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Abstract

Inflammatory bowel disease (IBD) is a chronic relapsing disorder of the intestine, with increasing
incidence worldwide. At present, the management of IBD is an unmet medical need due to the
ineffectiveness of currently available drugs in treating all patients, and there is strong demand for
novel therapeutics. In this regard, vasoactive intestinal peptide, a potent anti-inflammatory
endogenous hormone, has shown promise in managing multiple immune disorders in animal
models. However, when administered in the free form, VIP undergoes rapid degradation in vivo,
and with continuous infusion, it causes severe dose limiting side effects. To overcome these
barriers, we have developed a superior mode to deliver VIP in its native form, using sterically
stabilized micelles (VIP-SSM). Our previous studies demonstrated that, VVIP, when administered in
SSM, prevented joint damage and inflammation in a mouse model of rheumatoid arthritis at a
significantly lower dose than the free peptide, completely abrogating the serious side effect of
hypotension associated with VIP. In the current study, we demonstrate the therapeutic benefit of
VIP-SSM over free peptide in reversing severe colitis associated with IBD. First, we conducted
preliminary studies with dextran sulfate sodium (DSS) induced colitis in mice, to determine the
effectiveness of VIP administered on alternate days in reducing disease severity. Thereafter, a
single intra peritoneal injection of VIP-SSM or the free peptide was used to determine its
therapeutic effect on the reversal of colitis and associated diarrhea. The results demonstrated that
when administered on alternate days, both VIP-SSM and VIP were capable of alleviating DSS
colitis in mice. However, when administered as a single dose, in a therapeutic setting, VIP-SSM
showed superior benefits compared to the free peptide in ameliorating colitis phenotype. Namely,
the loss of solid fecal pellets and increased fluid accumulation in colon resulting from DSS insult
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was abrogated in VIP-SSM treated mice and not with free VIP. Furthermore, reduced protein and
mRNA levels of the major chloride bicarbonate exchanger, down regulated in adenoma (DRA),
seen with DSS was reversed with VIP-SSM, but not with the free peptide. Similarly, VIP-SSM
treatment significantly reduced the elevated mRNA levels of pro-inflammatory cytokines and
showed significant histologic recovery when compared to mice treated with free VIP. Therefore,
these results demonstrated that as a single dose, the anti-inflammatory and antidiarrheal effects of
VIP can be achieved effectively when administered as a nanomedicine. Therefore, we propose
VIP-SSM to be developed as a potential therapeutic tool for treating ulcerative colitis, a type of
IBD.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a broad term used to identify two types of chronic
disorders of the gastrointestinal tract (GIT), Crohn’s disease (CD) and ulcerative colitis
(UC).12 This disease is multifactorial in nature with no definitive cure and can significantly
affect patient’s quality of life. Treatments currently available for IBD are ineffective in
treating all patients and cause severe side effects.® In this regard, vasoactive intestinal
peptide (VIP), an endogenous neuropeptide has emerged as a potent anti-inflammatory and
immunomodulatory agent affecting both innate and adaptive immune systems.*

The anti-inflammatory properties of VIP have been demonstrated in animal models of
several immune disorders such as septic shock, multiple sclerosis,® rheumatoid arthritis
(RA),”® and CD.29 During severe inflammation in the intestine, levels of VIP and its
receptors are known to be down-regulated.19-11 Furthermore, VIP knockout mice show
profound abnormalities along the Gl tract, indicating the importance of VIP in health and
disease of the intestine.12 VIP has also been studied as a potential candidate for the
management of CD in animal models and has shown promising results.*913-16 However,
the therapeutic role of VIP in managing UC is still not well established and conflicting
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findings have been reported.1”:18 The labile peptide VIP undergoes rapid degradation once
administered systemically; therefore, delivering the required amounts of the peptide to the
target site becomes challenging.1® In order to be effective in vivo, the free VIP needs to be
administered parenterally at higher doses and with increased frequency, which results in
severe toxicities such as hypotension and tachycardia.1>20 Thus, one important reason for
variability in the previous studies could be explained by potential variations in the
administered VIP reaching the sites of disease. To overcome these delivery challenges, we
have developed a biocompatible nanomedicine (VIP-SSM), which can successfully deliver
active VIP to the target tissue.21:22

Sterically stabilized micelle (SSM) is a versatile, self-assembled lipid based nanocarrier,
which is capable of incorporating water insoluble drugs as well as amphiphilic peptides such
as VIP.22-24 Nanoparticles are ideal for drug delivery to inflamed tissues and are superior
over free drugs due to their selective accumulation by enhanced permeation and retention
(EPR) effect at the diseased site.2>26 In addition, the nanocarrier SSM can protect peptide
drugs from enzymatic degradation and improve their half-life and bioavailability.21:27:28 |n
our previous studies, we have tested VIP-SSM on a RA model and showed superior
therapeutic effects of the nanomedicine over the free peptide.2! VIP-SSM was effective at a
significantly lower dose than the free peptide while eliminating the hypotensive toxicity by
preventing the off-target effects of VIP.2!

In the current study, we have explored the anti-inflammatory action of VIP in ameliorating
the DSS colitis phenotype. Inflammation in the gastrointestinal tract gives rise to systemic
effects and VIP is an important enteric hormone; thus, it is important to understand if VIP
can be used to manage UC, a type of IBD.29:30 We initially determined the preventive
capacity of VIP in ameliorating the disease severity of DSS colitis when given on alternate
days. After confirming that both VIP and VIP-SSM can prevent severe inflammation in this
model, another thorough study was undertaken to determine the therapeutic potential of a
single dose of VIP in both forms. As a single dose of 0.25 nmol, VIP-SSM showed superior
effects than the free peptide in reversing colitis associated inflammation and diarrhea and
therefore, may serve as a potential new treatment option for IBD.

MATERIALS AND METHODS

Materials

Sodium salt of 1,2-distearoyl-sr-glycero-3-phosphatidylethanolamine- A-
[methoxy(poly(ethylene glycol))-2000] (DSPE-PEGyqqg) was purchased from LIPOID
GmbH (Ludwigshafen, Germany). Human vasoactive intestinal peptide was synthesized by
Protein Research Laboratory, Research Resource Center, University of Illinois at Chicago
(Chicago, IL). Sterile normal saline was purchased from Baxter (Deerfield, IL), RNeasy
mini kits were purchased from Qiagen (Hilden, Germany), and all other chemicals were of
analytical grade and purchased from Sigma-Aldrich (St.Louis, MO).
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Preparation and Characterization of VIP-SSM Nanomedicine—VIP-SSM was
prepared by a simple dissolution method as described earlier with some modifications.2!
Briefly, a stock solution of DSPE-PEG,qqq Was prepared by dissolving a weighed amount of
lipid into a clean glass vial in required amounts of normal saline. The solution was vortexed
for 1 min, and the vial was saturated with argon gas to remove air. The resulting solution
was kept in the dark at room temperature (RT) for an hour for micelles to form. Following
incubation, the stock solution was mixed in a 1:10 dilution ratio with a freshly prepared 25
M solution of VIP to obtain the nanomedicine, VIP-SSM, at 0.25 nmol in 100 yL of 1 mM
SSM. As a control, 1 mM solution of SSM was used. All solutions were incubated in the
dark at RT for nanomedicine to be formed by self-assembly and reach equilibrium. Free
peptide solution of 0.25 nmol/100 zL was prepared in saline, just prior to injection to
minimize aggregation and other instability. Final solutions were characterized for their size
by dynamic light scattering (DLS) with the NICOMP particle sizer (Santa Barbara, CA).

DSS Induced Colitis Mouse Model—All animal experiments performed were approved
by the animal care committees of the University of Illinois at Chicago and Jesse Brown
Veterans Affairs Medical Center (JBVAMC) (Chicago, IL). Mice were housed at the animal
facility at the JBVAMC. Male C57BI6 mice, 6-8 weeks old, were purchased from Jackson
laboratories (Bar Harbor, ME). Following acclimation for 1 week, mice were randomly
divided into 5 groups (n7=5). Groups included control, VIP-SSM, DSS + SSM, DSS + VIP-
SSM, and DSS + VIP. Control and VIP-SSM groups were left on tap water throughout the
study, and DSS containing groups received the stated amount of DSS mixed in drinking
water for 7 days.

Preventive Studies—DSS (3% wi/v, MP Biomedicals, Solon, OH), was dissolved in
drinking water for 7 days (Figure 2A). Intraperitoneal (ip) route was chosen for
nanomedicine administration after conducting preliminary studies with other systemic routes
of administration (iv and sc), and determining its comparative efficacy. Furthermore, ip route
was chosen over iv route for ease of administration and comparative efficacy with mice.
Treatments were administered ip on alternate days starting at day 1. At the end of the study
(day 8), mice were sacrificed, and tissues were used for analysis.

Therapeutic Studies—In order to establish a more severe inflammation, a higher
concentration, that is, 3.5% w/v DSS (MP Biomedicals), was dissolved in drinking water for
7 days. Mice were switched to tap water at the end of day 7 and kept on tap water until day
11 (Figure 3A). Treatments were administered ip on the eighth day as a therapeutic agent,
and on day 11 mice were sacrificed, and tissues were used for analysis.

Treatments given in both preventive and therapeutic studies were either 0.25 nmol of VIP in
SSM or free VIP. Control and DSS + SSM mice received SSM intraperitoneally. Body
weight of mice was recorded daily until the end of the study.

Histological Evaluations—Formalin fixed paraffin embedded distal colonic tissues were
sectioned at 5 4m thickness using a microtome. The sections were then stained with
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hematoxylin and eosin (H & E) stain kit commercially available from ScyTek laboratories
inc. (Logan, UT) per the manufacturers protocol. The slides were then mounted with
permount (Fisher scientific, Waltham, MA). Images from each mouse distal colon were
acquired with Zeiss Axiocam accl (Oberkochen, Germany). All slides were blinded, and
pathological scores were assessed by a pathologist according to the following criteria: scores
ranging from 0 to 3 were given where 0 indicated no change and 3 indicated maximal
change. Parameters scored for include epithelial integrity, edema, chronic inflammatory
infiltrate, crypt destruction, and erosion and ulceration.

Real Time PCR—RNA was isolated from mouse distal colon mucosal scrapings with
Qiagen RNeasy kits. Equal amounts (50 ng) of RNA were reverse transcribed and amplified
using Brilliant SYBR green gPCR master mix kit (Stratagene, La Jolla, CA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as an internal control
for each sample. Relative expression of genes was calculated according to the AACt method.
31 Primers used are listed in Table 1.

Western Blotting—~Protein was extracted from distal colonic mucosal scrapings into
RIPA buffer (Cell signaling, Danvers, MA), supplemented with protease inhibitor cocktail
(Roche) and phosphatase inhibitors (Sigma-Aldrich). Protein samples were prepared in
Laemmli sample buffer (Bio-Rad, Hercules, CA) and boiled for 5 min. Samples containing
75 (g of protein were then run in 7.5% Mini-Protean precast gel (Bio-Rad) and transferred
to nitrocellulose membranes. Membranes were processed after blocking for 1 h in 5% milk
in phosphate buffered saline (PBS) for proteins of interest with corresponding primary
antibodies at a ratio of 1:100 unless specified. Primary antibodies used include anti-rabbit-
DRA (raised in house against peptide sequence),3? anti-rabbit-occludin (Invitrogen,
Carlsbad, CA), and anti-rabbit-GAPDH at a ratio of 1:3000 (Sigma-Aldrich St. Louis, MO).
Following overnight incubation with primary antibody at 4 °C, membranes were washed
with PBS containing 0.1% tween 20 and incubated with 1:2000 horseradish peroxidase-
conjugated anti-rabbit-1gG secondary antibody (Santa-Cruz, Santa Cruz, CA) followed by
ECL detection (Biorad) per manufacturer’s instructions.

Immunofluorescence Staining of Occludin—Cryopreserved colon tissues in OCT
(Fisher Scientific) were sectioned in a microtome cryostat at 5 zm thickness. The sections
were stored at =80 °C until use. Before the staining procedure, the slides were kept at room
temperature in a moistened dark container for OCT compound to dissolve. The tissues were
then fixed in 4% paraformaldehyde for 15 min. Following fixation, the slides were washed a
few times in PBS and then permeabilized with immersing in 0.3% NP-40 solution for 5 min.
After a few washes in PBS the tissues on the slides were demarcated with a water repellant
Pap pen (Sigma-Aldrich) and blocked with 5% normal goat serum (NGS) in PBS for 1 h.
Afterward the blocking solution was decanted, and primary antibody solutions in 1% NGS
was added to the tissue sections. Primary antibodies of antirabbit-occludin (Invitrogen) and
anti-mouse-villin (Invitrogen) was used at a ratio of 1:100 and incubated in a dark moistened
container for 2 h. The solutions were then decanted and washed several times with PBS,
following which the samples were incubated with anti-goat secondary antibodies conjugated
to either anti-rabbit Alexa fluor 568 (red) or anti-mouse Alexa fluor 488 (green)
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(Thermofisher) for 1 h at a ratio of 1:100 in wash buffer containing 1% NGS. After a few
washes in PBS, the slides were mounted with prolong gold antifade/DAPI (Thermofisher)
and sealed with clear nail polish. Slides were stored in =20 °C until use. Images were
acquired with the use of the Olympus BX51 fluorescent microscope.

Characterization of Nanoparticles after Formulation

All nanoparticles were characterized as described before to confirm the formation of the
nanoparticles.33 As shown in Figure 1, empty nanocarrier SSM and VIP associated SSM
(VIP-SSM), both showed a similar mean particle size (~15 nm) and a narrow distribution.
However, at the same conditions, VIP in saline showed aggregation and decomposition,
giving rise to particle populations with different sizes.

Preventive Studies

VIP (0.25 nmol) Administered on Alternate Days Alleviated Disease Severity of
DSS Colitis—DSS, when administered in drinking water to mice, is known to disrupt the
distal colonic mucosa and give rise to clinical and pathological signs and symptoms of
colitis.3435 In first set of studies, we administered VIP as a free peptide or in SSM
formulation on alternate days. The dose and administration regimen including route was
based on the previously published data of the free peptide in another colitis mouse model?
(Figure 2A). During the preventive studies, we observed that both free VIP and VIP-SSM at
a dose of 0.25 nmol given every other day was able to reduce the severity of colitis after 7
days of DSS. This was evident from improvement of the diarrheal phenotype and associated
colon length shortening after DSS insult (Figure 2B), where untreated DSS mice had a
significantly lower colon length than control mice. In addition, the damaged distal colonic
histology (Figure 2C) and the increased mRNA expression of proinflammatory cytokines in
the distal colonic tissues, associated with DSS (Figure 2D), were significantly reduced with
VIP treatment. These results indicated to us that VIP is anti-inflammatory in the DSS colitis
model and that when administered on alternate days via ip route free peptide was also as
effective as the nanoparticle at the same dose. Next, we aimed at determining the
effectiveness of a single dose of 0.25 nmol of VIP, which will be more clinically accepted,
for its therapeutic effect in reversing severe inflammation associated with DSS colitis.

Therapeutic Studies

VIP-SSM Improved Overall Health of Mice after DSS Insult as Indicated by
Improved Body Weight—In these studies, mice were given 3.5% w/v DSS for 7 days in
drinking water to develop severe colitis and associated diarrhea (Figure 3A). The weight
change of the mice was monitored during the course of the study. All groups receiving DSS
(DSS, DSS + VIP-SSM, and DSS + VIP), started losing weight significantly from day 6 (p <
0.05 vs control) (Figure 3B). The treatments were administered on day 8, after mice were
switched to tap water. The VIP-SSM treated mice group showed an improvement of average
weight starting at day 9, and the weight increased significantly (p < 0.05 vs DSS), from the
untreated (DSS) and the free VIP treated (DSS + VIP) mice at day 11, thus indicating a
significant improvement of overall health in mice receiving VIP-SSM (Figure 3B).
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VIP-SSM Alleviated Colitis Associated Diarrheal Phenotype and Increased
Length of Mice Colon—DSS associated diarrheal phenotype demonstrates loss of solid
fecal pellets in the colonic lumen and reduced colonic length.3° At the end of this study (day
11), when all mouse groups were analyzed for macroscopic differences in the colon, we
observed a significant loss of solid fecal pellets and length of colon in DSS mice (p < 0.05
vs control). However, these pathological features were alleviated in the mice treated with
VIP-SSM (Figure 4). Mice treated with free VIP did not show any significant improvement
compared to DSS mice indicating better therapeutic effects of the VIP nanomedicine.

DSS Induced Distal Colonic Histologic Damage Assessed by
Histopathological Score Was Improved by VIP-SSM—Since VIP is a known anti-
inflammatory agent and we observed morphological improvements in the treated mice, we
next evaluated the histology of all mouse distal colonic tissues. DSS mice showed severe
histological damage and inflammation quantified by blinded histopathological scoring
(Figure 5B). VIP-SSM treated mice showed remarkable recovery (p < 0.0001 vs DSS) as
demonstrated by the improved histology and almost control level scores. Interestingly, the
recovery was partial in the free peptide treated mice but was significantly different (o <
0.0001) from VIP-SSM treated mice, confirming the previous results of higher bioactivity of
a given dose of VIP in SSM.

VIP-SSM Reduced the Increased Proinflammatory Cytokine mRNA Levels in
Distal Colonic Mucosa—Distal colon is the most affected part of the intestine when
insulted with DSS. Therefore, in order to quantify the relative mRNA expression of the
secreted pro-inflammatory cytokines at the target tissue, qPCR analysis was employed.
Cytokines investigated include interleukin-1 g (IL-1/5), the chemokine (CXC motif) ligand-1
and 2 (CXCL-1,2), and chemokine (C-C motif) ligand 3 (CCL-3). Expression of all these
proinflammatory cytokines and chemokines was significantly increased with DSS (Figure
6). There was a significant reduction of all the proinflammatory cytokines, to control levels,
in mice treated with VIP-SSM but not with the free VIP, confirming better local anti-
inflammatory activity of VIP-SSM over the free peptide.

DSS Induced Reduction in DRA Expression Was Alleviated by VIP-SSM—
Colitis induced diarrhea is a major health burden seen in IBD patients, which reduces their
quality of life. One main reason for this pathology is the reduced function and expression of
the major luminal membrane chloride bicarbonate exchanger present in the distal colon also
known as down regulated in adenoma (DRA) or SLC26A3.36 To determine if VIP has an
effect on the reduced mRNA and protein expression of DRA in distal colonic mucosa,
tissues were analyzed with qPCR using gene specific primers. Interestingly, the significantly
reduced DRA mRNA levels were improved with VIP-SSM treatment but not with free VIP
(Figure 7A). Furthermore, the reduced protein levels were also recovered when mice were
treated with VIP-SSM as compared to free VIP (Figure 7B). These results confirm the
improvement of diarrheal phenotype observed (Figure 4) in the DSS mice treated with VIP-
SSM.
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Impaired Epithelial Tight Junction Protein (Occludin) mRNA and Protein
Levels Are Improved by VIP Administration in DSS Mice—Epithelial integrity of
the colonic mucosa plays a vital role in the pathogenesis of IBD, and one major defect
observed in colitis is the loss of tight junction proteins, leading to loss of barrier functions.3’
VIP is known to modulate the expression of tight junction proteins in epithelia including the
intestinal epithelium.38 Therefore, to determine if VIP can inhibit the loss of barrier function
we determined the mMRNA and protein levels of the key tight junction protein, occludin. As
depicted in Figure 8, mRNA and protein levels of occludin were drastically reduced with
DSS. Interestingly, both VIP-SSM and the free peptide reversed the loss of mMRNA and
protein. However, this was the only beneficial effect that was observed so far with the
administration of the free peptide. Therefore, to determine the localization of the tight
junction protein occludin in the distal colonic epithelium, immunolocalization studies for
occludin (red) were performed with the apical marker villin (green) (Figure 9). Significant
reduction and redistribution of the total occludin levels were seen in DSS; however, the
levels were increased with both VIP-SSM and VIP. In contrast to VIPSSM, mice treated
with free VIP showed aberrant occludin localization and redistribution from the apical
membranes of the epithelium. As shown in Figure 8, control mice have a punctate
appearance of occludin, which is recovered with VIP-SSM treatment. When treated with
VIP in free form, a subapical localization of occludin and redistribution in the epithelium,
which is atypical from normal occludin expression pattern, was observed.

DISCUSSION

In our current studies, we demonstrate VIP in SSM as a potential therapeutic agent in
preventing and ameliorating severe inflammation associated with DSS induced colitis. VIP-
SSM reversed the increased proinflammatory cytokine expression, damaged distal colonic
histology, and reduced tight junction and ion transporter protein expression associated with
severe DSS colitis.

The DSS colitis model is a widely used preclinical mouse model demonstrating pathological
features similar to human UC.39 When treatment was given on alternate days, both VIP and
VIP-SSM showed similar benefits in ameliorating colitis (Figure 2), most probably due to
the repetitive dose providing sufficient active VIP at the site thus negating the protective
effects of the nanocarrier. Furthermore, repetitive administration is not preferable and
practical in clinical use. However, these preventive studies confirmed that VIP was capable
of reducing DSS associated colitis and showed benefit in this model, which resembles
human UC. Next, to determine the effectiveness of VIP in DSS colitis as a nanomedicine, in
a therapeutic manner, we used a single dose of VIP with or without SSM. DSS concentration
used was also increased from 3 to 3.5% wi/v to ensure the development of more severe colitis
in mice. Since DSS was removed from mice drinking water after the seventh day, it was
considered that a higher DSS concentration would maintain a higher inflammatory status in
mice for a prolonged period of time.“0 In this model, when administered as a single
therapeutic dose, VIP-SSM reduced the inflammation and tissue damage and improved the
overall health of mice. Furthermore, VIP-SSM demonstrated other beneficial effects such as
increased ion transporter and tight junction protein expression, which are significantly
downregulated with DSS insult. However, these effects were not observed when the free
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peptide was administered as a single dose, indicating the in vivo instability of free peptide. A
dose of 0.25 nmol in the nanomedicine form was capable of alleviating all disease associated
signs and symptoms, thus demonstrating the effectiveness of VIP nanomedicine in managing
uUC.

The pathogenesis of DSS colitis resembles many features of human UC, including the
increased proinflammatory cytokines and chemokine secretion and tissue damage.41:42
Previously, we have demonstrated the preventive capacity of another neuropeptide (glucagon
like peptide-1) in SSM, in ameliorating DSS induced colitis.*3 In line with that, in this study,
we moved to investigate the benefit of the potent immunomodulatory peptide hormone VIP
in DSS colitis. Loss of VIP levels in the intestine has been implicated to play an important
role during the pathogenesis of human IBD and in rodent models of colitis.18:44
Furthermore, anti-inflammatory activity of other neuropeptides such as GLP-2 (glucagon
like peptide-2) have also been shown to be mediated through the enteric nervous system,
which activates VIP secretion.*® Therefore, VIP serves as an ideal candidate molecule to be
developed as a therapeutic agent for better management of IBD.

When administered frequently, VIP-SSM and VIP, both demonstrated similar benefits in
alleviation of colitis and associated symptoms (Figure 2). However, it should be noted that
VIP is a well-known hypotensive agent, and when administered frequently in the free form,
it can give rise to dose limiting toxic side-effects. This unfavorable side effect can be
completely eliminated when administered in the nanomedicine form, VIP-SSM.2
Furthermore, it is important to study the potential of a drug molecule in a therapeutic setting,
where results can be employed to gain information for clinical use. Moreover, frequent drug
administration for a chronic condition such as IBD will be unrealistic to be translated to
patient care, due to low compliance associated with it. To determine the potential of using
VIP in reversing well established colitis we next determined in detail the benefit of a single
dose of VIP.

The anti-inflammatory mechanisms of VIP are broadly studied, and in the context of IBD, it
is known to have multiple actions including inhibition of neutrophil and macrophage
migration and activation.? In addition, it is also known to play a role in modulating the
expression of pathogen recognition toll-like receptors (TLR) in the intestinal epithelial cells.
13 previously, studies conducted with the use of the free peptide VIP in the
trinitrobenzenesulfonic acid (TNBS) induced colitis mouse model have demonstrated that
clinical symptoms improved with administering VIP on alternate days at a doses of 1 or 5
nmol.213 However, when another group attempted to reproduce the same result, they did not
see all parameters improving with treatment, and the reason for these conflicting results
were speculated to be due to the differences in the amounts of TNBS used for disease
induction and possibly the differences in the animal facilities resulting in differences in gut
microbiome.1® In addition, apart from studies undertaken in VIP knock out mice, there have
been no studies conducted to-date, to determine the effectiveness of VIP in DSS colitis.18:46
Therefore, the current study provides for the first time successful delivery of VIP in a stable
form for therapeutic use in DSS induced colitis in mice.
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Additionally, in DSS colitis, the disruption of intestinal epithelial integrity is identified as
one of the initial causes leading to the pathogenesis of colitis.3447 With a single dose of
VIP-SSM (0.25 nmol), we were able to demonstrate a significant improvement in mRNA
and protein expression of one of the key tight junction proteins, occludin (Figures 8, 9), in
mouse distal colonic mucosa. An interesting observation was the comparative improvement
of the tight junction protein expression with the treatment with free VIP (Figure 8). This was
in contrast to other observed effects, where no anti-inflammatory activity as determined by
proinflammatory cytokines and no histology improvement were observed with the free
peptide (Figures 5, 6). This indicates that VIP mediates additional effects on tight junction
proteins, independent from its anti-inflammatory actions. VIP-SSM was able to perform
both these functions presumably due to its higher bioavailability at the target tissues
compared to the free peptide.

Diarrhea is an important pathological hallmark of IBD, which significantly reduces patient
quality of life. SLC26A3 or DRA is an important luminal membrane intestinal ion
transporter, abundantly expressed in the distal colon of mice and in the human colon.*8 It is
the major transporter involved in chloride absorption in the intestine, and the loss of function
and expression of DRA is seen in diarrheal diseases including IBD.#° After 7 days of DSS
administration, we observe a significant reduction in the mMRNA and protein expression of
DRA (Figure 7). This was significantly improved with VIP-SSM but not with free VIP,
demonstrating comparative results to improvement in mouse colonic diarrheal phenotype
(Figure 4). We have observed in vitro, using differentiated Caco2 monolayers, that VIP is
capable of increasing both mRNA and protein levels of DRA (unpublished data). Thus,
under inflammatory conditions, VIP may improve the expression of DRA in two ways; by
reducing overall inflammation associated damage and by having a direct effect on DRA
MRNA and protein expression. However, further studies need to be undertaken in order to
understand the exact molecular mechanisms involved. Although, VIP is a known
prosecretory agent in the small intestine, under inflammatory conditions in the distal colon,
we observed that it aids in reversing secretory effects and improving diarrheal phenotype,
which are novel mechanisms of VIP that could aid in reversing the severity of colitis.

Being a disease of the gastrointestinal tract, IBD can be better managed if therapies can be
dispensed in an oral formulation. We have recently demonstrated the predominant existence
of the major VIP receptor, VPAC1, in the luminal membrane of the colon of mice and
humans.®0 Therefore, it maybe desirable if therapies containing VIP can be selectively
delivered to the colon by oral route to manage UC without the use of invasive modes of
administration. Oral delivery of nanomedicines of small molecules to target inflamed tissues
of the intestine have shown better therapeutic benefit over conventional products.>1
Currently, we are in the process of developing the first oral nanomedicine of a peptide (VIP-
SSM) that can be delivered locally to the colon for the treatment of UC. Therefore, we
propose VIP-SSM to be developed as a safe and novel nanomedicine for managing
inflammation and associated diarrhea in UC, a type of IBD.
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Figure 1.

Characterization of formulations for its size using dynamic light scattering. Empty
nanocarrier (SSM) and VIP in sterically stabilized micelles (VIP-SSM) both show similar
particle size (~15 nm). VIP under the same conditions in saline showed aggregation and
decomposition giving rise to multiple particles in solution.
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Figure2.
Preventive action of VIP in DSS induced colitis. (A) Experimental design of the DSS study

with arrows indicating time of injection. (B) Representative photographs and graphical
presentation of average colonic length of mice in all treatment groups. (C) Representative
micrographs of distal colonic tissues stained with H & E (magnification 20x). (D) Relative
MRNA expression of pro-inflammatory cytokines in distal colonic mucosal scrapings.
Values represent mean £ SEM, n=5, *p < 0.05, **p < 0.005 vs control; #p < 0.05, ##p <
0.005 vs DSS.
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Figure 3.
VIP-SSM increases recovery after DSS colitis insult by improving body weight in a

therapeutic model of DSS colitis. (A) Experimental study design. (B) Body weight of mice
during the study, vertical dotted line indicates switching from DSS to tap water. On day 8
indicated by arrowhead, all groups received a single 100 z4 intraperitoneal (ip) injection of
1 mM SSM (control, DSS), 0.25 nmol of VIP in 1 mM SSM (VIP-SSM, DSS + VIP-SSM),
or 0.25 nmol of VIP in saline (DSS + VIP). Values represent mean = SEM, n=5, *p< 0.05,
*** < 0.0005, ****p < 0.0001 vs control; #p < 0.05 vs DSS, DSS +VIP.
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Figure 4.
DSS associated colonic diarrheal phenotype and length reduction is abrogated with VIP-

SSM treatment. (A) Representative photographs of colons from mice in each group; (B)
graphical representation of average colon length of mice from all groups. Values represent
mean £SEM, n=5, ***p < 0.0005, ****p < 0.0001 vs control; ##p < 0.005 vs DSS; “a”
indicates a significant difference between the groups at a p value of 0.05.
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Figureb.
VIP-SSM improves distal colonic histology assessed by blinded histopathological score. (A)

Representative micrographs of H & E stained distal colonic tissues, scale bar = 100 xm. (B)
Graphical representation of the average histopathological score across treatment groups.
Values represent mean £ SEM, n=5, ****p < 0.0001 vs control, ####p < 0.0001 vs DSS,
and “a” indicates a significant difference between the groups at a p value of 0.0001.
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Figure®6.
VIP-SSM lowered the elevated proinflammatory cytokine mRNA levels in distal colonic

mucosal scrapings from DSS colitis mice. Values represent mean + SEM, n=5, **p<
0.005, ***p < 0.0005 vs control, ##p < 0.005, ###p < 0.0005 vs DSS, and “a” indicates a
significant difference between the groups at a o value of 0.005.
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Figure7.
DSS induced reduction in chloride transporter DRA expression is alleviated by VIP-SSM

treatment. (A) DRA mRNA and (B) protein expression in mice distal colonic mucosa.
Values represent mean £ SEM, n=5,*p < 0.05, ***p < 0.0005, vs control; ##p < 0.005, vs
DSS.
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Reduction in tight junction protein occludin observed in DSS colitis is blunted by VIP-SSM
treatment. (A) mRNA and (B) protein expression of occludin in mouse distal colonic

mucosa. Values represent mean + SEM, =5, **p < 0.005, ***p < 0.0005, vs control; #p <
0.05, ###p < 0.0005 vs DSS.
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Figure9.
VIP-SSM improves the distribution of the tight junction (TJ) protein occludin in the distal

colonic epithelium. Distal colonic tissues were stained with occludin (red) and villin (green)
to determine the distribution of the TJ protein occludin in mouse distal colonic tissues, scale
bar- 100 zm.
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Table 1

Gene Specific Primer Sequences

gene

sequence (5 — 3)

mouse IL-14

mouse CXCL-1

mouse CXCL-2

mouse CCL3

mouse occluding

mouse DRA

mouse GAPDH

F: GCAACTGTTCCTGAACTCAACT
R: ATCTTTTGGGGTCCGTCAACT

F: AAAGATGCTAAAAGGTGTCCCCA
R: AATTGTATAGTGTTGTCAGAAGCCA

F: CCAACCACCAGGCTACAGG
R: GCGTCACACTCAAGCTCTG

F: TTCTCTGTACCATGACACTCTGC
R: CGTGGAATCTTCCGGCTGTAG

F: CCTCCAATGGCAAAGTGAAT
R: CTCCCCACCTGTCGTGTAGT

F: TGGTGGGAGTTGTCGTTACA
R: CCCAGGAGCAACTGAATGAT

F: TGTGTCCGTCGTGGATCTGA
R: CCTGCTTCACCACCTTCTTGAT

Mol Pharm. Author manuscript; available in PMC 2018 November 06.

Page 24



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Preparation and Characterization of VIP-SSM Nanomedicine
	DSS Induced Colitis Mouse Model
	Preventive Studies
	Therapeutic Studies
	Histological Evaluations
	Real Time PCR
	Western Blotting
	Immunofluorescence Staining of Occludin


	RESULTS
	Characterization of Nanoparticles after Formulation
	Preventive Studies
	VIP (0.25 nmol) Administered on Alternate Days Alleviated Disease Severity of DSS Colitis

	Therapeutic Studies
	VIP-SSM Improved Overall Health of Mice after DSS Insult as Indicated by Improved Body Weight
	VIP-SSM Alleviated Colitis Associated Diarrheal Phenotype and Increased Length of Mice Colon
	DSS Induced Distal Colonic Histologic Damage Assessed by Histopathological Score Was Improved by VIP-SSM
	VIP-SSM Reduced the Increased Proinflammatory Cytokine mRNA Levels in Distal Colonic Mucosa
	DSS Induced Reduction in DRA Expression Was Alleviated by VIP-SSM
	Impaired Epithelial Tight Junction Protein (Occludin) mRNA and Protein Levels Are Improved by VIP Administration in DSS Mice


	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1

