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Abstract

Purpose The intestine has substantial role in cholesterol homeostasis due to the presence of various cholesterol transporters and
gut microbiota. Bacteroides spp. are important members of gut microbiota that employ outer membrane vesicles (OMVs) to
interact with host. In this regard, we evaluated the effect of Bacteroides fragilis, Bacteroides thetaiotaomicron and related OMV's
on the gene expression of important cholesterol transporters, Niemann-Pick C1-Like 1 (NVPCILI), ATP-binding cassette
(ABCAI), and liver X receptors (LXRs) in Caco-2 cells.

Methods OMVs were isolated from overnight brain heart infusion (BHI) broth of bacterial standard strains using deoxycholate
and assessed by Scanning electron microscopy (SEM). The relative change in genes expression was assessed by Quantitative
reverse transcription PCR (RT-qPCR) based on SYBR Green and 2724 method in Caco-2 cells that were treated with bacteria
and OMVs. Data were statistically analyzed with GraphPad Prism software. Finally, pathway enrichment based on the studied
genes was performed using Cytoscape plugin ClueGO.

Results B. fragilis (P value = 0.002) and B. thetaiotaomicron (P value = 0.001) significantly reduced NPCILI gene expres-
sion in Caco-2 cells. Interestingly, NPCILI transcripts were significantly increased by both OMVs(P value =0.04) (P
value =0.01). Also, LXR( was significantly down regulated by B. thetaiotaomicron (P value=0.02). ClueGO analysis
on the studied genes demonstrated several functional groups which involve in lipid and cholesterol metabolism.
Conclusion The opposite effect of B. fragilis, B. thetaiotaomicron and related OMVs on the NPCILI gene expression was
observed in Caco-2 cells. Interestingly, these effects partially were in line with the alternation of LXRs expression. However,
based on pathway enrichment analysis, further molecular investigations are required to elaborate in details the specific association
between Bacteroides spp. and OMVs with regulation of cholesterol signaling pathways including cholesterol transport, lipid
storage, lipid homeostasis and cholesterol homeostasis.
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Introduction

Cholesterol and related metabolites have functional roles
in human health varying from vital component of cell
membrane, precursor of steroidal hormones, Vitamin D,
primary bile acids (BA) and metabolism of the host [1].
Cholesterol homeostasis is regulated by dietary and ge-
netic factors that affect cholesterol intestinal absorption
and hepatic synthesis. It has been known that disruption
of cholesterol metabolism is related to cardiovascular
disecase and type 2 diabetes [2]. One of the important
tissues in cholesterol homeostasis is intestine where cho-
lesterol absorption, fecal excretion and de novo synthe-
sis take place [3, 4]. Several important proteins have
been identified as cholesterol transporter in the intestine.
For example, intestinal cholesterol uptake is mediated
by Niemann-Pick C1-Like 1 (NPCI1L1) which is located
in apical surface of enterocytes [5]. Once free cholester-
ol that is incorporated into bile salt micelles is taken up
by NPCILI, there are various destinies for intracellular
cholesterol including: (i) without any process in
enterocytes, cholesterol comes back into the lumen
through apical heterodimer ATP-binding cassette (ABC)
transporters G5 and G8 (ABCG5/G8) [6]. (ii) in another
way, cholesterol could be absorbed through chylomicron
and HDL pathways which are mediated by Apo lipopro-
tein B and Apo-Al secretion, respectively. HDL path-
way is mediated by basolateral transporter ABCA1 in
enterocytes. Intracellular free cholesterol could be incor-
porated into Apo-Al lipoprotein and secreted as HDL
component by ABCA1 [7]. These putative genes expres-
sion are under the control of liver X receptors (LXRs).
Therefore, LXRs act as regulators of cholesterol homeo-
stasis beside involvement in other metabolic processes
including lipid and carbohydrate metabolism. LXRs
consists of two isoforms LXRa and LXRG which are
encoded by NRIH3 and NRIH2 genes, respectively [3,
8]. Unlike to LXRf3 which is ubiquitously expressed, the
high expression of LXR« is identified in the liver, in-
testine, adipose tissue, macrophage, kidney and spleen.
Two LXRs isoform have 78% identity at the amino acid
level in DNA and ligand binding domain. Oxysterols
(cholesterol derivatives) as LXRs endogenous ligands
activate LXRs to form heterodimer with retinoid X re-
ceptor (RXR) for binding to LXR response elements
(LXRESs) of the target genes promoters [9, 10].

On the other hand, the impact of gut microbiota on the
cholesterol metabolism has been investigated. Gut microbiota
which is colonized gastrointestinal tract (GIT) with
dominancy of Firmicutes and Bacteroidets bacterial phyla
play significant roles in determination of human health and
disease. A significant portion of cholesterol which is evaded
from absorption process reach to colon where intestinal
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commensal bacterial metabolization and/or excretion with fe-
ces are occurred [11]. Gut microbiota metabolizes cholesterol
by enzymatic reduction to corpostanol which is contributed in
reduction of serum cholesterol concentration due to increase
cholesterol excretion with feces. Bacteroides sp. strain D8
which belongs to B. fragilis cluster was reported as a first
human cholesterol reducing isolate [12]. Also, gut microbiota
influence on the BA pool which is mediated emulsification of
lipids and fat digestion. Therefore, dysbiosis which is defined
as imbalance of the gut microbiota composition and interac-
tion with host, resulted in disrupted cholesterol homeostasis
[13].

Bacteroides fragilis and Bacteroides thetaiotaomicron that
belong to Bacteroidets phylum have important roles in host
immunity and metabolism due to have high enzymatic and
regulation of immune potentials [14]. One of the important
ways that is employed by B. fragilis and B. thetaiotaomicron
to interact with host is the production of outer membrane
vesicles (OMVs). OMVs are nanosized particles which are
secreted from gram negative bacteria [15]. These spherical
shaped bilayer membrane vesicles originate from outer mem-
brane and consist of bacterial compounds including lipopoly-
saccharide (LPS), outer membrane proteins (OMPs), phos-
pholipids, periplasmic components, DNA, RNA, hydrolytic
enzymes and signaling molecules [16]. OMVs which are re-
leased from pathogenic and non-pathogenic bacteria have
been demonstrated to involvement in many processes includ-
ing biofilm formation, bacterial survival, transferring of en-
zymes, toxins, immunological components and signaling fac-
tors, cell to cell communication and pathogenicity [16].

As mentioned above, cholesterol homeostasis is a mul-
tifactorial process that is regulated by various organs, tran-
scriptional factors and transporters [3]. It has been demon-
strated that gut microbiota has potential roles in host me-
tabolism which could be mediated through OMVs [17]. In
this regard, we aimed to evaluate the effects of two impor-
tant members of gut microbiota, B. fragilis and
B. thetaiotaomicron, and related OMVs on the gene ex-
pression, including the nuclear receptors (LXRa and
LXRp) and important intestinal cholesterol transporters
(NPCILI and ABCAI) in Caco-2 cell line as a human in-
testinal epithelium model. Finally, pathway enrichment
analysis was performed based on the studied genes to pre-
dict the possible signaling pathways which could be affect-
ed by these bacteria and their OMVs.

Materials and methods

Bacterial culture

B. fragilis ATCC 23745 and B. thetaiotaomicron CCUG
10774 were cultured either on trypticase soy agar with 5%
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defibrinated sheep blood or brain heart infusion (BHI) broth
supplemented with hemin (5 pg/ml) (Sigma-Aldrich, USA)
and menadione (1 pg/ml) (Sigma-Aldrich, USA) at 37 °C
under anaerobic conditions provided 80% N,, 10% Co, and
10% H, using Anoxomat™ MARK II system [18].

OMVs preparation

Isolation of OMVs was performed as described previ-
ously [19]. Briefly, B. fragilis and B. thetaiotaomicron
were cultured on BHI broth under anaerobic conditions
for overnight. After harvesting of bacterial cell by cen-
trifugation, OMVs were extracted through sequential
centrifugation at 20000 g (90 min, 4 °C) using Tris-
ethylene diamine tetraacetic acid (EDTA) - Sodium
deoxycholate (Sigma-Aldrich, USA) buffers. Finally,
OMVs were filtered by a 0.22-pm polyvinylidene
difluoride filter (Millipore, Billerica, MA, USA) and
stored in 3% sucrose solution at —20 °C. to confirm
OMVs isolation, Scanning Electron Microscopy (SEM)
was performed on the gold coated samples which were
fixed in PBS containing 2.5% glutaraldehyde and 2%
paraformaldehyde using SEM (EM3200 KYKY
Technology, China) [20].

Co-cultures

Colon adenocarcinoma cells (Caco-2) IBRC C10094 were
obtained from Iranian Biological Resource Center. Cells
were cultivated in high glucose Dulbecco’s modified ea-
gle medium (DMEM) (Gibco™, USA) containing 10%
fetal bovine serum (FBS, Gibco™, USA), 1% non-
essential amino acids (Gibco™, USA) and 1%
penicillin/streptomycin (Gibco™, USA) and incubated at
37 °C in a humidified atmosphere with 5% CO,. The
medium was changed every 2-3 days. After reach to
confluency, the cells were seeded at a density of 2 x 10°
cells in 6-well tissue culture plates. Before treatment, the
culture medium was replaced with DMEM containing 1%
FBS and incubated for 2 h. Caco-2 cells were stimulated
with B. fragilis, B. thetaiotaomicron at multiplicity of in-
fection (MOI =10) and related OMVs (at protein concen-
tration of 50 pg/ml) for overnight [20].

Reverse transcription quantitative PCR (RT-qPCR)
analysis

Total RNA extraction was carried out using RNX-Pluse
(CinnaGen, Iran). The extracted RNA was quantified
and qualified by NanoDrop 2000 (Thermo Fisher
Scientific, USA) and agarose gel electrophoresis, respec-
tively. RNA was reverse transcribed using RevertAid
first strand ¢cDNA synthesis kit (Thermo Scientific,
USA) according to manufacturers’ instructions.
RT-qPCR was performed using SYBR Green method
and LightCycler® 96 SW 1.1 (Roche, Germany). Each
qPCR reactions were optimized at 20 upl final volume
and performed in triplicate LightCycler® 8-Tube Strips
(white) (Roche, Germany). qPCR reaction contained
SYBR Premix Ex Taq II (RR820L — Takara, China),
0.5 ul of each specific primer (Table 1) and 1 pl of
template ¢cDNA. The amplification condition consisted
in one step of 95 °C for 60 s, followed by 40 cycles
of denaturation at 95 °C for 5 s, annealing at 55 °C for
30 s and extension at 72 °C for 30 s. The relative fold
change in expression normalized to Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) expression, as a
housekeeping gene, by the 2T method [20].

Statistical analyses

Data were analyzed with two-tailed t-test using GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA).
All results demonstrate as mean + Standard deviation (SD).
In all experiments, P <0.05 was considered statistically
significant.

Functional enrichment analysis

We constructed protein-protein interaction (PPI) network
of the studied genes using STRING 9.0 database
(Search Tool for the Retrieval of Interacting Genes)
[21]. This network was visualized and analyzed by
Cytoscape (3.4.0 software) plugin network analysis
based on topological parameters including betweenness
centrality (BC) and node degree parameters. To deter-
mine the biological and functional correlation of the

Table 1 The primers sequence of

studied genes Target gene  Forward (5" to 3') Reverse (5" to 3') Reference
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG  [39]
NPCILI CTGGTATCACTGGAAGCGAGT CACGCGGGTCACATTGATGA [40]
ABCAI ACCCACCCTATGAACAACATGA GAGTCGGGTAACGGAAACAGG [41]
NRIH3 ACACCTACATGCGTCGCAAG GACGAGCTTCTCGATCATGCC [42]
NRIH2 AGAAGATTCGGAAACAACAG GCTGGATCATTAGTTCTTGA [43]
CA GCC
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studied genes and related signaling, pathway enrichment
was performed using Cytoscape plugin ClueGO (binda
G) [22].

Results

The effects of B. fragilis and B. thetaiotaomicron
on the mRNA levels of nuclear transcriptional factors
and intestinal cholesterol transporters

The Caco-2 cell line was employed as human intestinal
epithelium cells to study the effects of B. firagilis and
B. thetaiotaomicron on the important genes expression
which are involved in intestinal cholesterol homeostasis.
Caco-2 cells were stimulated with these bacteria for
overnight. Our results demonstrated that B. fragilis sig-
nificantly decreased the mRNA levels of NPCILI in
Caco-2 cells (Fig. la). Also, the expression of LXR(
and NPCILI mRNAs were significantly down regulated
by B. thetaiotaomicron (Fig. 1b). We observed that
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Fig. 1 The relative gene expression of NRIH3, NRIH2, ABCAI and
NPCILI based on RT-qPCR experiments in Caco-2 cells treated with
B. fragilis (a), B. thetaiotaomicron (b) at multiplicity of infection,
MOI=10 and PBS as control group for overnight. Values of triplicate
experiments are demonstrated as mean + SD. Statistical Significant are
presented as * (P <0.05) and** (P<0.01)
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B. fragilis and B. thetaiotaomicron are significantly able
to downregulate NPCIL1 in Caco-2 cells.

The effects of B. fragilis and B. thetaiotaomicron
related OMVs on the mRNA levels of nuclear
transcriptional factors and intestinal cholesterol
transporters

B. fragilis and B. thetaiotaomicron produced OMVs with
spherical shape and 30-110 nm of diameter which is deter-
mined by SEM. Mean dimension of OMVs was 85.7 +
15.3 nm as previously reported [in press]. Caco-2 cells were
challenged with B. fragilis and B. thetaiotaomicron derived
OMVs5s to investigate the alteration of nuclear transcriptional
factors, LXRs and important intestinal cholesterol transporters,
ABCAI and NPCILI genes expression by RT-qPCR method.
Interestingly, we perceived that OMVs from B. fragilis and
B. thetaiotaomicron inversely affected NPCILI gene expres-
sion in comparison with parental bacteria. Our experiment
showed that both OMVs significantly increased NPCILI
mRNA levels in Caco-2 cells at protein concentration of
50 pg/ml (Fig. 2a, b).
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Fig. 2 The relative mRNA expression of NRI1H3, NRIH2, ABCAI and
NPCILI based on RT-qPCR experiments in Caco-2 cells treated with
B. fragilis OMVs (a), B. thetaiotaomicron OMVs (b) at 50 pg/ml and
sucrose as control group overnight. Values of triplicate experiments are
demonstrated as mean + SD. Statistical Significant are presented as *
(P<0.05) and** (P<0.01)
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Characteristics of the studied genes in PPl network
Pathway analysis

After the construction of The PPI network based on studied
genes (data was not shown), the pathways enrichment was
performed using Cytoscape plugin ClueGO [22]. ClueGO
analysis presents pathways as a clustered network which the
studied genes may be involved. Generally, 37 GO terms that
were divided to 7 GO groups and 20 Pathways were identified
and categorized into 5 groups based on the Kappa score
(>0.4). The main GO categories includedregulation of choles-
terol transport, lipid storage, lipid homeostasis and cholesterol
homeostasis (Fig. 3).
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Discussion

The intestine has regulatory potentials on the cholesterol ho-
meostasis due to the presence of substantial cholesterol trans-
porters and a dynamic microbial community called “gut mi-
crobiota” [7, 11]. In this regard, we have investigated the
effects of B. fragilis, B. thetaiotaomicron and their OMVs as
interactive bacterial components on LXRs and the important
intestinal cholesterol transporters in Caco-2 cell line as a hu-
man intestinal epithelium model.

It is known that gut microbiota has important regulatory
role in the host functions including immune system, homeo-
stasis and metabolism [23, 24]. Cholesterol homeostasis could
be affected by gut microbiota through regulation of intestinal
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absorption and cholesterol metabolization. Several studies
have pointed out the impact of beneficial intestinal bacteria
on the intestinal cholesterol absorption in Caco-2 cell line [25,
26]. Intestinal cholesterol absorption is mainly achieved by
NPCI1LI apical transporter in enterocytes. NPC1L1I is a crucial
target for reduction of diet-induced hypercholesterolemia [5].
Ying Huang et al. showed that Lactobacillus acidophilus,
Lactobacillus rhamnosus GG and Bifidobacterium lactis
inhibited the gene expression of NPCILI1, while
B. thetaiotaomicron did not have inhibitory effect on this gene
in Caco-2 cells which were treated for 6 h at MOI 1 [25]. On
the contrary, we reported the significant effects of B. fragilis
and B. thetaiotaomicron in downregulating NPCIL] tran-
scripts. This discrepancy could be attributed to the time/MOI
of co-culture and experiment condition. Based on our results
B. fragilis and B. thetaiotaomicron could be considered as gut
microbiota members which can reduce intestinal cholesterol
uptake through reduction of NPCILI gene expression, the
main absorptive intestinal cholesterol transporter. Our finding
is concordant with the role of Bacteroides sp. strain D8 which
is able to reduce cholesterol and increase its excretion [12].
Therefore, it is possible that B. fragilis group participate to
decrease serum cholesterol concentration by two probabilistic
mechanisms including decreasing intestinal cholesterol ab-
sorption and increasing cholesterol excretion, resulted from
its reduction. This hypothesis is required further investigation
on the role B. fragilis group in cholesterol homeostasis.

It has been shown that other intestinal cholesterol trans-
porters such as ABCA1 control intestinal cholesterol absorp-
tion [27]. The studies in Caco-2 cell line and animal models
demonstrated that ABCA1 has important role in intestinal
cholesterol absorption by HDL pathway [28, 29]. Here, we
identified that B. fragilis and B. thetaiotaomicron had a mod-
est decreasing effect on the gene expression of ABCAI in
Caco-2 cells.

The gene expression of NPCI/LI and ABCAI are regulated
by LXRs that have important regulatory role in cholesterol
homeostasis [30]. Duval et al. reported NPC1L1 as new target
of LXRs. Another study demonstrated that LXRs activators
inhibit the expression of NPCI1L1 in the intestine [31]. Ying
Huang et al. observed the increase of LXR in Caco-2 cells
treated with L. acidophilus and attributed the downregulation
of NPCILI to it [25]. In the present study, we showed that
B. thetaiotaomicron decreases NPCILI expression in line
with the reduction of LXR/3 transcript. Based on obtained re-
sults, we suggest that LXR( could be a main regulator of
NPCILI expression which is affected by B. thetaiotaomicron.

The gut microbiota-host cross talk relies on the secret-
ed factors that are able to access to the epithelial cells and
under tissues [32]. Among bacterial components, OMVs
are considered as important secreted factors with regula-
tory potentials of immune responses and metabolism [17,
33-35]. Recently, the role of OMVs derived from

@ Springer

B. fragilis and B. thetaiotaomicron is highlighted in gut
microbiota-host interactions [20, 36, 37]. No data are
available yet on the effect of OMVs on cholesterol ho-
meostasis. Accordingly, we studied the effect of OMVs on
putative genes transcripts in Caco-2 cells. Interestingly,
the B. fragilis and B. thetaiotaomicron OMVs had oppo-
site effect on NPCILI gene expression compared with
related bacteria. Both OMVs significantly elevated
NPCILI expression without any significant change in
LXRs transcripts in Caco-2 cells. This paradox can be
explained that B. fragilis and B. thetaiotaomicron could
be interact with the cell surface by various components
and microbe-associated molecular patterns (MAMPs)
while OMVs which are able to penetrate in to the cells
interact with other possible intracellular receptor and tran-
scription factors. In this regard, the opposite effect on the
gene expression between Akkermansia muciniphila, a gut
microbiota member, and its OMVs was reported [38].
However, more investigation of these particles is neces-
sary to recognize involved molecular signaling.

Also, pathway enrichment analysis based on the studied
genes showed that these bacteria and related OMVs can inter-
fere in other pathways including regulation of cholesterol
transport, lipid storage, lipid homeostasis and cholesterol ho-
meostasis. Since B. fragilis, B. thetaiotaomicron and their
OMVs affected studied genes, to evaluate their role in the
putative pathways will contribute to reach a comprehensive
recognition of these bacteria and the effect of their OMVs on
lipid (cholesterol) metabolism regulation.

Conclusion

In conclusion, B. fragilis and B. thetaiotaomicron, the two
important gut microbiota members, induce significant down-
regulation of NPCILI intestinal gene expression.
Interestingly, we observed the opposite effect of OMVs from
B. fragilis and B. thetaiotaomicron on the expression of
NPCILI gene. These findings suggest different regulatory
effect of these bacteria and their OM Vs on the gene expression
of NPC1L1, the main intestinal cholesterol transporter which
is responsible for intestinal cholesterol uptake. Obtained re-
sults could be considered to targeted intervention of gut mi-
crobiota composition in order to reduce intestinal cholesterol
absorption in hypercholesterolemia state. Also, based on path-
way enrichment analysis, further molecular studies are re-
quired to eclucidate the effect of B. fragilis,
B. thetaiotaomicron and related OMVs on the regulation of
lipid (cholesterol) signaling pathways.
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