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Abstract

The gut hormone, glucagon like peptide-1 (GLP-1) exerts anti-inflammatory effects. However, its
clinical use is limited by its short half-life. Previously, we have shown that GLP-1 as a
nanomedicine (GLP-1 in sterically stabilized phospholipid micelles, GLP-1-SSM) has increased in
vivo stability. The current study was aimed at testing the efficacy of this GLP-1 nanomedicine in
alleviating colonic inflammation and associated diarrhea in dextran sodium sulfate (DSS) induced
mouse colitis model. Our results show that GLP-1-SSM treatment markedly alleviated the colitis
phenotype by reducing the expression of pro-inflammatory cytokine IL-1p, increasing goblet cells
and preserving intestinal epithelial architecture in colitis model. Further, GLP-1-SSM alleviated
diarrhea (as assessed by luminal fluid) by increasing protein expression of intestinal chloride
transporter DRA (down regulated in adenoma). Our results indicate thatGLP-1 nanomedicine may
act as a novel therapeutic tool in alleviating gut inflammation and associated diarrhea in
inflammatory bowel disease (IBD).

Keywords
GLP-1 SSM; Diarrhea; IBD; Colitis

Highly debilitating inflammatory bowel diseases (IBD), including Crohn’s disease and
ulcerative colitis (UC) are chronic relapsing inflammatory disorders of the gastrointestinal
(GI) tract. Abnormal immune response coupled to gene—environment interactions is
considered to be the major causative factor for the disease,! however, the exact pathogenesis
remains unknown. Current treatments for IBD (anti-inflammatory agents and
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immunosuppressive drugs) are inadequate in their efficacy, lack specificity, have poor
bioavailability, and pose long-term adverse effects.2~ IBD thus, remains an intractable
gastrointestinal disease with no definitive therapies.? Therefore, there is an urgent need for
specific and effective drugs against IBD that can target multiple events in the disease.

Typical symptoms of IBD include mucosal inflammation resulting in mucosal injury,
alterations in intestinal epithelial structure and function culminating into repeated episodes
of diarrhea and abdominal pain. IBD associated diarrhea is linked to significantly reduced

luminal C1~ /HCO3 and Na*/H™ exchange activity and/or levels in distal intestine®6
SLC26A3 (DRA, down regulated in adenoma), is the key CI7/HCO3™ exchanger in
mammalian intestine and has recently been identified as a novel risk factor for UC
development.8 Disturbances in DRA expression and function have been shown to occur in
response to proinflammatory cytokines, in animal models of colitis and in UC patients.”-9-11
DRA has thus emerged as an important and novel therapeutic target for IBD.>

Glucagon like peptide-1 (7-36) (GLP-1) is a peptide hormone secreted by enteroendocrine
L-cells in response to nutrient ingestion.12 Apart from its glucoregulatory action, GLP-1 is
known to exert neuro- and cardiovascular protection by the virtue of its anti-apoptotic, anti-
oxidative and anti-inflammatory properties.13 GLP-1 reduces the expression of
proinflammatory cytokines like CXCL-10, STAT-3, Mcp-1 and TNF-a..14 GLP-1 also
inhibits NFxB activation and modulates the activity of natural killer cells in pancreas, CNS
and endothelial cells.14-16 However, the anti-inflammatory effects of GLP-1 in intestinal
inflammation have not been investigated.

GLP-1 use as a potential treatment modality is limited by its short half-life in vivo due to
rapid degradation by enzymes such as dipeptidyl peptidase 1V (DPP-4). In this regard,
DPP-4 resistant GLP-1 analogues including exenatide, liraglutide, albiglutide, dulaglutide
are FDA approved and these analogues exhibit increased half-life.1” However, these
analogues suffer from reduced bioactivity, increased risk of immunogenicity and high cost of
synthesis.18:19 |n this regard, we have recently designed a nanocarrier system with sterically
stabilized phospholipid micelles (SSM), to which native human GLP-1 self-associates
with.18 This carrier system increases the in vivo stability of GLP-1 while maintaining its
anti-inflammatory properties.18 Furthermore, due to the nano-size (~14 nm) of the carrier,
SSM associated peptide can only extravasate out of the circulation at the leaky vasculatures
of the inflamed tissues by EPR (enhanced permeability and retention) effect resulting with
passive targeting. This targeted effect should not only increase the peptide activity for a
given dose, but also eliminate the peptide toxicity to the healthy tissues. Our previous studies
have demonstrated the anti-inflammatory effects of GLP-1-SSM, but not GLP-1 alone,
against lipopolysaccharide induced acute lung injury (ALI) in mouse model.18

Based on our previous studies, where GLP-1-SSM exerted beneficial effects in ALI
inflammation, we hypothesized that GLP-1 nanomedicine could alleviate the inflammatory
and diarrheal phenotype in dextran sodium sulfate (DSS) induced colitis in a mouse model.
Our results demonstrated that GLP-1-SSM markedly reduced the inflammation and partially
attenuated the diarrheal phenotype in DSS colitis mice. To our knowledge, this is the first
report, where GLP-1 has been tested for IBD.
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Methods

Preparation of SSM and GLP-1 SSM

GLP-1 in SSM was prepared as described previously by us.18 Briefly, SSM was prepared by
mixing 5 mM 1,2-distearyl-snglycero-3-phosphatidylethanolamine-N-
[methoxy(polyethyleneglycol)-2000 (DSPE-PEG2000, Ludwigshafen, Germany) in normal
saline (Baxter, IL, USA) by vortexing for 2 minutes followed by incubation of the dispersion
at 25 °C for 1 hour in the dark. Human GLP-1 (Protein Research Laboratory, University of
Illinois at Chicago, Chicago, IL) in normal saline was added to SSM at a constant molar
ratio of GLP-1:SSM (1:30) at all times (final concentration 15 nmol/100 pl), and the
dispersion was further incubated at 25 °C for 2 hours in the dark. Particle size analysis of
aqueous native GLP-1, SSM and GLP-1-SSM was conducted by dynamic light scattering
(Agilent 7030 NICOMP DLS, Agilent Technologies, Santa Clara, CA). The size of SSM and
GLP-1-SSM was ~13 nm as a single peak while aqueous GLP-1 was heterogenous with
dominating peak at ~1700 nm in diameter as previously shown by us.18

Murine DSS colitis model

All the animal studies were approved by the Animal Care Committee of the University of
Illinois at Chicago and Jesse Brown Veterans Affairs Medical Center. 6-8 weeks C57BL/6J
male mice were obtained from Jackson Laboratories (Bar Harbor, Maine). The experiment
included 4 groups (10 animals/group) — SSM control, GLP-1-SSM, DSS and DSS + GLP-1-
SSM. Colitis was induced by 3% (wt/vol) DSS (36-50 kDa, MP Biomedicals, Solon, OH)
supplemented in drinking water for 7 days. 15 nmol/100 pl of GLP-1-SSM or SSM was
administered daily intra peritoneally in respective groups during the 7 days of DSS
treatment.

H and E staining

Colon samples were collected from mice and quickly rinsed in PBS. Tissues were embedded
in OCT media and immediately snap frozen in liquid nitrogen. 5 pm-thick longitudinal
sections were stained with hematoxylin and eosin (H&E) as described in manufacture’s
protocol (ScyTek Laboratories, Logan, UT).

PAS staining

Goblet cell staining was carried according to the manufacturer’s instructions (Leica
Microsystems, Buffalo Grove, IL). In brief, 5 um-thick distal colon sections from different
groups were fixed in 10% formalin in PBS. Sections were washed three times in 1x-PBS for
5 min followed by a single wash with water. For Alcian blue staining, sections were
incubated in 3% acetic acid for 3 min and then in Alcian blue solution (pH 2.5) for 30
minutes with subsequent washing with distilled water. Freshly prepared periodic acid (0.5%)
was applied for 5 min at RT, slides washed in distilled water, and then stained with Schiff’s
reagent for 15 min, followed by 5 min wash in running tap water. Nuclei were
counterstained with nuclear fast red for 30 sec, and then washed in running tap water for 2
min, followed by dehydration (twice in 95% EtOH then twice in 100% EtOH). Slides were
mounted using permount (Fisher Scientific).
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Western blotting

Tissue lysates were prepared from the scraped colonic mucosa using RIPA lysis buffer (Cell
Signaling, Danvers, MA) supplemented with protease inhibitor mixture (Roche,
Indianapolis, IN). Lysates were run on a 7.5% gel and then transferred onto nitrocellulose
membrane. (1x) PBS and 5% nonfat dry milk was used as a blocking buffer for 1 h. The
membranes were then probed with human anti-DRA (1:100 dilution) or GAPDH antibodies
(1:3000 dilution) in 1x PBS and 2.5% nonfat dry milk overnight at 4 °C. The membranes
were then washed four times with wash buffer containing 1x PBS and 0.1% Tween-20 for 5
min. Finally, the membranes were probed with horseradish peroxidase-conjugated goat anti-
rabbit 1gG secondary antibody (1:2000 dilution) for 1 h and the bands were visualized with
enhanced chemiluminiscence (ECL) detection reagents (Biorad, Hercules, CA). Images
were acquired by imagelab 5.0 (Biorad, Hercules, CA). Quantification of band intensities
was done using Image-J software.

Immunofluorescence

Sections of colonic tissues from different mice groups were snap-frozen in optimal cutting
temperature (OCT) embedding medium. Immunostaining was performed as previously
described.? In brief, 5-um frozen sections were fixed with 4% para-formaldehyde (PFA) in
PBS for 10 min at room temperature. Fixed sections were washed in PBS, permeabilized
with 0.3% Nonidet P-40 for 5 min, and blocked with 2.5% normal goat serum (NGS) for 1
hour. Tissues were incubated with DRA and villin antibody (1:100) in PBS with 1% NGS
for 90 min at room temperature, followed by incubation with Alexa Fluor 488-conjugated
goat anti-rabbit IgG and Alexa Fluor 568-conjugated goat anti-mouse antibody for 60 min.
Sections were then washed and mounted under cover slips using Slowfade Gold antifade
with DAPI reagent (Invitrogen, Grand Island, NY). Carl Zeiss LSM 510 laser-scanning
confocal microscope equipped with x20 water immersion objective was used for imaging.

Realtime PCR

RNA was extracted from mouse colonic mucosal samples using Qiagen RNeasy mini kit
(Qiagen, Valencia, CA) according to manufacturer’s instructions. The quality and quantity
of total RNA were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc., Wilmington, DE, USA). Extracted RNA was amplified by Brilliant SYBR
Green gRT-PCR Master Mix kit (Agilent, Santa Clara, CA) utilizing mouse gene specific
primers for IL-1p; Forward: 5'-GCAACTGTTCCTGAACTCAACT-3’; reverse: 5'-
ATCTTTTGGGGTCCGTCAACT-3"; and GAPDH forward: 5’-
TGTGTCCGTCGTGGATCTGA -3'; reverse: 5'- CCTGCTTCACCACCTCTTGAT 3.
The relative mRNA levels of IL-18 were expressed as% of control normalized to GAPDH
used as internal control gene.

Statistical analysis

Data are presented as mean + SEM. Differences between groups were analyzed by Student’s
ttest or one-way analysis of variance (ANOVA) followed by Tukey’s test. Pvalue of 0.05 or
less was considered statistically significant.
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Results

GLP-1 nanomedicine

We have previously shown GLP-1 SSM preparation and its characterization (such as size
and charge)'8 where it was effective against ALI. The focus of the current study was to
therefore, examine the efficacy of GLP-1 SSM in ameliorating DSS induced colitis and the
associated diarrheal phenotype.

Amelioration of colitis in mice by GLP-1 nanomedicine

After 7 days of treatment the severity of colitis was evaluated on the basis of weight loss and
qualitative assessment of stool consistency. Mice treated with DSS exhibited a marked
weight loss of —3.36 + 0.48 vs a weight gain in SSM control group 2.46 + 0.38. This decline
in weight was partially attenuated by treatment with GLP-1-SSM in DSS + GLP-1-SSM
group (loss of 2.05 + 0.36). The control animals (SSM and GLP-1-SSM groups) exhibited
anticipated changes in body weight (Figure 1, A).

The stool consistency (Figure 1, B) as examined visually (qualitative measurement) was
loose in the colon of DSS treated mice reflecting the diarrheal phenotype. This feature was
partially attenuated with GLP1-SSM treatment in DSS + GLP-1-SSM group. Taken together,
these results indicate potential antidiarrheal effects of the GLP-1 nanomedicine.

GLP-1 nanomedicine alleviates histologic changes observed in DSS induced colitis

Histologic analyses of distal colonic tissues showed that mucosal structures were
significantly damaged in DSS treated mice, as manifested by damage to crypt structures and
high levels of neutrophil infiltration (Figure 2, B). DSS treatment caused nearly complete
loss of mature goblet cells as revealed by PAS staining of the sections (Figure 2, £). In
contrast, colonic tissue from DSS + GLP-1-SSM treated mice showed partial preservation of
crypt structures containing some goblet cells (fewer in number as compared to SSM control
group) despite the presence of intense inflammatory infiltrate (Figure 2, C& F).

GLP-1 nanomedicine suppresses proinflammatory cytokine IL-1p in the intestinal mucosa
of mice with DSS-induced colitis

Expression of proinflammatory mediator IL-1p was also determined in the colonic mucosa.
DSS treated mice showed a huge increase (~200 fold) in IL-1p mRNA levels, whereas
GLP-1-SSM caused a significant decline in the mRNA levels of IL-1p (Figure 3) in DSS +
GLP-1-SSM group compared to DSS alone.

GLP-1 nanomedicine inhibits the decline in DRA protein expression by DSS colitis

Previous studies from our laboratory have shown that DRA expression declines significantly
in the colon of DSS treated mice.? Results of this study also demonstrated a decrease in
colonic DRA expression (~60%) in DSS treated mice (Figure 4). This decrease in DRA
protein levels was significantly alleviated by GLP-1-SSM in DSS + GLP-1-SSM group.
Immunofluorescence staining of colonic sections of DSS mice showed a noticeable decrease
in DRA protein levels on the apical membrane (Figure 5). In contrast, GLP-1-SSM blocked
the inhibitory effects of DSS on DRA expression. This attenuation of decreased DRA
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expression by GLP-1-SSM in DSS colitis mice further substantiates the anti-diarrheal effects
of GLP-1 nanomedicine (Figure 1).

Discussion

Our results demonstrate that human glucagon-like peptide —1 (7-36) self-associated with
PEGylated phospholipid micelles, GLP-1-SSM, is effective against DSS induced colitis in
mice. This acute intestinal injury model exhibits symptoms comparable to those of human
ulcerative colitis such as diarrhea, body weight loss, mucosal damage and shortening of
colon length.20 These features were prominent in our model system where mice were treated
with 3% DSS for 7 days. Co-treatment with 15 nmol/100 pl of GLP-1-SSM daily partially
abrogated the DSS induced weight loss (Figure 1, A). More prominently, GLP-1-SSM
treatment also partly restored stool consistency. It should be noted that GLP-1-SSM
administration did not significantly alter ad libitum blood glucose levels in mice in all the
groups (data not shown) suggesting that GLP-1 SSM effects were specific to the anti-
inflammatory/anti-diarrheal properties, without any adverse side effects likely to result from
free GLP-1 peptide. Our results indicate two potential mechanisms of GLP-1-SSM mediated
alleviation of the diarrheal phenotype in DSS mice via modulation of: 1) colonic
inflammation, and 2) DRA expression.

IBD is associated with severe and chronic inflammatory responses disrupting the colonic
epithelium and allowing intense infiltration of neutrophils into the affected tissue site.21 Our
results with DSS colitis model mimicked the colonic inflammatory cascade of IBD. Increase
in expression of proinflammatory cytokine IL-1p was partly reversed by GLP-1-SSM
indicating the potential anti-inflammatory effects of GLP-1 SSM. GLP-1 is known to reduce
immune cell infiltration and proinflammatory cytokine secretion by increasing cCAMP levels
(PKA activation) and inflammasome repression (PKC inhibition).13:18.22 As the GLP-1
nano-formulation retains its biologic activity for longer times, the observed effects may be
mediated through GLP-1-R activation.18

GLP-1-SSM treatment helped to maintain the colonic crypt architecture and prevented
complete loss of goblet cells as compared to DSS mice, though immune cell infiltration was
not blocked significantly (Figure 2, C & F). These distended crypt structures associated with
some goblet cells, in the DSS + GLP-1-SSM treated mice are indicative of either better
survival or rapid regeneration of colonic epithelial crypt cells in the setting of intestinal
inflammation. Our data are consistent with recent studies where GLP-1 or its synthetic
analogues (through GLP-1-R) engaged several downstream signaling pathways and exerted
pro-survival, proliferative and, anti-apoptotic effects on human/murine islets, endothelial
cells and some other tissues.13:23.24 Also, sustained GLP-1-R activation has been shown to
increase small intestine and colonic mucosal epithelium mass in rodents.2°

One of the major symptoms of IBD is diarrhea, which occurs secondary to inflammation. In
this regard, DRA plays an important role in maintaining electrolyte balance and preventing
abnormal fluid loss from the intestine.> Additionally, DRA knockout mice exhibit diarrheal
phenotype.2® Studies from our lab and others showed a repression of DRA expression in
inflamed intestine.5 Current studies for the first time demonstrate that GLP-1 nanomedicine
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preserves DRA protein levels in the intestine (Figures 4 & 5). It can be speculated that
maintenance of intestinal epithelial cell integrity and preservation of goblet cells by GLP-1-
SSM might play an essential role in attenuating inflammation induced decrease in DRA
expression in DSS + GLP-1-SSM group (Figures 2, 4 & 5). DRA activity is also crucial to
maintenance of proper mucus layer in the colon mainly by regulation of alkaline secretion.2”
Preservation of goblet cells in GLP1-SSM treated DSS mice could thus be due to recovered
DRA protein levels (Figures 2, 4 & 5).

Moreover, studies have shown that DPP4 inhibition reduces neutrophil recruitment in mouse
lung transplantation model.28 However, protective effects of GLP1 against colitis and
associated diarrhea have not been studied in detail and have remained undiscovered due to
predominant glucoregulatory role of GLP-1. Some of the potential anti-inflammatory effects
of free GLP-1 are also offset due to its rapid in vivo degradation or high costs involved in
synthesis of DPP-4 (GLP-1 degrading peptidase) resistant analogues!® of GLP-1 also is an
important limitation. However, our current approach to use GLP-1 in a nano carrier system
has overcome these limitations.

In addition GLP-1-SSM when given as intraperitoneal injection may not leave abdominal
cavity as particles, but release GLP-1 locally to show effects as observed in this study.
However, real life application of GLP-1 nanomedicine should be performed preferably via
an intravenous route, where the nanoparticles may accumulate only in the inflamed tissues
through leaky vasculature by passive targeting. This approach not only may show higher
efficiency of the peptide but also decrease the possible side effects of GLP-1, such as
lowering of blood sugar. Previously, we have shown that the blood pressure-lowering side
effects of another anti-inflammatory peptide, VIP, was totally eliminated when administered
as a nanomedicine.2?

Taken together, our results project GLP-1-nanomedicine to be a novel and potent therapeutic
tool against intestinal inflammation and diarrhea associated with IBD. Furthermore, as
Crohn’s disease and ulcerative colitis patients are often presented with insulin resistance,3°
GLP-1-SSM is also likely to regulate body glucose in such settings in addition to attenuation
of inflammation and diarrhea.
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Figure 1.

GLP-1 nanomedicine attenuates DSS induced colitis in mice. Change in body weight (A),
preservation of stool consistency (B) during DSS treatment. Colitis was induced by 3% (wt/
vol) DSS supplemented in drinking water for 7 days to DSS and DSS + GLP1-SSM groups.
15 nmol of GLP1-SSM or SSM was administered by i.p injection everyday to mice in
respective groups during the 7 days of DSS treatment. Data were expressed as the mean +
SEM, ****p < (0.0001. n = 10 mice per group.
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Figure 2.
GLP-1 nanomedicine alleviates histologic alterations observed in DSS induced colitis. After

7 days of treatment, the colon was collected and 5 pm thick sections of distal colon were
prepared. Sections were stained by H & E (A-C) and PAS (D—F) and assessed
histologically.
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Figure 3.
Anti-inflammatory effects of GLP-1 nanomedicine in mice with colitis. After 7 days of

treatment RNA from mucosal scrapings from distal colon were prepared, and expression of
IL-1p was measured by gRT PCR. Data were expressed as the mean = SEM, *P< 0.05,
*** P < 0.001, ****P < 0.0001. n = 10 mice per group.

Nanomedicine. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Anbazhagan et al. Page 13

(A)

-
DRA—> | G o - ‘
(85 kDa)

GAPDH —>| (D S G N

(37 kDa)

L B

(B)

DRA/GAPDH(Arbitrary Units)

Figure 4.
GLP-1 nanomedicine blocks DSS induced decrease in DRA protein expression. DRA

protein levels in distal colonic mucosal tissue lysates were measured by Western blot. A
representative blot is shown (A). Densitometric analysis of relative band intensities (B). Data
were expressed as mean + SEM ***P < 0.001. n = 10 mice per group, # denotes DSS and
DSS + GLP1-SSM groups are not significantly different by one-way (ANOVA) but two
groups are significantly different according to Student’s ¢test (P < 0.05).
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Figure 5.
GLP-1 nanomedicine blocks the DSS-induced decrease in DRA expression. Green, DRA,;

red, villin; blue, nuclei; scale bar = 20 um.
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