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Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by persistent inflamma-
tion of the colon and disrupted intestinal function. Ramulus mori (Sangzhi) alkaloids (SZ-A), derived from
twigs of mulberry, were approved by the National Medical Products Administration in 2020 for treat-
ing type 2 diabetes mellitus. Accumulated evidence has confirmed that SZ-A also alleviates non-alcoholic
fatty liver disease and ameliorates inflammation, indicating its potential to address inflammation in UC.
However, the treatment of UC faces challenges due to low drug delivery efficiency and short retention
time. To overcome these challenges, an injectable and adherent in-situ thermo-sensitive hydrogel contain-
ing SZ-A was developed for rectal drug delivery, utilizing the thermo-sensitive polymers Poloxamer 407
and 188. The thermo-sensitive hydrogel system was designed with a moderate gelation temperature of
32 £ 0.5 °C, a short gelation time of 64 s, a pH range of 7-10, high moisturizing capability exceeding 90%,
and moderate mechanical strength of 4-5 s. In a rat model with UC, the in situ thermo-sensitive hydro-
gel significantly extended the retention time at the colonic site and enabled sustained release after rectal
administration. Symptoms of UC were markedly reduced following rectal administration of SZ-A thermo-
sensitive hydrogel. Furthermore, the release of inflammatory factors, such as interleukin-18 (IL-18), IL-6,
IL-18, tumor necrosis factor-o (TNF-«¢), and transforming growth factor-81 (TGF-B1), significantly de-
creased in the SZ-A thermo-sensitive hydrogel group. The integrity of the colonic mucosal barrier was
significantly enhanced following the application of SZ-A thermo-sensitive hydrogel. In conclusion, rectal
administration of SZ-A in situ thermo-sensitive hydrogel effectively alleviated UC symptoms, inhibited the
secretion of inflammatory factors, and promoted the repair of the colonic mucosal barrier. This approach

holds promise as a potential treatment for UC.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Ulcerative colitis (UC) is a prevalent intestinal ailment charac-
terized by abdominal pain, diarrhea, and bloody mucous discharge
[1-3]. UC often manifests alongside varying degrees of joint, skin,
eye, liver, and bile damage, and in advanced stages, it may lead
to malignancy [4-6]. Recent shifts in dietary and lifestyle patterns
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have contributed to a significant rise in the global incidence
and prevalence of UC [7-9], establishing it as one of the most
prevalent bowel diseases worldwide [10]. The pathogenesis of
UC involves immune inflammation, oxidative stress, and cellular
heat sink [11,12]. Clinical evidence indicates that ulcerative lesions
coincide with heightened activation of the nuclear transcription
factor-« B (NF-xB) signaling pathway, leading to the production
of substantial pro-inflammatory cytokines, such as tumor necrosis
factor-a (TNF-w), interleukin-6 (IL-6), and IL-18, along with com-
promised epithelial barrier function. Consequently, current clinical
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approaches for UC primarily target inflammation reduction and
hastening intestinal healing. Commonly employed drugs include
5-aminosalicylic acid, sulfasalazine, glucocorticoids, antibiotics, and
immunosuppressants. However, their drawbacks include prolonged
treatment duration, significant adverse reactions, and a high re-
currence rate [13-15], stemming from their inability to specifically
target colonic inflammation sites [16]. Furthermore, patients often
experience severe side effects, such as nausea, headache, and
hypertension [17,18]. Exploring anti-inflammatory compounds
from traditional Chinese medicines presents a promising avenue
for developing safe and efficacious UC treatments.

Ramulus mori (Sangzhi) alkaloids (SZ-A), a key component of
traditional Chinese medicine derived from mulberry branches,
constitute over 50% of the total extract. Mainly compris-
ing 1-deoxynojirimycin, fagomine, and 1,4-dideoxy-1,4-imino-D-
arabinitol, SZ-A exhibits highly selective inhibitory effects on small
intestinal glycosidases [19]. Recognized for its efficacy in managing
type 2 diabetes mellitus, SZ-A tablets received approval from the
China National Medical Products Administration (NMPA) in 2020
(approval No. Z20200002). Beyond its proven hypoglycemic effects
and safety profile, extensive research has revealed SZ-A’s diverse
pharmacological effects, including ameliorating lipid metabolism,
mitigating inflammation linked to obesity, reducing insulin resis-
tance, regulating gut microbiota disorders, and diminishing intesti-
nal inflammation. These effects are attributed to the multitargeted
actions of SZ-A’s various components [20,21]. Focusing on SZ-A’s
anti-inflammatory properties, investigations have shown its abil-
ity to act on multiple inflammatory pathways, inhibiting the se-
cretion of inflammatory factors, such as IL-18, TNF-¢, and IL-6,
and blocking p38 mitogen activated protein kinases (p38MAPK),
extracellular signal-regulated kinases (ERK), and c-Jun N-terminal
kinases (JNK) signaling pathways [22]. Given its established safety,
anti-inflammatory efficacy, and impact on the intestinal flora, SZ-
A holds promise as a highly effective and low-toxicity natural
medicine for UC treatment.

Presently, SZ-A is commonly administered orally in tablet form
for clinical treatment. However, this traditional dosage form en-
counters challenges in retaining active ingredients at the colonic
site following oral administration. Furthermore, rectal administra-
tion of SZ-A solution results in the rapid efflux of active ingre-
dients. The limited availability and brief retention time of SZ-
A in colonic tissues significantly compromise its therapeutic ef-
ficacy in UC. Additionally, rectal administration of conventional
dosage forms often necessitates a high volume and multiple de-
livery modes to achieve an effective therapeutic response. This can
lead to secondary colonic mucosal damage and reduced intestinal
sensitivity. Therefore, an urgent need exists to design an efficient
delivery system for encapsulating SZ-A to increase its accumula-
tion in the colon and enhance its therapeutic effect in UC.

Rectal drug delivery is a method in which drugs are admin-
istered through the anus into the intestinal canal to be released
for efficacy in treating systemic or local diseases [23]. Compared
with oral administration, rectal administration avoids direct stom-
ach stimulation, which may cause symptoms such as nausea, vom-
iting, and gastric distension. Most drugs can be absorbed through
the intestinal mucosa without passing through the liver, and enter-
ing the bloodstream directly, thereby reducing drug hepatotoxicity
and associated side effects [24].

In situ thermo-sensitive hydrogels with solution-gel transition
properties and strong bio-adhesiveness can rapidly gelate at body
temperature, adhering widely to the surface of colonic lesions to
enhance drug retention and therapeutic effects [25,26]. Following
rectal administration of an in situ thermo-sensitive hydrogel, the
hydrogel adheres quickly and tightly to the colonic mucosal sur-
face. It then slowly dissolves under the influence of intestinal mu-
cus, releasing encapsulated active ingredients to act on the colonic
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lesion and ultimately exert an anti-inflammatory effect [27,28].
Poloxamer 407 (P407), a thermo-sensitive material, is widely em-
ployed as a drug delivery vehicle, particularly as a thermo-sensitive
hydrogel [29-31]. Comprising 70% polyoxyethylene units and 30%
polyoxypropylene blocks [32,33]. P407 gradually dissolves into a
low-viscosity solution as the temperature increases. This solution
transforms into a semi-solid hydrogel by forming a network struc-
ture at temperatures close to body temperature. The gelation of
P407 is highly dependent on polymer concentration [34]. Con-
sidered one of the safest polymer materials, P407 exhibits excel-
lent biocompatibility [35,36]. Moreover, P407 hydrogels demon-
strate good plasticity and adhesion, prolonging the residence time
of drugs [37-39]. These characteristics position P407 as an attrac-
tive carrier for controlled drug delivery in various pharmaceutical
applications.

In this study, we selected P407 as the thermo-sensitive mate-
rial, Poloxamer 188 (P188) as the gelation temperature modula-
tor, and hydroxypropyl methylcellulose (HPMC) as a bioadhesive
material. These components were directly dissolved in an aqueous
SZ-A solution to formulate a rectally administered in situ thermo-
sensitive hydrogel for alleviating UC. The anticipated capability of
the SZ-A thermo-sensitive hydrogel is to undergo a rapid transi-
tion from a liquid to a hydrogel, adhering to the colonic mucosa
within the colonic lumen. This prolonged retention time of SZ-A
is expected to enhance its therapeutic efficacy in UC. The hydro-
gel was initially optimized based on the gelation temperature us-
ing the star point response surface method. Subsequently, the con-
centrations of P407, P188, and HPMC in the hydrogel were fur-
ther optimized, taking into account key parameters such as gela-
tion time and the mechanical strength of the hydrogel. The physic-
ochemical properties of the optimal formulation, including gelling
time, temperature, pH, moisture retention properties, in vitro dis-
solution characteristics, and mechanical strength, were determined.
Additionally, the retention of the SZ-A hydrogel in the colonic mu-
cosa was investigated through in vivo imaging following rectal ad-
ministration. Finally, a 2,4,6-trinitrobenzene sulfonic acid solution
(TNBS)-induced UC rat model was established to assess the thera-
peutic effects of the SZ-A hydrogel on UC. These effects included
the relief of typical symptoms, inhibition of inflammatory factor
secretion, and repair of the colonic mucosal barrier.

The gelling temperature of a hydrogel denotes the temperature
at which a thermo-sensitive gel undergoes the transformation
from a solution to a gel. The temperature-sensitive SZ-A hydrogel
was prepared using the cold solution method, as illustrated in
Fig. 1A. Considering the gelation temperature as a criterion, a
single-factor analysis was conducted to assess and determine the
appropriate dosage range of the thermo-sensitive polymer P407,
gelation temperature modulator P188, and bioadhesive polymer
HPMC within the hydrogel. To align with the normal human
body temperature range of 36-37 °C, the gel temperature was
set at 32 °C, ensuring the temperature-sensitive gel was liquid at
room temperature and quickly gelled at body temperature. Single-
factor screening experiments revealed that under the ideal gelling
temperature (32 °C), the suitable dosage ranges for P407, P188,
and HPMC were 16%-18%, 2.5%-4%, and 0.3%-0.7%, respectively
(Fig. 1B). Based on the optimization results from the single-factor
experiments, further refinement of the formulation involving the
dosages of P407, P188, and HPMC was performed using the Box-
Behnken start-point response surface methodology with gelation
temperature (T) as the response variable in a three-factor, three-
level start-point design (Table S1 in Supporting information). With
the gelation temperature set at 32 & 0.5 °C, three representative
hydrogel formulations were obtained and their gelation tempera-
tures were validated and assessed using the simulation equation
(T=3526-322xA+ 101 x B—0.89 x C+ 0.67 x A x B—0.22
x A x C+0.000 x B x C—0.61 x A2 — 0.88 x B2 + 0.17 x C?)
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Fig. 1. Preparation and formulation optimization of thermosensitive gel: (A) Preparation process of thermosensitive gel. (B) Effect of different temperature-sensitive materials
on gelling temperature. (C) Effect surface diagram and contour line diagram of influence of P407 dosage, P188 dosage and HPMC dosage on gelling temperature. (D) The
macroscopic appearance of SZ-A hydrogel in response to temperature change. (E) Determination of pH, moisture retention, and gel strength of different SZ-A hydrogel. (F)
Cumulative erosion rate of the blank gel, cumulative erosion rate/cumulative release rate of the drug. Data are presents as mean =+ standard deviation (SD) (n = 3).

(R? = 09839, P < 0.0001) (Fig. 1C and Table S2 Supporting
information).

Physicochemical properties of the prepared hydrogels were
characterized. At room temperature (25 °C), the three hydrogels
appeared as clear and transparent brown solutions with good
flowability. As the temperature reached the critical value of the
gelation temperature (32 °C), all three hydrogels rapidly trans-
formed into a uniform brown gel (Fig. 1D), demonstrating pro-
nounced thermo-sensitive characteristics. The pH, moisture reten-
tion, and gel strength of the three thermo-sensitive hydrogels are
depicted in Fig. 1E. The pH of all three hydrogels was (8.82 4 0.05),
meeting the requirements for rectal injection (pH 3-10). The mois-
ture retention rate surpassed 90%, showcasing excellent moisture-
holding capacity. Additionally, the gel strengths were moderate and
suitable for rectal injections. Evaluation of SZ-A release from the
hydrogels indicated slow release characteristics at 37 °C, with the
cumulative dissolution rate aligning with the dissolution rate, em-

phasizing that the drug release rate was determined by the gel dis-
solution rate (Fig. 1F).

The rheological properties of the three thermo-sensitive hy-
drogels were characterized using a rotational rheometer. The LVR
reflected the structural characteristics of the system, describ-
ing hydrogel stability. Rheological measurements of the three
thermo-sensitive hydrogels revealed no significant differences
in the LVR within the 0.1%-100% strain scan range (Fig. 2A).
In the frequency scan range of 0.1-10 Hz, the G’ values of the
three thermo-sensitive hydrogels remained stable, indicating the
stability of their internal gel structure. Compared to Gel-2 and
Gel-3, Gel-1 exhibited a higher G/, signifying a higher elastic
modulus (Fig. 2B). This suggests that Gel-1 was less susceptible to
deformation or disruption, effectively preserving the gel structure.
Additionally, the viscosity of the three thermo-sensitive hydrogels
before and after gel transformation was measured. Experimental
results indicated that, compared to Gel-2 and Gel-3, Gel-1 had the
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Fig. 2. Rheological characterization of different SZ-A hydrogel: (A) Linear viscoelastic region of different SZ-A hydrogel. (B) Frequency scans of different SZ-A hydrogel. (C)
The viscosity curves of different SZ-A hydrogels against the shear rate at room temperature and gelling temperature. Data are presents as mean + SD (n = 3).

lowest viscosity before gelation, showcasing better flowability and
suitability for rectal administration. Upon reaching the gelation
temperature after entering the rectum, Gel-1 exhibited high post-
gelation viscosity, enhancing its adhesion to the rectal mucosa
(Fig. 2C). Based on these rheological findings, Gel-1 was selected
as the optimal hydrogel formulation.

The drug loading of the selected Gel-1 was investigated using
rotational rheometry, and the stability of the gel structure was as-
sessed through gel LVR and frequency scanning. Rheological mea-
surements of thermo-sensitive hydrogels with varying drug load-
ings revealed that, within the 0.1%-100% strain scanning range, the
LVR of the hydrogels with 1%-7% drug loading exhibited minimal
fluctuation, indicating stable internal structure capable of with-
standing significant deformations without damage. However, when
the drug loading exceeded 7%, the LVR of the thermo-sensitive hy-
drogel underwent substantial alterations, with G’ showing signif-
icant fluctuations, signifying instability and susceptibility to dam-
age (Fig. S1A in Supporting information). In the frequency scanning
range of 0.1-10 Hz, G’ of the thermo-sensitive hydrogel fluctuated
considerably when the drug loading surpassed 5%, indicating insta-
bility in the fluid state (Fig. S1B in Supporting information). Fur-
thermore, the pH and gelling temperature of thermo-sensitive hy-
drogels with different drug loads were measured. The results re-
vealed an increase in pH with rising SZ-A drug loading, while the
gelation temperature of the thermo-sensitive hydrogels decreased
(Fig. S1B). This observation may be attributed to SZ-A’s viscosity,
which reduces the gelation temperature. As SZ-A primarily com-
prises alkaloids, the pH increased with an elevated alkaloid con-
tent. Based on these findings, the drug loading capacity of the
thermo-sensitive hydrogel was determined to be less than 5%.

The physicochemical characterization of the thermo-sensitive
hydrogel with 2% drug loading was meticulously conducted. The
rheological test results, as depicted in Fig. S1C (Supporting in-
formation), revealed minimal fluctuations in the LVR within the
0.1%-100% strain scan range, indicative of a relatively stable in-
ternal structure. Under high strain, both G’ and G” dropped syn-

chronously, signifying the shear-thinning property of the thermo-
sensitive hydrogel. Within the frequency scan range of 0.1-10 Hz,
the hydrogel displayed negligible frequency dependency. Addition-
ally, the viscosity trend with shear rate at 4 °C and body tempera-
ture was determined. At 4 °C, the hydrogel exhibited constant vis-
cosity irrespective of changes in shear rate, behaving as a Newto-
nian fluid. Conversely, at body temperature, the viscosity decreased
with increasing shear rate, showcasing shear-thinning behavior.
This property aligns with injectable systems and is consistent with
the modulus results, illustrating the transition from liquid to solid
and confirming the phase transition of thermo-sensitive hydrogels.

The formation of thermo-sensitive hydrogels was assessed us-
ing Fourier transform infrared spectroscopy (FT-IR), and the ob-
tained spectra are presented in Fig. S1D (Supporting information).
Characteristic peaks of SZ-A at 2894 and 1644 cm~! weakened
upon interaction with the polymer materials. The experimental re-
sults suggest that SZ-A not only mixed but interacted with the
polymer materials, being enveloped by them. Fig. S1D displays
the differential scanning calorimeter (DSC) spectra of SZ-A, the
blank hydrogel, and the thermo-sensitive hydrogel. SZ-A and the
blank hydrogel exhibited broad endothermic peaks at 100.3 and
103.6 °C, respectively, attributed to water evaporation. SZ-A dis-
played a distinct, narrow endothermic peak at 104.3 °C. However,
in the thermo-sensitive hydrogel, no corresponding peak for SZ-A
was observed, indicating SZ-A’s interaction with the polymer ma-
terials and dispersion in an amorphous state within them. This ob-
servation aligns with the FT-IR results.

Male Sprague-Dawley rats weighing 160-180 g were procured
from Huafukang Biotechnology Co., Ltd. (Beijing, China). Institu-
tional Animal Care and Use Committee approval was obtained for
all animal experiments conducted at Peking Union Medical College,
and the rats were housed in a specific pathogen-free environment.

To evaluate the effectiveness of the prepared thermo-sensitive
hydrogel in extending the retention duration of SZ-A in the colon,
both free SZ-A aqueous solution and SZ-A hydrogel were labeled
with IR-820 and utilized for in vivo imaging of small animals to



Y. Yan, J. Song, D. Liu et al.

monitor the retention period in the colon following rectal admin-
istration. The experimental results are presented in Fig. S2A (Sup-
porting information). Within 0.5 h, the fluorescence intensity in
both the rectally administered and fluorescently labeled hydrogel
groups surpassed that in the orally administered free IR-820 group.
This suggests that IR-820 can rapidly localize in the colon follow-
ing rectal administration, releasing the fluorescent dye to exert
a local targeting effect. As time progressed, the fluorescence in-
tensity of the rectally administered group weakened, whereas the
fluorescently labeled hydrogel group maintained a strong fluores-
cence intensity, indicating that the hydrogel could continuously lo-
calize at the colonic site, interact with colonic epithelial cells, and
slowly release fluorescent dyes to exert a local effect. Even 5 h af-
ter rectal instillation, the orally free IR-820, and rectally adminis-
tered groups showed only weak fluorescence signals, whereas the
thermo-sensitive hydrogel group maintained a strong fluorescence
signal. The semi-quantitative statistical results of the ROI values
are shown in Fig. S2B (Supporting information), and similar conclu-
sions were drawn from the in vivo imaging observations of small
animals. The experimental results demonstrated that the fluores-
cently labeled gel could rapidly localize in the colon after rectal
administration, sustaining retention and slow release of the fluo-
rescent dye compared to the oral and rectal administration groups,
which may be highly beneficial in maintaining an effective drug
concentration in the colon over the long term.

To assess the in vivo biocompatibility of the thermo-sensitive
hydrogel prepared after rectal administration, a continuous 7-day
rectal irritation test was conducted. Evaluation criteria included
hematoxylin-eosin (HE) staining and the levels of key inflamma-
tory factors in the plasma and colonic tissues. After a 7-day ad-
ministration period, the rectal tissues in the thermo-sensitive hy-
drogel group exhibited no discernible pathological alterations, such
as redness, swelling, or mucosal damage, compared to the control
group. The results of HE staining, as illustrated in Fig. S2C (Sup-
porting information), indicated that the mucosa, submucosa, mus-
cular layer, and outer membrane structures in the normal group
were intact. Most intestinal structures in the normal saline group
showed no apparent abnormalities. Minimal neutrophil infiltra-
tion was observed in the mucosal layer, and the glandular struc-
tures exhibited regular and intact shapes. The majority of intestinal
structures in the thermo-sensitive hydrogel group showed no ap-
parent abnormalities. Isolated neutrophil infiltration was observed
in the mucosal layer and was extensively distributed. Additionally,
there was a minor presence of inflammatory cell infiltration in the
mucosal layer, but it was very slight. The levels of some impor-
tant inflammatory factors in the plasma and colonic tissue were
also measured, and the results are shown in Fig. S2D (Supporting
information). The levels of important inflammatory factors in the
plasma and colonic tissue in the thermo-sensitive hydrogel group
did not change significantly compared to those in the normal (Nor)
and normal saline (NS) groups (P > 0.05). The experimental results
showed no significant difference between the groups, indicating
that the SZ-A thermo-sensitive hydrogel had no obvious mucosal
irritation or high biological risk in vivo.

The irritation of the rectal mucosa caused by the warming gel
is an important indicator for the safety evaluation of rectal warm-
ing gel [40]. Although P407 has been approved by the Food and
Drug Administration (FDA) as an excipient for injectable drugs, its
in vitro safety is yet to be assessed. It has been demonstrated that
even a 20% concentration of P407 hydrogel, when applied daily to
the dorsal skin of C57BL/6 mice for 5 days, did not result in any
observable clinical signs of toxicity [41].

The TNBS-anhydrous ethanol model is a simple, economical,
and feasible approach that is well-suited for evaluating and inves-
tigating drugs for the prevention and treatment of UC [42]. Conse-
quently, this study assessed the in vivo therapeutic effectiveness
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of the SZ-A thermo-sensitive hydrogel in a rat model of UC in-
duced by TNBS/anhydrous ethanol. After 1 day of TNBS/anhydrous
ethanol modeling, rats displayed symptoms such as decreased ac-
tivity, reduced appetite, depressive behavior, and the presence of
blood in the stool. These symptoms are commonly associated with
acute UC in rats. Following the modeling, the body weight of the
control group rats exhibited a consistent increase, while the other
groups demonstrated a comparatively slower rate of weight gain
than the control group. By the conclusion of the experiment, the
model group exhibited the lowest body weight, while the other
four groups demonstrated a trend towards some degree of re-
mission. Among these, the group administered with the positive
drug salicylazosulfapyridine (SASP) and the SZ-A hydrogel group
(34 mg/kg) showed a more significant improvement in weight
trends in UC rats (Fig. 3A), suggesting a gradual restoration of in-
testinal function in these two groups.

At the end of the experiment, the rat colons were removed,
photographed, and measured (Fig. 3B). It is evident from the fig-
ures that the model group displayed changes, such as colonic atro-
phy and edema, in comparison with the control group, indicating
the successful induction of colitis. To a certain extent, each treat-
ment group tended to maintain the length of the rat colon, espe-
cially the SASP and SZ-A hydrogel groups (17 mg/kg), which ex-
hibited significantly longer colons compared to the oral adminis-
tration group (Fig. 3C). This suggests that the SZ-A hydrogel can
alleviate colon atrophy and edema resulting from UC. To some ex-
tent, its efficacy was superior to oral administration, and it could
better maintain colon length.

To assess the effects of TNBS/anhydrous ethanol-induced mod-
eling on UC inflammation infiltration, the concentrations of TNF-¢,
TGF-B1, IL-18, IL-6, and IL-18 in colonic tissues were quantified
using enzyme-linked immunosorbnent assay (ELISA). As shown in
Fig. 3D, the severity of inflammation may be associated with pro-
inflammatory cytokine levels. In the colonic tissues of all groups,
the model group exhibited the highest expression of inflamma-
tory factors compared to the blank control group. Following treat-
ment with SZ-A or SZ-A hydrogel, the levels of inflammatory
cytokines, including IL-18, TNF-«, IL-6, and IL-18, were down-
regulated, indicating a reduction in colonic inflammation. Com-
pared with the model group, the remaining treatment groups al-
leviated, to some extent, the impact of inflammatory infiltration
caused by UC. Significantly, compared to the SZ-A oral adminis-
tration group, the SZ-A hydrogel group exhibited lower levels of
pro-inflammatory cytokines, indicating that the SZ-A hydrogel was
more effective in suppressing the inflammatory response induced
by TNBS/anhydrous ethanol.

Moreover, the myeloperoxidase (MPO) activity in colonic tissues
from each group was measured after treatment. As depicted in
Fig. 3D, the model group demonstrated notably elevated levels of
colonic MPO (P < 0.01). In contrast, the MPO levels in the other
treatment groups showed a significant reduction (P < 0.05).

To further examine the inflammation of the colonic mucosa in
each group, we assessed colonic tissue sections stained with HE. As
depicted in Fig. 3E, the model group exhibited inflammation char-
acterized by significant mucosal damage when compared to the
normal group. There was an evident infiltration of inflammatory
cells in the submucosal layer, accompanied by mucosal layer de-
fects and ulcerations. In the SASP group, there was minimal infil-
tration of inflammatory cells and the damaged colonic morphology
exhibited effective repair. After oral treatment with SZ-A and SZ-
A hydrogels, improvements in the colonic damage caused by UC
were evident, with some colonic segments approaching a normal
appearance. This indicated that all treatment groups ameliorated
the symptoms of UC.

A reduction in tight junction (TJ) proteins can impair colonic
barrier function. Intestinal epithelial cells linked by T] proteins,
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Fig. 3. The therapeutic effects of thermos-sensitive SZ-A hydrogel on TNBS/ anhydrous ethanol-induced UC rats: (A) The weight of the rats at the end point of treatment.
(B) The colonic appearance of rats at the end point of treatment. (C) The colon length after treatment. (D) Histogram analysis of rats colonic inflammatory cytokine changes
after treatment. (E) HE staining, scale bar: 100 pm. Data are presents as mean + standard error of mean (SEM) (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, compared to

model group.

including zonula occludens-1 (ZO-1) and claudin-1, prevent ions
and small molecules from freely passing through the space be-
tween two epithelial cells [43,44]. To elucidate the impact of SZ-A
hydrogel on colonic mucosal damage in UC rats, the expression
of ZO-1 and claudin-1 was assessed using immunohistochem-
istry. As depicted in Figs. S3A and B (Supporting information),
immunohistochemical staining for ZO-1 and claudin-1 showed
greater immunoreactivity in the normal control group and various
treatment groups than in the model group.

This study meticulously examined and compared the effects
of different treatments in alleviating colonic inflammation and
restoring the intestinal mucosal barrier. Compared to the model
group, both the SZ-A and SZ-A hydrogel groups displayed an
effective trend in mitigating inflammation. Furthermore, certain
forms of poloxamers exhibited anti-inflammatory properties, such
as P188, which may play a crucial role in preventing environmen-
tal toxin damage and improving neuroinflammation-mediated cog-
nitive deficits in Parkinson’s disease (PD) [45].

To assess the in vitro biocompatibility of the SZ-A thermo-
sensitive hydrogel, the influence of different concentrations of the
SZ-A hydrogel extract and different concentrations of SZ-A on cell

viability was examined (Fig. S4A in Supporting information). The
biocompatibility of different concentrations of SZ-A was tested us-
ing a calcein-AM/propidium iodide (PI) cell viability/cytotoxicity
assay (Fig. S4B in Supporting information). The results indicate
that, in comparison to the normal group, the proliferation of
Raw264.7 cells was not significantly affected by various concen-
trations of SZ-A, demonstrating excellent biocompatibility.

As the key immune cells in the intestine, macrophages play an
important role in maintaining intestinal homeostasis and tissue re-
pair in UC [46]. Raw264.7 cells were polarized through lipopolysac-
charide (LPS, 1 pg/mL) activation to investigate the impact of SZ-
A on modulating inflammatory responses. The influence of various
concentrations of SZ-A on intracellular nitric oxide (NO) induced
by LPS was assessed using the classical Griess Reagent method.
Furthermore, the levels of TNF-«, IL-6, and IL-18 secretion in LPS-
induced Raw264.7 cells at varying concentrations of SZ-A were
evaluated using ELISA. The experimental findings, illustrated in Fig.
S4C (Supporting information), demonstrated a notable elevation in
intracellular NO content in the LPS model group compared to the
blank control group. In contrast, varying concentrations of SZ-A led
to a significant reduction in NO levels compared to those observed
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in the model group. Moreover, in comparison to the control group,
the model group exhibited an increased secretion of inflammatory
mediators, such as TNF-¢, IL-6, and IL-1p, into the supernatant
of the cell culture. Nevertheless, the treatment of Raw264.7 cells
with SZ-A reduced this increase, with a more pronounced anti-
inflammatory effect observed at higher concentrations. The find-
ings suggest that SZ-A can suppress the inflammatory reaction in
LPS-induced Raw264.7 macrophages.

In this study, we successfully developed a rectal drug delivery-
targeting formulation, namely, SZ-A thermo-sensitive hydrogel, us-
ing a combination of thermo-sensitive materials, modulators, and
bioadhesive agents. This formulation aims to enhance adhesive-
ness and injectability for managing UC. The thermo-sensitive gel
remains in a liquid state at room temperature and transitions to
a semi-solid state upon reaching its gelation temperature. Rheo-
logical experiments revealed its viscoelastic properties and shear-
thinning behavior. The pH level, moisture retention capacity, and
gel strength all meet the criteria for rectal drug delivery formula-
tions. Both in vitro drug release and in vivo targeting experiments
suggest that the thermo-sensitive gel outperforms conventional en-
ema solutions, demonstrating a significant sustained-release effect.
It extends the drug’s residence time in the colon, facilitating con-
tinuous drug release. In vivo experiments on mucosal irritation
demonstrate the safety and non-irritating nature of the gel when
applied to the colon. The TNBS/ethanol modeling method, consid-
ered ideal for studying inflammatory bowel disease, shows promis-
ing results in vivo efficacy experiments. The SZ-A thermo-sensitive
hydrogel maintains colon length, regulates body weight, and de-
creases the expression of pro-inflammatory factors. In vitro cyto-
logical experiments indicate that SZ-A in different dosage groups
does not significantly inhibit cell proliferation, showcasing excel-
lent biocompatibility. In summary, rectal thermo-sensitive hydro-
gels combine the advantages of both solution and gel formulations,
enhancing drug absorption and local tissue drug concentrations.
This leads to improved medication compliance and clinical efficacy,
presenting potential applications in various therapeutic scenarios.

However, the study had limitations. Rectal drug administration
may have posed challenges to patient compliance. Additionally, an
in-depth exploration of the anti-inflammatory mechanism of SZ-A
thermo-sensitive hydrogel is lacking. Future studies should focus
on developing advanced, easy-to-administer rectal pusher devices
and employing pharmacological techniques, such as multi-omics
analysis, to delve deeper into the specific mechanisms and targets
responsible for the therapeutic effects of SZ-A thermo-sensitive hy-
drogel in UC.
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