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Abstract

Background and Aims: The Self-assembling Peptide Hydrogel [SAPH, PuraMatrix], a fully
synthetic peptide solution designed to replace collagen, has recently been used to promote
mucosal regeneration in iatrogenic ulcers following endoscopic submucosal dissection. Herein,
we evaluated its utility in ulcer repair using a rat model of topical trinitrobenzene sulphonic acid
[TNBS]-induced colonic injuries.

Methods: Colonic injuries were generated in 7-week-old rats by injecting an ethanol solution
[35%, 0.2 mL] containing 0.15 M TNBS into the colonic lumen. At 2 and 4 days post-injury, the
rats were subjected to endoscopy, and SAPH [or vehicle] was topically applied to the ulcerative
lesion. Time-of-flight secondary ion mass spectrometry [TOF-SIMS] was used to detect SAPH.
Colonic expression of cytokines and wound healing-related factors were assessed using real-time
polymerase chain reaction or immunohistochemistry.

Results: SAPH treatment significantly reduced ulcer length [p = 0.0014] and area [p = 0.045], while
decreasing colonic weight [p = 0.0375] and histological score [p = 0.0005] 7 days after injury. SAPH
treatment also decreased colonic expression of interleukin [IL]-1a [p = 0.0233] and /L-6[p = 0.0343]
and increased that of claudin-1 [p=0.0486] and villin [p=0.0183], and p-catenin staining
[p=0.0237]. TOF-SIMS revealed lesional retention of SAPH on day 7 post-injury. Furthermore,
SAPH significantly promoted healing in in vivo mechanical intestinal wound models.
Conclusions: SAPH application effectively suppressed colonic injury, downregulated inflammatory
cytokine expression, and upregulated wound healing-related factor expression in the rat model;
thus, it may represent a promising therapeutic strategy for IBD-related colonic ulcers.
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1. Introduction

Inflammatory bowel diseases [IBDs], mainly comprising ulcerative
colitis' and Crohn’s disease, are characterized by refractory inflam-
matory damage in the gastrointestinal tract caused by the predom-

3-5

inance of injury over repair processes.>* IBDs are often associated
with colonic ulcers that are refractory to medical treatment, and/or
require surgery.

Over the past decade, advances in our understanding of IBD
pathogenesis have facilitated the development of directed therapies.
For example, previous studies showed that 5-aminosalicylic acid,
corticosteroids and thiopurines are of limited use as IBD treatments,
whereas selective blockade of inflammatory cytokines with anti-
tumour necrosis factor [TNF]-a agents provides considerable clin-
ical benefit.*” Nevertheless, the long-term safety and efficacy of these
therapies remain unclear, and some patients become drug-resistant
or intolerant.*10

Recently, tissue engineering and regenerative materials, such as
extracellular matrix scaffold materials [ECM-SM], have been devel-
oped to restore damaged tissues to a normal structural and functional
state. The Self-assembling Peptide Hydrogel [SAPH, PuraMatrix’ 3D
Matrix Co., Ltd] is a novel, fully synthetic, 16-amino-acid polypep-
tide with a repeating sequence of arginine, alanine and aspartic acid,
and a self-assembling peptide solution that functions like ECM-SM
in its ability to replace collagen. Within the 16-amino-acid monomer
sequence, the alternating positively and negatively charged amino
acids [arginine and aspartic acid], along with non-polar alanine lo-
cated between the charged amino acids, create two distinct structural
surfaces, one hydrophilic and the other hydrophobic. The electronic
interaction between positive and negative charges, as well as the
hydrophobic bonds between the side chains of neutral amino acids
and hydrogen bonds of peptide main chains, facilitate the proper
positioning of adjacent peptide molecules. These monomer building
blocks form f-sheet structures via non-covalent interactions. When
exposed to physiological pH [~7] or tissue, the (-sheet structures
increase in number and the gel thickens, resulting in formation of
a nanofibrous hydrogel that mimics a natural extracellular matrix
scaffold, thus facilitating cell and tissue retention during healing."
Recent studies have reported that SAPHs can be used to deliver
medicinal substances and promote the regeneration of various or-
gans.'>13 Specifically, SAPHs have proven effective in controlling
bleeding after endoscopic mucosal resection for gastric cancer.!*
However, their capacity to alleviate inflammation-induced ulcers in
IBD has not yet been evaluated.

Trinitrobenzene sulphonic acid [TNBS]-induced colitis was ori-
ginally developed by Morris et al. as an animal model of colitis, in
which TNBS [acting as a hapten] is administered rectally with ethanol
[which acts as a barrier breaker].! Recent reports have since modified
this model to inject an ethanol solution containing TNBS to generate
local ulcers and facilitate the observation of mucosal healing.'®!”

Herein, we evaluated the effect of an SAPH, applied topically, on
the repair of TNBS-induced ulcers in a rat model. In addition, we
evaluated the effect of SAPH on intestinal wound healing using a dif-
ferent model based on mechanically induced wounds, independent of
colitis."®"” Our results provide useful insights for future studies aimed
at developing novel therapeutic strategies for patients with IBD.

2. Materials and Methods

The present study used an experimental protocol approved by
the Animal Research Committee of Kurume University and was

undertaken in strict accordance with the tenets of the Declaration of
Helsinki, including extra care to avoid animal suffering.

2.1. Experimental animals

Male Sprague-Dawley rats were obtained from Charles River
Laboratories Japan and housed in standard wire-mesh cages. They
were provided with ad libitum access to standard chow and tap
water.

2.2. Colonic injury induction

Colonic injury was induced in 7-week-old rats [weighing 300-320 g]
using a method described previously. Briefly, rats were anaesthetized
via isoflurane inhalation and subjected to laparotomy. A section
of the proximal colon was clamped with ringed forceps [10-mm
inner diameter], and an ethanol solution [35%, 0.2 mL] containing
0.15 M TNBS [Tokyo Chemical Industry Co., Ltd] was injected into
the colon lumen using a 29-gauge needle.'®!” The clamp was main-
tained for 2 min and then released before the colon was returned to
the abdominal cavity, and the incision was sutured.

2.3. Protocol A:TNBS injury time course study

The extent of colonic damage [as indicated by the ulcer length, i.e.
ulcer girth/colon girth] was evaluated via endoscopy or colonic
resection on days 3, 7, 14, 21 and 28 after injury [TNBS/ethanol
injection]. Specifically, rats undergoing endoscopy were anaesthe-
tized via isoflurane inhalation, the colon was flushed with physio-
logical saline, and endoscopy was performed using a mini endoscope
[length, 85 mm; diameter, 5 mm] with a GASTRO PACK monitor
[Karl Storz]. After euthanasia, the colon was removed, opened by
longitudinal incision, and rinsed with physiological saline; the ulcer
area was then analysed using the Image-Pro Plus software [Media
Cybernetics]. The colonic weight [g/3-cm resected colonic section]
and histological findings were evaluated and recorded. Furthermore,
colonic expression levels of cytokines and wound healing-related
factors were evaluated.

2.4. Protocol B: Effect of SAPH treatment on

TNBS injury

On days 2 and 4 after TNBS/ethanol injection into the colonic
lumen, 1 mL of SAPH or vehicle [physiological saline] was ap-
plied topically to the ulcerative lesion under endoscopy. For further
comparison, we injected a group of rats with TNBS in the absence
of SAPH or vehicle. Hence, the three rat groups were as follows:
‘TNBS’ group [clamped with forceps + TNBS injection without top-
ical administration of SAPH or vehicle]; “TNBS + vehicle’ group
[clamped with forceps + TNBS injection + topical administration of
vehicle]; “TNBS + SAPH’ group [clamped with forceps + TNBS in-
jection + topical administration of SAPH]. Ulcer length was evalu-
ated via endoscopy on days 2, 4 and 7 after injury. Animals were
killed on day 7 after injury, and ulcer area, colonic weight [g/3-cm
resected colonic section], and histological score [sum of the extent,
damage, inflammation and regeneration scores],?’ as well as colonic
expression levels of cytokines and wound healing-related factors
were evaluated.

2.5. Real-time polymerase chain reaction [RT-PCR]

Total colonic RNA was isolated using TRIzol [Invitrogen] and
reverse-transcribed into cDNA using the ReverTra Ace qPCR RT
Master Mix [Toyobo].?! Tissue expression levels of interleukin-1a
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[Il1a], 111b, 1l6 and tumor necrosis factor-a [Tnfal, 114, 1I10,
claudin-1 [Cldn1), claudin-2 [Cldn2), claudin-3 [Cldn3], occludin
[Ocln), zonula occludens-1 [Zol), vascular endothelial growth
factor A |Vegfal, hepatocyte growth factor [Hgf|, villin [Vill] and
leucine-rich repeat-containing G-protein-coupled receptor-5 [LgrS]
were assessed via RT-PCR using the ABI Step One Plus system
[Applied Biosystems].

Specifically,Ilal,1l1b,116, Tnfaand B-actin[ Actb] levels were evalu-
ated using SYBR Green and the following primers: IL-1a Forward
(F), S"-AAGACCAGCCCGTGTTGCTGAAGG-3"; IL-1a Reverse
(R), 5-TCCAGAAGAAAATGAGGTCGGTC-3% IL-1B E, 5"-TGAC
CCATGTGAGCTGAAAG-3; IL-18 R, 5-AGGGATTTTGTCGT
TGCTTG-3%; IL-6 E 5-TGTTCTCAGGGAGATCTTGG-3% IL-6
R, 5-TCCAGGTAGAAACGGAACTC-3; TNF-a F 5-ATGATC
CGAGATGTGGAACTGGCA-3’; TNF-a R, 5-AATGAGAAGAGG
CTGAGGCACAG’-3’; B-actin F, 5"-CTGGAGAAGAGCTATGAGC
TG-3; B-actin R, 5"-AATCTCCTTCTGCATCCTGTC-3".

In contrast, I14, 1110, Cldn1, Cldn2, Cldn3, Ocln, Zo1, Vegfa, Hgf,
Vill, Lgr$, and glyceraldebyde 3-phosphate debydrogenase [Gapdh]
mRNA levels were assessed using the TagMan probe and primer sets,
comprising: I/4, Rn01456866_m1; 1110, Rn01483988_g1; Cldni,
Rn00581740_m1; Cldn2, Rn02063575_s1; Cldn3, Rn00581751_
s1; Ocln, Rn00580064_m1; Zol, Rn02116071_s1; VEGEFA,
Rn01511601_m1; Hgf, Rn00566673_m1; Vill, Rn01254356_g1;
LgrS, Rn01509662_m1; and Gapdh, Rn01775763_g1 [Applied
Biosystems].

2.6. Immunohistochemical analysis
Immunohistochemistry was performed on paraffin sections using
rabbit monoclonal CD3 primary antibody [ab16669, Abcam], and
rabbit polyclonal B-catenin [ab6302] and rabbit polyclonal villin
[ab97512] primary antibodies using a previously described method.?!
The percentage of immunohistochemically stained positive cells for
CD3, villin and p-catenin was measured in three randomly selected
fields under a light microscope at 200x magnification in sections
from a colon adjacent to the ulcer using Image] software (National
Institutes of Health [NIH]) with the immunohistochemistry profiler
plugin.?>%3

2.7. Protocol C: Detection of SAPH onTNBS injury
SAPH was topically applied to the ulcerative lesions under endos-
copy on days 2 and 4 post-TNBS injection, and rats were killed on
day 7 after injury. To assess SAPH stability on colonic ulcers, 10-pum-
thick sections of the frozen colonic sample on glass slides were
analysed at Material Science and Technology of Japan using time-of-
flight secondary ion mass spectrometry [TOF-SIMS].>*** TOF-SIMS
is an analytical technique that uses a primary ion beam to probe the
surface of a solid material. The secondary ions that desorb from the
sample surface are analysed, and their mass is determined with high
accuracy. As a result, TOF-SIMS allows spectroscopy for the charac-
terization of chemical composition, imaging for mapping the surface
distribution of species, and depth profiling.

2.8. In vivo wound healing experiments

The effect of SAPH in vivo was also evaluated using a rat intes-
tinal wound healing model that is based on mechanical wounding
and is independent of colitis.'® For this purpose, mucosal biopsies
were taken from the distal colon of a live rat using endoscopically
guided biopsy forceps, resulting in defined wounds. SAPH or vehicle
was topically applied to the wound under endoscopy each day after

mechanical wounding. The healing process was subsequently moni-
tored by daily endoscopies. The diameters and the wound areas were
calculated relative to the original wound size by video analysis of
endoscopic recordings using the Image]J software [NIH].

2.9. Statistical analysis

Where appropriate, results are presented as mean = SEM. Parametric
and non-parametric analyses were used where appropriate after
testing for normal distribution using the Shapiro-Wilk test. A p
value < 0.05 was considered to indicate statistical significance.

3. Results

3.1. Assessment of the TNBS-induced injury

time course

The extent of the induced colonic injuries was evaluated via en-
doscopy and/or colon resection on days 3, 7, 14, 21 and 28 post-
induction [Figure 1A, B]. The endoscopic observation conducted
[Figure 1C], which has not been previously performed as part of the
modified TNBS model, revealed a well-defined local ulcer on day
3 after injury, which was gradually reduced over the experimental
time course, producing scarring between 21 and 28 days post-injury.

Macroscopic observations of resected colon sections [Figure 1D]
also showed a well-defined local ulcer with surrounding oedematous
mucosa that recovered gradually over the experimental time course.

Histological analysis showed that TNBS injection induced ulcers
that extended toward the muscularis propria with leukocyte infil-
tration and inflammatory exudate observed at the ulcer base. These
findings gradually improved over the experimental time course, with
regenerated epithelia growing around, or covering, the ulcer base,
effectively replacing granulation tissues [Figure 1E].

Quantitative measurements taken on days 3, 7, 14, 21 and 28
after colonic injury showed that colonic ulcer length and area [Figure
1F-1], as well as histological score [Figure 1J; 7 =3-15 per group]|
gradually decreased over the experimental time course. To assess the
validity of ulcer length as an index of the ulcer area, we compared the
two measurements on days 3, 7, 14, 21 and 28 after TNBS/ethanol
injection. As expected, we found a statistically significant correlation
between ulcer length and area [r = 0.6104, p < 0.0157] [Figure 1I].

Next, we evaluated colonic mRNA expression of inflammatory
cytokines [Il1a, 1l1b, 1l6 and Tnfa], tight-junction-related factors
[Cldn1, Cldn2, Cldn3, Ocln, Zo1], and growth factors [Vegfa and
Hgf; Figure 2]. We found that TNBS-induced colonic injury resulted
in the upregulation of Il1a [p =0.004], Il1b [p = 0.007] and Tnfa
[p =0.01], as well as the downregulation of Cldn2 [p <0.001],
Cldn3 [p < 0.001] and Ocln [p = 0.002].

3.2. Efficacy of SAPH treatment against TNBS injury
Next, we evaluated the efficacy of SAPH in treating TNBS-
induced ulcers among the TNBS group, TNBS + Vehicle group and
TNBS + SAPH group. Based on the data from the time course studies
of TNBS-induced injury mentioned above, we further evaluated the
efficacy of SAPH treatment up to day 7 post-induction of injury.
After 7 days, there may be complete resolution of the injury, making
comparison of efficacy among the groups difficult. Hence, a 7-day
observation was considered to be optimal.

SAPH [or vehicle] was applied on days 2 and 4 after injury, and
the effect of this treatment on ulcer healing was evaluated on days 4
and 7 [via endoscopy; Figure 3A, B]. Topical SAPH application was
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Figure 1. Characterization of colonic-ulcer induction in rats by trinitrobenzene sulphonic acid [TNBS] injection. [A] Schematic representation of induction of
colonic ulcers in 7-week-old rats via injection of ethanol solution [35%, 0.2 mL] containing 0.15 M TNBS into the colon lumen after clamping the proximal
colon using ringed forceps. [B] Time course of the experimental protocol. [C-E] Representative endoscopic [C], macroscopic [D] and histological [E] images
[haematoxylin and eosin staining; the magnification of the black box in the upper panel is shown in the lower panel] taken immediately before [0], and 3, 7, 14,
21 and 28 days afterTNBS injection. [F-J] Relative ulcer lengths [F, G] and areas [H]. Correlation between relative ulcer length and area [l], and histological score
[J] [n=3-15 per group]. Relative ulcer length was obtained by dividing ulcer girth by colon girth.

shown to significantly shorten ulcer length, in comparison to vehicle colonic weight was significantly lower [p = 0.0375] in SAPH-treated

treatment [p = 0.0014] on day 7 [Figure 3C, D], suggesting that it rats compared to vehicle-treated rats [Figure 3E-G].

can accelerate healing of TNBS-induced colonic injuries. Additionally, histological score was significantly lower in SAPH-
Similarly, macroscopic observations made on day 7 post-injury treated rats compared to vehicle-treated rats [Figure 3H]. As shown

revealed that ulcer area was significantly smaller [p = 0.045] and in Figure 3I, SAPH-treated rats exhibited strongly regenerated
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Figure 2. Comparison of colonic mRNA expression levels of cytokines and wound healing-related factors after trinitrobenzene sulphonic acid [TNBS] injection.
Interleukin-1a. [I11a], IL-18 [I1b], IL-6 [1I6], tumour necrosis factor [Tnfal, claudin-1 [Cldn1], claudin-2 [Cldn2], claudin-3 [Cldn3], occludin, zonula occludens-1
[Zo1], vascular endothelial growth factor A [Vegfal and hepatocyte growth factor [Hgf] expression levels were assessed in untreated [Normal] and TNBS-treated
rats 7 days after TNBS injection; n=5 per group. The data were normalized to the expression of -actin [Actb] or glyceraldehyde 3-phosphate dehydrogenase

[Gapdh].

epithelia around and firmly covering the ulcer base compared to
vehicle-treated rats. Together, these findings support the conclusion
that topical application of SAPH can promote ulcer healing.

As shown in Figure 4, suppression of colonic injury by SAPH ad-
ministration was associated with downregulation of inflammatory
cytokines Il1a [p =0.0233] and Il6 [p = 0.0343], which was asso-
ciated with a decrease in the abundance of CD3* cells [p = 0.0428].
In contrast, the expression of anti-inflammatory cytokines [I/4 and
1110] was not affected by SAPH administration. Moreover, SAPH
administration upregulated wound healing-related factors Cldnl
[p =0.0486] and Vill [p =0.0183], while increasing the number
of villin-positive cells [p=0.0291] and p-catenin-positive cells
[p =0.0237]. SAPH also upregulated Lgr5, but this result did not
reach statistical significance [p = 0.0783].

3.3. Detection of SAPH using TOF-SIMS

Endoscopic and pathological visualization of SAPH is extremely dif-
ficult. Therefore, we elected to use the TOF-SIMS technique to detect
SAPH in TNBS injury. To this end, we applied SAPH or vehicle top-
ically on days 2 and 4 after TNBS injury and performed SAPH de-
tection on the injury surface on day 7. As expected, the fragment ion
peaks of SAPH were observed, confirming that SAPH was present in
the region where it was applied [Figure 5].

3.4. Efficacy of SAPH treatment against in vivo

wound healing models

Because SAPH was found to promote wound closure in TNBS-
induced ulcers, we also evaluated its effect in vivo using a rat
intestinal wound healing model [Figure 6]. The healing of these
wounds was monitored until day 6, and wound size was compared
between vehicle-treated and SAPH-treated rats by endoscopic ana-
lysis. The reduction in wound diameters and wound areas was
significantly accelerated in models treated with SAPH than with
vehicle.

4. Discussion

This study is the first to indicate the potential use of SAPH as a treat-
ment for inflammation-induced colonic ulcers.

The TNBS-induced colitis model employed in the present study is
unique in that it generates local, inflammation-induced ulcers that fa-
cilitate the detailed observation of mucosal healing.'®!'” We validated the
reliability of this modified TNBS colitis model by assessing ulcer pro-
gression/healing over a specified time course. The results showed that the
model consistently induced ulcers of comparable size [length and area]
and with histological characteristics that gradually decreased over time,
reaching the scarring stage by the last assessed time point.
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Figure 3. Effect of the Self-assembling Peptide Hydrogel [SAPH] on trinitrobenzene sulphonic acid [TNBS]-induced colonic ulcers. [A] SAPH was applied topically
[using endoscopy] to the ulcers on days 2 and 4 post-TNBS injection.The rats were killed for analysis on day 7 post-injury. [B] Image showing endoscopic topical
SAPH application. [C] Serial changes in ulcer length following the topical application of SAPH or vehicle, before, and 2, 4 and 7 days after TNBS injection or no
topical application of SAPH nor vehicle after TNBS injection [n=7-14 per group]. *p =0.0014 vs TNBS + vehicle, *p=0.0252 vs TNBS alone. [D] Representative
images showing endoscopic findings in SAPH- and vehicle-treated and non-treated TNBS rats. [E-G] SAPH administration reduced the size [area] [E] and
weight and ameliorated the macroscopic features [G] of TNBS-induced colonic ulcers [3-cm colonic samples] [F]. [H, I] SAPH reduced the histological score of
the TNBS-induced colonic ulcers [H]. Representative image of each group. The magnification of the black box in the upper panel is shown in the lower panel [,

haematoxylin and eosin staining].



Topical Application of a Novel Peptide for IBD

1523

>

IL-100
P=0.515 P=0.0233

3 —_—— —
L]

2

! @

0

TNBS TNBS  TNBS
+ vehicle + SAPH

Expression relative to B-actin
Expression relative to B-actin

1L-4
P=0.2781 P =0.1809

kit

Expression relative to GAPDH
(33
Expression relative to GAPDH

TNBS  TNBS TNBS
+vehicle  + SAPH
Claudin 3
jons = - z
s 2 P=0.1432 P=0.2908 )
A~ ~
3 3
o LS °
= 2
£ 2
= 1 =
o o
& &
=] =]
£ 0.5 2
2 ]
3 4
& &
g o 8
TNBS ~ TNBS  TNBS
+vehicle  + SAPH
T VEGFA T
a Q
£1s P=0204 P=0.1213 =
S} ° ©
2 e
g =
< o
=05 c
§ g
3
g0 &
UJM TNBS TNBS  TNBS ,ﬁ
+ vehicle + SAPH
B CD3
(%)

P =0.0428
—

TNBS
+ vehicle

TNBS
+ SAPH

TNBS
+ vehicle

TNBS

+ SAPH

IL-1B
P =0.6644 P =0.0588

2 —_——
1.5

| &
0.5

0

TNBS TNBS  TNBS
+ vehicle + SAPH

IL-10
P=0.1432 P=0.4813

3 ———
2
1
0

TNBS TNBS TNBS
+vehicle  + SAPH
Occludin

2 P=0.1432 P=0.4386

1.5
1
0.5
0

TNBS TNBS TNBS
+vehicle  + SAPH
Villin

2.5 P=0.66 P=0.0183

Z%%@

0
TNBS TNBS  TNBS
+ vehicle + SAPH
Villin
(%)
30 P =0.0291
[ ]
60 i
40 * L (4
20 °
TNBS TNBS
+ vehicle + SAPH

TNBS

+ vehicle

Expression relative to B-actin

Expression relative to GAPDH Expression relative to GAPDH

Expression relative to GAPDH

IL-6 TNF-o.
=
P=0.58 P=0.0343 8 P=0.2328 P =0.5967
9 — K e
@ 30
2
6 o
220 °
<
e
3
[} _§ 10
%
@ &
0 & 0
TNBS TNBS TNBS LE TNBS TNBS  TNBS
+ vehicle  + SAPH + vehicle + SAPH
Claudin 1 Claudin 2
P=0.5152 P =0.0486 jont P =0.2046 P =0.1809
6 —_—— 2 3 ——
[ ] <
o
8
4 o 2
B
=]
5]
e
2 o 1 L
2
G:3 ‘
2
0 g 0
TNBS TNBS TNBS = TNBS TNBS TNBS
+ vehicle  + SAPH + vehicle + SAPH
Z0O-1 HGF
5 P=0.2834 P=0.6727 E 2 P =0.7449 P=1.0
&
4 5
° 1.5
3 4
5 1
2 S
=
S
1 £ 0.5
2
2
0 0
TNBS  TNBS  TNBS = TNBS  TNBS  TNBS
+ vehicle  + SAPH + vehicle  + SAPH
Lgrs
P=0.3356 P=0.0783
3 —— —
2
0
TNBS TNBS TNBS
+ vehicle  + SAPH
B-catenin
%
{ 4‘6) P =0.0237
—

TNBS
+ vehicle

TNBS
+ SAPH

TNBS
+ SAPH

TNBS
+ vehicle

CD3

Villin

f-catenin

Figure 4. Effect of the Self-assembling Peptide Hydrogel [SAPH] on the expression of cytokines and wound healing-related factors using real-time quantitative
polymerase chain reaction [RT-PCR] and immunohistochemistry. [A] RT-PCR was used to assess colonic interleukin [IL]-1a, IL-183, IL-6, tumor necrosis factor [ TNF]-
a, IL-4, IL-10, claudin-1[Cldn1], claudin-2 [Cldn2], claudin-3 [Cldn3], occludin [Oclnl, zonula occludens [Zo1], hepatocyte growth factor [Hgfl, vascular endothelial
growth factor A [Vegfal, villin [Vil1] and leucine-rich repeat-containing G-protein-coupled receptor-5 [Lgr5] expression levels; n=5-11 per group. The data were
normalized to the expression of -actin [Actb] or glyceraldehyde 3-phosphate dehydrogenase [Gapdh]. [B]The number of CD3, villin and $-catenin-positive cells
in colon cross-sections of vehicle- or SAPH-treated TNBS rats at day 7 after TNBS/ethanol injection. [C] Representative immunohistochemical localization of
CD3, villin and B-catenin in colon cross-sections of vehicle- or SAPH-treated TNBS rats at day 7 after TNBS/ethanol injection [haematoxylin and eosin staining].
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Figure 5. Detection of the Self-assembling Peptide Hydrogel [SAPH] on trinitrobenzene sulphonic acid [TNBS]-induced colonic ulcers using time-of-flight
secondary ion mass spectrometry [TOF-SIMS]. [A] SAPH or vehicle was topically applied to TNBS-injured sites under endoscopy at 2 and 4 days post-TNBS
injection, and rats were killed on day 7 after injury. [B] Unstained tissue section of SAPH-treated TNBS injury [upper panel] and vehicle-treated TNBS injury as a
negative control [lower panel]. Red square indicates measured regions. [C] Mass spectra produced by TOF-SIMS from the tissue section of SAPH-treated TNBS
injury [middle panel] and vehicle-treated TNBS injury as a negative control [lower panel]. SAPH without tissue application was used as a control [upper panel].
Spectra within the tissue corresponding to SAPH showed two peaks [peaks 1 and 2]. [D] lon images of SAPH [upper panel] or vehicle [lower panel] within the
TNBS injury section. Images of the background, colonic tissue, SAPH corresponding to peak 1 and SAPH corresponding to peak 2. Representative images of one

case are shown for two independent experiments.

Using this model, we showed that topical SAPH application
promotes colonic ulcer healing. Previous reports have shown that
SAPHs have an exceptional capacity to promote cell proliferation,
wound healing, tissue repair and drug delivery.'>'* We suggest that
SAPH treatment is likely to be suitable in the treatment of colonic
injuries because it functions as a synthetic extracellular matrix to re-
place collagen, does not incur a risk of infection because it is a fully

synthetic solution, rapidly forms into a hydrogel at physiological
pH, and is easily applied through a catheter from a prefilled syringe.
Additionally, it has tissue engineering properties and contains regen-
erative substances. These characteristics are likely to facilitate the
rapid translation of our findings to the clinical setting.

To elucidate the molecular mechanism by which SAPH treat-
ment reduces TNBS-induced injuries, we assessed the colonic
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Figure 6. Application of the Self-assembling Peptide Hydrogel [SAPH] to a mechanical wound healing model. [A] Schematic representation of the creation of
intestinal wounds using endoscopy-guided biopsy forceps on the distal colon of rats. [B] Time course of the experimental protocol. SAPH [n = 6] or vehicle [n = 6]
was topically applied under endoscopy. Wound healing was compared between vehicle-treated and SAPH-treated rats by endoscopies every day until day 6. [C]
Representative images after wound creation [arrows]. The fresh wound bed typically had a diameter of approximately 4 mm. [D] Relative wound diameters after
wound creation. Data are shown as the diameters of the wound bed relative to the diameter of the fresh wound [percentage]. [E] Relative wound areas after
wound creation. Data are shown as the areas of the wound bed relative to the area of the fresh wound [percentage].

expression of inflammatory cytokines?® and wound healing-related
factors, including tight-junction-related factors,?” growth factors?®
and wound-associated epithelial cell markers.?*-*! Of these, we
found that Cldnl, Vill, LgrS and f-catenin were upregulated.
Because SAPH has been reported to promote the regeneration
of damaged sites in various organs, we suggest that epithelial re-
generation could be a primary effect of SAPH. The mechanism
underlying the observed downregulation of Il1a and Il/6 and de-
crease in mucosal CD3* T cells is unclear; however, given that
SAPH acts independently of the immune system, we suggest that
this beneficial effect may be secondary to a reduction in the stimu-
lation of luminal antigens caused by the observed accelerated
mucosal repair.

Furthermore, an important aspect of the efficacy of topical SAPH
application was its retention to ulcerative lesions for a long time. In
the present study, we applied SAPH topically on days 2 and 4 after
TNBS injury and, using the TOF-SIMS technique, found its presence
on the injured area on day 7 after the injury. To our knowledge, this
is the first study to identify SAPH using the TOF-SIMS technique,
which can be applied in the future to precisely detect the length of
time that SAPH is retained at the site of injury.

Colonic ulcers are caused by a range of factors other than IBD3233;
for example, they can be induced by non-steroidal anti-inflammatory
drugs,* ischaemia,* radiation,* infection [e.g. amoebiasis,?” tuber-
culosis*] or colonic resection.’” As discussed, they are occasionally
refractory to medical treatment and can cause symptoms, including
bleeding, anaemia and perforation, which may require surgery.
Given that its demonstrated effect in ulcer healing does not appear
to be mediated immunologically, SAPH is likely to be effective for
treating diseases requiring controlled drug release at a distinct loca-
tion and promoting the healing of post-endoscopic resection-induced
stomach or iatrogenic colonic ulcers. Using an in vivo model,'s!” we
demonstrated, for the first time, that topical application of SAPH can
also stimulate the healing of mechanical intestinal wounds.

The primary limitations of our study include the small number
of experimental animals, and the absence of a long-term follow-up;
for example, we chose to kill SAPH-treated rats 7 days post-injury
to assess induced histological changes. Thus, additional long-term
experiments are needed to confirm our findings and test alterna-
tive SAPH formulations. Additional preclinical studies using large-
animal models are needed before the clinical benefits of SAPH can
be evaluated in humans.
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In conclusion, topical application of SAPH described under en-
doscopy effectively suppressed colonic injury in the rat model em-
ployed; thus, the results of the present study support the hypothesis
that SAPH is a promising potential therapeutic strategy to treat co-
lonic ulcers in IBD. SAPH treatment is relatively straightforward and
safe; nevertheless, additional comparative studies are warranted to
evaluate its efficacy in this context better.
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