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Abstract

The interaction between atherosclerosis and commensal microbes through leaky gut syn-
drome (LGS), which is characterized by impaired intestinal permeability and the introduction of
undesired pathogens into the body, has not been fully elucidated. Our aim was to investigate
the potential role of a CIC-2 chloride channel activator, lubiprostone, which is reported to have
beneficial effects on LGS, in the development of atherosclerosis in apolipoprotein E—deficient
(ApoE-/-) mice. After a 15-week feeding period of a Western diet (WD), ApoE-/- mice were
treated with a Western-type diet (WD) alone or WD with oral supplementation of lubiprostone
for 10 weeks. This feeding protocol was followed by experimental evaluation of LGS and ath-
erosclerotic lesions in the aorta. In mice with lubiprostone, in vivo translocation of orally admin-
istered 4-kDa FITC-dextran was significantly improved, and RNA expression of the epithelial
tight junction proteins, Zo-1 and occludin, was significantly up-regulated in the ileum, compared
to the WD alone group, suggesting a possible reversal of WD-induced intestinal barrier dys-
function. As a result, WD-induced exacerbation of atherosclerotic lesion formation was reduced
by 69% in longitudinally opened aortas and 26% in aortic root regions. In addition, there was a
significant decrease in circulating immunoglobulin level, followed by an attenuation of inflam-
matory responses in the perivascular adipose tissue, as evidenced by reduced expression of
pro-inflammatory cytokines and chemokines. Lubiprostone attenuates atherosclerosis by ame-
liorating LGS-induced inflammation through the restoration of the intestinal barrier. These find-
ings raise the possibility of targeting LGS for the treatment of atherosclerosis.

Introduction

Atherosclerosis is the leading cause of cardiovascular mortality and morbidity worldwide.
Recent studies have revealed that atherosclerosis arises from a systemic inflammatory process,
including the accumulation and the activities of immune cells [1, 2]. In our previous work, we
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reported that atherosclerotic development, caused by intestinal microbiome, is due to the
recruitment and ectopic activation of B2 cells in the perivascular adipose tissue and an increase
in circulating immunoglobulin (IgG and IgG3) [3,4]. This inflammatory pathway can be
inhibited by antibiotic-induced elimination of the intestinal microbiome, as well as by deple-
tion of B2 cells with antibodies against the cell surface antigen CD23. These findings underline
a possible persistent inflammatory process in atherosclerosis, centered on a pathological
humoral immunity between commensal microbes and activated sub-populations of substantial
B cells in the vicinity of the arterial adventitia.

The intestinal barrier is a multi-layer defense system, with the lumen providing the first line
of defense, where enzymatic degradation of bacteria and antigens occurs and the commensal
bacteria prevent colonization of pathogens [5]. Although this barrier acts continuously to
avoid translocation of intestinal pathogens, this function may be altered by endogenous or
exogenous factors, including lipopolysaccharide (LPS), alcohol consumption [6], immobiliza-
tion stress [7], and radiation [8]. Leaky gut syndrome (LGS) is an outcome of this inflamma-
tory process. LGS is characterized by impairment in intestinal permeability and the
subsequent introduction of undesired pathogens into the body, which might play an important
role in multiple diseases [9, 10]. Therefore, if the interaction between LGS and atherosclerosis
could be clarified, LGS could provide a potential therapeutic target for atherosclerosis.

Lubiprostone, a CIC-2 chloride channel activator, is a synthetic bicyclic fatty acid derivative
of prostablandin E1 that is clinically used as a laxative [11]. Recently, the use of lubiprostone
has been shown to have beneficial effects on LGS via stimulation of the intestinal secretion of
mucin and trafficking tight junction proteins [12-14]. Therefore, our aim in this study was to
investigate the potential effect of lubiprostone on impaired intestinal dysfunction and the
development of atherosclerosis in apolipoprotein E-deficient (ApoE-/-) mice.

Methods

Animals, diets, and treatment

Five-week-old ApoE-/- mice (on the C57BL/6] background) were a generous gift from Dr.
Hashimoto (Yokohama City University Graduate School of Medicine, Yokohama, Japan). All
mice included in the analysis survived the 30-week duration of the study (5 weeks of adapta-
tion feeding and 25 weeks experimental observation period). Prior to randomized allocation of
mice to the experimental and control groups, all mice were provided with a normal diet (ND)
and tap water ad libitum for a period of 5 weeks. After this initial period of adaptation, mice
were allocated to the following groups. In the ND group (N = 10), mice continued to be fed
with the ND for 15 (N = 5) or 25 (N = 5) weeks. In the WD group (N = 25), the ND was
switched to a high fat, high cholesterol Western-type diet, containing 21.22% (g/100 g) fat,
17.01% protein, 48.48% carbohydrate, and 0.15% cholesterol; (Oriental Yeast, Tokyo, Japan).
After 15 weeks, mice in the WD group were further allocated to the control group (N = 5, con-
tinued feeding of the WD for an additional 10 weeks) and the treatment groups, which were
administered 500 pg/kg lubiprostone (N = 5) (Sucampo Pharma Americas, Inc.) [15]; 25 mg/
kg sennoside (N = 5), an irritant laxative [16]; or 60 mg/kg magnesium hydroxide [Mg(OH),]
(N =5), an osmotic laxative [17] via daily gavage until week 30). Mice, from the ND and WD
groups, sacrificed at 20 weeks, provided the baseline measure of the development of athero-
sclerotic lesions and serum levels of lipid profile. The experimental design is shown in Fig 1.

In-vivo measurement of intestinal permeability

In-vivo permeability of the intestinal wall was quantified as the permeability to 4-kDa fluores-
cein isothiocyanate (FITC) -dextran (Sigma-Aldrich, St. Louis, MO, USA), as described
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Fig 1. Experimental design. ND; normal diet, WD; western diet, Mg; magnesium hydroxide, Sen; sennoside, Lub; lubiprostone. FITC-Dx; fluorescein isothiocyanate-

dextran.

https://doi.org/10.1371/journal.pone.0218096.g001

previously [18]. Briefly, 27-week-old mice (with or without undergoing a 7-week-supplementa-
tion of laxatives) underwent oral gavage of FITC-dextran (500 mg/kg) after a fasting period of 6
hours, followed by collection of serum samples via the facial vein. The concentration of FITC-dex-
tran in the serum was measured using fluorescence spectrophotometer (ARVO MX, PerkinElmer,
Boston, MA, USA), with an excitation wavelength of 485 nm and an emission wavelength of 535
nm, which allowed a direct assessment of the changes in intestinal barrier function.

Quantification of atherosclerosis and histologic analyses

After 15 or 25 weeks of consuming the ND or a WD, mice were sacrificed and the heart and
aorta of each mouse were harvested for quantification of atherosclerotic lesions using a cross-
sectional analysis of the aortic root and en-face analysis of the whole aorta (from the ascending
aorta to the common iliac arteries). In detail, mice were anesthetized with isoflurane. After
anesthesia was fully effective, mouse limbs were fixed to a cork plate with a pin, and a cut was
made in the middle of the abdomen to produce a longitudinal incision from the neck to the
lower abdomen. Blood was collected from the right ventricle using 1.0-ml syringes (27G nee-
dles) when the heart was completely exposed. After harvesting of the perivascular adipose tis-
sue (PVAT), aortas were fixed in 10% formalin, opened longitudinally, and stained for lipid
deposition with Oil Red O solution (Sigma-Aldrich). The area of atherosclerotic lesions was
calculated using the Image] program (National Institutes of Health, Baltimore, MD, USA).
The area of all observed plaques was summed and expressed as a percentage of the total area of
the vessel. The hearts were embedded in paraffin and serial 5 um sections were cut, from the
beginning of the 3 aortic leaflets to the ascending aorta, and stained with hematoxylin and
eosin (HE). For immunohistochemistry, serial sections were stained with anti-F4/80 antibod-
ies (Abcam, Cambridge, UK), a specific marker for mature macrophages. The intensity in pos-
itively stained areas (F4/80-positive areas) was analyzed using Image] software. In addition,
sections were stained with anti-CD3 antibodies (Abcam), a specific marker for T lymphocytes,
and positively stained areas were analyzed.

Histological analyses of ilea

As well as the hearts, the terminal ilea were embedded in paraffin, and serial 5-pm sections
were cut and stained with HE and Masson’s trichrome (MT). Serial sections were then
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incubated with primary antibodies against two key plexus tight-junctional proteins: ZO-1
(Abcam) and occludin (Abcam).

Real-time polymerase chain reaction (RT-PCR) analysis

Whole spleen, PVAT, and the ileum were respectively homogenized in TRIzol reagent (Cata-
log No. 00571510, Thermo Fisher Scientific, Waltham, MA, USA), and total RNA was
extracted using a RiboPure Kit (Catalog No. AM1924, Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s protocol. A total of 500 ng of RNA was reverse-transcribed to
cDNA using a High Capacity RNA-to-cDNA Kit (Catalog No. 4387406, Applied Biosystems,
Foster City, CA, USA), according to the manufacturer’s protocol. The cDNAs were subse-
quently mixed with RT2 SYBR Green ROX qPCR Master mix (Catalog No. 1712516, Thermo
Fisher Scientific), and RT-PCR was performed in accordance with the manufacturer’s instruc-
tions. Thermal cycling and fluorescence detection were performed using an ABI7500 RT-PCR
machine (Applied Biosystems), according to the manufacturer’s recommendations. The rela-
tive mRNA expression levels were determined using glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh) as the housekeeping gene and the 27**“* method. The primers used for each
gene are listed in S1 Table.

Quantification of plasma parameters

Whole blood samples were obtained from mice at the time of sacrifice via right ventricular
puncture. Low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol
(HDL-c) and triglyceride (TG) levels were determined by SRL Inc. (SRL Inc., Tokyo, Japan).
Total serum IgG was measured in diluted serum using the Mouse IgG ELISA Kit (Bethyl Labo-
ratories, E99-131), according to the manufacturer’s instructions. In addition, serum IgG3 was
measured using the Mouse IgG3 ELISA Kit (Bethyl Laboratories, E99-111). Data are expressed
in micrograms per milliliter (ug/ml), based on the standard curves of isotype standards.

Statement of ethics

All procedures in this study were conducted in accordance with the animal care guidelines of
Yokohama City University Graduate School of Medicine. All of the animal studies were con-
ducted in accordance with the animal care guidelines of Yokohama City University Graduate
School of Medicine and approved by IACUC as F-A-17-035.

Statistical analysis

Continuous data are expressed as means + standard error of the mean (SEM). One-way
ANOVA was used for comparisons among multiple experimental groups and to assess global
significance among experimental groups. A priori hypothetical differences between groups
were evaluated using Student’s t-test. Differences with p<0.05 were considered statistically sig-
nificant. All analyses were performed using JMP 9.1 software (SAS Institute Inc., Cary, NC,
USA).

Results

Oral supplementation with lubiprostone did not reverse but did attenuate
the development of atherosclerosis
Compared to the ND, a 15-week feeding of the WD induced formation of larger atheroscle-

rotic lesions, as demonstrated by Oil Red O staining of longitudinally opened aortas, which
was augmented by an additional 10 weeks of continuous feeding of a WD (Fig 2). The 10-week
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Fig 2. Suppression of the development of atherosclerotic lesions by lubiprostone in longitudinally opened aortas. (A) Representative images of an en-faced
aorta, from the aortic arch to the common iliac arteries, visualized using staining Oil Red O. The (B) percentage (%) area of the entire aorta comprising the lesion
section and (C) size of atherosclerotic lesions (mm?) were analyzed using Image] software. Data are presented as the mean+standard error of the mean (SEM), with
5 animals in each group. Global significance among multiple groups was determined by one-way ANOVA. ND; normal diet, WD; western diet, Mg; magnesium
hydroxide, Sen; sennoside, Lub; lubiprostone. #:p<0.001, %:p = 0.001, 3¢:p<0.01, compared to the 25-week WD group.

https://doi.org/10.1371/journal.pone.0218096.9002

oral administration of lubiprostone, after the 15-week WD, significantly suppressed the devel-
opment of atherosclerotic lesions by 69% (p<0.01), compared to that in the 25-week WD
group. Histological examination of the aortic roots confirmed a 26% reduction in the area of
atherosclerotic lesions (p<0.05, Fig 3). However, of note, in both regions of the longitudinally
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Fig 3. Suppressive effects of lubiprostone on the development of atherosclerotic lesions, quantified on cross-sectional analysis of the aortic root. Representative
images of (A) mice in the 25-week WD group and (B) 25-week WD combined with lubiprostone group, analyzed using hematoxylin and eosin staining. The expression
of macrophage antigen (F4/80) in each atherosclerotic lesion was detected and visualized by immunohistochemical staining (C and D); higher magnification images are
shown for the highlighted areas. Scale bar = 300 um. (E) Plaque size (pmz) and (F) the percentage of plaque-to-vessel area, analyzed using Image] software. (G and H)
Macrophage infiltration and T cell infiltration were also assessed as the percentage of the F4/80-positive area and CD3-positive area to vessel area, respectively. Data are
presented as the mean+standard error of the mean (SEM), with 5 animals in each group. Global significance among multiple groups was determined by one-way
ANOVA. HE; hematoxylin and eosin staining. ND; normal diet, WD; western diet, Mg; magnesium hydroxide, Sen; sennoside, Lub; lubiprostone. HE; hematoxylin and
eosin staining. ##:p<0.01, #:p<0.05, compared to the 25-week WD group.

https://doi.org/10.1371/journal.pone.0218096.9003
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opened aortas and aortic roots, the atherosclerotic lesion area was still greater in lubiprostone-
supplemented mice compared to that at baseline (15-week WD group). These results indicate
that oral supplementation with lubiprostone attenuated WD-induced exacerbation of athero-
sclerotic lesion formation but was not sufficient to induce regression of atherosclerotic pla-
ques. Immunohistochemical analyses of the aortic root demonstrated that lubiprostone
significantly reduced macrophage infiltration in plaques, as determined by F4/80 staining (Fig
3C, 3D and 3G; p<0.05). In contrast, T cells infiltrated the plaques only sparsely, and no signif-
icant difference was observed between the 25-week WD group and the groups treated with lax-
ative gavage, including lubiprostone (Fig 3H).

Lubiprostone restored WD-induced intestinal permeability

In vivo intestinal permeability, as determined by the translocation of orally-administered
FITC-dextran to plasma component, was significantly higher in the WD than ND group (Fig
4A). However, in spite of continuous WD-feeding, the appearance of orally administered
FITC-dextran was significantly reduced by lubiprostone supplementation. In addition, we
investigated the expression of epithelial tight junctions of intestine, which regulate intestinal
permeability by blocking the induction of pathogens into the body. The expression of zona
occludens protein-1 (ZO-1), an epithelial tight junction protein, was significantly reduced by
WD feeding but was up-regulated by supplementation with lubiprostone (Fig 4B). Lubipros-
tone supplementation also increased the expression of occludin, another tight junction protein
(Fig 4C).

We also evaluated histological images of terminal ilea. Although there were no differences
in the staining patterns of HE and MT, immunohistochemistry revealed that supplementation
with lubiprostone increased the expression of ZO-1 and occludin in villus epithelial cells (Fig
4D-4K). These results suggested that intestinal barrier function improved with oral supple-
mentation of lubiprostone, which might attenuate the release of pathogens into the circulation
and prevent LGS-induced systemic inflammation.

Improvement of intestinal barrier function attenuated WD-induced
activation of FOB cells

Besides the spleen, B cells are also known to reside in PVAT and the adventitial layer of vessels
[19, 20]. We previously reported that pronounced B2 cell infiltration was augmented in the
PVAT of WD-fed mice, and was an essential contributor to the induction of atherosclerosis
[3]. To test the hypothesis that the effects of lubiprostone are exerted via inactivation of B2
cells, we analyzed the aggregation of B2-cells in PVAT. The expression of B220 and CD23, the
surface marker of follicular B cell (FOB), was significantly depleted in the mice given a WD
with any laxatives compared to those given a WD alone (p<0.001, Fig 5A and 5B). As the most
striking difference among the groups with laxatives, the transcription of CD14, which encodes
the molecule surface antigen required for B-cell function, was significantly down-regulated in
the PVAT of lubiprostone-supplemented mice (Fig 5C). In addition, the genes encoding
inflammation-activation related molecules, including interleukin 1 beta (IL1B) and tumor
necrosis factor receptor alfa (TNFa), were also significantly down-regulated only in lubipros-
tone-supplemented mice (Fig 5D and 5E). These findings strongly indicate that the observed
effects of lubiprostone supplementation in attenuating the inflammatory phenotype of PVAT
and suppressing the development of atherosclerosis were mediated via inactivation of the
B2-cell toll-like receptor (TLR) signaling pathway. The expression of F4/80, a surface marker
of another inflammatory contributor macrophage, was also reduced in the groups with laxa-
tives (Fig 5F). However, the depletion ratio was not as great as that of FOB surface markers.
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Fig 4. Lubiprostone improved intestinal barrier dysfunction. (A) In vivo intestinal permeability, determined by the measurement of serum concentrations of FITC-
dextran, 1 h after oral gavage. (B-C) mRNA levels of ZO-1 and occludin, extracted from the ileum, were determined using gPCR. (D-K) Representative images of the
terminal ilea in the 25-week WD group (D and E) and 25-week WD combined with lubiprostone group (H and I), analyzed using hematoxylin and eosin staining and
Masson’s trichrome. The expression of tight junction proteins such as ZO-1 (F and J) and Occludin (G and K) in serial sections was detected and visualized by
immunohistochemical staining. Scale bar = 100 um. Global significance among multiple groups was determined by one-way ANOVA. HE; hematoxylin and eosin
staining, MT; Masson’s trichrome staining, ND; normal diet, WD; western diet, Mg; magnesium hydroxide, Sen; sennoside, Lub; lubiprostone. #:p<0.01, #:p<0.05,

compared to the 25-week WD group.

https://doi.org/10.1371/journal.pone.0218096.9004

Concomitantly, we also investigated B2 cells in the spleen, the major B cell reservoir [21].
Although there was no significant difference in the expression of B220, CD23 was significantly
suppressed in the spleen of laxative-supplemented mice (Fig 6A and 6B). In addition, the
expression of CD21, a surface marker of marginal zone B cells (MZB) whose location in the
marginal zone of the spleen provides the ability to respond rapidly to blood-borne antigens
[22], was suppressed to the greatest extent in lubiprostone-supplemented mice (Fig 6C).

The primary function of activated B cells is to produce antibodies. Therefore, we also inves-
tigated circulating IgG titers (Fig 7A and 7B). A WD, provided for both 15 and 25 weeks,
induced a higher level of IgG, compared to the ND for each duration. In WD-fed mice gavaged
with Mg(OH), and sennoside, the level of IgG was similar to that of WD alone. However, in
mice provided with lubiprostone supplementation, total IgG titers were significantly lower
than those in mice fed a WD alone (Fig 7A). Moreover, levels of IgG3, a specific subclass of
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noside, Lub; lubiprostone. #:p<0.01, #:p<0.05, compared to the 25-week WD group.

https://doi.org/10.1371/journal.pone.0218096.9005

IgG that is mainly produced by MZB cells via a T cell-independent pathway under pre-
immune conditions or after immunization [23, 24], were significantly lower in lubiprostone-
or Mg(OH),-gavaged mice than in mice in the WD alone group (p<0.05; Fig 7B). These data
also suggest that LGS-induced atherosclerosis is characterized by increased antibody produc-
tion caused by B2-cell activation, which is consistent with data of the RT-PCR analysis.

Atheroprotective effect of lubiprostone is mediated via a lipid-independent

pathway

In Mg(OH),- and sennoside-gavaged mice, serum levels of LDL-c and TG were significantly
lower than those in mice in the WD group (Fig 7C and 7D). Meanwhile, in lubiprostone-
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gavaged mice, there was a slight decrease in serum levels of LDL-c and TG, although this
decrease was not significant. However, among the 3 laxatives [Mg(OH),, sennoside, and lubi-
prostone], only lubiprostone produced a significant decrease in the serum level of HDL-c (Fig
7E), in spite of the superiority of lubiprostone in terms of atheroprotective effects. Collectively,
these data suggest that lubiprostone can suppress the progression of atherosclerosis via a lipid
metabolism-independent mechanism, although lipid metabolism might endow, at least par-
tially, modest atheroprotective effects in mice with Mg(OH), or sennoside.

Discussion

The findings reported in this study demonstrate the potential role of lubiprostone in attenuat-
ing atherosclerotic lesions through the amelioration of LGS-induced inflammation by
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Fig 6. Relative mRNA expression in the spleen, quantified using QPCR and normalized to that of Gapdh. The relative ratio is shown compared to the mRNA
extracted from WD mice. IL1B; interleukin 1 beta, TNFo; tumor necrosis factor-a, IL1r1; interleukin 1 receptor, type 1, TLR5; toll-like receptor 5. Data are presented as
the meanzstandard error of the mean (SEM), with n = 5 in each group. Global significance among multiple groups was determined by one-way ANOVA. ND; normal
diet, WD; western diet, Mg; magnesium hydroxide, Sen; sennoside, Lub; lubiprostone. #:p<0.01, #:p<0.05, compared to the 25-week WD group.

https://doi.org/10.1371/journal.pone.0218096.9006
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Fig 7. Lubiprostone suppressed the production of immunoglobulin through a lipid-independent pathway. (A and B) Concentration of total IgG and IgG3, assessed
using ELISA. (C-E) Serum levels of low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), and triglyceride (TG). Data are presented
as the meanzstandard error of the mean (SEM). n =7 for A and B, n = 5 for all other observations. Global significance among multiple groups was determined by one-
way ANOVA. ND; normal diet, WD; western diet, Mg; magnesium hydroxide, Sen; sennoside, Lub; lubiprostone. FITC-Dx; fluorescein isothiocyanate-dextran. ##:
p<0.01, #:p<0.05, compared to the 25-week WD group.

https://doi.org/10.1371/journal.pone.0218096.9007

restoring the functional barrier of the gut. WD-induced changes in intestinal barrier function
(reduction in intestinal tight junction proteins resulting in increased in vivo permeability) led
to increased activation of B2 cells and an increment in circulating IgG, accompanied by an up-
regulation of pro-inflammatory cytokines and chemokines in the spleen and PVAT. Oral sup-
plementation of lubiprostone attenuated these inflammatory sequelae and suppressed WD-
induced exacerbation of atherosclerotic lesion formation, which would be considered to have
substantial clinical value.

In the present study, not only were the surface markers of FOB down-regulated in PVAT
by lubiprostone supplementation but so was the expression of CD14, which is required for
B cell-function. Previous studies have revealed that CD14 is a component of the innate
immune system and acts as a co-receptor, along with TLR2 and TLR4, for the detection of bac-
terial LPS [25-28]. Therefore, the suppression of B2 cell activation, and the subsequent inflam-
matory response, by lubiprostone-supplementation was likely induced by an improvement in
LGS.
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With chronic inflammation, tertiary lymphoid organs develop adjacent to diseased tissue,
specifically the arterial adventitia and PVAT in the case of atherosclerosis, and may become
major sites of adaptive immune activation [19, 28, 29]. It is likely that tertiary lymphoid organs
accumulate B cells with relevant antigen specificity [20]. In addition to antigen presentation to
CD4 T cell, B cells can potentially aggravate atherosclerosis by at least two other mechanisms,
namely the production of atherogenic IgG and the secretion of pro-inflammatory cytokines,
including TNFa, which are T cell-independent pathways [29]. Although most inflammatory
cells in intimal atherosclerotic plaque are macrophage-derived foam cells and T cells, B cell
infiltration was predominant in the adventitial layer of the arterial wall, where tertiary lym-
phoid organs can be formed [29]. Recently, Tay et. al. reported that B2-derived TNFo. pro-
moted atherosclerosis by augmenting TNFo production via lesion macrophages [30]. This
increased apoptosis and necrotic cores, via Fas expression, and inflammation of the lesions, via
enhanced IL1p and monocyte chemo attractant protein 1 (MCP-1) expression. This indicates
that in the atherogenic pathway, B2 cells exist on the upstream side of macrophages and,
accordingly, may be key modulators of atherogenesis [30]. This theory might explain why lubi-
prostone significantly reduced macrophage infiltration in plaques in the aortic roots in our
study.

The use of B cell-depleting antibodies, such as anti-CD20 or anti-CD23 antibody, specifi-
cally targets B2 cells, reducing their numbers and attenuating their effector [3, 31, 32]. Consid-
ering the protective effect of mouse anti-CD20 or 23 treatment in atherosclerotic mice, it
would be particularly interesting to investigate the effect of some molecular targeted drugs on
cardiovascular risk, such as rituximab, which is widely used for the treatment of patients with
rheumatoid arthritis, and lumiliximab, which is not currently marketed due to a failed clinical
trial for its use in the treatment of chronic lymphocytic leukemia [33]. However, it is also
important to note that long-term B cell depletion could result in an increased risk for infection
due to compromised humoral immunity, especially in older patients with cardiovascular risk.

The intestinal microbiota modulates the immune system of the host by producing a wide
variety of metabolites or bacterial products [34, 35]. Altered composition and function of
intestinal microbiota have been reported to be associated with a number of chronic diseases,
including autoimmune disease [36, 37]. Recent reports have suggested that, in the WD-
induced exacerbation of atherosclerosis, these changes are considered to be the cause rather
than the consequence of pathologies [38, 39]. Therefore, symbiotic or antibiotic therapies,
which have been shown to decrease bacterial translocation from the gut in pilot studies [3, 40],
might be another therapeutic target for atherosclerosis. However, as well as antibiotic use,
attempts to recondition the functional intestinal barrier through the use of so called ‘probiot-
ics’, normally applied to the gut, have had lower success in human than animal studies and are
often incompatible with other pharmacological treatments [41, 42]. In addition, the safety and
potential harms of these interventions are poorly investigated, especially in compromised or
older patients with decreased immunity. This is the reason why another viable therapeutic
agent is necessary for improvement of intestinal barrier dysfunction and of the sequential
occurrence of atherosclerosis.

Lubiprostone has been shown to provide a protective effect against small intestinal injury in
animal models through an increase in prostaglandin E2 via an E-type prostanoid-dependent
mechanism which stimulates the intestinal secretion of mucin and trafficking intestinal tight
junction proteins [13, 14, 43, 44]. These findings prompted us to examine both light micro-
scopic structures and the expression of tight junction proteins in the ileum end in this study.
Both the colon and ileum are major sources of intestinal microbes and function as barriers
against microbiome translocation. To evaluate the pathology of LGS for atherosclerosis pro-
gression, it is necessary to test not only the ileum but also the colon in terms of intestinal
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biological barrier function. As only the structure and function of the ileum were evaluated
here, this represents a current limitation. In addition, lubiprostone has also been shown to
improve disturbances in intestinal permeability, even in humans [45]. Since lubiprostone is
generally used as a laxative for chronic idiopathic constipation, its safety is guaranteed, unlike
the use of antibiotics and probiotics. As such, lubiprostone would be a candidate as a first line
drug to improve LGS-induced atherosclerosis. Our current analyses are limited to the exami-
nation of the effects of lubiprostone treatment on leaky gut conditions, with an assumed bene-
ficial change due to improvements in the translocation of the gut microbiome. Previously,
dysbiosis of the microbiota has been reported to be responsible for atherosclerosis [39], and
lubiprostone treatment has been shown to improve the composition of the microbiota in the
dysbiotic state [46]. Therefore, in addition to changes in LGS induced by lubiprostone treat-
ment, changes in the microbiota population may be involved in the anti-atherosclerotic effect
of lubiprostone treatment. The strategy suggested here represents a change in the existing clin-
ical paradigm and places the focus on improving intestinal barrier function rather than the
direct modulation of gut bacteria itself. Additionally, we did not observe significant changes in
body weight (S1 Fig) or stool appearance or weight (SI and S2 Figs) among the four groups,
nor any diarrhea-like symptoms in our experiment (data not shown), suggesting that these
changes are not due to nutritional deficiency or dehydration caused by the laxative agents.

In a population-based prospective study of Japanese patients, defecation frequency was
found to be inversely related to cardiovascular mortality [47]. Colonic transit time in humans
is associated with overall gut microbial mass, composition, diversity, and metabolism, which
attenuate not only local but systemic oxidative stress [48, 49]. Additionally, in the present
study, laxative treatments themselves might have exerted a modest effect on the microbiota
environment by shortening transit time and suppressing the development of atherosclerosis
via a decrease in the precursors of toxic metabolic products of the intestinal microbiome. We
also showed that laxatives decreased serum lipid levels, which might have influenced the area
of plaque formation. However, among the 3 laxatives used, no significant difference was
observed in the serum lipid profile, although the severities of LGS and atherosclerosis in lubi-
prostone-gavaged mice were significantly suppressed compared to those in mice treated with
the other 2 laxatives. Therefore aside from its laxative effect, lubiprostone is considered to pos-
sess a separate and specific pathway for athero-protection via restoration of the injured intesti-
nal barrier.

In conclusion, lubiprostone attenuates the development of atherosclerotic lesions by ame-
liorating LGS-induced inflammation via the restoration of the intestinal barrier. These find-
ings raise the possibility of targeting intestinal barrier dysfunction for the treatment of
atherosclerosis, rather than direct modulation of intestinal microbiota itself.

Supporting information

S1 Fig. Average body weight and stool weight at the time of sacrifice. Data are shown as the
meanzstandard error of the mean (SEM), with 5 animals in each group. Global significance
among multiple groups was determined by one-way ANOVA.
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S2 Fig. Representative appearance of stool in each group.
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