat causes intestinal
barrier dysfunction, provoking metabolic endotoxemia and systemic
inflammation. Furthermore, as stated by Cani et al, metabolic endo-
toxemia triggers obesity, diabetes and other related metabolic disorders
(Cani et al., 2007). New therapeutic approaches are needed to treat
metabolic endotoxemia, and numerous studies have found that proan-
thocyanidins play an important role in protecting the intestinal barrier,
especially through their anti-inflammatory activity. This study aims to
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Fig. 5. GSPE decreases LPS accumulation in the liver. LPS quantification in (A)
liver and (B) MWAT homogenates. Abbreviations: LPS, lipopolysaccharide;
MWAT, mesenteric adipose tissue. Values are means + SEM (n = 3-9). *p < 0.05.

use both in vitro and in vivo experimental approaches to elucidate how
GSPE could modulate intestinal LPS translocation not only through the
paracellular pathway but also by receptor-mediated endocytosis and
chylomicron-associated transport in a context of obesity.
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Our group obtained previous results that demonstrated that a dose of
500 mg GSPE/kg body weight was capable of reducing the plasma levels
of both LPS and OVA, as well as ameliorating intestinal damage in the
duodenum and ileum caused by consuming a CAF diet (Gil-Cardoso
et al., 2018). Now, we have found that LPS levels are associated with
TAG in plasma in our in vivo model for diet-induced obesity, in agree-
ment with results obtained in obese humans and high fat diet (HFD) fed
mice (Clemente-Postigo et al., 2019; Kan et al., 2019). This association
reinforced the idea that LPS is being transported associated with CM.
Moreover, we also found that LPS and OVA circulating levels were
positively correlated, suggesting that they might be transported by
similar pathways across the intestinal barrier, such as receptor-mediated
endocytosis and paracellular pathways (Yokooji et al., 2014). In fact, the
paracellular pathway has already been described as a relevant mecha-
nism for LPS translocation in the small intestine (Kim et al., 2012; Ste-
phens & von der Weid, 2020). In agreement with this, we found that ileal
Cldnl gene expression and TEER values in the duodenum were nega-
tively correlated with LPS plasma levels. Regardless of the mechanism
responsible for LPS translocation, any dietary intervention able to
modulate the LPS transport across the intestinal barrier, and thus reduce
the metabolic endotoxemia, would be of great interest.

Postprandial lipemia dysregulation is an important factor for car-
diovascular diseases. Regarding LPS transport associated with CM, we
observed that GSPE seems to reduce LPS passage in vitro. Several studies
have demonstrated the protective effect of GSPE as it reduces hyper-
lipidemia (Ginés et al., 2018) and metabolic endotoxemia in CAF-fed
animal models (Gil-Cardoso et al., 2018; Gonzalez-Quilen et al.,
2019). Our results also support the findings of Quesada et al., who re-
ported that a dose of 250 mg GSPE/kg body weight reduced TAG levels
associated with CM in male rats fed with a chow diet after lard oil
administration (Quesada et al., 2012). The GSPE hypotriacylglycer-
olaemic effect has been widely demonstrated (Downing et al., 2015;
Pons et al., 2014; Quesada et al., 2009; Shi et al., 2019); however,
whether the lipoprotein amount or size was modified, has not yet been
elucidated. Although our results are not conclusive, they suggest that
GSPE reduces TAG transport by reducing CM size, as APOB-48 levels
were not affected by GSPE treatment. Taking all these results into ac-
count, we can hypothesize that GSPE might be modulating LPS transport
associated with CM in an indirect way by reducing CM size. Hayashi et al.
demonstrated that consuming a HFD had no effect on increasing CM
production but it did affect the size in rats (Hayashi et al., 1990). Yaman
et al. recently found that humans with a high postprandial TAG response

Fig. 6. Simultaneous treatment with GSPE modulates
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Table 4
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Correlation coefficients of cannabinoid receptor 1 gene expression and methylation values compared with cecal microbiota derived SCFAs and markers of intestinal

permeability and insulin resistance.

Variables Isobutyric Butyric Isovaleric Valeric Insulin HOMA-IR OVA LPS Colon Cnrl gene expression
Colon Cnr1 gene expression 0.263 —0.225 0.198 0.283 0.266 0.428* 0.496* 0.132

Cnr1 promoter methylation

Position 1 0.088 0.101 —0.278 —0.095 —-0.218 —0.306 —0.061 0.224 —0.382
Position 2 —0.009 —0.041 0.524* —0.427* —0.623* —0.734* —-0.078 0.168 —0.403*
Position 3 0.344 —0.249 0.295 —0.481* —0.469* —0.542* -0.177 0.100 —0.240
Position 4 0.260 —0.234 0.137 —0.505* —0.465* —0.517* 0.070 0.215 —-0.261
Position 5 —0.023 0.110 0.039 —0.284 —0.424* —0.378 —0.281 0.025 —0.481*
Position 6 0.573* —-0.207 —-0.092 —0.435% —0.306 —0.333 —0.059 0.214 —0.047
Position 7 0.035 -0.117 0.137 —0.569* —0.428 —0.426 —-0.312 —0.022 —-0.410
Position 8 0.439* —0.202 0.042 —0.412 —0.403 —0.363 0.031 0.058 —0.142

Abbreviations: Cnrl, Cannabinoid receptor type 1; LPS, lipopolysaccharide; OVA, ovalbumin; n = 31-54; *p-values < 0.05.

Table 5
Correlation coefficients of short chain fatty acids with intestinal permeability
and systemic inflammation markers.

Table 6
Multiple regression mathematical model to explain and predict metabolic
endotoxemia and the relevance of intestinal permeability-related variables.

Variables Propionic  Isobutyric ~ Butyric Isovaleric ~ Valeric

Plasma —0.318
triglycerides
(mg/dD)

Liver triglycerides 0.140
(mmol/g tissue)

Plasma 0.279 0.354
Ovalbumin (ng/
ml)

Plasma LPS (EU/ 0.106
mb)

LPS in MWAT
(pg/g tissue)

Ileal gene
expression

Scavenger
receptors

Cd36 —0.099

Srbl —0.501*

—0.224 0.032 -0.177 —0.276

0.485* -0.144 —0.300 0.341

—0.459*  —0.033 0.068

0.445* —0.169 0.104 —0.077

—-0.156 —-0.015 0.233 -0.184 0.562*

0.582*
—0.104

—0.335 0.043 —0.245
0.608* —0.050 0.050

Abbreviations: Cd36, Cluster of Differentiation; LPS, lipopolysaccharide; MWAT,
mesenteric adipose tissue; Srb1, Scavenger Receptor class B type 1; n = 35-54; *p-
values < 0.05.

showed higher levels of TAG, APOB-48 and a bigger CM size (Yaman
et al., 2021). Therefore, although our results need to be confirmed in
future studies, this potential effect of GSPE might have an impact on
both hypertriglyceridemia and metabolic endotoxemia management.
With respect to receptor-mediated endocytosis, the gene expression
results were inconsistent between the in vitro and in vivo experiments. In
the in vitro experiment, GSPE was able to reduce CD36 gene expression. In
animal models, the CAF diet increased Cd36 expression in the ileum, and
synchronic treatment with GSPE reduced it, as seen in the in vitro model.
These results support that Caco-2 cells spontaneously change their
morphological and functional features during the differentiation pro-
cess, exhibiting a phenotype closer to small intestine enterocytes than
colonocytes, as previously reported by different authors (Engle et al.,
1998; Ferraretto et al., 2007; Sambuy et al., 2005). Moreover, as it has
been described in the literature, Cd36 is mainly expressed in the prox-
imal small intestine (duodenum and jejunum), where lipid absorption
and CM production take place (Pepino et al., 2014; Tran et al., 2011).
Our results probably suggest that the non-absorption of fatty acids in the
duodenum is being compensated in the ileum. Interestingly, the SRB1
expression profile was the opposite to the CD36 in vitro. SRB1 is
described as a multifactorial receptor, displaying positive and negative
effects depending on the context. For example, upregulation of SRB1
expression constitutes a risk factor for obesity, whereas it plays a pro-
tective role in diabetes (Lenahan et al., 2019). In this study, GSPE
increased SRB1 gene expression in vitro, supporting previous results
from experiments with obese rats treated with other antioxidants

Unstandardized Typified p-
coefficient coefficient value
Model B (Confidence interval Beta
of 95%)
1
OVA 10.018 (-38.494 - 58.530) 1.489 0.468
TAG 0.178 (-6.030 - 6.386) 0.074 0.913
Cldn1 gene expression ~ 25.253 (-438.310 — 0.273 0.836
(ileum) 488.815) 1.171 0.372
Cd36 gene expression 95.312 (-263.955 — —0.280 0.747
(ileum) 454.580) 1.205 0.456
Cnrl gene expression —12.718 (-160.805 —
(colon) 135.368)
Butyric 2.880 (-10.645 - 16.404)
OVA 10.989 (-10.027 - 32.004) 1.634 0.195
Cldn1 gene expression  30.580 (-226.776 — 0.331 0.730
(ileum) 287.936) 1.236 0.187
Cd36 gene expression 100.539 (-87.000 — —0.330 0.574
(ileum) 288.077) 1.328 0.157
Cnrl gene expression —14.983 (-90.854 —
(colon) 60.887)
Butyric 3.172 (-2.203 - 8.546)
OVA 8.639 (3.142 — 14.136) 1.284 0.012*
Cd36 gene expression 80.514 (16.887 — 0.990 0.025*
(ileum) 144.141) —0.156 0.525
Cnrl gene expression —7.085 (-35.373 - 1.119 0.046*
(colon) 21.203)
Butyric 2.673 (0.080 - 5.265)
4
OVA 8.953 (4.261 — 13.645) 1.331 0.040*
Cd36 gene expression 87.653 (37.781 — 1.077 0.006*
(ileum) 137.526) 1.262 0.010*
Butyric 3.016 (1.086 — 4.945)

Abbreviations: Cnrl, Cannabinoid receptor type 1; Cd36, Cluster of Differentiation;
OVA, ovalbumin; TAG, triglycerides. *p-values < 0.05.

(Jeyakumar et al., 2007). We could also hypothesize that the increase in
SRB1 expression is a possible compensatory mechanism due to the
reduction in CD36 expression, and not related to the GSPE treatment.
Previous reports have shown that ECS controls the gut barrier
function through a CNR1-dependent mechanism and obesity is charac-
terized by ECS dysregulation (Pucci et al., 2019), leading to a higher
intestinal permeability and metabolic endotoxemia (Chen et al., 2020;
Muccioli et al., 2010). In our study, we found that the CAF diet increased
Cnrl expression in the colon. Moreover, we demonstrated that GSPE
modulates DNA methylation of the Cnrl promoter in the colon of CAF-
fed rats. D’Addario et al. previously demonstrated Cnrl regulation by
promoter methylation in animal models of anorexia nervosa (D’Addario
et al., 2020) and obesity (Pucci et al., 2019). Moreover, the epigenetic
regulator resveratrol modulates gut microbiota via interaction with ECS
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in a HFD-induced obesity model (Chen et al., 2020). Taken together, our
results suggest that GSPE might modulate intestinal permeability
through epigenetic mechanisms at the ECS level. Moreover, the
methylation profile of the Cnrl promoter was negatively associated with
insulin and the HOMA-IR values. This supports previous results that
positively correlated gut permeability with insulin resistance (Damms-
Machado et al., 2017; Sidibeh et al., 2017).

We found interesting associations between SCFAs with intestinal
permeability and metabolic endotoxemia-related parameters. SCFAs are
products derived from bacterial fermentation of undigested carbohy-
drates, which play an important role in human health and metabolism
(Silva et al., 2020). Butyric acid was negatively correlated with OVA
plasma levels and positively with Srb1 expression in the ileum. Our re-
sults support the idea that butyric acid is crucial in maintaining gut
barrier integrity, especially avoiding LPS translocation through the
paracellular pathway (Morrison & Preston, 2016). In contrast to the
literature, we found that butyric acid did not have a protective effect
against LPS-translocation via SRB1 (Tedelind et al., 2007; Venegas et al.,
2019). Moreover, in contrast to butyric acid, the isobutyric levels were
positively correlated with the TAG and LPS levels in plasma, as well as
with the Cd36 gene expression in the ileum. Then, increased isobutyric
levels might be harmful for intestinal barrier integrity, promoting LPS
translocation through both paracellular and receptor-mediated endo-
cytosis pathways. In fact, high levels of isobutyric acid have been
associated with negative effects in patients with cancer and metabolic
syndrome (Ratajczak et al., 2021). Valeric acid was positively correlated
with LPS levels in adipose tissue and negatively correlated with the Cnr1
methylation pattern. In contrast to butyric acid, propionic acid was
negatively associated with Srbl expression in the ileum, so that it
exhibited a beneficial anti-inflammatory effect, as previously described
(Tedelind et al., 2007; Venegas et al., 2019). Moreover, since dietary
flavonoids are degraded by intestinal microbiota in the colon, the
microbiota-derived metabolite profile depends on the flavonoids
ingested. In accordance with our results, it has been previously
demonstrated that GSPE decrease butyric acid levels in cecal content in
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both chow and CAF-diet fed animals (Casanova-Marti et al., 2018; Ginés
et al., 2019). All things considered, since the microbiota is linked to
intestinal homeostasis, we propose GSPE as an interesting and promising
candidate for modulating dysbiosis and intestinal permeability.

In previously published research by our group, we found that our in
vivo model for obesity showed a slight insulin resistance (Ginés et al.,
2018). It has been described that gut permeability is directly associated
with LPS tissue accumulation and insulin resistance, especially in liver
and adipose tissue, where LPS exerts its cytotoxic activity (Ghosh et al.,
2020). We found that LPS levels were five times higher in adipose tissue
than in the liver. It has been described that the liver has mechanisms to
detoxify LPS that are not present in adipose tissue (Cabral et al., 2021;
Fox et al., 1990), such as the disposal of LPS through bile secretion, or
enzymes in liver Kupffer cells that detoxify LPS (Guerville & Boudry,
2016). In our experimental animals, the CAF diet impaired these
mechanisms, so that LPS levels increased in the liver; however, GSPE
was able to restore this function. Interestingly, this lower LPS accumu-
lation in the liver could be a sign of good hepatic functioning. In fact, in
accordance with these results, we reported in previous studies that the
SIT group had a reduced TAG accumulation in the liver compared to the
CAF group. This supports that GSPE improves the hepatic function and
reduces the risk of a low grade of inflammation and hepatic steatosis
(Gines et al., 2018). The proposed GSPE protective mechanisms against
metabolic endotoxemia are shown in Fig. 7.

5. Conclusion

In conclusion, this is the first study that evaluates how GSPE can
modulate metabolic endotoxemia considering several pathways, and
which studies potential action mechanisms such as the modulation of
gut microbiota and ECS. We suggest that Cnr1 could be a major thera-
peutic target for treatment of metabolic endotoxemia, and GSPE could
be used as a prebiotic to regulate health and metabolic changes via
SCFAs production. Further studies are needed to explore new potential
targets of GSPE in the modulation of metabolic endotoxemia and to
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Fig. 7. LPS transport pathways across intestinal epithelial cells and proposed GSPE protective mechanisms. Consuming high-fat/high-sucrose diets provokes large
changes in microbiota composition and function (dysbiosis), leading to the release and translocation of LPS through the intestinal barrier. The paracellular pathway
permits LPS translocation by passive diffusion due to tight junction alterations; the transcellular pathway is mediated by specific scavenger receptors for dietary fatty
acids such as CD36 and SRB1; and the lipoprotein-associated pathway permits LPS translocation through newly released chylomicrons during post-prandial period.
LPS accumulation in blood circulation leads to metabolic endotoxemia and consequent inflammation of peripheral tissues, especially the liver. GSPE modulates
metabolic endotoxemia via CNR1 by changing microbiota and SCFA profiles, Cd36 and Srb1 gene expression, affecting the metabolism of chylomicrons as well as
reducing hepatic LPS accumulation. Abbreviations: CD36, Cluster of Differentiation; CM, chylomicron; CNR1, Cannabinoid Receptor Type 1; GSPE, Grape Seed Proan-
thocyanidin Extract; LPS, lipopolysaccharide; SCFAs, short chain fatty acids; SRB1, Scavenger Receptor Class B Type 1.
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translate this to human nutrition.
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