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Abstract

Background

Caveolin-1 (Cav-1) is a multifunctional scaffolding protein serving as a platform for the cell’s
signal-transduction and playing an important role in inflammation. However, its role in in-
flammatory bowel disease is not clear. A recent study showed that Cav-1 is increased and
mediates angiogenesis in dextran sodium sulphate-induced colitis, which are contradictory
to our pilot findings in 2,4,6-trinitrobenzene sulphonic acid (TNBS)-induced colitis. In the
present study, we further clarified the role of Cav-1 in TNBS-induced colitis.

Methods

In BALB/c mice, acute colitis was induced by intra-rectal administration of one dose TNBS,
while chronic colitis was induced by administration of TNBS once a week for 7 weeks. To
assess the effects of complete loss of Cav-1, Cav-1 knockout (Cav-1~") and control wild-
type C57 mice received one TNBS administration. Body weight and clinical scores were
monitored. Colon Cav-1 and pro-inflammatory cytokine levels were quantified through ELI-
SAs. Inflammation was evaluated through histological analysis.

Results

Colon Cav-1 levels were significantly decreased in TNBS-induced colitis mice when com-
pared to normal mice and also inversely correlated with colon inflammation scores and
proinflammatory cytokine levels (IL-17, IFN-y and TNF) significantly. Furthermore, after ad-
ministration of TNBS, Cav-1~~ mice showed significantly increased clinical and colon in-
flammatory scores and body weight loss when compared with control mice.
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Conclusions and Significance

Cav-1 may play a protective role in the development of TNBS-induced colitis. Our findings
raise an important issue in the evaluation of specific molecules in animal models that differ-
ent models may exhibit opposite results because of the different mechanisms involved.

Introduction

Inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative colitis, is a
chronic remitting and relapsing inflammatory condition of the gastrointestinal tract. The inci-
dence and prevalence of IBD have markedly increased in recent years. Estimates indicate that
IBD affects about 1.0-1.5 million Americans [1]. Population-based data from a five province
study in Canada indicate that approximately 0.5% of Canadians have IBD (translating to about
170,000 individuals), and incidence rates across the country are among the highest in the world
[2]. Although the cause of IBD remains unknown, studies have provided evidence that the
pathogenesis of IBD is associated with genetic and environmental factors, enteric flora, and im-
munological abnormalities [3, 4]. A dysregulation of mucosal immunity in the gut causes an
overproduction of pro-inflammatory cytokines and aggregation of immune cells in intestinal
mucosa thus leading to uncontrolled mucosal inflammation [5]. Crohn’s disease is caused by
an overly aggressive T helper type 1 (Th1) immune response and, as recently found, an exces-
sive IL-23/Th17 pathway activation by bacterial antigens in genetically predisposed individuals
[3, 5-7]. Ulcerative colitis, on the other hand, is more of a Th2-like disease with overproduced
IL-5 and IL-13 and decreased IFN-y [8]. As the cause of IBD still remains unknown, the search
for new molecules involved with the pathogenesis is ongoing.

Caveolae were first discovered in the 1950s and observed as small, 50-100 nm, cave-like in-
vaginations in the plasma membrane. Prominent in many different types of cells (such as endo-
thelial cells and fibroblasts), these specialized lipid rafts act as cell signalling platforms and
regulate the kinetics of vesicle transport by concentrating or segregating receptors and signal-
ling intermediates to form a microenvironment [9-11]. Caveolins require certain structural
components for formation: caveolin-1 (Cav-1), caveolin-2, and caveolin-3. Each of these coat
proteins have specific roles which can vary from cell type to cell type [12].

Cav-1 has been associated with a number of biological roles in various disease conditions.
Using a well-established sepsis animal model, Cav-1 knockout mice showed prolonged and un-
controlled cytokine generation and increased bacterial burden, suggesting that Cav-1 may be a
critical protective modulator in animal sepsis [13]. Other studies have shown that Cav-1 may
have a tumour suppressive role. Cav-1 has been shown to inhibit a number of oncogenic signal-
ling pathways and function as a tumour/transformation suppressor [14]. In the lung, Cav-1
markedly ameliorated pulmonary fibrosis [15], airway remodeling [16], and was beneficial in
the fibrotic phase of lung injury [17]. Thus, Cav-1 has long been thought to play a protective
role in the inflammatory response.

However, other studies indicate that Cav-1 may be a potential therapeutic target [18]. A
high level of Cav-1 expression is associated with metastatic progression of human prostate can-
cer [19] and other cancers [20]. Evidence also suggests that Cav-1 may be involved in diabetes-
associated inflammation [21, 22], atherosclerosis [23], and cardiovascular diseases [24, 25].
Until now, only one study reported the role of Cav-1 in experimental colitis [26]. There it was
observed that Cav-1 was up-regulated during dextran sodium sulphate (DSS)-induced murine
colitis and a loss of Cav-1 significantly protected against inflammatory tissue damage. So, it
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was concluded endothelial Cav-1 mediates angiogenesis in experimental colitis, suggesting that
Cav-1 might be a novel therapeutic target for IBD [26].

Our group has developed vaccines against IL-12, IL-23 and TGB- for the treatment of IBD
and evaluated the effects of these vaccines in 2,4,6-trinitrobenzene sulphonic acid (TNBS)-in-
duced experimental mouse colitis [27-29], a colitis similar to human Crohn’s disease. Thus,
our original plan was to develop a vaccine targeting Cav-1 and, hopefully, alleviating colitis
symptoms. To our surprise, Cav-1 levels were significantly reduced in mice with TNBS-in-
duced colitis. In the present study, we reported this finding and analyzed the relationship of
Cav-1 and colonic inflammation. Furthermore, we investigated whether total loss of Cav-1
would worsen colonic inflammation in Cav-1 knockout mice, to confirm our finding. Thus, we
concluded that Cav-1 may play an important role in protection from TNBS-induced colitis. As
both reports of TNBS- and DSS-induced colitis studied Cav-1 knockout mice, providing evi-
dence of opposite effects, it is critical to be aware that in the evaluation of specific molecules in
animal models, there may be opposite results dependent on the pathogenetic mechanisms that
are involved.

Materials and Methods
Animals

Female Balb/c mice (7-8 weeks old) and female and male C57BL/6] mice (10-12 weeks) were
purchased from Charles River Laboratories (Saint-Constant, Quebec, Canada). Female C57BL/
6JBL/6] Cav-1 knock-out mice (Cavl™™/], 7-8 weeks old) and control C57BL/6] (Wild-type
B6129SF2/], 7-8 weeks) mice were purchased from Jackson Laboratories (Bar Harbor, Maine).
They were maintained at the Central Animal Care Services, University of Manitoba. All proto-
cols used were approved by the Bannatyne Animal Care Committee, Animal Care & Veterinary
Services, University of Manitoba (Protocol #13-055).

Protocols for induction of colitis

Experimental colitis was induced by intra-rectal administration of TNBS (Sigma-Aldrich,

St. Louis. MO). In acute colitis, Balb/c mice received 1 mg of TNBS and C57BL/6] mice re-
ceived 2.5 mg of TNBS at day 0 [(Balb/c: n = 12 (normal), n = 16 (TNBS); C57BL/6J: n =9
(Cav-17"TNBS),n =12 (wild-type TNBS), n = 3 (Cav-1 -/- normal), n = 7 (wild-type normal)].
In Balb/c mice chronic colitis was induced by weekly administration of increasing doses of
TNBS eight times (1.0-2.3 mg in 45% ethanol) as previously described [29, 30]. Mice were
lightly anesthetized with isoflurane, and then intrarectally administered TNBS in 45% ethanol
via a 3.5 F catheter affixed to a 1-mL syringe. The catheter was advanced into the rectum to a
point 4 cm proximal to the anal verge, and TNBS was injected in a total volume of 100 pl. To
ensure distribution of TNBS within the entire colon and cecum, mice were held in a vertical po-
sition for 50 seconds after the injection. Mice without TNBS administration served as controls.
Four days (acute) and ten days (chronic) after the last TNBS administration, mice were sacri-
ficed for sample collection (Fig. 1A).

Body weight and clinical scores

In TNBS-induced colitis, starting body weight was measured prior to TNBS administration
and weights were taken daily or weekly at the same time. Clinical scores were also determined
at that time based on a combination of our experience and previously reported description
[31]. Each mouse was observed and given a score (out of 20) based on appearance, behaviour,
body condition, stool consistency, and rectal bleeding. Each item was graded from 0 to 4 as
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Fig 1. TNBS-induced acute and chronic colitis for Balb/c mice (n = 12). (A) Protocol. In acute colitis, mice received TNBS (1.0 mg in 45% ethanol) on day
0 and were sacrificed on day 4. In chronic colitis, mice received TNBS (1.0-2.3 mg) at one week intervals and were sacrificed on week 8. (B) Body weight
changes measured through to week 8. Comparison of body weight between normal and TNBS on day 49, to determine ability to recover body weight, **p <

0.01

doi:10.1371/journal.pone.0119004.9001

below: appearance (0: normal, 1: ruffled, 2: hunched, 3: closed eyes, 4: sunken eyes), behaviour
(0: normal, 1: not moving, 2: depressed, 3: isolated, 4: hyperactive), body condition (0: emaciat-
ed, 1: under-conditioned, 2: well-conditioned, 3: over-conditioned, 4: obese), stool consistency
(0: small, firm, dry, non-adherent and friable, 1: small, firm, moist, adherent, 2: large, soft, very
adherent stool, 3: large, soft, pliable, 4: liquid stool)[31], and rectal bleeding (0: negative, 2: pos-
itive, 4: gross bleeding) [31].

Histological examination

Colon sections were fixed in 10% buffered formalin and embedded in paraftin. Paraffin-em-
bedded colon sections were cut (6-um), stained with hematoxylin and eosin (H&E) and exam-
ined using an Olympus IX51 light microscope equipped with CCD camera under control of
Image Pro Plus software (Media Cybernetics, Inc., Bethesda, MD). The sections of each group
of mice were assigned a random code to blind the examiners. Scores determined by severity of
inflammation 0-3; depth of injury 0-3; and crypt damage 0-4, as previously reported [32].
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Preparation of colon tissue extracts

Frozen colonic samples were mechanically homogenized in buffer containing 1M Tris-HCl,
3M NaCl, and 10% Triton supplemented with protease cocktail inhibitors (Sigma-Aldrich,

St. Louis. MO). Samples were then frozen (-70°C) and thawed (37°C) three times, followed by
centrifugation at 14,000 rpm for 30 min at 4°C. Supernatants were frozen at —70°C until assay.

Measurement of cytokines by enzyme linked immunosorbent assays
(ELISA)

Levels of TNF, IL-17, and IFN-y in colon tissue extracts were measured by ELISA according to
the manufacturer’s instructions (BD Bioscience, Franklin Lakes, NJ). The cytokine amount in
the extract was normalized, representing the amount of 100 milligrams of tissue proteins mea-
sured by Bio-Rad protein assay.

Measurement of Cav-1 levels by ELISA

To quantitatively measure Cav-1 levels, a sandwich ELISA was developed in which two com-
mercial purified polyclonal anti-Cav-1 antibodies were chosen. The capture antibody was rab-
bit anti-human Cav-1, generated from human recombinant Cav-1 (#610060, BD Transduction
Laboratories, Franklin Lakes, NJ). The detection antibody was an HRP-conjugated rabbit anti-
human Cav-1 antibody, raised against a peptide mapping at the N-terminus of Cav-1 of
human origin (#sc-894-HRP, Santa Cruz Biotechnology, Santa Cruz, California). To estimate
relative amount of Cav-1 and to avoid variations among assays, an in-house Cav-1 standard ex-
tract was prepared by pooling various samples known to have high levels of Cav-1 and defined
as 1000 units/ml. The standard extract was aliquoted and stored at —85°C. Negative controls
were taken from Cav-1 knock-out mice, where no Cav-1 levels were detectable.

Costar microwell plates were coated with 1 pg/well of capture antibody in 50 mM carbon-
ate/bicarbonate buffer, pH 9.6 (50 pl/well) and incubated overnight at 4°C. After three washes
with 0.02 M phosphate buffered saline (PBS) containing 0.05% Tween 20 (pH 7.4), the wells
were blocked with PBS containing 2.0% w/v BSA for 90 minutes at room temperature. Plates
were washed once and samples (50 pl/well; 1:100 dilution with 0.2% BSA PBS) and standard
extract dilutions (starting 1:20, 2-fold diluted for 11 dilutions) were added and incubated over-
night at 4°C. Plates were washed three times and 50 pl of detection antibody, diluted 1:2000 in
0.2% BSA PBS, were added. After incubation for 90 minutes at 37°C, plates were washed five
times and 50 ul/well of 3,3’,5,5” Tetramethylbenidine (TMB) liquid substrate system for ELISA
(Sigma-Aldrich, St. Louis. MO; T 0440) was added. Plates were incubated at room temperature,
in the dark, for 20 minutes. The absorbance was immediately read at 370 nm. The value of
Cav-1 was calculated by interpolation from the dilution curve of the standard extract and nor-
malized, representing the amount of 100 milligrams of tissue proteins.

Soluble collagen assay

Colon sections were homogenized in 0.5 M acetic acid containing 1 mg of pepsin (at a
concentration of 10 mg of tissue/5 ml of acetic acid solution). The resulting mixture was then
incubated and stirred for 24 h at 4°C. Total soluble collagen content of the mixture was then
determined with a Sircol Collagen Assay Kit (Biocolor) [33]. Acid soluble type I collagen sup-
plied with the kit was used to generate a standard curve. The results were normalized, repre-
senting the amount of 100 milligrams of tissue proteins.
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Fig 2. Histological analysis of colon sections stained with H&E in TNBS-induced colitis (n = 12). (A) Representative pictures in chronic colitis. (B)
Semi-quantitative evaluation. Colon sections were semi-quantitatively evaluated double-blindly by a pathologist. Scores determined by severity of
inflammation 0-3; depth of injury 0-3; and crypt damage 0—4. **p < 0.01; ***p < 0.001

doi:10.1371/journal.pone.0119004.9002

Statistical analyses

Values were expressed as mean * SD. Differences between experimental groups were assessed
by one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison
test, or unpaired t-tests (GraphPad Prism). P values < 0.05 were considered statistically
significant.

Results

In TNBS-induced colitis, body weight loss and colon inflammation are
significantly increased (Balb/c mice)

In acute colitis, on day 4, significant body weight changes were not seen between normal and
colitis mice, as obvious body weight loss usually occurs between days 1-3 after TNBS adminis-
tration. But, in chronic colitis, as expected, mice receiving TNBS administration(s) showed sig-
nificantly increased clinical scores (not shown) and body weight loss (102.3% vs. 99.8%,
normal vs. TNBS in chronic colitis; P <0.01) (Fig. 1B).

In both acute and chronic colitis, mice receiving TNBS also had significantly increased
colon inflammation. Fig. 2A shows represented colon inflammation images in chronic colitis,
which include distorted tissue architecture, inflammatory cell infiltrates and goblet cell reduc-
tion. Semi-quantitative analysis showed the difference between colitis and normal mice was
statistically significant (P < 0.01 in acute phase and P < 0.001 in chronic phase) (Fig. 2B).

Cav-1 levels are reduced while levels of inflammatory cytokines and
collagens are elevated in TNBS-induced chronic colitis (Balb/c mice)

To explore the relationship of Cav-1 and inflammatory cytokine levels, the levels of Cav-1 and
inflammatory cytokines IFN-y, TNF and IL-17 in colon tissue extracts were determined in
mice with acute and chronic TNBS-induced colitis, using ELISA. To our surprise, mice receiv-
ing TNBS with chronic colitis had significantly lower levels of Cav-1 than normal mice (P <
0.0001) (Fig. 3A), although the changes in acute colitis were not significant. For all three cyto-
kines assayed, mice that received TNBS showed increased levels when compared with normal
mice (P’s < 0.01 for TNF and IL-17 levels and P < 0.05 for IFN- y in chronic colitis) (Fig. 3B,
C,D). In acute colitis, elevated cytokine levels were not significantly higher compared to normal
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Fig 3. Colon caveolin-1, cytokine levels and soluble collagens in TNBS-induced colitis (n = 12). (A)
Cav-1 levels detected by ELISA. (B) (C) (D)). Levels of IFN-y, IL-17 and TNF measured by ELISA. (E) Soluble
collagens measured by a Sircol Collagen Assay kit. Average of duplicate values taken. *p < 0.05 **p < 0.01;
*¥*p < 0.001

doi:10.1371/journal.pone.0119004.9003

mice. As fibrosis is a characteristic of chronic inflammation, soluble collagens in colon extracts
were quantitatively measured. The results showed that the amounts of collagen were signifi-
cantly increased in mice with chronic colitis, confirming the establishment of chronic colitis.

Cav-1 levels inversely correlate with colon inflammation and cytokine
levels

To determine the correlation between colon Cav-1 levels and inflammation or cytokine levels
in acute and chronic colitis, a correlation analysis was performed. In chronic colitis, colon Cav-
1 levels were significantly and inversely correlated with colon inflammatory scores in (P <
0.0003, r = -0.828) (Fig. 4), and also inversely correlated with IL-17 and TNF, but not IEN, lev-
els (P < 0.01; r = -0.641 for IL-17; P < 0.02, r = -0.624 for TNF). However, statistically signifi-
cant correlations were not found in acute colitis (data not shown).

Genetic deletion of Cav-1 results in increased clinical symptoms in
TNBS-induced colitis (C57BL/6J mice)

To further confirm our findings that Cav-1 plays a protective role in TNBS-induced colitis,
mice genetically deficient in Cav-1 (Cav-1"") underwent induction of acute TNBS-induced co-
litis. As shown in Fig. 5A, Cav-17" mice receiving TNBS have increased body weight loss and
higher clinical scoring, when compared with wild-type mice receiving TNBS (Fig. 5A). Also,
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Fig 4. Correlations of colon Cav-1 levels with inflammation and cytokine levels in chronic colitis
model.

doi:10.1371/journal.pone.0119004.g004
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Fig 5. Acute TNBS-induced colitis for C57BL/6J Cav-1 knockout mice. (A) Body weight and clinical
scores. (B) Colon inflammation. (C) Cav-1 levels determined through ELISA. Average of duplicate values
taken. n =9 in Cav-1-/- TNBS, n = 12 in wild-type TNBS, n = 3 in Cav-1-/- normal, n = 7 in wild-type normal.
*p < 0.05; **p < 0.01; ***p < 0.001

doi:10.1371/journal.pone.0119004.g005

histological analysis revealed that these mice had more severe colonic inflammation including
inflammatory cell infiltration and distorted tissue architecture (which was confirmed by semi-
quantitatively analysis (P < 0.01), compared with their wild-type counterparts (Cav-1*'")
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receiving TNBS (Fig. 5B). As shown in Fig. 5C, ELISA results show that Cav-1"" mice have
non-detectable Cav-1 levels.

Taking together, the above data indicate that Cav-1 may actually play a protective role in
modulating disease activity and tissue inflammation in murine TNBS-induced colitis.

Cav-1 levels are decreased in TNBS-induced colitis of C57BL/6J mice

To determine, whether Cav-1 levels were different in different species, wild-type C57BL/6]
mice received one dose of TNBS administration. Colonic Cav-1 levels were assayed. The results
were the same as those in TNBS-induced colitis in Balb/c mice. As shown in Fig. 5C, Cav-1 lev-
els are significantly decreased in wild-type C57BL/6] mice receiving TNBS (WT TNBS) when
compared to wild-type normal mice (WT Normal) (P < 0.05).

Discussion

Employing a TNBS-induced murine colitis model, we induced both acute and chronic colitis in
Balb/c mice and acute colitis in C57BL/6] Cav-1"" and wild-type mice. To quantitatively deter-
mine colonic Cav-1 levels, we developed a sandwich ELISA. We found that colonic Cav-1 levels
were reduced in mice with TNBS-induced acute (statistical significance was not reached) and
statistically significantly reduced in chronic colitis in both Balb/c (Fig. 3A) and C57BL/6]

(Fig. 5C) mice. Mice receiving TNBS had significantly decreased Cav-1 levels (P < 0.0001 in
chronic colitis) compared to that reported in the DSS-induced colitis model [26]. Further in-
vestigation showed that Cav-1 levels inversely correlated significantly with colonic inflamma-
tion and levels of inflammatory cytokines IL-17 and TNF (P’s < 0.02) (Fig. 4). Thus, Cav-1
might actually play a protective role in TNBS-induced colitis, which deserves to be explored
turther.

To confirm our findings in TNBS-induced colitis, Cav-1 knock-out mice were used to
determine what effect the complete loss of caveolin-1 would have on inflammation in TNBS-
induced experimental colitis. Mice lacking Cav-1 (Cav-1"") and receiving TNBS showed de-
creased body weight recovery and increased clinical scores, compared to wild-type mice receiv-
ing TNBS (Cav-1*"") (Fig. 5A). After H&E staining, colon sections were semi-quantitatively
evaluated blinded, by a pathologist. Cav-1"" mice receiving TNBS showed signs of more severe
colon inflammation than control wild-type mice (Cav-1""%) receiving TNBS (Fig. 5B). This
supports our previous findings, suggesting that Cav-1 might play a protective role in TNBS-in-
duced intestinal inflammation.

This protective role could be due to the involvement of Cav-1 in cellular signalling. During
caveolae-dependent signalling, Cav-1 acts as a scaffold protein—it collects and organizes vari-
ous signalling complexes involved in diverse cell activities [9]. As a result, removing or mutat-
ing caveolin-1 may affect a number of disease processes. Cav-1 has been shown to have several
anti-inflammatory effects: through the regulation of endothelial nitric oxide synthase (eNOS),
which is involved with the hyperaemia and permeability changes association with acute inflam-
mation [34]; by inhibiting inflammatory mediators and promoting anti-inflammatory cyto-
kines through alveolar macrophages [35]; or by suppressing airway smooth muscle cell
proliferation and orchestrating receptor-mediated signal transduction that regulates phenotype
expression of airway smooth muscle cells [36]. Studies have also reported that Cav-1 protects
against sepsis by modulating the inflammatory response, alleviating bacterial burden, and sup-
pressing thymocyte apoptosis [13].

Studies have also indicated that Cav-1 has an inhibitory effect on cytokine production
through different mechanisms [15]. It has been widely accepted that Crohn's disease is caused
by an overly aggressive Th1 and Th17 immune response [3]. The IL-23/Th17 pathway is also
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critical for the development of chronic intestinal inflammation [37]. Recent studies demon-
strate Cav-1’s involvement with Toll-like receptor 4 (TLR4) in peritoneal macrophages, strong-
ly suggesting that regulation of TLR4 function may occur within caveolae or lipid raft
microdomains [38, 39]. In fact, Wang et al [38], found Cav-1 binding motifs within the amino
acid sequence of murine TLR4. Mutating this biding site abolished the interaction and reversed
the inhibitory effect of Cav-1 on cytokine regulation (TNF, IL-6), indicating that Cav-1 is able
to inhibit TNF production through the activation of TLR4. Thus, as we have seen in TNBS-in-
duced experimental colitis, a decrease in Cav-1 levels results in a higher TNF output, possibly
due to a loss of TLR4 regulation. In addition, experiments done by Tang et al, showed that
TLR4 activation is required for IL-17-induced tissue inflammation and wasting [40]. Once
again, since we saw an inverse correlation between Cav-1 and IL-17 levels, we may speculate
that less Cav-1 results in reversed inhibitory effects through TLR4, therefore leading to the in-
crease of IL-17. Studies have also reported that Cav-1 can inhibit TGFp signaling and reduced
Cav-1 expression is associated with the activation of TGFp signaling [16]. Taken together,

the above studies of Cav-1’s anti-inflammatory effects support our findings in TNBS-induced
colitis.

In a previous report, in DSS-induced mouse colitis, compared with normal mice, Cav-1 lev-
els were increased, and genetic deletion (Cav- 17" mice) or pharmacologic inhibition of Cav-1
significantly decreased vascular density and angiogenesis scores [26]. Both this previous study
and our current studies used Cav-1 knockout mice to explore the role of Cav-1 in colitis. The
only difference between the two studies is the different type of mouse models of colitis used.
There are possible explanations for these opposing findings of the role of Cav-1 in experimen-
tal mouse colitis in the two studies. First, the animal models used are different. IBD is a com-
plex interaction of genes, environment, and intestinal flora. Much of what we know about IBD
is gathered from our use of animal models that, although having similar characteristics of IBD,
have their differences in pathogenesis. TNBS-induced colitis and dextran sodium sulphate
(DSS)-induced colitis, are commonly used in studies, often without significant conflicting re-
sults [41-43]. However differences exist. Intrarectal delivery of TNBS induces colitis by hapte-
nation of colonic proteins, leading to a delayed-type hypersensitivity reaction by causing Th1
and Th17 responses. This TNBS model is useful to study T cell-dependent mucosal immune re-
sponses, such as Crohn’s disease [44]. Also, the 45% ethanol contained in TNBS solution can
elicit epithelial injury and it is therefore possible that healing or bacterial translocation re-
sponses may be altered by loss of Cav-1 expression. On the other hand, drinking water contain-
ing DSS is directly toxic to gut epithelial cells of the basal crypts and therefore may affect the
integrity of the mucosal barrier, similar to changes in ulcerative colitis [45]. As T- and B-cell
deficient C.B-17 SCID or Ragl "~ mice also develop severe colitis, the adaptive immune system
most likely does not play a major role (at least in the acute phase) in this DSS-colitis model
[46]. Hence, the acute DSS colitis model is a particularly useful one to study the involvement of
innate immune mechanisms in colitis. In addition, in the two mouse models, distinctive dis-
ease-specific cytokine profiles are identified. TNBS-induced colitis exhibits heightened Th1/
Th17 responses (increased IL-12 and IL-17) as the disease becomes chronic. In contrast, DSS-
induced colitis switches from Th1/Th17-mediated acute inflammation (increased TNF-alpha,
IL6, IL-17, and KC) to a predominant Th2-mediated inflammatory response in the chronic
state [47]. Taken together, although in T cell-independent colitis, such as DSS-induced colitis,
Cav-1 exacerbates the disease, as previously reported [26], in T cell-dependent colitis induced
by TNBS, mice that lack Cav-1 (Cav-17") actually have less severe inflammation compared
to controls.

Second, Cav-1 is a very complex membrane protein. Evidence indicates that caveolin-1
function is cell context dependent, resulting in different roles in diseases depending on stage or
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type, which may explain differences even between the two DSS studies. Studies have shown
that Cav-1 can play opposite roles in the same disease. Cav-1 can act as both a tumor suppres-
sor and as a tumor promoter [48]. In breast cancer cells, Cav-1 expression is significantly low-
ered when compared with normal breast tissue [49]. This decrease in Cav-1 expression
(mRNA and protein level) was also seen in gastric, colon, and ovarian cancer cell lines [50-52].
On the other hand, caveolin-1 expression was elevated in carcinoma of the thyroid [53], associ-
ated with tumor dedifferentiation in bladder cancer [54], and enhanced the invasive capability
of lung cancer cells lines [55].

Cav-1 may positively or negatively influence the development of atherosclerosis, depending
on the cell type and the metabolic pathways regulated by this protein. Endothelial-specific
overexpression of caveolin-1 accelerates atherosclerosis in apolipoprotein E-deficient mice
[23], whereas, PPARgammal-induced caveolin-1 attenuates atherosclerosis in apolipoprotein
E-deficient mice [56]. In the cardiovascular system, one study shows that Cav-1 induces car-
dio-protection through epigenetic regulation [25], however, in biventricular damaged rodents,
Cav-1 knock-out mice displayed decreased damage as well as decreased transcript levels of the
proinflammatory marker plasminogen activator inhibitor-1 [57].

In lung injury, Cav-1 switches roles depending on the stage of the disease. In the initial state
of acute lung injury, Cav-1 contributes to polymorphonuclear neutrophil-mediated inflamma-
tion, vascular injury and non-cardiogenic pulmonary edema. Yet in the late stage, Cav-1 may
be beneficial as a potential antifibrotic protein [15, 17].

Many factors have been suggested as the cause of IBD, which appears to be an extremely
complex disorder with a combination of genetic and environmental factors, enteric flora, and
immunological abnormalities contributing [3, 58]. Given the role that Cav-1 plays in a number
of cytokine signaling pathways and the fact that it can positively and negatively influence vari-
ous diseases, it is not surprising that our finding of a protective role of Cav-1 in one model of
IBD is different to that previously reported in an alternative model[26].

Conclusions

We have found that in TNBS-induced colitis, colon Cav-1 levels are reduced and inversely cor-
related with colon inflammation and pro-inflammatory cytokine levels significantly. Moreover,
mice that completely lack Cav-1 (Cav-1"" mice) have more severe clinical symptoms and co-
lonic inflammation than control mice (Cav-1*"*) after TNBS challenge. The above results sug-
gest that Cav-1 may play an important role in the protection of TNBS-induced colitis, and that
enhancement of Cav-1 may be beneficial to IBD treatment. More importantly, as the results
are opposite to those previously reported, it raises a critical issue regarding the evaluation of a
molecule or treatment approach in animals: varying models might produce opposite results as
different mechanisms are involved.

To explore the role of Cav-1 in inflammatory bowel disease, studies of patients with Crohn’s
disease or ulcerative colitis should be carried out to define whether colonic levels of Cav-1 are
positively or inversely correlated with the severity of the disease and to determine the
mechanisms involved.

Author Contributions

Conceived and designed the experiments: CRW QG YM ZP. Performed the experiments:
CRW QG GQ. Analyzed the data: CRW QG YM ZP. Wrote the paper: CRW QG CNB RJW
ZP.

PLOS ONE | DOI:10.1371/journal.pone.0119004 March 10, 2015 12/16



@’PLOS | ONE

Protective Role of Caveolin-1 in Intestinal Inflammation

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kappelman MD, Rifas-Shiman SL, Porter CQ, Ollendorf DA, Sandler RS, Galanko JA, et al. Direct
health care costs of Crohn's disease and ulcerative colitis in US children and adults. Gastroenterology.
2008; 135(6):1907—13. PMID: 18854185. doi: 10.1053/j.gastr0.2008.09.012

Bernstein CN, Wajda A, Svenson LW, MacKenzie A, Koehoorn M, Jackson M, et al. The epidemiology
of inflammatory bowel disease in Canada: a population-based study. Am J Gastroenterol. 2006; 101
(7):1559-68. PMID: 16863561.

Bouma G, Strober W. The immunological and genetic basis of inflammatory bowel disease. Nat Rev
Immunol. 2003; 3(7):521-33. PMID: 12876555.

Kaser A, Zeissig S, Blumberg RS. Inflammatory bowel disease. Annu Rev Immunol. 2010; 28:573—
621. Epub 2010/03/03. doi: 10.1146/annurev-immunol-030409-101225 PMID: 20192811.

Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel disease. Nature. 2007;
448(7152):427-34. PMID: 17653185.

Pizarro TT, Cominelli F. Cytokine therapy for Crohn's disease: advances in translational research.
Annu Rev Med. 2007; 58:433-44. PMID: 17217333.

Abraham C, Cho JH. Inflammatory bowel disease. N Engl J Med. 2009; 361(21):2066—78. Epub 2009/
11/20. doi: 361/21/2066 [pii] doi: 10.1056/NEJMra0804647 PMID: 19923578.

Maul J, Zeitz M. Ulcerative colitis: immune function, tissue fibrosis and current therapeutic consider-
ations. Langenbecks Arch Surg. 2012; 397(1):1-10. Epub 2011/04/12. doi: 10.1007/s00423-011-0789-
4 PMID: 21479621.

Williams TM, Lisanti MP. The Caveolin genes: from cell biology to medicine. Ann Med. 2004; 36
(8):584-95. Epub 2005/03/17. PMID: 15768830.

Rothberg KG, Heuser JE, Donzell WC, Ying YS, Glenney JR, Anderson RG. Caveolin, a protein com-
ponent of caveolae membrane coats. Cell. 1992; 68(4):673-82. Epub 1992/02/21. doi: 0092-8674(92)
90143-Z [pii]. PMID: 1739974.

Harvey RD, Calaghan SC. Caveolae create local signalling domains through their distinct protein con-
tent, lipid profile and morphology. J Mol Cell Cardiol. 2011. Epub 2011/07/26. doi: S0022-2828(11)
00271-9 [pii] doi: 10.1016/j.yjmcc.2011.07.007 PMID: 21782827.

Krajewska WM, Maslowska I. Caveolins: structure and function in signal transduction. Cell Mol Biol
Lett. 2004; 9(2):195-220. Epub 2004/06/24. PMID: 15213803.

FengH, Guo L, Song Z, Gao H, Wang D, Fu W, et al. Caveolin-1 protects against sepsis by modulating
inflammatory response, alleviating bacterial burden, and suppressing thymocyte apoptosis. J Biol
Chem. 2010; 285(33):25154—60. Epub 2010/06/11. doi: M110.116897 [pii] doi: 10.1074/jbc.M110.
116897 PMID: 20534584; PubMed Central PMCID: PMC2919077.

Bouras T, Lisanti MP, Pestell RG. Caveolin-1 in breast cancer. Cancer Biol Ther. 2004; 3(10):931-41.
Epub 2004/11/13. doi: 1147 [pii]. PMID: 15539932.

Wang XM, Zhang Y, Kim HP, Zhou Z, Feghali-Bostwick CA, Liu F, et al. Caveolin-1: a critical regulator
of lung fibrosis in idiopathic pulmonary fibrosis. J Exp Med. 2006; 203(13):2895-906. Epub 2006/12/21.
doi: jem.20061536 [pii] doi: 10.1084/jem.20061536 PMID: 17178917; PubMed Central PMCID:
PMC1850940.

Le Saux CJ, Teeters K, Miyasato SK, Hoffmann PR, Bollt O, Douet V, et al. Down-regulation of caveo-
lin-1, an inhibitor of transforming growth factor-beta signaling, in acute allergen-induced airway remod-
eling. J Biol Chem. 2008; 283(9):5760-8. Epub 2007/12/07. doi: M701572200 [pii] doi: 10.1074/jbc.
M701572200 PMID: 18056268.

Jin'Y, Lee SJ, Minshall RD, Choi AM. Caveolin-1: a critical regulator of lung injury. Am J Physiol Lung
Cell Mol Physiol. 2011; 300(2):L151-60. Epub 2010/11/26. doi: ajplung.00170.2010 [pii] doi: 10.1152/
ajplung.00170.2010 PMID: 21097526.

Cohen AW, Hnasko R, Schubert W, Lisanti MP. Role of caveolae and caveolins in health and disease.
Physiol Rev. 2004; 84(4):1341-79. Epub 2004/09/24. 84/4/1341 [pii]. doi: 10.1152/physrev.00046.
2003 PMID: 15383654.

Thompson TC, Tahir SA, Li L, Watanabe M, Naruishi K, Yang G, et al. The role of caveolin-1 in prostate
cancer: clinical implications. Prostate Cancer Prostatic Dis. 2010; 13(1):6—11. Epub 2009/07/08. doi:
pcan200929 [pii] doi: 10.1038/pcan.2009.29 PMID: 19581923; PubMed Central PMCID:
PMC2887695.

Kato K, Hida Y, Miyamoto M, Hashida H, Shinohara T, ltoh T, et al. Overexpression of caveolin-1in
esophageal squamous cell carcinoma correlates with lymph node metastasis and pathologic stage.
Cancer. 2002; 94(4):929-33. Epub 2002/03/29. [pii]. doi: 10.1002/cncr.10329 PMID: 11920460.

PLOS ONE | DOI:10.1371/journal.pone.0119004 March 10, 2015 13/16


http://www.ncbi.nlm.nih.gov/pubmed/18854185
http://dx.doi.org/10.1053/j.gastro.2008.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16863561
http://www.ncbi.nlm.nih.gov/pubmed/12876555
http://dx.doi.org/10.1146/annurev-immunol-030409-101225
http://www.ncbi.nlm.nih.gov/pubmed/20192811
http://www.ncbi.nlm.nih.gov/pubmed/17653185
http://www.ncbi.nlm.nih.gov/pubmed/17217333
http://dx.doi.org/10.1056/NEJMra0804647
http://www.ncbi.nlm.nih.gov/pubmed/19923578
http://dx.doi.org/10.1007/s00423-011-0789-4
http://dx.doi.org/10.1007/s00423-011-0789-4
http://www.ncbi.nlm.nih.gov/pubmed/21479621
http://www.ncbi.nlm.nih.gov/pubmed/15768830
http://www.ncbi.nlm.nih.gov/pubmed/1739974
http://dx.doi.org/10.1016/j.yjmcc.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21782827
http://www.ncbi.nlm.nih.gov/pubmed/15213803
http://dx.doi.org/10.1074/jbc.M110.116897
http://dx.doi.org/10.1074/jbc.M110.116897
http://www.ncbi.nlm.nih.gov/pubmed/20534584
http://www.ncbi.nlm.nih.gov/pubmed/15539932
http://dx.doi.org/10.1084/jem.20061536
http://www.ncbi.nlm.nih.gov/pubmed/17178917
http://dx.doi.org/10.1074/jbc.M701572200
http://dx.doi.org/10.1074/jbc.M701572200
http://www.ncbi.nlm.nih.gov/pubmed/18056268
http://dx.doi.org/10.1152/ajplung.00170.2010
http://dx.doi.org/10.1152/ajplung.00170.2010
http://www.ncbi.nlm.nih.gov/pubmed/21097526
http://dx.doi.org/10.1152/physrev.00046.2003
http://dx.doi.org/10.1152/physrev.00046.2003
http://www.ncbi.nlm.nih.gov/pubmed/15383654
http://dx.doi.org/10.1038/pcan.2009.29
http://www.ncbi.nlm.nih.gov/pubmed/19581923
http://dx.doi.org/10.1002/cncr.10329
http://www.ncbi.nlm.nih.gov/pubmed/11920460

@’PLOS | ONE

Protective Role of Caveolin-1 in Intestinal Inflammation

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Yamamoto M, Toya Y, Schwencke C, Lisanti MP, Myers MG Jr., Ishikawa Y. Caveolin is an activator of
insulin receptor signaling. J Biol Chem. 1998; 273(41):26962-8. Epub 1998/10/03. PMID: 9756945.

Fagerholm S, Ortegren U, Karlsson M, Ruishalme |, Stralfors P. Rapid insulin-dependent endocytosis
of the insulin receptor by caveolae in primary adipocytes. PLOS ONE. 2009; 4(6):5985. Epub 2009/
06/23. doi: 10.1371/journal.pone.0005985 PMID: 19543529; PubMed Central PMCID: PMC2695004.

Fernandez-Hernando C, Yu J, Davalos A, Prendergast J, Sessa WC. Endothelial-specific overexpres-
sion of caveolin-1 accelerates atherosclerosis in apolipoprotein E-deficient mice. Am J Pathol. 2010;
177(2):998—-1003. Epub 2010/06/29. doi: S0002-9440(10)60154-X [pii] doi: 10.2353/ajpath.2010.
091287 PMID: 20581061; PubMed Central PMCID: PMC2913373.

Murata T, Lin MI, Huang Y, Yu J, Bauer PM, Giordano FJ, et al. Reexpression of caveolin-1 in endothe-
lium rescues the vascular, cardiac, and pulmonary defects in global caveolin-1 knockout mice. J Exp
Med. 2007; 204(10):2373-82. Epub 2007/09/26. doi: jem.20062340 [pii] doi: 10.1084/jem.20062340
PMID: 17893196; PubMed Central PMCID: PMC2118452.

Das M, Das DK. Caveolae, caveolin, and cavins: Potential targets for the treatment of cardiac disease.
Ann Med. 2011. Epub 2011/06/10. doi: 10.3109/07853890.2011.577445 PMID: 21651441.

Chidlow JH Jr., Greer JJ, Anthoni C, Bernatchez P, Fernandez-Hernando C, Bruce M, et al. Endothelial
caveolin-1 regulates pathologic angiogenesis in a mouse model of colitis. Gastroenterology. 2009; 136
(2):575-84 e2. Epub 2008/12/30. doi: S0016-5085(08)02038-6 [pii] doi: 10.1053/j.gastro.2008.10.085
PMID: 19111727.

Guan Q, Ma Y, Hillman CL, Ma A, Zhou G, Qing G, et al. Development of recombinant vaccines against
IL-12/IL-23 p40 and in vivo evaluation of their effects in the downregulation of intestinal inflammation in
murine colitis. Vaccine. 2009; 27(50):7096—104. PMID: 19786142. doi: 10.1016/j.vaccine.2009.09.058

Ma'Y, Guan Q, Bai A, Weiss CR, Hillman C, Ma AG, et al. Targeting TGF-beta1 by employing a vaccine
ameliorates fibrosis in a mouse model of chronic colitis. Inflamm Bowel Dis. 2010; 16:1040-50. doi: 10.
1002/ibd.21167 PMID: 19924805

Guan Q, Ma Y, Hillman CL, Qing G, Ma AG, Weiss CR, et al. Targeting IL-12/IL-23 by employing a p40
peptide-based vaccine ameliorates TNBS-induced acute and chronic murine colitis. Mol Med. 2011; 17
(7-8):646—-56. Epub 2011/03/23. molmed.2010.00252 [pii]. doi: 10.2119/molmed.2010.00252 PMID:
21424108; PubMed Central PMCID: PMC3146622.

Fichtner-Feigl S, Fuss IJ, Young CA, Watanabe T, Geissler EK, Schlitt HJ, et al. Induction of IL-13 trig-
gers TGF-beta1-dependent tissue fibrosis in chronic 2,4,6-trinitrobenzene sulfonic acid colitis. J Immu-
nol. 2007; 178(9):5859-70. PMID: 17442970.

Kim HS, Berstad A. Experimental colitis in animal models. Scand J Gastroenterol. 1992; 27(7):529-37.
Epub 1992/07/01. PMID: 1641579.

Dieleman LA, Palmen MJ, Akol H, Bloemena E, Pena AS, Meuwissen SG, et al. Chronic experimental
colitis induced by dextran sulphate sodium (DSS) is characterized by Th1 and Th2 cytokines. Clin Exp
Immunol. 1998; 114(3):385-91. Epub 1998/12/09. PubMed PMID: 9844047; PubMed Central PMCID:
PMCPMID: 1905133.

Kitani A, Fuss |, Nakamura K, Kumaki F, Usui T, Strober W. Transforming growth factor (TGF)-beta1-
producing regulatory T cells induce Smad-mediated interleukin 10 secretion that facilitates coordinated
immunoregulatory activity and amelioration of TGF-beta1-mediated fibrosis. J Exp Med. 2003; 198
(8):1179-88. Epub 2003/10/15. jem.20030917 [pii]. doi: 10.1084/jem.20030917 PMID: 14557415;
PubMed Central PMCID: PMC2194234.

Bucci M, Gratton JP, Rudic RD, Acevedo L, Roviezzo F, Cirino G, et al. In vivo delivery of the caveolin-
1 scaffolding domain inhibits nitric oxide synthesis and reduces inflammation. Nat Med. 2000; 6
(12):1362—7. Epub 2000/12/02. doi: 10.1038/82176 PMID: 11100121.

Garrean S, Gao XP, Brovkovych V, Shimizu J, Zhao YY, Vogel SM, et al. Caveolin-1 regulates NF-kap-
paB activation and lung inflammatory response to sepsis induced by lipopolysaccharide. J Immunol.
2006; 177(7):4853—60. Epub 2006/09/20. doi: 177/7/4853 [pii]. PMID: 16982927.

Halayko AJ, Tran T, Gosens R. Phenotype and functional plasticity of airway smooth muscle: role of
caveolae and caveolins. Proc Am Thorac Soc. 2008; 5(1):80-8. Epub 2007/12/21. doi: 5/1/80 [pii] doi:
10.1513/pats.200705-057VS PMID: 18094089.

McGovern D, Powrie F. The IL23 axis plays a key role in the pathogenesis of IBD. Gut. 2007; 56
(10):1333-6. PMID: 17872562.

Wang XM, Kim HP, Nakahira K, Ryter SW, Choi AM. The heme oxygenase-1/carbon monoxide path-
way suppresses TLR4 signaling by regulating the interaction of TLR4 with caveolin-1. J Immunol. 2009;
182(6):3809—-18. Epub 2009/03/07. doi: 182/6/3809 [pii] doi: 10.4049/jimmunol.0712437 PMID:
19265160.

PLOS ONE | DOI:10.1371/journal.pone.0119004 March 10, 2015 14/16


http://www.ncbi.nlm.nih.gov/pubmed/9756945
http://dx.doi.org/10.1371/journal.pone.0005985
http://www.ncbi.nlm.nih.gov/pubmed/19543529
http://dx.doi.org/10.2353/ajpath.2010.091287
http://dx.doi.org/10.2353/ajpath.2010.091287
http://www.ncbi.nlm.nih.gov/pubmed/20581061
http://dx.doi.org/10.1084/jem.20062340
http://www.ncbi.nlm.nih.gov/pubmed/17893196
http://dx.doi.org/10.3109/07853890.2011.577445
http://www.ncbi.nlm.nih.gov/pubmed/21651441
http://dx.doi.org/10.1053/j.gastro.2008.10.085
http://www.ncbi.nlm.nih.gov/pubmed/19111727
http://www.ncbi.nlm.nih.gov/pubmed/19786142
http://dx.doi.org/10.1016/j.vaccine.2009.09.058
http://dx.doi.org/10.1002/ibd.21167
http://dx.doi.org/10.1002/ibd.21167
http://www.ncbi.nlm.nih.gov/pubmed/19924805
http://dx.doi.org/10.2119/molmed.2010.00252
http://www.ncbi.nlm.nih.gov/pubmed/21424108
http://www.ncbi.nlm.nih.gov/pubmed/17442970
http://www.ncbi.nlm.nih.gov/pubmed/1641579
http://www.ncbi.nlm.nih.gov/pubmed/1905133
http://dx.doi.org/10.1084/jem.20030917
http://www.ncbi.nlm.nih.gov/pubmed/14557415
http://dx.doi.org/10.1038/82176
http://www.ncbi.nlm.nih.gov/pubmed/11100121
http://www.ncbi.nlm.nih.gov/pubmed/16982927
http://dx.doi.org/10.1513/pats.200705-057VS
http://www.ncbi.nlm.nih.gov/pubmed/18094089
http://www.ncbi.nlm.nih.gov/pubmed/17872562
http://dx.doi.org/10.4049/jimmunol.0712437
http://www.ncbi.nlm.nih.gov/pubmed/19265160

@’PLOS | ONE

Protective Role of Caveolin-1 in Intestinal Inflammation

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Tsai TH, Chen SF, Huang TY, Tzeng CF, Chiang AS, Kou YR, et al. Impaired Cd14 and Cd36 expres-
sion, bacterial clearance, and Toll-like receptor 4-Myd88 signaling in caveolin-1-deleted macrophages
and mice. Shock. 2011; 35(1):92-9. Epub 2010/07/06. doi: 10.1097/SHK.0b013e3181ea45ca PMID:
20601931.

Tang H, Pang S, Wang M, Xiao X, Rong Y, Wang H, et al. TLR4 activation is required for IL-17-induced
multiple tissue inflammation and wasting in mice. J Immunol. 2010; 185(4):2563—-9. Epub 2010/07/16.
doi: jimmunol.0903664 [pii] doi: 10.4049/jimmunol.0903664 PMID: 20631308.

Watanabe S, Arimura Y, Nagaishi K, Isshiki H, Onodera K, Nasuno M, et al. Conditioned mesenchymal
stem cells produce pleiotropic gut trophic factors. J Gastroenterol. 2014; 49(2):270-82. Epub 2013/11/
13. doi: 10.1007/s00535-013-0901-3 PMID: 24217964.

Yamamoto A, Itoh T, Nasu R, Nishida R. Effect of sodium alginate on dextran sulfate sodium- and
2,4,6-trinitrobenzene sulfonic acid-induced experimental colitis in mice. Pharmacology. 2013; 92(1—
2):108-16. Epub 2013/08/31. 000353192 [pii]. doi: 10.1159/000353192 PMID: 23989450.

Bar F, Bochmann W, Widok A, von Medem K, Pagel R, Hirose M, et al. Mitochondrial gene polymor-
phisms that protect mice from colitis. Gastroenterology. 2013; 145(5):1055-63 e€3. Epub 2013/07/23.
S0016-5085(13)01043-3 [pii]. doi: 10.1053/j.gastr0.2013.07.015 PMID: 23872498.

Neurath MF, Fuss |, Kelsall BL, Stuber E, Strober W. Antibodies to interleukin 12 abrogate established
experimental colitis in mice. J Exp Med. 1995; 182(5):1281-90. PMID: 7595199.

Wirtz S, Neurath MF. Mouse models of inflammatory bowel disease. Adv Drug Deliv Rev. 2007; 59
(11):1073-83. PMID: 17825455,

Dieleman LA, Ridwan BU, Tennyson GS, Beagley KW, Bucy RP, Elson CO. Dextran sulfate sodium-in-
duced colitis occurs in severe combined immunodeficient mice. Gastroenterology. 1994; 107(6):1643—
52. PMID: 7958674.

Alex P, Zachos NC, Nguyen T, Gonzales L, Chen TE, Conklin LS, et al. Distinct cytokine patterns identi-
fied from multiplex profiles of murine DSS and TNBS-induced colitis. Inflamm Bowel Dis. 2009; 15
(3):341-52. PMID: 18942757. doi: 10.1002/ibd.20753

Sainz-Jaspeado M, Martin-Liberal J, Lagares-Tena L, Mateo-Lozano S, Garcia del Muro X, Tirado OM.
Caveolin-1in sarcomas: friend or foe? Oncotarget. 2011; 2(4):305-12. Epub 2011/04/08. doi: 255 [pii].
PMID: 21471610.

Lee SW, Reimer CL, Oh P, Campbell DB, Schnitzer JE. Tumor cell growth inhibition by caveolin re-ex-
pression in human breast cancer cells. Oncogene. 1998; 16(11):1391-7. Epub 1998/04/03. doi: 10.
1038/sj.onc.1201661 PMID: 9525738.

Juhasz M, Chen J, Tulassay Z, Malfertheiner P, Ebert MP. Expression of caveolin-1 in gastrointestinal
and extraintestinal cancers. J Cancer Res Clin Oncol. 2003; 129(9):493-7. Epub 2003/08/05. doi: 10.
1007/s00432-003-0468-0 PMID: 12898235.

Bender FC, Reymond MA, Bron C, Quest AF. Caveolin-1 levels are down-regulated in human colon tu-
mors, and ectopic expression of caveolin-1 in colon carcinoma cell lines reduces cell tumorigenicity.
Cancer Res. 2000; 60(20):5870-8. Epub 2000/11/04. PMID: 11059785.

Wiechen K, Diatchenko L, Agoulnik A, Scharff KM, Schober H, Arlt K, et al. Caveolin-1 is down-regulat-
ed in human ovarian carcinoma and acts as a candidate tumor suppressor gene. Am J Pathol. 2001;
159(5):1635—43. Epub 2001/11/07. doi: S0002-9440(10)63010-6 [pii] doi: 10.1016/S0002-9440(10)
63010-6 PMID: 11696424; PubMed Central PMCID: PMC1867061.

Ito Y, Yoshida H, Nakano K, Kobayashi K, Yokozawa T, Hirai K, et al. Caveolin-1 overexpression is an
early event in the progression of papillary carcinoma of the thyroid. Br J Cancer. 2002; 86(6):912—6.
Epub 2002/04/16. doi: 10.1038/sj.bjc.6600172 PMID: 11953823; PubMed Central PMCID:
PMC2364165.

Rajjayabun PH, Garg S, Durkan GC, Charlton R, Robinson MC, Mellon JK. Caveolin-1 expression is
associated with high-grade bladder cancer. Urology. 2001; 58(5):811—4. Epub 2001/11/17. doi: SO090-
4295(01)01337-1 [pii]. PMID: 11711373.

Ho CC, Huang PH, Huang HY, Chen YH, Yang PC, Hsu SM. Up-regulated caveolin-1 accentuates the
metastasis capability of lung adenocarcinoma by inducing filopodia formation. Am J Pathol. 2002; 161
(5):1647-56. Epub 2002/11/05. doi: S0002-9440(10)64442-2 [pii] doi: 10.1016/S0002-9440(10)64442-
2 PMID: 12414512; PubMed Central PMCID: PMC1850800.

Hu Q, Zhang XJ, Liu CX, Wang XP, Zhang Y. PPARgamma1-induced caveolin-1 enhances cholesterol
efflux and attenuates atherosclerosis in apolipoprotein E-deficient mice. J Vasc Res. 2010; 47(1):69—
79. Epub 2009/09/05. doi: 000235927 [pii] doi: 10.1159/000235927 PMID: 19729954.

Pojoga LH, Romero JR, Yao TM, Loutraris P, Ricchiuti V, Coutinho P, et al. Caveolin-1 ablation reduces
the adverse cardiovascular effects of N-omega-nitro-L-arginine methyl ester and angiotensin Il.

PLOS ONE | DOI:10.1371/journal.pone.0119004 March 10, 2015 15/16


http://dx.doi.org/10.1097/SHK.0b013e3181ea45ca
http://www.ncbi.nlm.nih.gov/pubmed/20601931
http://dx.doi.org/10.4049/jimmunol.0903664
http://www.ncbi.nlm.nih.gov/pubmed/20631308
http://dx.doi.org/10.1007/s00535-013-0901-3
http://www.ncbi.nlm.nih.gov/pubmed/24217964
http://dx.doi.org/10.1159/000353192
http://www.ncbi.nlm.nih.gov/pubmed/23989450
http://dx.doi.org/10.1053/j.gastro.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23872498
http://www.ncbi.nlm.nih.gov/pubmed/7595199
http://www.ncbi.nlm.nih.gov/pubmed/17825455
http://www.ncbi.nlm.nih.gov/pubmed/7958674
http://www.ncbi.nlm.nih.gov/pubmed/18942757
http://dx.doi.org/10.1002/ibd.20753
http://www.ncbi.nlm.nih.gov/pubmed/21471610
http://dx.doi.org/10.1038/sj.onc.1201661
http://dx.doi.org/10.1038/sj.onc.1201661
http://www.ncbi.nlm.nih.gov/pubmed/9525738
http://dx.doi.org/10.1007/s00432-003-0468-0
http://dx.doi.org/10.1007/s00432-003-0468-0
http://www.ncbi.nlm.nih.gov/pubmed/12898235
http://www.ncbi.nlm.nih.gov/pubmed/11059785
http://dx.doi.org/10.1016/S0002-9440(10)63010-6
http://dx.doi.org/10.1016/S0002-9440(10)63010-6
http://www.ncbi.nlm.nih.gov/pubmed/11696424
http://dx.doi.org/10.1038/sj.bjc.6600172
http://www.ncbi.nlm.nih.gov/pubmed/11953823
http://www.ncbi.nlm.nih.gov/pubmed/11711373
http://dx.doi.org/10.1016/S0002-9440(10)64442-2
http://dx.doi.org/10.1016/S0002-9440(10)64442-2
http://www.ncbi.nlm.nih.gov/pubmed/12414512
http://dx.doi.org/10.1159/000235927
http://www.ncbi.nlm.nih.gov/pubmed/19729954

el e
@ : PLOS | ONE Protective Role of Caveolin-1 in Intestinal Inflammation

Endocrinology. 2010; 151(3):1236—46. Epub 2010/01/26. doi: en.2009-0514 [pii] doi: 10.1210/en.
2009-0514 PMID: 20097717; PubMed Central PMCID: PMC2840694.

58. Monteleone G, Fina D, Caruso R, Pallone F. New mediators of immunity and inflammation in inflamma-
tory bowel disease. Curr Opin Gastroenterol. 2006; 22(4):361—4. PMID: 16760750.

PLOS ONE | DOI:10.1371/journal.pone.0119004 March 10, 2015 16/16


http://dx.doi.org/10.1210/en.2009-0514
http://dx.doi.org/10.1210/en.2009-0514
http://www.ncbi.nlm.nih.gov/pubmed/20097717
http://www.ncbi.nlm.nih.gov/pubmed/16760750


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


