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ABSTRACT: Inflammatory bowel disease (IBD),
with its colonic predilection, was frequently
complicated by neuropsychiatric comorbidities such
as anxiety and depression. To address this, we
developed a colon-targeted, prebiotic-based
synergistic therapeutic system. This system
integrated anti-inflammatory and antioxidative rod-
shaped Mn,(Olsa) metal-organic framework (MOF)
particles with a yeast 8-glucan/konjac glucomannan
(YG/KGM) composite gel designed to remodel the
gut microenvironment. The resulting Mn,(Olsa)/Gel
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composite ensured sustained intestinal adhesion

and retention, facilitating efficient colon-targeted delivery. It effectively alleviated hallmark pathologies of IBD, including

intestinal inflammation, microbial dysbiosis, barrier disruption,

oxidative stress, and immune imbalance. In addition, the

treatment significantly mitigated IBD associated anxiety- and depression-like behaviors. This work establishes a novel,

targeted paradigm for the combined management of IBD and its

neuropsychiatric comorbidities.

KEYWORDS: inflammatory bowel disease, hydrogel, colon-targeted delivery, anxiety-like and depression-like behaviors

1 Introduction

Inflammatory bowel disease (IBD) (including Crohn's disease and
ulcerative colitis) remains a challenging clinical problem due to its
complex pathological features (e.g, oxidative stress damage,
disturbances in gut microbiota, and disruption of the intestinal
barrier). Its clinical management is also difficult because it is a
progressive, chronic disease, and many patients suffer from
recurrent flare-ups and fail to achieve optimal disease control [1].
Currently, the main drugs used in the treatment of IBD include
immunosuppressants,

glucocorticoids and  anti-inflammatory
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drugs, which aim to alleviate the symptoms and reduce the
immune response. However, these drugs are not able to target the
lesions, and their long-term use can lead to serious side effects such
as hepatotoxicity, allergic reactions and gastrointestinal discomfort
[2-4]. This underscores an imperative to engineer colon- and
inflammation-specific drug delivery systems that maximize local
efficacy while circumventing systemic toxicities [5, 6].

IBD comorbidities (especially psychiatric disorders) have gained
attention with the increasing understanding of IBD. Compared to
the general population, patients with IBD are more likely to develop
mental disorders such as anxiety and depression, which in turn
reduces the quality of life of IBD patients. Studies have shown that
about 32.1% of IBD patients have anxiety symptoms and 25.2%
have depressive symptoms [7]. The bidirectional relationship
between IBD and its associated psychiatric disorders of depression
and anxiety may be manipulated by the intricate communication
between the gut and the brain (familiarly known as the gut-brain
axis (GBA)), with mechanisms behind the crosstalk including
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dysbiosis of gut microbiota, increased pro-inflammatory cytokines,
as well as immune and endocrine disruption [8]. Although recent
studies have explored the potential impact of antidepressants or
specific medications for IBD on the therapeutic management of
IBD patients with psychiatric co-morbidities, their findings remain
unclear [9]. Therefore, intervention strategies are necessary to
alleviate IBD and its associated depressive and anxiety co-
morbidities. In contrast to the study previously [10], our research
focuses on the comorbidity mechanisms of IBD with anxiety and
depression. Addressing the critical clinical challenge where 32.1% of
IBD patients experience anxiety and 25.2% suffer from depression,
we propose a therapeutic goal of simultaneous intervention
targeting both ‘“intestinal pathology and neuropsychiatric
symptoms’, thereby transcending the traditional limitation of
focusing solely on intestinal inflammation.

Targeted drug delivery systems with prebiotic carbohydrate have
been used as promising means of IBD management due to
favorable biocompatibility and colonic targeting properties [11].
Compared with intravenous injection, intraperitoneal injection, and
colonic administration, oral administration is more convenient,
safer, and more compliant for patients in the treatment of intestinal
diseases. However, the acidic environment of the gastrointestinal
tract can lead to rapid drug degradation, thereby affecting the drug's
efficacy [12]. Based on the natural digestive properties of plant-
derived polysaccharide prebiotics, certain polysaccharides cannot be
degraded in the upper gastrointestinal tract, but can only enter the
colon directly and be degraded as a "substrate” for the gut
microbiota, thus generating biologically active metabolites and
exerting their multiple regulatory effects. Yeast 8-glucan (YG) is a
bioactive polysaccharide extracted from yeast cell walls [13], and
was recognized by the U.S. Food and Drug Administration (FDA)
in 2009 as a Generally Recognized as Safe (GRAS) substance for use
in dietary supplements and functional foods. In addition, it is
specifically recognized by receptors (e.g., Dectin-1) on the surface of
immune cells (macrophages, dendritic cells), thus exerting its
powerful immunomodulatory effects. In particular, it has been
demonstrated that YG attenuated colitis by regulating gut

microbiota, promoting short-chain fatty acid (SCFA) production
and modulating the interleukin-17 (IL-17) signaling pathway [14].
Meanwhile, it has been shown to improve neuroinflammation and
cognitive deficits associated with a number of diseases [15] and has
potential for the treatment of IBD and its associated psychiatric
disorders [16]. Konjac glucomannan (KGM) is a functional
polysaccharide extracted from Amorphophallus konjac C. Koch and
is known for its excellent gel-forming ability [17]. However, single-
component hydrogels are often limited by poor mechanical
properties, including low flexibility and high brittleness [18]. To
address this, we developed a novel composite hydrogel that departs
from previously reported inulin-only based gel [10]. Our
formulation integrates YG with KGM, leveraging YG's potential
immunomodulatory and neuroprotective bioactivity alongside
KGM's superior gelation capacity. The resultant dual-network
matrix demonstrates markedly enhanced flexibility and
bioadhesion, thereby overcoming the brittleness and functional
monotony characteristic of mono-polysaccharide-based platforms.
Herein, we engineered a multifunctional prebiotic-based
hydrogel system (YG@KGM) embedded with rod-shaped
Mn,(Olsa) metal-organic framework (MOF) particles (Scheme 1).
Olsalazine, a clinical mainstay for IBD therapy, can be used as an
organic linker capable of coordinating with abundant transition
metals (e.g, Ru, Ce, Mn, Cu) to construct MOFs [10]. This
coordination synergistically enhances the drug's aqueous solubility
and bioactivity while augmenting its reactive oxygen species (ROS)-
scavenging capacity due to the inherent properties of the transition
ions. Notably, we pioneered the synthesis of Mn,(Olsa) as a novel
MOF derivative. To address dual challenges of limited colonic
targeting and microbiota dysregulation inherent in Mn,(Olsa), we
synthesized a prebiotic-functionalized hydrogel ~composite
(YG@KGM). This design synergistically: (i) augments site-specific
drug delivery through enhanced mucosal adhesion; (ii) harnesses
prebiotic-mediated gut microbiota remodeling and beneficial
metabolite production to potentiate neuropsychiatric benefits.
Critically, the Mn,(Olsa)/Gel system enables spatiotemporally
controlled drug delivery to the colon while orchestrating a multiple
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Scheme1l A schematic diagram illustrating the colon-targeted multifunctional therapeutic Mn,(Olsa)/Gel and its potential mechanism in modulating dextran sulfate

sodium (DSS)-induced IBD and its associated depression and anxiety.
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therapeutic response: (i) attenuating intestinal inflammation; (ii) re-
establishing epithelial barrier integrity; (iii) neutralizing oxidative
stress; (iv) restoring gut microbiota homeostasis; and (v)
modulating the immune response. The primary goal of the present
study was to design and validate a multimodal synergistic system
integrating ROS scavenging, anti-inflammatory activity, and gut
microbiota modulation. While prior Olsa-based platforms such as
the Cu,(Olsa)/inulin hydrogel have established efficacy in IBD
therapy and microbiota regulation [10], the therapeutic potential of
these systems for neuropsychiatric comorbidities remains
unexplored. Here, we demonstrate that our Mn,(Olsa)/YG@KGM
hydrogel addresses this gap through a multi-faceted mechanism.
Integrating multi-omics analyses (16S ribosomal RNA (16S rRNA)
sequencing, untargeted metabolomics, and SCFA quantification),
we show that beyond ameliorating colitis, our system alleviates IBD-
associated anxiety and depression by remodeling microbial
metabolite  profiles, suppressing neuroinflammation, and
promoting hippocampal neuroplasticity. Collectively, this study
provides a comprehensive investigation of both the intestinal
pathophysiological changes and the neuropsychiatric sequelae in
patients with IBD.

2 Experimental

2.1 Materials

Olsalazine sodium (purity = 99%) and KGM were purchased from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). YG
was obtained from Anhui Runtai Biotechnology Co., Ltd. (Anhui,
China). Manganese chloride tetrahydrate (MnCL-4H,0O, 99.99%
purity), 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), H,O, (analytic pure) and 4,4-dioxido-
3,3-biphenyldicarboxylate (dobp, purity > 97%) were obtained
from Macklin (Shanghai, China). Enzyme-linked immunosorbent
assay (ELISA) kits for tumor necrosis factor-alpha (TNF-«),
interleukin-6 (IL-6), and interleukin-10 (IL-10) were purchased
from Enzyme Linked Biotechnology Co., Ltd. (Shanghai, China).
Lipopolysaccharide (LPS) and 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH), dichlorodihydrofluorescein diacetate (DCFH-DA) probe
assay kit, the superoxide dismutase (SOD) assay kit, catalase (CAT)
activity assay kit, myeloperoxidase (MPO) activity assay kit, and
mitochondrial membrane potential assay kit with JC-1 were
obtained from Beijing Soleibao Technology Co., Ltd. (Beijing,
China). Cell counting kit-8 (CCK-8) and the annexin V-FITC
apoptosis detection kits were obtained from Beyotime Institute of
Biotechnology (Shanghai, China). Calcein AM/PI double staining
kit was supplied by Elabscience Biotechnology Co., Ltd. (Wuhan,
China). Aspartate aminotransferase (AST) assay kit, alanine
transaminase (ALT) assay kit, blood urea nitrogen (BUN) assay Kkit,
and creatinine (Cre) assay kit were purchased from yuanye Bio-
Technology Co., Ltd. (Shanghai, China).

2.2 Synthesis of Mn,(Olsa) MOF

A 20 mM solution of MnCl, (50 mL) was added dropwise to a
10 mM solution of olsalazine sodium (50 mL) at a rate of
1 mL/min. The mixture was heated at 20, 40, 60, 80 or 100 °C for
12 h. The precipitate was then centrifuged and washed three times
with distilled water to obtain Mn,(Olsa). Subsequently, Mn,(Olsa)
was prepared by varying the Mn/Olsa ratio and time to obtain the
optimal preparation conditions. The dose of Olsa in the
supernatant (C;) was determined, and the yield of MOF was
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calculated by the following formula: yield (%) = (C, — C,)/C, x 100,
C,: initial Olsa dose.

2.3 Synthesis of Mn,(Olsa)/Gel

The preparation of the composite hydrogel is the same as before,
with slight modifications [19]. Briefly, the YG powder (400 mg) was
hydrated in distilled water and stirred at 80 °C for 30 min, followed
by the addition of 5% (w/v) KGM stock solution mixed with the
YG stock solution, and incubated with Mn,(Olsa) and 0.5% (w/v)
Na,CO, for 10 min. Finally, all samples were cooled at room
temperature overnight to obtain Mn,(Olsa)/Gel. Mn,(dobp)/Gel
and Olsa/gel were similarly prepared.

24 Characterizations

The morphology and elemental distribution were recorded using a
scanning electron microscope (SEM, SU3500, Hitachi Ltd, Tokyo,
Japan), a transmission electron microscope (TEM, TecnaiG2F20,
Netherlands) and energy-dispersive X-ray spectroscopy (EDS). The
element analysis and valence state of Mn on the surface of
Mn,(Olsa) was further analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi, USA). The
powder X-ray diffraction (PXRD) patterns were performed on the
X-ray diffractometer (MiniFlex-600, Rigaku Corporation, Japan).
The content of Mn element was determined via inductively coupled
plasma optical emission spectrometry (ICP-OES)
(ThermoICPOES7200, Thermo Fisher Scientific, USA). Rheological
properties of Mn,(Olsa)/Gel were determined by the HAAKE
rheometer (MAR302, Anton Paar, Austria).

2.5 Gastrointestinal tract retention of Mn,(Olsa)/Gel

Fluorescein isothiocyanate (FITC)-labeled YG was synthesized
based on previous studies [20]. Briefly, YG (500 mg) was dissolved
in 25 mL of purified water and the pH was adjusted to 8.0 with
0.5 mol/mL NaHCO,; solution, followed by the addition of 25 mg of
FITC. After stirring for 24 h at room temperature under light-
avoidance conditions, anhydrous ethanol was added until the final
concentration of ethanol was 80% (v/v). After centrifugation, the
supernatant was discarded, the precipitate was re-dissolved with
water, and the precipitate was washed repeatedly with anhydrous
ethanol until there was no fluorescence absorption in the
supernatant. After lyophilization of the precipitate, FITC-labeled
YG was obtained. FITC-labeled YG gels were prepared by mixing
unlabeled YG with FITC-labeled YG at a mass ratio of 5:1. The
fluorescence images of mice gastrointestinal tract after gavage of
FITC-labeled Mn,(Olsa)/Gel or Gel for 1, 4, 12, and 24 h were
obtained using the IVIS optical imaging system to study its
retention in mice.

2.6 Evaluation of the anti-apoptotic and intracellular ROS
scavenging activity of Mn,(Olsa)

Raw264.7 cells were inoculated into 6-well plates and incubated at
37 °C for 24 h. Afterwards, the in vitro oxidative stress model was
induced with H,O, (5 mM). After 24 h, the medium was removed
and the cells were treated with Mn,(Olsa) (50 or 150 pug/mL) for
24 h. Cells were stained with Annexin V/PI or ROS probe DCFH-
DA according to the instructions of the corresponding kits. Finally,
apoptosis and intracellular ROS levels were assessed by flow
cytometry (BD Biosciences, USA) and the data were analyzed by
Flow]Jo software.
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2.7 The protective effect of Mn,(Olsa) on H,O,-induced
oxidative damage

Raw264.7 cells and CT26 cells were inoculated into confocal Petri
dishes, respectively. After 24 h of incubation, the medium was
removed and each well was stimulated by adding H,0, (5 mM) for
24 h, except for the blank wells, after which the modeling solution
was removed and Mn,(Olsa) (50 or 150 pg/mL) was added for the
intervention for 24 h. For Live/Dead staining, the drug was
incubated for 24 h, the medium was removed, and the Raw264.7
cells were obtained by 0.25% trypsin-EDTA digestion, followed by
resuspension of the cells with a 1x assay buffer to resuspend the
cells and stained for Calcein AM/PI according to previous literature
method [21]. For JC-1 staining, the medium was removed after
Mn,(Olsa) (50 pg/mL or 150 pg/mL) incubation for 24 h, and then
the Raw264.7 cells were reacted with JC-1 staining solution for
20 min at 37 °C. Subsequently, the supernatant was removed and
the cells were washed twice with JC-1 staining buffer (1x) to
remove the unbound dye, and finally, 1 mL of medium was added
to each Petri dish and then visualized by a laser confocal
microscope (Leica SP8, Germany).

2.8 In vitro anti-inflammatory activity of Mn,(Olsa)

Raw264.7 cells were inoculated in 6-well plates at a density of 5 x
10". Each well was cultured for 24 h. Cells were treated with LPS
(1 ug/mL) for 24 h, and Mn,(Olsa) (50 or 150 pg/mL) was added
for intervention for 24 h. The intracellular ROS level was detected
by adding the ROS probe DCFH-DA, and was determined by
confocal laser scanning microscopy (CLSM) and flow cytometry.
For analysis of M1 and M2 surface marker expression, cells were
stained with anti-CD86 and anti-CD206 antibodies for 30 min at
4 °C in the dark and then analyzed by flow cytometry. The levels of
pro-inflammatory cytokines (INF-« and IL-6) and anti-
inflammatory cytokine (IL-10) in the supernatant were determined
by ELISA kits in accordance with the manufacturer's instructions.

2.9 Therapeutic efficacy of Mn,(Olsa)/Gel in DSS-
induced acute colitis

Male C57BL/6 mice (6-8 weeks) were randomly divided into
6 groups and acute colitis was induced with 2.5% DSS (w/v)
solution in drinking water for 6 days. Normal group (G1) was given
sterile water without DSS and the rest of the groups were given
freshly prepared DSS solution. All groups except the model group
(G2) were treated by daily gavage Mn,(dobp)/Gel (G3),
Mn,(Olsa)/Gel (G4), Olsa/Gel (G5) and Gel (G6) starting on the 5*
day of DSS induction. During this period, the body weights of the
mice were measured daily, while fecal blood and stool consistency
were recorded to determine the disease activity index (DAI) (Table
S1 in the ESM). The mice were subsequently euthanized, and the
intestinal tissues were photographed and length determined. Colon
tissues from each group of mice were collected, fixed in 4%
paraformaldehyde, embedded in paraffin, and cut into 5 pm tissue
sections for hematoxylin and eosin (H&E) staining (for assessing
the morphology of colon tissues) and Alcian blue-periodic acid-
Schiff (AB-PAS) staining (for assessing the goblet cells). Histological
scoring of colon tissues was performed accordingly [22]. Mouse
serum and mouse colon tissue were taken to detect inflammation-
related cytokines (TNF-a, IL-6 and IL-10), MPO activity, and
indicators of oxidative stress (SOD and CAT), all in strict
accordance with the manufacturer's instructions. The levels of
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zonula occludens-1 (ZO-1) (1:5000, Servicebio) and Claudin-1
(1:3000, Servicebio) in intestinal tissues were measured by
immunofluorescence to assess the protective effect of the
Mn,(Olsa)/Gel on the intestinal barrier, and the levels of inducible
nitric oxide synthase (INOS) (1:2000, Servicebio), M1 macrophage
markers, and arginase-1 (Arg-1) (1:5000, Servicebio), M2
macrophage markers, respectively, were measured to assess the
effect of the Mn,(Olsa)/Gel on the regulation of intestinal immune
homeostasis. The tissue sections were observed under a
fluorescence microscope (NIKON ECLIPSE Cl, Japan).
Quantitative result analysis was conducted using Image] software.

210 Therapeutic efficacy of Mn,(Olsa)/Gel in DSS-
induced chronic colitis

Male C57BL/6 mice (6-8 weeks) were randomly divided into 6
groups: Normal group (G1), 1.5% DSS group (G2), 1.5% DSS +
Olsa group (G3), 1.5% DSS + YG (G4), 1.5% DSS + Mn,(Olsa)/Gel
(G5) and 1.5% DSS + Gel (G6). They were first given 1.5% DSS
(wv) free drinking water for 6 consecutive days. During this period,
drug intervention was carried out in different groups. Then, free
drinking of sterile water was given for 6 consecutive days, and such
cycle was repeated three times. During the 36-day continuous drug
administration, body weight, fecal consistency and fecal blood were
monitored and recorded. On the 37" day, all the mice were
euthanized, and the serum, colon, and brain were collected for
subsequent experiments. The major organs (heart, liver, spleen,
lung, and kidneys) of Gl and G5 were collected, fixed in 4%
paraformaldehyde, embedded in paraffin, and cut into 5 um tissue
sections for H&E staining. The levels of AST, ALT, BUN, and Cre
in serum were measured. All animal experiments strictly adhered to
the Guidelines for Care and Use of Laboratory Animals of the
National Institutes of Health and were approved by the Zhongxin
Huake (Tianjin) Biotechnology Co., Ltd., number ZXHK-DWLL-
2025-0013. Humane endpoints were strictly implemented following
institutional animal care guidelines. A loss of > 20% of initial body
weight was set as the predefined humane endpoint, and daily body
weight monitoring was performed. No mice exceeded this
threshold during the study, and all animals were maintained in
accordance with ethical regulations.

211 Neuroprotective effects of Mn,(Olsa)/Gel on IBD-
induced anxiety and depression

At the end of the experiment, all mice were euthanized, and brain
tissues were collected and fixed in 4% paraformaldehyde, partially
used for Nissl staining and quantitative analysis of live neurons in
the CA3 and DG regions. Immunofluorescence was used to label
hippocampal astrocytes for glial fibrillary acidic protein (GFAP)
(1:8000, Servicebio), microglia for ionized calcium-binding adapter
molecule 1 (Ibal) (1:2000, Servicebio) for neuroinflammation
assessment, and microtubule-associated protein 2 (MAP-2) (1:200,
Servicebio) for brain tissue damage assessment. The tissue sections
were observed under a fluorescence microscope. Quantitative result
analysis was conducted using Image] software.

212 Microbiome analysis

The 16S rRNA microbiome sequencing was conducted at
Novogene Co., Ltd. Total DNA was extracted using a fecal genomic
DNA kit (TianGen, Beijing). 16S rRNA libraries (V3-V4 regions)
were generated from the extracted DNA, and the libraries were
sequenced on the Illumina NovaSeq platform to synthesize the raw

Tsinghua University Press
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data, and then analyzed for the diversity and abundance of
microbial communities in the samples.

2.13 Determination of SCFA

The sample (20 mg) ground in liquid nitrogen was weighed, mixed
with 80% methanol solution, and centrifuged at 12,000 rpm and
4 °C for 10 min. Subsequently, 50 uL of the supernatant was
derivatized with 150 pL of derivatization reagent at 40 °C for
40 min, diluted 100-fold with 80% methanol solution, and finally
analyzed by liquid chromatography-mass spectrometry (LC-MS).

2.14 Untargeted metabolomics

Metabolomic sequencing and analysis were conducted by
Novogene Co., Ltd. (Beijing, China). Fecal metabolites from mice
were extracted and analyzed using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). The raw data were processed with
Compound Discoverer 3.3 (ThermoFisher) for spectral analysis and
database searching to enable both qualitative and quantitative
identification of metabolites. Subsequent statistical analyses were
performed using R (v3.4.3), Python (v2.7.6), and CentOS (v6.6).

2.15 Statistical analysis

Data were analyzed using GraphPad Prism and were presented as
mean + standard deviation (SD). Group comparisons were
conducted using Student's t-test or one-way analysis of variance
(ANOVA). Statistical significance was set at ns, *P < 0.05, and **P <
0.01; ns denotes not statistically significant.

3 Results and discussion

3.1 Synthesis and characterization of Mn,(Olsa) MOF and
Mn,(Olsa)/Gel

Capitalizing on Olsalazine's (Olsa) established clinical efficacy in
IBD management and its structural versatility (notably the capacity
to coordinate transition metals into nanoscale MOFs) [10], we
pioneered the de novo synthesis of rod-shaped Mn,(Olsa) MOF
particles via hydrothermal method (Fig. 1(a)). The synthesis
parameters for Mn,(Olsa) were systematically screened by varying
Mn/Olsa molar ratios, reaction times, and temperatures (Figs. S1
and S2 in the ESM), and the results showed that at a Mn/Olsa
molar ratio of 2:1 (Fig. S2(a) in the ESM), a reaction time of 12 h
(Fig. S2(b) in the ESM) and a reaction temperature of 80 °C
(Fig. S2(c) in the ESM), the yield of Olsa production could reach
about 95%, and the PXRD results showed that these MOFs were
isostructural (similar diffraction peaks) (Fig. 1(b)). To verify the
synthesis and composition of Mn,(Olsa), elemental mapping
analysis was performed (Fig. 1(c)), which showed that C, Mn, N
and O elements were uniformly distributed in the Mn,(Olsa), and
morphologically, it was a rod-like structure with a width of about
0.1 pm and a length of 0.6-0.9 um (Fig. 1(d)). XPS provided a more
detailed chemical composition of Mn,(Olsa), identifying the
presence of C, Mn, N and O elements (Fig. 1(e)). In the Mn 2p
spectrum in Fig. 1(f), the 641.7 and 653.48 eV peaks of Mn 2p
belong to Mn 2p,, and Mn 2p,,, respectively, indicating that Mn*
exist mainly in Mn species [23]. The content of manganese in
Mn,(Olsa) was finally determined to be 7.15%, and it was measured
using ICP-OES.

To further improve the colon retention of Mn,(Olsa), a
composite hydrogel based on YG and KGM was further prepared
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for the treatment of IBD through the formation of Olsa-based
MOF/composite gels (Fig. 1(h)). SEM imaging revealed a well-
defined porous structure in the Mn,(Olsa)/Gel composite, with
homogeneously embedded rod-shaped Mn,(Olsa) MOF particles
distinctly resolved within the matrix (Figs. 1(i) and 1(j)). A critical
barrier in oral IBD therapy lies in ensuring site-specific drug release
while circumventing gastric degradation. To evaluate the pH-
responsive release profile of Mn,(Olsa)/Gel, we employed
physiologically relevant pH gradients simulating gastrointestinal
transit, with Olsa and Gel serving as controls. Olsa showed a
sustained and rapid release from the simulated intestinal fluid, with
a release rate of 69.90% at 4 h, whereas the release rates from the
Mn,(Olsa) and Mn,(Olsa)/Gel were 41.10% and 27.67%,
respectively, which was attributed to the presence of the MOF
structure, it played an important role in achieving sustained release
of the drug. In the simulated colonic environment with a pH of 7.8,
Mn,(Olsa) and Mn,(Olsa)/Gel achieved accelerated release as the
solubility of Olsa increased (Fig. 1(g)), the controlled release profile
of Mn,(Olsa)/Gel facilitated precision drug delivery to IBD lesions.
In wvivo, FITC-labeled Mn,(Olsa)/Gel exhibited prolonged
fluorescence signals detectable up to 24 h post-administration,
confirming the strong intestinal adhesiveness and retention capacity
of Mn,(Olsa)/Gel (Figs. 1(k) and 1(I)), consistent with in vitro
release profiles. Rheological profiling of Gel and Mn,(Olsa)/Gel at
variable strains, times, and angular frequencies (Figs. 1(m)-1(0))
showed the energy storage modulus (G') > the loss modulus (G")
for both systems, verifying hydrogel formation. The significantly
elevated G" of Mn,(Olsa)/Gel relative to Gel further suggested
superior viscous behavior, correlating with extended gastrointestinal
retention capacity. Overall, we developed an eco-friendly synthesis
of rod-shaped Mn,(Olsa) MOF particles and pioneered the
prebiotic-based  Mn,(Olsa)/Gel composite using YG@KGM
hydrogel. This innovative system ensured intestinal-targeted Olsa
release.

3.2 Anti-oxidative stress and anti-inflammatory effects of
Mn,(Olsa) in vitro

Biocompatibility, anti-oxidative stress and anti-inflammatory effects
of Mn,(Olsa) were evaluated using Raw264.7 macrophages and
CT26 cells. Raw264.7 cells at a concentration of 150 pg/mL
(Fig. 2(a)) and CT26 cells at a concentration of 200 ug/mL
(Fig. 2(d)) treated with Mn,(Olsa) for 24 h did not show significant
cytotoxic effects, suggesting the excellent cytocompatibility of
Mn,(Olsa). Studies have shown that excessive ROS production
damages intestinal mucosal cells, causing protein structural
disruption, lipid peroxidation and DNA damage, which in turn
disrupts the integrity of the intestinal barrier and ultimately induces
and exacerbates intestinal inflammation [24]. H,O,-treated
Raw264.7 and CT26 cells served as an oxidative stress model for
assessing Mn,(Olsa)'s potent ROS-scavenging capacity. The CCK8
assay showed that Raw264.7 cell viability was 41.74% after
stimulation with 5 mM H,O, (Fig. 2(b)), whereas 125 pg/mL
Mn,(Olsa) restored viability to 90% (Fig. 2(c)). In CT26 cells, 5 mM
H,0, reduced viability to 55.92% (Fig. 2(e)), while 50 pg/mL
Mn,(Olsa) restored it to more than 95% (Fig. 2(f)). Flow cytometry
analysis confirmed H,0,-induced apoptosis (Fig. 2(g)), which was
significantly attenuated by Mn,(Olsa) in a concentration-dependent
manner (Fig. S4 in the ESM). Furthermore, Mn,(Olsa) treatment
effectively normalized intracellular ROS levels in H,O,-stimulated
macrophages (Fig. 2(h)). To visually assess Mn,(Olsa)'s anti-
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Figure1 Physicochemical characterization of Mn,(Olsa) and Mn,(Olsa)/Gel. (a) Schematic illustration of Mn,(Olsa) synthesis. (b) PXRD of Mn,(Olsa). (c) TEM image
and corresponded elemental mapping of Mn,(Olsa). Scale bar: 0.1 pm. (d) The length and width of Mn,(Olsa). (e) Full-range XPS curve and (f) Mn 2p spectrum. (g) In
vitro drug release behavior of Olsa, Mn,(Olsa) and Mn,(Olsa)/Gel under simulated gastrointestinal environmental conditions (n = 3). (h) Schematic illustration of
Mn,(Olsa)/Gel formation. Photographs and SEM images of (i) Gel and (j) Mn,(Olsa)/Gel. (k) Representative IVIS images of mice after Mn,(Olsa)/Gel treatment (1 = 3).
(1) Representative IVIS images of gastrointestinal tracts after Mn,(Olsa)/Gel treatment (n = 3). (m) Modulus-strain, (n) time, and (o) angular frequency curves of Gel and

Mn,(Olsa)/Gel.

oxidative efficacy, Calcein-AM/PI double-staining characterized 5
mM H,0O,-induced damage in Raw264.7 macrophages. As shown
in Fig. 2(i), there were a large number of red-marked dead cells in
the H,O,-treated group. Interestingly, the intensity of red
fluorescence was reduced after Mn,(Olsa) treatment, confirming
that Mn,(Olsa) was effectively able to scavenge ROS and thus
protect cells from oxidative damage. Mitochondrial dysfunction
induced early apoptosis, JC-1 staining reflected mitochondrial
membrane potential (MMP), H,0, induction triggered a decrease

Nano Research, 2026, 19, 94908754
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in MMP as evidenced by an increase in green monomers (Fig. 2(j)),
whereas Mn,(Olsa) intervention increased MMP as evidenced by
an increase in red fluorescent aggregates and restoration of the
proportion of J-aggregates/J-monomer fluorescence intensity,
which effectively attenuated the H,O,-induced oxidative damage
and improved mitochondrial dysfunction induced by massive ROS.
We simultaneously determined the scavenging capacity of
Mn,(Olsa) for ABTS and DPPH free radicals, where DPPH strategy
could be used to assess the total free radical scavenging ability of

&
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Figure2 Mn,(Olsa) regulates H,0,-induced oxidative stress in Raw264.7 cells and CT26 cells. (a) Viability of Raw264.7 cells after exposure to different concentrations of
Mn,(Olsa) and (b) H,O, using the CCK-8 method (1 = 3). (c) The protective effect of different concentrations of Mn,(Olsa) intervention on Raw264.7 cells treated with
H,0, (n = 3). Viability of CT26 cells after exposure to (d) different concentrations of Mn,(Olsa) and (e) H,O, using the CCK-8 method (n = 3). (f) The protective effect of
different concentrations of Mn,(Olsa) intervention on CT26 cells treated with H,O, (1 = 3). (g) Flow cytometry analysis of the percentage of apoptotic cells in Annexin V-
FITC/PI stained Raw264.7 cells after different treatments. (h) The ROS levels in RAW264.7 cells induced by H,O, after different Mn,(Olsa) treatments were detected by
flow cytometry. (i) Calcein-AM/PI fluorescence images of Raw264.7 cells after Mn,(Olsa) intervention with H,O, stimulation. Scale bar: 50 um. (j) CLSM images of
mitochondrial membrane potential in Raw264.7 cells after Mn,(Olsa) intervention with H,O, stimulation. Scale bar: 50 pm.

Mn,(Olsa) and ABTS was used to assess the ability to counteract
free radical oxidation [25]. The results showed that Mn,(Olsa) at a
concentration of 32 ug/mL were able to scavenge more than 85% of
ABTS radicals, while Mn,(Olsa) at a concentration of 50 pg/mL
were able to neutralize more than 75% of DPPH radicals (Fig. S5 in
the ESM). These results confirm Mn,(Olsa) as a potent ROS
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scavenger capable of normalizing ROS levels in the inflamed colon.
Macrophages, the predominant infiltrating immune cells within
IBD inflamed tissues, can internalize particles ranging from 250 nm
to 3 pm via phagocytosis and macropinocytosis [26]. Bio-TEM
analysis confirmed macrophage uptake of Mn,(Olsa) (Fig. 3(a)). To
assess its anti-inflammatory activity, we established an in vitro
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Figure3 Mn,(Olsa) regulates LPS-induced macrophage inflammation. (a) Bio-TEM images of RAW264.7 cells treated with Mn,(Olsa) for 24 h. (b) Schematic diagram
of experimental changes in LPS-treated RAW264.7 cells. (c) Fluorescent images and (d) flow cytometry results of intracellular ROS levels after different Mn,(Olsa)
treatments (n = 3). Scale bar: 200 um. (¢) Flow cytometry analysis of the proportion of CD86* and CD206" macrophages (n = 3). The levels of pro-inflammatory cytokines
(f) TNF-a, (g) IL-6, and (h) anti-inflammatory cytokine IL-10 were detected by ELISA (1 = 3).

inflammation model using LPS-stimulated Raw264.7 cells
(Fig. 3(b)). As shown in Fig. 3(c), LPS induced an excessive
immune response in macrophages, contributing to the production
of large amounts of ROS. The CLSM results showed an increase in
the intensity of green fluorescence, which was significantly
weakened by Mn,(Olsa) treatment, and the flow cytometry results
also demonstrated a decrease in the intensity of fluorescence by
Mn,(Olsa) treatment (Fig. 3(d)). Under IBD conditions, pro-
inflammatory MI1-type macrophages extensively infiltrate the
intestinal mucosa, and their secretion of pro-inflammatory
cytokines  exacerbates  disruption  of  the intestinal
microenvironment [22]. Furthermore, elevated ROS levels can
promote macrophage polarization toward the pro-inflammatory
phenotype [27]. Therefore, shifting macrophages from the M1 to
the anti-inflammatory M2 phenotype represents a promising
therapeutic strategy for IBD. We further evaluated the capacity of
Mn,(Olsa) to modulate macrophage phenotype switching by
detecting surface markers specific to M1 (CD86) and M2 (CD206)
macrophages. Flow cytometry was employed to quantify the
proportions of CD86" and CD206" cells (Fig. 3(e)). Compared to
LPS stimulation alone, Mn,(Olsa) treatment significantly reduced
the proportion of CD86" macrophages from 26.2% to 13.7%, while
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markedly increasing the proportion of CD206* macrophages from
5.95% to 21.3% (Fig. S3 in the ESM). These results demonstrate that
Mn,(Olsa) effectively suppressed the pro-inflammatory M1
phenotype and promoted macrophage polarization toward the anti-
inflammatory M2 phenotype, thereby enhancing anti-inflammatory
capacity. This phenotypic shift was further corroborated at the
cytokine level: LPS stimulation substantially elevated pro-
inflammatory cytokines (TNF-q, IL-6) while suppressing the anti-
inflammatory cytokine IL-10. Mn,(Olsa) treatment effectively
reversed these effects (Figs. 3(f)-3(h)).

3.3 Treatment of DSS-induced acute colitis mouse model

The in vivo efficacy of Mn,(Olsa)/Gel was further evaluated by
constructing a model of DSS-induced IBD, which is schematically
shown in Fig. 4(a). Acute colitis is typically characterized by weight
loss, increased DAI, and colon shortening. At the experimental
endpoint, the therapeutic effect of Mn,(Olsa)/Gel was visually
assessed based on perianal conditions in each mouse group.
Mn,(dobp)/Gel was used as a control. Dobp is structurally similar
to Olsa but lacks an azo group and exhibits no reported bioactivity.
Since Mn,(dobp) and Mn,(Olsa) have similar ligand structures,
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Figure4 Therapeutic efficacy of Mn,(Olsa)/Gel in the mouse model of DSS-induced acute colitis. (a) The timeline of acute colitis mouse model construction and drug
administration. (b) Representative images showing rectal bleeding and wet tail in mice from different treatment groups. (c) Photographs of the colon of different groups of
mice. (d) Daily body weight change and (e) disease activity index of mice from various groups (n = 5). (f) Representative H&E staining images of the colon tissues from
different groups at low magnification (top, scale bar: 1000 um) and high magnification (bottom, scale bar: 100 um) (n = 3). (g) AB-PAS staining images of the colon
tissues from different groups (1 = 3). Scale bar: 50 um. (h) Body weights of the mice in different groups on day 10 and (i) the disease activity index of the mice in different
groups on day 10 (n = 5). (j) Quantification of colon length (n = 5). (k) Quantification of the number of goblet cells (1 = 3). Data are presented as mean + SD. Statistical
analysis was performed by one-way ANOVA. *P < 0.05, **P < 0.01, compared with the DSS-induced group; ns indicates not statistically significant.

their crystal structures are also highly similar (Fig. S6 in the ESM).
Compared to normal mice, DSS-induced mice exhibited severe
diarrhea and bloody stools (Fig. 4(b)). All drug treatments
ameliorated these colitis symptoms to varying degrees. As a critical
marker of intestinal injury severity [28], colon length was
significantly restored by oral Mn,(Olsa)/Gel administration over
5 days (Fig. 4(c)). Compared to the DSS-induced group, colon
length increased by 57.81% in the Mn,(Olsa)/Gel group, 19.27% in
the Mn,(dobp)/Gel group, 46.35% in the Olsa/Gel group and
23.96% in the Gel group (Fig. 4(j)), respectively. The body weights
of the mice in each group were also recorded continuously
(Fig. 4(d)). As shown in Fig. 4(h), mice in the 2.5% DSS-induced
group showed a significant weight loss, whereas oral administration
of Mn,(Olsa)/Gel significantly attenuated the weight loss (P < 0.01).
The therapeutic efficacy of Mn,(Olsa)/Gel against acute colitis was
further evaluated through longitudinal monitoring of DAL
calculated from body weight loss, stool consistency and blood. DSS-
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induced mice exhibited progressively elevated DAI scores versus
normal controls over time (Fig. 4(e)). Mn,(Olsa)/Gel treatment
significantly attenuated this increase (P < 0.01), achieving near-
normalization by day 10 (Fig. 4(i)).

In addition, histological analysis of colon specimens was
performed using H&E staining. As shown in Fig. 4(f), the DSS-
induced group exhibited multiple ulcers (black arrow), severe crypt
destruction (yellow arrow), edema (green arrows), and substantial
inflammatory cell infiltration (red arrow). Treatment with
Mn,(Olsa)/Gel markedly attenuated these histopathological
alterations and resulted in a lower histological score compared to
the other treatment groups (Fig. S7 in the ESM) (P < 0.01). Goblet
cells produce mucin, an important component of the intestinal
mucus layer, to prevent the invasion of pathogens and harmful
substances [29]. AB-PAS results showed that abundant goblet cells
were present in all treatment groups and the number of goblet cells
was significantly higher than that of the DSS-induced group
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(Figs. 4(g) and 4(k)). These findings suggest early intervention with
Mn,(Olsa)/Gel may curb progression to severe colitis.

3.4 Effect of Mn,(Olsa)/Gel on the restoration of the
intestinal microenvironment

Intestinal barrier function relies fundamentally on epithelial tight
junction (TJ) integrity, wherein T] damage induces pathological
increases in intestinal permeability [30]. Early-stage IBD is
characterized by increased intestinal mucosal barrier permeability
[31], which correlates with altered expression of tight junction
proteins (ZO-1, Claudin-1) [32]. Immunofluorescence staining
revealed significant downregulation of ZO-1 and Claudin-1 in DSS-
induced mice (Figs. 5(a)-5(c)), demonstrating TJ disruption and
intestinal barrier compromise. Therapeutic interventions restored
TJ integrity, with Mn,(Olsa)/Gel groups showing marked
upregulation of both proteins versus model controls (P < 0.05). This
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correlated with functional recovery of intestinal barrier properties.
Meanwhile, we further evaluated the anti-inflammatory activity of
Mn,(Olsa)/Gel in vivo. As expected, Mn,(Olsa)/Gel was able to
significantly reduce the levels of pro-inflammatory factors (TNF-«
and IL-6) and increase the levels of anti-inflammatory factor
(IL-10) (P < 0.01), and the effect was close to that of the normal
group (Figs. 5(d)-5(f)). Macrophages exhibit functional plasticity,
differentiating into M1 (pro-inflammatory) or M2 (anti-
inflammatory) types that regulate cytokine secretion and maintain
mucosal homeostasis [33]. IBD pathogenesis involves M1/M2
polarization imbalance [34], characterized clinically by elevated M1-
type macrophage prevalence and impaired M2-type polarization in
patients [35]. Representative immunofluorescence images and
semiquantitative analysis intuitively showed that Mn,(Olsa)/Gel
decreased iNOS (M1-marker) expression while increasing Arg-1
(M2-marker) expression, which was consistent with the cytokine
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Figure5 Effects of Mn,(Olsa)/Gel on the intestinal microenvironment. (a) Representative immunofluorescence images of ZO-1 (red) and Claudin-1 (green) in colon
tissues (n = 3). Scale bar: 50 um. Semiquantitative analysis of (b) ZO-1 and (c) Claudin-1 in the colon tissues (1 = 3). Colonic levels of pro-inflammatory cytokines
(d) TNF-a and (e) IL-6 and (f) anti-inflammatory IL-10 (n = 5). (g) Representative immunofluorescence images of M1-like macrophage marker iNOS (red) and M2-like
macrophage marker Arg-1 (green) in colon tissues (1 = 3). Scale bar: 50 um. Semiquantitative analysis of (h) iNOS and (i) Arg-1 in the colon tissues (# = 3). The activities
of (j) SOD and (k) CAT and (1) the level of MPO in colonic tissues (1 = 5). Data are presented as mean + SD. Statistical analysis was performed by one-way ANOVA. *P <
0.05, **P < 0.01, compared with the DSS-induced group; ns indicates not statistically significant.
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measurements described above, suggesting that Mn,(Olsa)/Gel
alleviated IBD MI1/M2 polarization imbalance, repaired the
intestinal immune homeostasis, reduced intestinal  wall
inflammation, and promoted intestinal mucosal repair (Figs. 5(g)—
5(1)). In addition, the modulatory effect of Mn,(Olsa)/Gel on
oxidative stress in IBD mice in vivo was further demonstrated,
mainly in terms of its significant enhancement of SOD, CAT and
MPO activities (Figs. 5(j)—5(1)). Taken together, our results suggest
that Mn,(Olsa)/Gel could delay the progression of IBD by restoring
the integrity of the colonic epithelial barrier, modulating intestinal
immunity, and decreasing the levels of intestinal inflammation and
oxidative stress. Although precise quantitative contributions remain
to be determined, the three components operate in a coordinated,
mutually reinforcing cascade: Mn*-mediated ROS elimination
creates a favorable microenvironment that sensitizes the inflamed
tissue to olsalazine, enhancing its anti-inflammatory -efficacy;
concurrently, the reduced inflammatory burden and modulated
redox status collectively shape a beneficial shift in the gut
microbiota, which in turn reinforces intestinal homeostasis. This
interdependent cascade, rather than any single isolated function,
constitutes the core rationale of our multimodal strategy.

3.5 Treatment of DSS-induced chronic colitis mouse
model

The therapeutic effect of Mn,(Olsa)/Gel was further confirmed in a
chronic colitis mouse model. Compared to other treatments,
Mn,(Olsa)/Gel significantly ameliorated disease symptoms, most
notably by alleviating weight change (about 98% improvement),
reducing the DAI (to 0.053), and restoring colon length (to
7.32 cm) (Figs. 6(a)-6(i)). H&E staining evaluation revealed that
colon tissue structure was significantly more intact in the
Mn,(Olsa)/Gel-treated group compared to other groups (Fig. S8 in
the ESM). Pathological alterations, including severe crypt
destruction (yellow arrow), ulcers (black arrow), inflammatory cell
infiltration (red arrow), and edema (green arrows), were markedly
reduced. The tissue morphology in the Mn,(Olsa)/Gel group closely
resembled that of healthy mice (Fig. 6(d)). Consistent with these
findings, ELISA revealed significantly reduced TNF-«a and IL-6
levels alongside elevated IL-10 expression in intestinal tissues of
Mn,(Olsa)/Gel-treated mice (Figs. 6(j)—6(1)). These results confirm
Mn,(Olsa)/Gel's efficacy in chronic colitis treatment. In addition,
H&E staining revealed that oral administration of Mn,(Olsa)/Gel
induced no damage to the major organs (heart, liver, spleen, lungs,
and kidneys) (Fig. S9(a) in the ESM). Furthermore, all detected
indicators remained unaffected by Mn,(Olsa)/Gel treatment
(Fig. S9(b) in the ESM), collectively demonstrating its good
biocompatibility.

3.6 Behavioral changes in the DSS-induced colitis mouse
model

Given the high prevalence of psychological comorbidities in
IBD—affecting approximately 30% and 25% of patients for anxiety
and depressive symptoms, respectively [36], we evaluated the
therapeutic potential of Mn,(Olsa)/Gel for IBD-associated anxiety
and depression. This investigation was motivated by both its
established efficacy in IBD treatment and the documented
neuroprotective effects of YG against cognitive impairment [15, 16].
In the open field test, IBD model mice exhibited pronounced
thigmotaxis (wall-hugging behavior) with minimal center
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exploration. In contrast, Mn,(Olsa)/Gel-treated mice displayed
significantly increased center dwell time and exploratory trajectories
(Fig. S10(a) in the ESM). Total movement distance was markedly
elevated in the Mn,(Olsa)/Gel group (15.47 + 2.85 m) compared to
the model group (7.79 + 128 m, P < 0.01), approaching levels
observed in healthy controls (18.24 + 3.67 m) (Figs. 7(a) and 7(b)),
indicating improved locomotor function. Elevated plus maze
(EPM) testing leverages rodents' innate aversion to open spaces and
heights, where reduced open arm time inversely correlates with
anxiety-like behavior [37]. Consistent with this principle, DSS-
induced model mice spent significantly less time in open arms
(222 £ 2.69 s, P < 0.01) versus healthy controls (115.98 + 29.23 s)
(Figs. 7(c) and 7(d)). Mny(Olsa)/Gel treatment substantially
increased open arm exploration (62.86 + 5.73 s, P < 0.01 vs. model),
with intermediate effects observed in comparator groups: Olsa-
treated (24.76 * 6.45 s), YG-treated (32.94 + 6.18 s), and Gel-treated
(51.52 + 4.46 s) (Fig. S10(b) in the ESM). For depression-like
phenotypes, both tail suspension test (TST, Fig. 7(e)) and forced
swimming test (FST, Fig. 7(f)) revealed significantly shortened
immobility times in Mn,(Olsa)/Gel-treated mice relative to DSS
controls (P < 001 for both). Collectively, these behavioral
assessments demonstrate the superior efficacy of Mn,(Olsa)/Gel in
mitigating IBD-associated anxiety- and depression-like behaviors.

3.7 Modulation of the gut microbiome in vivo

Disturbance of the gut microbiota is a key causative factor in IBD
[38]. Characteristically, IBD patients exhibit reduced gut microbiota
diversity, diminished populations of beneficial bacteria, and an
increased proportion of harmful bacteria. Consequently, therapies
targeting the gut microbiota have emerged as an important
intervention strategy for IBD treatment [39]. Gut microbiota
profiling via 16S rRNA gene sequencing was conducted on DSS-
induced mice subjected to various therapies. Analysis of operational
taxonomic unit (OTU) distribution (Fig. 8(a), Venn diagram)
identified 105 core OTUs common to all groups. Group-specific
OTU counts were as follows: normal (514), DSS-induced (232),
Olsa-treated (393), YG-treated (487), Mn,(Olsa)/Gel-treated (736)
and Gel-treated (392). Notably, the elevated OTU richness observed
in the Mn,(Olsa)/Gel group relative to the DSS group indicates a
potential restoration of microbial diversity by this treatment.
Significant differences in a-diversity indices (Shannon, Fig. 8(b);
Simpson, Fig. 8(c); Chaol, Fig. 8(d)) were observed between the
normal and DSS groups, and between the DSS and treatment
groups. These results suggest increased microbial species richness in
all treated mice, with the Mn,(Olsa)/Gel group showing the most
pronounced enhancement. Non-metric multidimensional scaling
(NMDS) plots of -diversity also showed significant differences in
microbial composition between the normal, DSS and
Mn,(Olsa)/Gel-treated groups (Fig. 8(e)). Composition analyses of
the gut microbiota revealed genus-level shifts across groups
(Fig. 8(f)). DSS induction markedly enriched Escherichia-Shigella
(Fig. S11 in the ESM), which was frequently associated with
intestinal inflammation in published reports [40—42], consistent
with IBD-associated dysbiosis [43]. Concurrent increases in
Klebsiella [40], Alistipes [44] and Aeromonas [45] might be involved
in intestinal barrier disruption and exacerbated inflammation.
Importantly, Mn,(Olsa)/Gel treatment not only suppressed these
potentially harmful taxa but also elevated beneficial genera
(Lachnospiraceae_NK4A136_group, Prevotellaceae_UCG-001,
Ligilactobacillus and Alloprevotella) to levels exceeding those in
healthy controls (Fig. 8(g)). Functionally, many members of these
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Figure 6 Therapeutic efficacy of Mn,(Olsa)/Gel in the mouse model of DSS-induced chronic colitis. (a) The timeline of chronic colitis mouse model construction and
drug administration. (b) Representative images showing rectal bleeding and wet tail in mice from different treatment groups. (c) Photographs of the colon of different
groups of mice. (d) Representative images of H&E-stained tissue sections (# = 3). Scale bar: 100 pum. (e) Changes in body weight of mice in different treatments and
(f) body weight of each group on day 36 (1 = 5). (g) Changes in DAI score in mice and (h) DAI score of each group on day 36 (n = 5). (i) Length of colon in each group
(n = 5). Colonic levels of pro-inflammatory cytokines (j) TNF-a, (k) IL-6 and (1) anti-inflammatory IL-10 (n = 5). Data are presented as mean + SD. Statistical analysis was
performed by one-way ANOVA. *P < 0.05, **P < 0.01, compared with the DSS-induced group; ns indicates not statistically significant.

beneficial genera (Lachnospiraceae_ NK4A136_group [46, 47],
Prevotellaceae_UCG-001 [48, 49] and Alloprevotella [50, 51]) are
considered to have the potential for SCFA production. SCFAs have
been shown to reinforce mucosal barrier integrity and suppress
inflammation [52, 53], thereby potentially mitigating IBD
progression. Consistent with this observation, quantitative SCFA
analysis revealed a significant decline in acetic acid, propionic acid,
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butyric acid, valeric acid and isobutyric acid levels (by 49.68%,
46.92%, 92.12%, 53.84%, and 12.65%, respectively) in the DSS
group versus the normal group. Conversely, Mn,(Olsa)/Gel
treatment markedly elevated these SCFA levels compared to the
DSS group, with increases of 43.55%, 119.22%, 325.99%, 121.40%,
and 39.39% for acetic acid, propionic acid, butyric acid, valeric acid
and isobutyric acid, respectively (Fig. 8(i)). Similar trends were also
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Figure7 Mn,(Olsa)/Gel prevents DSS-induced behavioral changes in anxiety and depression associated with colitis in mice. (a) Mouse motion tracking images in the
open field test and (b) statistical results of distance traveled (# = 5). (c) Mouse motion tracking images in the elevated plus maze and (d) statistical results of open arm time
(n =5). (¢) Immobility time in the tail suspension test (1 = 5). (f) Immobility time in the forced swim test (# = 5). Data are presented as mean + SD. Statistical analysis was
performed by one-way ANOVA. *P < 0.05, **P < 0.01, compared with the DSS-induced group; ns indicates not statistically significant.

supported by LEfSe analyses (Fig. 8(h)). Specifically, Mn,(Olsa)/Gel
treatment increased the relative abundance of Prevotellaceae
(family), Lachnospiraceae (family) (both reported to ferment
polysaccharides and produce SCFAs) [54-56], Lachnospirales
(order), and Oscillospirales (order) (both associated with SCFA
production) [57, 58], and Clostridia (class) (shown to contribute to
SCFA production) [59]. In contrast, the DSS-induced model group
was enriched in Aeromonadaceae (family) (usually regarded as an
opportunistic ~ pathogen) [60], Enterobacteriaceae  (family)
(positively associated with IBD pathogenesis) [61], Enterobacterales
(order) (within Enterobacteriaceae), and Gammaproteobacteria
(class) (containing potentially pathogenic members).

3.8 Mechanisms of Mn,(Olsa)/Gel treatment to alleviate
IBD-related anxiety and depression
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Given the superior attenuation of IBD-associated anxiety/depressive
behaviors by Mn,(Olsa)/Gel, we investigated its neuroprotective
mechanisms. Niss| staining revealed pronounced neuronal loss in
hippocampal CA3/DG regions of DSS-induced mice (Fig. 9(a)).
Mn,(Olsa)/Gel treatment preserved neuronal integrity, showing no
significant pathology and elevating viable neuron counts to near-
normal levels (Figs. S12(a) and SI2(b) in the ESM).
Immunofluorescence staining of MAP-2, a standard marker for
mature neurons, revealed significantly attenuated fluorescence
intensity in the hippocampal tissue of DSS-induced mice versus
controls (Fig. 9(b)). Mn,(Olsa)/Gel treatment robustly restored
MAP-2 signal and the neuronal connections were more obvious
(Fig. SI2(c) in the ESM). Immunofluorescence staining
characterized neuroinflammation markers: GFAP (astrocyte
indicator) and Ibal (microglia marker). Neuroinflammation or
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Figure8 Modulation of gut microbiota in mice with colitis by Mn,(Olsa)/Gel. (a) Venn diagram of colonic microorganism OTUs. The a-diversity indices of (b)
Shannon, (c) Simpson, and (d) Chaol. (e) NMDS score plot of S-diversity of the gut microbiota. (f) Histogram of the relative abundance of the gut microbiome at the
genus level. (g) The relative abundance of Lachnospiraceae_NK4A136_group, Prevotellaceae_UCG-001, Ligilactobacillus, and Alloprevotella. (h) LEfSe analysis to determine
differences in community composition of the gut microbiota between the 1.5% DSS-induced colitis mouse group and the Mn,(Olsa)/Gel intervention group. (i) The
concentration of SCFAs, mainly including acetic acid, propionic acid, butyric acid, valeric acid and isobutyric acid (n = 3). Data are presented as mean * SD. Statistical
analysis was performed by one-way ANOVA. *P < 0.05, **P < 0.01, compared with the DSS-induced group.

brain injury triggers GFAP upregulation and astrocyte activation,
driving glial scar formation-an adaptive neuroprotective response
against neurodegeneration [62]. As shown in Fig. 9(c), there was a
trend of elevated GFAP expression in the DSS-induced group,
indicating the presence of significant neuroinflammatory injury. In
contrast, GFAP expression was significantly down-regulated in the
Mn,(Olsa)/Gel-treated group (Fig. S12(d) in the ESM), indicating
some relief of neuroinflammation. In response to inflammatory
stimuli in the brain, microglia were activated in response to a
significant upregulation of Ibal expression, which in turn triggered
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disruption of the blood-brain barrier and exacerbation of
neurological damage [63]. Ibal expression was significantly reduced
in hippocampal tissues of Mn,(Olsa)/Gel-treated IBD mice (Fig.
S12(e) in the ESM), suggesting that the treatment was effective in
reducing neuroinflammation.

Given the pivotal role of microbial metabolites in gut-brain
communication, we conducted a comparative analysis of fecal
metabolomic profiles following the various treatments. Multivariate
analysis revealed a clear metabolic separation among the groups.
Principal component analysis (PCA) and orthogonal partial least
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Figure9 The ameliorative effects of Mn,(Olsa)/Gel on neurological damage and inflammation in mice with colitis. (a) Niss] staining images of neurons in different
groups of the CA3 and DG regions of the hippocampus (n = 3). (b) Immunofluorescence staining images of mature neurons in the hippocampus (MAP-2, red) (n = 3).
(c) Immunofluorescence staining images of astrocytes (GFAP, red) and microglia (Ibal, green) in the hippocampus of different groups (n = 3).

squares discriminant analysis (OPLS-DA) score plots demonstrated
robust separation between the normal, DSS-induced, and
Mn,(Olsa)/Gel-treated groups, indicating distinct metabolic profiles
(Figs. 10(a) and 10(b)). Treatment with Mn,(Olsa)/Gel significantly
reversed the DSS-induced metabolic dysregulation (Fig. 10(c)).
Metabolic profiling via volcano plot analysis demonstrated that
Mn,(Olsa)/Gel ~ treatment — significantly —reprogrammed the
metabolome, altering 198 metabolites (115 upregulated, 83
downregulated) relative to the model group (Fig. S13 in the ESM).
This restructuring included the selective regulation of key bioactive
metabolites (Fig. 10(d) and Fig. S14 in the ESM), which effectively
reversed the DSS-induced accumulation of 3-sulfodeoxycholic acid
and enhanced neuroprotective pathways [64]. Specifically, the
therapy increased levels of hippuric acid (a GPCR-GPRI09A
agonist supporting gut-brain axis health) [65], and the neural repair-
associated metabolite 2-oxoarginine [66]. The treatment also
remodeled glycerophospholipid metabolism [67], marked by

upregulated LysoPA(22:5(4Z,7Z,10Z,13Z,16Z)/0:0) and
PA(22:5(42,7Z,10Z,13Z,16Z)/20:0), ~ alongside  downregulated
PC(22:5(47,7Z,10Z,13Z,16Z)/140)  and  LysoPA(P-16:0/0:0)

pertinent to  depression pathogenesis [68]. Moreover,
Mn,(Olsa)/Gel significantly boosted levels of SCFAs, such as acetic,
propionic, butyric, valeric, and isobutyric acids (Fig. 8(i)). As
essential gut-brain mediators, SCFAs mitigate depression and
anxiety through multiple mechanisms, including suppression of
neuroinflammation, enhancement of intestinal barrier integrity,
and modulation of epigenetic and neuroendocrine pathways [69].
The therapeutic effect of Mn,(Olsa)/Gel against colitis and its
neurological comorbidities is mediated by a multi-faceted
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mechanism. This mechanism entails a synchronized restoration of
the gut barrier, resolution of systemic inflammation, and direct
neuroprotection, driven by a beneficial reprogramming of key
metabolites involving bile acids, glycerophospholipids, neuro-active
compounds, and SCFAs. Furthermore, Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis implicated
specific metabolic pathways in these therapeutic effects (Fig. 10(e)),
including 2-oxocarboxylic acid metabolism [70], arginine
biosynthesis [71], and arginine and proline metabolism [72].

4 Conclusions

In summary, this study developed an oral formulation based on a
prebiotic "shield" hydrogel embedded with rod-shaped Mn,(Olsa)
MOF particles (Mn,(Olsa)/Gel), which ensured sustained intestinal
adhesion and retention, facilitating efficient colon-targeted delivery.
Further demonstrating its ability to alleviate pathological symptoms
and related mental disorders in mice with colitis. Specifically, in
DSS-induced acute and chronic colitis mice, Mn,(Olsa)/Gel
reduced intestinal inflammation, lowered oxidative stress levels in
the colon, alleviated immune homeostasis imbalance, restored gut
microbiota dysbiosis, and improved intestinal barrier damage.
Additionally, Mn,(Olsa)/Gel significantly alleviated mental
disorders associated with IBD (such as anxiety- and depression-like
behaviors). The underlying mechanisms may involve the regulation
of microbiota metabolites, suppression of neuroinflammation, and
enhancement of hippocampal neuroplasticity, etc. This work
proposes a promising therapeutic strategy for IBD and its
psychiatric comorbidities while advancing the design of intestinal-
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Figure 10 Untargeted metabolomics analysis of fecal samples treated with Mn,(Olsa)/Gel. (a) PCA and (b) OPLS-DA of the metabolome in the DSS group and
Mn,(Olsa)/Gel-treated group (n = 3). (c) Heatmap illustrating the differential metabolites between the DSS and Mn,(Olsa)/Gel-treated groups (n = 3). (d) Heatmap of key
differential metabolite aggregation in DSS and Mn,(Olsa)/Gel-treated mice. (¢) KEGG enrichment analysis of significantly different metabolites.

microenvironment-targeting  polysaccharide-based  hydrogels.
Notably, the incorporation of Mn* serves as a functional
component in this system. Although no acute toxicity was observed
under the current experimental conditions, further investigation is
warranted to clarify its long-term biosafety, potential tissue
accumulation (particularly in the brain), and possible neurotoxicity.
A comprehensive safety evaluation will be essential for enhancing
the translational potential of this hydrogel formulation in future
clinical applications.

Electronic Supplementary Material: Supplementary material
(characterization of Olsa and Mn,(Olsa), representative images and
apoptosis rate of LPS-induced macrophage apoptosis, radical
scavenging activity of Mn,(Olsa), PXRD patterns of Mn,(Olsa) and
Mn,(dobp), histological scores of the colon in mice with acute and
chronic colitis, H&E staining of heart, liver, lung, kidney and
spleen, heatmap of mice in the open field test and elevated plus test,
the relative abundance of Escherichia-Shigella, Klebsiella, Alistipes
and Aeromonas, number of live neurons in the CA3 and DG
regions, the relative fluorescence intensity of MAP-2, GFAP and
Ibal, volcano plot showing differential metabolites, and the relative
abundance of key metabolites) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908754.
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