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1. Introduction

A shikonin-based self-assembled nanomedicine
alleviates DSS-induced colitis involving
HDC-associated histamine regulation and gut
microbiota modulation

Wang Zhang, @ ° Jingrou Sun,® Ying Ou,? Jing Zhang,? Yilan Bai,” Jingxi Hong, (2
Lingchang Meng,® Yi Song,” Tiepeng Wang,” Zhiting Sun*° and Jing Wu*®°

Ulcerative colitis (UC) is a chronic inflammatory disorder of the intestine characterized by recurrent
episodes. Current therapies exhibit limited efficacy and raise safety concerns. This study aimed to
enhance the water solubility of the natural compound shikonin and improve its therapeutic efficacy by
developing novel metal-phenolic nanoparticles. Zn-shikonin-PEG hybrid nanoparticles (Zn-SHK-PEG
NPs) were synthesized by coordinating Zn®* with shikonin and functionalizing the complex with
polyethylene glycol (PEG). Dextran sulfate sodium (DSS)-induced colitis was employed to evaluate the
therapeutic potential and mechanisms of the nanoparticles. Treatment with Zn-SHK-PEG NPs markedly
alleviated weight loss and colon shortening, decreased the disease activity index (DAIl), and reduced
histopathological injury. Mechanistic investigations suggested that the nanoparticles reduced histidine
decarboxylase (HDC) expression, which was associated with PKM2 regulation, accompanied by
decreased histamine (HA) levels and suppressed inflammation. Furthermore, Zn-SHK-PEG NPs altered
the gut microbiota composition, including enrichment of Akkermansia muciniphila, which may also
contribute to the overall therapeutic effect. In summary, Zn-SHK-PEG NPs ameliorated DSS-induced
colitis, and the therapeutic effects were associated with the regulation of the HDC/histamine axis,
suppression of inflammatory responses, and modulation of gut microbiota. These findings suggest that
Zn-SHK-PEG NPs may represent a potential strategy for ulcerative colitis treatment.

therapies directed at tumor necrosis factor-like ligand 1A have
exhibited therapeutic potential.® However, the aforementioned

Ulcerative colitis (UC) is a chronic and recurrent inflammatory
disease, mainly involving the mucosal layers of the colon." This
condition is influenced by impairment of the epithelial barrier
and immune dysregulation.” As of 2023, approximately 5 mil-
lion individuals worldwide are affected by ulcerative colitis,
with the cumulative incidence in Western countries continuing
to rise.>* 5-Aminosalicylic acid (5-ASA) is currently recom-
mended as treatment for mild to moderate UC. For patients
with severe UC, therapeutic strategies typically involve cortico-
steroids, immunosuppressants, and biologics commonly
applied in clinical settings.®> Additionally, novel small molecule
drugs have demonstrated significant efficacy.”” Targeted
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treatments present certain limitations in clinical application.
For instance, 5-ASA is sometimes ineffective, while prolonged
corticosteroid use may result in adverse effects, including
adrenal suppression, immunosuppression, Cushing-like symp-
toms, and osteoporosis.” Immunosuppressants, such as
azathioprine and methotrexate, carry an increased risk of
hepatotoxicity.'® Hence, the development of therapeutic strate-
gies with enhanced precision, improved safety, and better cost-
effectiveness is urgently required.

Shikonin (SHK) is a natural naphthoquinone isolated from
Lithospermum erythrorhizon and has been reported to exhibit
anti-inflammatory, antioxidant, and antitumor effects in multi-
ple studies. SHK can alleviate isoproterenol-induced acute
myocardial infarction by inhibiting Pyruvate Kinase M2
(PKM2)."* 1t can also mitigate osteoarthritis and rheumatoid
arthritis by suppressing the MAPK signaling pathway.'*'?
Moreover, SHK can regulate the gut microbiota to relieve acute
inflammation.™* The biomedical application of SHK is, how-
ever, constrained by several of its intrinsic properties, notably
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inadequate solubility and low bioavailability."> To circumvent
these pharmacokinetic limitations, metal-phenolic networks
(MPNs) have emerged as a promising platform for drug
delivery.'® By leveraging the robust coordination between
bioactive metal ions and phenolic ligands, MPNs facilitate the
construction of carrier-free nanostructures that maximize drug
loading while ensuring excellent biocompatibility."”"° More-
over, MPNs can integrate multiple functions, such as drug
delivery, antioxidant activity, anti-inflammation, and gut micro-
biota regulation, thus achieving various synergistic therapeutic
effects.’® > Despite the structural advantages of MPNs, the
harsh and dynamic physiological environment within the gas-
trointestinal tract poses a significant challenge to the stability
and targeted delivery to conventional coordination complexes.
To address these challenges, we strategically integrated surface
engineering using polyethylene glycol (PEG) to enhance the
gastrointestinal performance of the Zn-SHK framework. PEGy-
lation provides critical steric stabilization that shields the pH-
sensitive coordination bonds from premature dissociation in
the stomach, while simultaneously endowing the nanoparticles
with mucus-penetrating “stealth” characteristics to ensure
deep penetration into the inflamed colonic tissue.*?

This study aimed to synthesize Zn-SHK-PEG nanoparticles
(Zn-SHK-PEG NPs) and evaluate their effects in DSS-induced
colitis. The results showed that Zn-SHK-PEG NPs alleviated
Dss-induced colitis and were associated with reduced HDC
expression, lower serum histamine levels, suppressed inflam-
matory cell infiltration, improved intestinal barrier integrity,
and altered gut microbiota composition. These findings sug-
gest that combining metal-assisted self-assembly with natural
products may provide a potential formulation strategy for
ulcerative colitis and related inflammatory disorders.

2. Materials and methods

2.1. Materials

Zinc chloride was obtained from Aladdin (Shanghai, China), and
Shikonin was purchased from MedChemExpress (Shanghai,
China). Polyethylene glycol was purchased from Aladdin (Shang-
hai, China). Dextran sulfate sodium salt was purchased from MP
Biomedicals (Santa Ana, CA, USA). 5-Aminosalicylic acid was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Lipopolysac-
charide was purchased from Sigma-Aldrich (St. Louis, MO, USA).
ELISA kits for interleukin-1f, interleukin-6, and histamine were
purchased from Jianglai Biotechnology (Shanghai, China). Hista-
mine was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Synthesis of Zn-SHK-PEG NPs

1 mL of shikonin was prepared in ethanol at 4 mg mL~". With
the molar ratio of ZnCl, to SHK set at 3:1, the SHK ethanol
solution was added dropwise into 10 mL of ZnCl, aqueous
solution while stirring. Continuous stirring at room tempera-
ture for 1 h formed Zn-SHK nanoparticles. The dispersion was
centrifuged at 12 000 rpm for 20 min, then a polyethylene glycol
(25 mg mL ") ethanol solution was added and the mixture was
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stirred overnight at room temperature. The ethanol was
removed by rotary evaporation and the product was redissolved
in pure water or 1x PBS for subsequent experiments.

2.3. Characterization of Zn-SHK-PEG NPs

The morphology of the Zn-SHK-PEG NPs was observed using
transmission electron microscopy (TEM, Tecnai G2 F20, FEI,
USA). The hydrodynamic diameter, polydispersity index (PDI),
and zeta potential were measured using a Zetasizer Lab analy-
zer (Malvern Panalytical, UK). The time-dependent hydrody-
namic diameter of the Zn-SHK-PEG NPs was further monitored
in different media, including ultrapure water, PBS, 10% FBS,
simulated gastric fluid, and simulated intestinal fluid, to
evaluate their stability. UV-Vis absorption spectra were
recorded using a UV-Vis spectrophotometer (UV-2700i, Shi-
madzu, Japan). Fourier transform infrared spectroscopy (FTIR)
was carried out using a Nicolet iS10 spectrometer (Thermo-
Fisher, USA). X-ray photoelectron spectroscopy (XPS) was per-
formed using an ESCALAB 250Xi spectrometer (ThermoFisher,
USA) to analyze the elemental composition and chemical states of
Zn-SHK-PEG NPs. The zinc content of the Zn-SHK-PEG NPs was
measured using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Thermo ICPOES 7200, ThermoFisher,
USA). The cumulative release of SHK from different nanoparticles
was studied by the dialysis method to investigate the release
behavior of different nanoparticles in different media.

2.4. Cytotoxicity detection

The cytotoxicity of SHK, Zn-SHK NPs, and Zn-SHK-PEG NPs was
evaluated in RAW264.7 and Caco-2 cells using a CCK-8 assay.
The cells were seeded uniformly into a 96-well plate at 1 x 10*
cells per well. Drugs at varying concentrations were then
applied for 24 h. Subsequently, 10 pL of CCK-8 solution were
added to each well before the end of treatment, and the plates
were incubated in the dark for 30 min, and the absorbance was
measured at 450 nm.

2.5. Establishment and treatment of dextran sulfate sodium-
induced colitis

Male C57BL/6 mice (6-8 weeks old) were supplied by SPF
Biotechnology Co., Ltd, (Beijing, China). The mice were ran-
domly assigned to the control group (CON), DSS group,
5-aminosalicylic acid group (5-ASA) (150 mg kg™ "), ZnCl, group
(5.67 mg kg™ "), SHK group (12 mg kg™ ') and Zn-SHK-PEG NPs
group (at an equivalent shikonin dose of 12 mg kg™') (n = 6).
5-ASA, ZnCl, and SHK were dissolved in 0.05% sodium carboxy-
methyl cellulose solution. And Zn-SHK-PEG NPs were dissolved
in ultrapure water. The CON and DSS groups received the
corresponding vehicles. All treatments were administered by
oral gavage. Except for the control group, the mice received
2.5% (w/v) DSS in drinking water for 7 days, followed by sterile
water for 3 days. All animal experiments were approved by the
Experimental Animal Ethics Committee of Nanjing Hospital
Affiliated to Nanjing Medical University (Approval No. DWSY-
24155613) and were conducted in accordance with institutional
guidelines.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00517a

Open Access Article. Published on 08 June 2026. Downloaded on 6/8/2026 11:27:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

2.6. Assessment of colitis

Body weight, fecal consistency, and fecal blood were recorded
each day to calculate the Disease Activity Index (DAI) score
(Table S1). Mice were euthanized with isoflurane and colons
were collected, and their length was measured. Colonic con-
tents were aseptically collected, immediately snap-frozen in
liquid nitrogen, and stored at —80 °C until further analysis.
Distal colon segments were fixed in 4% paraformaldehyde for
hematoxylin and eosin (H&E).

2.7. Enzyme-linked immunosorbent assay (ELISA)

Serum levels of the inflammatory cytokines IL-1p and IL-6 were
quantified using commercially available ELISA kits, following
the manufacturers’ protocols.

2.8. Immunohistochemistry

Paraffin-embedded colonic sections were deparaffinized, sub-
jected to antigen retrieval in citrate buffer (pH 6.0), and blocked
with 5% BSA. Sections were incubated overnight at 4 °C with
primary antibodies against ZO-1 and Occludin (Proteintech,
Wuhan, China), followed by HRP-conjugated secondary anti-
bodies, DAB visualization, hematoxylin counterstaining, and
light microscopy.

2.9. Immunofluorescence

Paraffin-embedded colonic sections were deparaffinized, sub-
jected to antigen retrieval, and blocked before overnight incu-
bation at 4 °C with primary antibodies against F4/80 (ABclonal,
Wuhan, China), HDC (PAG476Hu01, Cloud-Clone Corp,
Wuhan, China), tryptase (ABclonal, Wuhan, China), and
CD117 (Abmart, Shanghai, China). Sections were then incu-
bated with fluorescent secondary antibodies, counterstained
with DAPI, and imaged by fluorescence microscopy.

2.10. Reverse transcription quantitative PCR

Total RNA was extracted using Trizol reagent and then reverse-
transcribed to cDNA. B-actin served as the internal control;
primer sequences are listed in Table S2.

2.11. Western blotting analysis

Total protein was resolved by 10% SDS-PAGE, followed by
transfer onto PVDF membranes. The membranes were incu-
bated with primary antibodies against histidine decarboxylase
(Abcam, Cambridge, UK) and cyclooxygenase-2 (ABclonal,
Wuhan, China). After incubation with HRP-conjugated second-
ary antibodies, protein signals were visualized using enhanced
chemiluminescence (ECL). The band intensities were quanti-
fied with Image] software.

2.12. In vitro treatment of RAW264.7 macrophages

RAW264.7 cells were cultured in DMEM supplemented with
10% fetal bovine serum and 1% penicillin streptomycin at
37 °C in a humidified incubator containing 5% CO,. For the
in vitro experiments, cells were pretreated with free SHK or Zn-
SHK-PEG NPs at the same equivalent SHK concentration of
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0.5 ug mL™" for 2 h, followed by stimulation with LPS
(100 ng mL™") for 24 h.

2.13. Small interfering RNA transfection

Small interfering RNAs targeting HDC (si-HDC) and PKM2
(si-PKM2), together with a non-targeting control siRNA
(si-Control), were designed and synthesized by GenePharma
(Shanghai, China). The cells were transfected when confluence
reached approximately 30%-50%. According to the reagent
instructions, siRNAs were delivered using CALNP RNAi
in vitro transfection reagent. Cells were collected 24 h after
transfection, total RNA was extracted, and HDC and PKM2
mRNA levels were measured by RT-qPCR to assess silencing
efficiency. The experimental conditions comprised four groups:
blank control (CON), LPS stimulation, LPS + siRNA and LPS +
SiRNA + Zn-SHK-PEG NPs. Transfections for each siRNA group
were performed as described above. Cells were harvested after
LPS (100 ng mL™ ") stimulation for 24 h.

2.14. Metagenomic sequencing analysis

Fecal samples from the CON, DSS, and Zn-SHK-PEG NPs groups
underwent metagenomic sequencing. Genomic DNA was
extracted, quality checked, and fragmented to 350 bp using a
Covaris M220, followed by paired-end (PE) library construction
and sequencing on the Illumina NovaSeq platform. After qual-
ity control and host genome removal, de novo assembly was
performed with MEGAHIT (v1.1.2). Genes were predicted using
Prodigal, and a non-redundant gene catalog was generated.
Taxonomic and functional annotation was conducted by align-
ing gene sequences to the NR and KEGG databases using
DIAMOND. Diversity and intergroup difference analyses were
carried out based on the annotation results. All bioinformatic
analyses were performed on the Majorbio Cloud Platform.

2.15. Statistical analysis

Data are presented as mean + SD or SEM. Statistical analyses
were performed using SPSS 25.0. Student’s ¢-test was used for
two-group comparisons, and one-way ANOVA with Tukey’s post
hoc test for multiple comparisons. When normality was not met,
the Kruskal-Wallis test followed by Wilcoxon rank-sum test with
FDR correction was applied. A p value < 0.05 was considered
statistically significant (*p < 0.05, **p < 0.01, **p < 0.001).

3. Results and discussion

3.1. The fabrication and characterization of Zn-SHK-PEG NPs

The phenolic hydroxyl groups of SHK rapidly self-assembled
with zinc ions, resulting in the preparation of Zn-SHK nano-
particles (Fig. 1A). TEM revealed that individual particles
showed approximately spherical or irregularly spherical
morphologies (Fig. 1B). The ultraviolet absorption spectrum
demonstrated that the characteristic absorption peak of Zn-
SHK-PEG NPs closely resembled that of SHK, indicating suc-
cessful coordination of ZnCl, with SHK (Fig. 1C). Dynamic light
scattering (DLS) results showed that the Zn-SHK-PEG NPs had
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Fig. 1 The synthesis and characterization of Zn-SHK-PEG NPs. (A) Schematic diagram of Zn-SHK-PEG NPs synthesis. (B) Representative transmission
electron microscopy (TEM) image of Zn-SHK-PEG NPs. (C) UV-Vis absorption spectrum of Zn-SHK-PEG NPs. (D and E) Particle size and zeta potential of
Zn-SHK-PEG NPs. (F) FTIR spectra of SHK, PEG, Zn-SHK NPs, and Zn-SHK-PEG NPs. (G) X-ray photoelectron spectroscopy (XPS) survey spectrum of Zn-
SHK-PEG NPs. (H) Cytotoxicity assays of SHK, Zn-SHK NPs and Zn-SHK-PEG NPs at different concentrations (at equivalent shikonin concentration) on

RAW264.7 cells, n = 3.

an average hydrodynamic diameter of 148.43 4+ 12.76 nm with a
PDI of 0.29 (Fig. 1D). The zeta potentials of the Zn-SHK NPs and
Zn-SHK-PEG NPs were —15.23 + 1.83 mV and —46.215 + 2.91 mV,
respectively (Fig. 1E). The formation of Zn-SHK-PEG NPs was
further confirmed by FTIR analysis. As shown in Fig. 1F, free

J. Mater. Chem. B

SHK exhibited characteristic O-H stretching vibrations at
3589 and 3518 cm ™, as well as an aromatic skeleton vibration
at 1606 cm ™. After coordination with Zn”*, the O-H absorption
band shifted to 3248 cm ™' in the Zn-SHK NPs, accompanied

by the weakened C-OH stretching vibration at 1281 c¢cm ',

This journal is © The Royal Society of Chemistry 2026
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indicating the coordination interaction between Zn”>* and the
oxygen-containing groups of SHK. In the spectrum of the Zn-
SHK-PEG NPs, the characteristic absorption bands at 2887, 1466,
1342, and 1281-1110 cm ' were assigned to C-H stretching,
-CH,- bending, -CH; bending, and C-O stretching vibrations,
respectively, demonstrating the successful incorporation of PEG
into the Zn-SHK nanoparticle system. XPS analysis further con-
firmed the presence of C, O, and Zn elements in Zn-SHK-PEG
NPs (Fig. 1G). The high-resolution Zn 2p spectrum showed
characteristic Zn 2p;, and Zn 2p,,, peaks, while the C 1s and
O 1s spectra revealed C-C, C-O, and C—0 components (Fig. S1).
Together, these FTIR and XPS results support the formation of
Zn*"-assisted SHK-based self-assembled nanoparticles rather
than a simple physical mixture. The encapsulation efficiency of
SHK within Zn-SHK-PEG NPs was determined based on the
amount of free SHK remaining in the supernatant following
centrifugation. Utilizing a UV-Vis calibration curve at 516 nm,
the encapsulation efficiency was calculated to be 99.73%
(Fig. S2). Furthermore, inductively coupled plasma (ICP) analysis
revealed that the zinc concentration in a 1 mg mL ' SHK-
equivalent dispersion of Zn-SHK-PEG NPs was 207.57 mg L™,
which corresponds to a Zn-to-SHK molar ratio of approximately
0.91:1 (Table S3).

The cytocompatibility of different SHK formulations was
assessed in RAW264.7 cells by CCK-8 assay (Fig. 1H). Free
SHK resulted in a concentration-dependent decrease in cell
viability, whereas Zn-SHK NPs showed attenuated cytotoxicity
at equivalent SHK concentrations. Importantly, Zn-SHK-PEG
NPs exhibited the most favorable cytocompatibility among the
three formulations, with significantly higher cell viability than
both free SHK and Zn-SHK NPs across most tested concentra-
tions. These findings indicate that Zn®'-assisted assembly
reduced the direct cytotoxicity of SHK, and subsequent PEG
modification further enhanced the cellular compatibility of the
nanoparticle formulation. Consistently, the Caco-2 cell viability
assay further showed that the Zn-SHK-PEG NPs exhibited
improved cytocompatibility compared with free SHK and Zn-
SHK NPs, particularly at higher equivalent SHK concentrations
(Fig. S3). The reduced cytotoxicity of the Zn-SHK formulation
may be mainly attributed to the coordination between Zn>" and
SHK, which enables SHK to be incorporated into the nanopar-
ticle structure and reduces the direct exposure of cells to free
SHK.>* Further PEG modification may additionally improve the
dispersion stability and overall biocompatibility of the nano-
particles, thereby contributing to the lower cytotoxicity of the
final formulation.>® Together, Zn**-mediated coordination and
PEG modification improved the cellular safety of the SHK-
based nanoplatform.

3.2. Oral delivery performance and inflamed intestinal
retention of Zn-SHK-PEG NPs

Zn-SHK-PEG NPs maintained relatively stable hydrodynamic
diameters in PBS, 10% FBS, water, simulated gastric fluid, and
simulated intestinal fluid, supporting their stability under oral
delivery-related conditions (Fig. S4A-D). Compared with Zn-
SHK NPs, which rapidly released 80.37 & 0.98% SHK within 2 h,

This journal is © The Royal Society of Chemistry 2026
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the Zn-SHK-PEG NPs showed a sustained release profile, with
18.14 £ 0.63% release at 2 h and 72.85 £ 0.16% at 24 h under
simulated gastrointestinal conditions (Fig. S4E). Notably, expo-
sure to 3 mM H,0, elevated the release of SHK from Zn SHK
PEG NPs from 18.47 + 0.05% to 45.03 + 1.24% at 24 h,
indicative of a release behavior responsive to oxidative inflam-
mation (Fig. S4F). Having established their stability and con-
trolled release behavior under oral delivery-related conditions,
the in vivo intestinal retention of the Zn-SHK-PEG NPs was
subsequently evaluated by fluorescence imaging after oral
administration. The intestinal retention of Zn-SHK-PEG NPs
after oral administration was evaluated using Cy5-labeled
nanoparticles. As shown in Fig. 2A, in vivo fluorescence imaging
revealed a dynamic fluorescence profile in both CON and DSS-
treated mice over 24 h after oral gavage. Compared with CON
mice, DSS-treated mice exhibited stronger fluorescence reten-
tion at later time points, particularly at 24 h. Quantitative
analysis further confirmed significantly higher in vivo fluores-
cence intensity in DSS-treated mice at 24 h (Fig. 2C). To more
accurately determine tissue distribution, major organs and the
whole intestine were collected for ex vivo imaging at 24 h. The
fluorescence signal was predominantly observed in the whole
intestine, whereas relatively weak signals were detected in
major organs, including the liver, heart, spleen, lungs, and
kidneys (Fig. 2B). Consistently, ex vivo fluorescence quantifica-
tion showed significantly higher whole intestine fluorescence
intensity in DSS-treated mice than in CON mice (Fig. 2D). These
results suggest enhanced retention of orally administered
Zn-SHK-PEG NPs in the inflamed intestinal tract.

3.3. Zn-SHK-PEG NPs alleviate DSS-induced colitis

The acute colitis model was established by DSS (Fig. 3A). At the
end of the experiment, the DSS group exhibited significant
weight loss. SHK, Zn-SHK-PEG NPs, and 5-ASA all significantly
alleviated DSS-induced body weight loss and DAI elevation
compared with the DSS group (Fig. 3B and C). However, no
statistically significant differences were observed among the
SHK, Zn-SHK-PEG NP, and 5-ASA groups for these parameters.
Relative to the CON group, the DSS treatment predominantly
reduced colon length. The SHK, Zn-SHK-PEG NPs, and 5-ASA
groups significantly attenuated colon shortening (Fig. 3D
and E). Colonic H&E staining showed that DSS largely destroyed
the crypt architecture of the mucosal layer, caused widespread
epithelial cell detachment and necrosis, and produced marked
inflammatory cell infiltration, while the submucosa exhibited
edema and connective tissue hyperplasia. All treatments ame-
liorated these pathological changes to varying degrees (Fig. 3F
and G). Although all treatment groups did not show statistically
significant differences from each other, Zn-SHK-PEG NPs
showed a consistent trend toward better therapeutic outcomes.
No obvious pathological abnormalities were observed in H&E-
stained sections of major organs, including the heart, liver,
spleen, lungs, and kidneys, from Zn-SHK-PEG NP-treated mice
compared with the CON group (Fig. S5). In addition, serum
biochemical parameters, including alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and blood urea
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Fig. 2 In vivo and ex vivo fluorescence imaging of Cy5-labeled Zn-SHK-PEG NPs after oral administration. (A) Representative in vivo fluorescence
images of CON and DSS-treated mice after oral gavage of Cy5-labeled Zn-SHK-PEG NPs at 2, 4, 6, 8, 12, and 24 h. (B) Ex vivo fluorescence images of
major organs, including the heart, liver, spleen, lungs, kidneys, and intestines, collected at 24 h after administration. (C) Quantitative analysis of
fluorescence intensity in the abdominal region of CON and DSS-treated mice at different time points. (D) Quantification of ex vivo fluorescence intensity
in major organs and whole intestine at 24 h after administration. Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

nitrogen (BUN), showed no significant differences between the 3.4. Zn-SHK-PEG NPs protect the intestinal barrier and reduce

CON and Zn-SHK-PEG NP-treated groups (Fig. S6). These inflammatory cell infiltration
results indicate the acceptable in vivo biocompatibility of Zn- Occludin and zonula occludens-1 (ZO-1) are essential in intest-
SHK-PEG NPs. inal barrier function, and their abnormal expression correlates
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***p < 0.001

with barrier impairment.”® Compared to the CON group, DSS
treatment downregulated Occludin and ZO-1 expression. Never-
theless, treatment with ZnCl,, SHK, Zn-SHK-PEG NPs, or 5-ASA
restored Occludin and ZO-1 expression (Fig. 4A and B).
Excessive neutrophil infiltration and aberrant release of
proinflammatory factors are hallmarks of colitis and indicate
disease severity.?” Therefore, neutrophil infiltration was assessed
in the intestine by immunohistochemistry. DSS treatment mark-
edly recruited neutrophils to inflamed colonic sites, whereas
Zn-SHK-PEG NPs significantly reduced this infiltration (Fig. 4C).

This journal is © The Royal Society of Chemistry 2026

The anti-inflammatory effects of different treatments were eval-
uated by measuring serum inflammatory cytokines using ELISA.
DSS treatment markedly increased the serum levels of IL-1f and
IL-6 compared with the CON group, whereas ZnCl,, SHK, 5-ASA,
and Zn-SHK-PEG NPs significantly reduced these cytokine levels
(Fig. 4D and E). Notably, compared with the SHK and ZnCl,
group, Zn-SHK-PEG NPs significantly decreased serum IL-6
levels. No statistically significant differences in serum IL-18 or
IL-6 levels were observed between the Zn-SHK-PEG NP and 5-ASA
groups. Consistently, DSS treatment upregulated the mRNA
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expression of pro-inflammatory cytokines in the colon, while Compared with the SHK and ZnCl, group, Zn-SHK-PEG NPs
ZnCl,, SHK, 5-ASA, and Zn-SHK-PEG NPs significantly reduced further reduced the expression levels of these inflammatory
the expression levels of TNF-u, IL-1B, and IL-6 (Fig. 4F-H). cytokines. No statistically significant differences were observed
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between the Zn-SHK-PEG NP and 5-ASA groups. These results
suggested that Zn-SHK-PEG NPs exerted enhanced anti-
inflammatory effects compared with free SHK and ZnCl,, while
showing effects comparable to 5-ASA in the regulation of inflam-
matory cytokines.

Zinc ions (Zn>") can suppress the production of inflamma-
tory cytokines, thereby reducing inflammation and intestinal
barrier damage.”® However, zinc chloride (ZnCl,) treatment
only partially alleviated colonic inflammation, and the overall
therapeutic effect remained limited. This outcome may relate to
the administration route, dose, or other parameters. By con-
trast, SHK demonstrated superior biological effects in restoring
barrier function and suppressing inflammation, suggesting
that the therapeutic benefit of Zn-SHK-PEG NPs derives
chiefly from the SHK component, with Zn®" providing a
synergistic anti-inflammatory contribution. In addition, the
three-dimensional network formed by metal-polyphenol coor-
dination between Zn>* and SHK markedly improves drug
solubility and bioavailability,"®** which together enhance
the overall therapeutic outcome.

3.5. Zn-SHK-PEG NPs reduce histamine levels in colitis mice
associated with decreased HDC expression in macrophages

The regulation of intestinal inflammatory processes is signifi-
cantly influenced by histamine.’® Elevated histamine levels
were observed in patients with ulcerative colitis relative to
healthy control subjects.®’ Serum ELISA showed that serum
histamine was predominantly elevated in the DSS group. Treat-
ment with Zn-SHK-PEG NPs markedly reduced histamine levels
(Fig. 5A). Abnormal histamine accumulation is linked to dysre-
gulation of its metabolic enzymes.*” Histamine production is
primarily controlled by histidine decarboxylase (HDC), while
for its degradation, histamine N-methyltransferase (HNMT)
serves as the predominant enzyme, utilizing histamine as its
only substrate.>* Although HNMT protein expression did not
show a significant intergroup difference, a substantial upregu-
lation of HDC was detected in the DSS-treated mice relative to
controls (Fig. 5B and C). Given the established involvement
of COX-2 in inflammatory responses associated with colitis,
colonic COX-2 expression was further examined.** Zn-SHK-PEG
NPs significantly reduced DSS-induced HDC expression and
COX-2 expression (Fig. 5D and E). The elevated COX-2 level in
colonic tissues further reflected the inflammatory state induced
by DSS, and its reduction after Zn-SHK-PEG NPs treatment was
broadly consistent with previous findings describing the anti-
inflammatory activity of shikonin in colitis related models.**>®

To explore the potential cellular source associated with
elevated HDC in DSS colitis, we first assessed whether DSS
challenge was accompanied by obvious mast cell accumulation,
as mast cells are classical histamine-producing cells.*® Tolui-
dine blue staining and immunohistochemical analysis of tryp-
tase and CD117 showed that mast cell numbers in colonic
tissues were not obviously increased in DSS-treated mice com-
pared with controls (Fig. 5F). These observations suggested that
the elevated histamine level in this model may not be primarily
explained by increased mast cell infiltration. We therefore

This journal is © The Royal Society of Chemistry 2026
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further examined the spatial relationship between HDC and
macrophages, given the established role of macrophages in DSS
colitis and their capacity to express HDC.>” Immunofluores-
cence analysis showed that HDC was mainly distributed in
areas enriched for F4/80" macrophages (Fig. 5G). Recent evi-
dence has shown that histamine produced by macrophages is
pivotal for driving angiogenesis in inflammatory granulation
tissue.*® Combined with the pronounced spatial colocalization
of HDC and macrophages observed in this study, macrophages
are implicated by these data as potential contributors of
histamine in inflammatory tissue.

3.6. Zn-SHK-PEG NPs alleviate macrophage inflammatory
responses involving PKM2-associated HDC regulation

To determine whether Zn-SHK-PEG NPs exert their anti-
inflammatory and immunomodulatory effects via HDC,
RAW264.7 cells were stimulated with LPS. Zn-SHK-PEG NPs
markedly suppressed LPS-induced HDC expression and COX-2
protein levels (Fig. 6A-C). Zn-SHK-PEG NPs significantly
reduced the LPS-driven increase in IL-1f mRNA. Compared
with the free SHK group, Zn-SHK-PEG NPs produced a signifi-
cantly greater reduction in HDC protein expression, indicat-
ing that the nanoparticle formulation enhanced the inhibitory
effect of SHK on HDC under inflammatory stimulation
(Fig. 6D). Notably, exogenous histamine induced upregulation
of IL-13 mRNA in RAW264.7 cells (Fig. 6E). To clarify the role
of HDC in the anti-inflammatory response, HDC was knocked
down by small interfering RNA (siRNA) and confirmed the
knockdown efficiency by RT-qPCR. Based on the comparative
effects observed for free SHK and Zn-SHK-PEG NPs in LPS-
stimulated macrophages, subsequent siRNA experiments were
performed using Zn-SHK-PEG NPs to further investigate the
mechanism of the nanoparticle formulation. Compared with
the LPS-treated group, si-HDC predominantly suppressed the
LPS-induced increase in IL-1f mRNA and markedly reduced
COX-2 protein expression. Furthermore, combined treatment
with si-HDC and Zn-SHK-PEG NPs produced an additional
reduction in COX-2 and IL-1f levels (Fig. 6F-I). In LPS stimu-
lated RAW264.7 macrophages, the Zn-SHK-PEG NPs decreased
HDC, COX-2, and IL-1f expression. Among these changes, the
reductions in COX-2 and IL-1f directly reflected the suppres-
sion of inflammatory responses. Notably, si-HDC reduced
COX-2 at the protein level and suppressed IL-18 expression
at the mRNA level, suggesting that the HDC/histamine axis is
associated with the regulation of inflammatory responses.
This possibility is in line with previous studies linking hista-
mine signaling to increased COX-2 expression in multiple cell
types.>®*? Since the anti-inflammatory effect was attenuated
but not completely abolished after HDC knockdown, HDC
appears to be an important contributor, but not the sole
mediator, of the inhibitory effect of Zn-SHK-PEG NPs. This
is consistent with the typical multi-target activity of traditional
Chinese medicine monomers.*'

Previous studies have established SHK as a natural inhibitor
of PKM2,** and the present study showed that Zn-SHK-PEG
NPs were also associated with modulation of HDC expression.
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To test whether HDC constitutes an anti-inflammatory pathway
independent of PKM2, we knocked down PKM2. In LPS-
stimulated RAW264.7 macrophages, si-PKM2 attenuated LPS-
induced HDC expression at both the mRNA and protein levels.
Under these conditions, Zn-SHK-PEG NPs did not produce any
further inhibitory effect (Fig. 6]-L). These findings suggest that
PKM2 may be involved in the regulation of the HDC histamine
axis. However, the present study does not directly demonstrate
transcriptional regulation of HDC by PKM2. Further studies,
such as PKM2 transcriptional activity assays, promoter analysis,
or mutant-based validation, are required to confirm the precise
mechanism by which PKM2 regulates HDC expression.

3.7. Zn-SHK-PEG NPs do not alter the abundance of HDC in
the gut microbiota

Gut microbiota can also promote colitis by increasing hista-
mine levels.** To investigate this, mouse fecal samples were

This journal is © The Royal Society of Chemistry 2026

collected for metagenomic analysis. A Venn diagram showed
6149 species shared among the three groups (Fig. 7A). Assess-
ment of o diversity revealed that species richness was compar-
able across the CON, DSS, and Zn-SHK-PEG NPs treatment
groups measured by the Ace and Chao indices (Fig. 7B and C).
This has been observed in several animal studies and may
reflect expansion of opportunistic pathogenic taxa.***> Analysis
using both the Simpson and Shannon indices revealed that
the DSS-treated mice exhibited increased gut microbiome
diversity compared to controls (Fig. 7D and E). Employing f
diversity metrics including principal coordinates analysis
(PCoA), non-metric multidimensional scaling (NMDS), and
analysis of similarities (ANOSIM), distinct gut microbial com-
positions were discerned among the CON, DSS and Zn-SHK-
PEG NP groups (p < 0.05) (Fig. 7F-H). Based on KEGG
annotations, differential abundance analyses of glycolysis and
histidine metabolism were performed. Visualization revealed
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no significant differences in pyruvate kinase (PK) or HDC
abundance among the CON, DSS and Zn-SHK-PEG NPs groups
(Fig. 71 and J). These findings suggest that Zn-SHK-PEG NPs
do not significantly alter HDC expression at the gut micro-
biota level.

Alpha diversity estimators

View Article Online
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3.8. Zn-SHK-PEG NPs upregulate the abundance of
Akkermansia muciniphila and improve the inflammatory
microenvironment

Phylsum-level analysis and species-level analysis revealed DSS-
induced dysbiosis, characterized by reduced Bacteroidota,
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Duncaniella sp. and enriched Bacillota and Akkermansia mucini-
phila compared to controls (Fig. 8A and B). This shift was
restored by Zn-SHK-PEG NPs treatment, which also notably
enriched Verrucomicrobiota. At the species level, the NPs concur-
rently elevated the diminished populations of Duncaniella sp.
and Akkermansia muciniphila.

Differential abundance was determined using LEfSe (linear
discriminant analysis effect size), with taxa meeting an LDA
threshold >4 and the top five in abundance selected for display
(Fig. 8C and D). The CON group showed enrichment in the
class Bacteroidia, family Muribaculaceae, and order Bacteroi-
dales. In contrast, the DSS group featured a predominance of
the phylum Bacillota and class Clostridia, a pattern aligning
with reports of a transient increase and subsequent decline in
gut microbiota during DSS exposure.’® Conversely, Zn-SHK-
PEG NPs treatment markedly increased the relative abundance
of the genus Akkermansia, phylum Verrucomicrobiota, and order
Verrucomicrobiales.

To further define the dominant taxa in each group, species
with LDA scores > 4 were visualized. In the CON group, the
dominant taxa were Duncaniella sp., Lepagella muris, and Para-
muribaculum intestinale. In the DSS group, dominance was
mainly limited to taxa identified only at the genus level,
including Blautia sp., Odoribacter sp., Acetatifactor sp., and
Bacteroides thetaiotaomicron. The Zn-SHK-PEG NPs group was
dominated by Akkermansia sp., Akkermansia muciniphila, Pre-
votella sp. MGM2, and Duncaniella muricolitica (Fig. 8E). In the
DSS-enriched fraction, several dominant bacteria remain
unclassified. Some studies report an increase in Blautia in UC
patients.?” Acetatifactor has been reported to possess potential
proinflammatory effects.*® Notably, different species and even
strains can exhibit heterogeneity, and their impacts on the host
require further investigation.” The microbial community in
the Zn-SHK-PEG NPs group showed marked enrichment in the
Akkermansia, with a consistent enrichment trend from phylum
to species levels, indicating that Akkermansia-related taxa dom-
inate this group’s microbiota. Akkermansia muciniphila can
restore mucus layer integrity and can reduce proinflammatory
cytokine release, thereby alleviating DSS-induced colitis.>>>"
Thus, although Zn-SHK-PEG NPs did not affect HDC abun-
dance at the gut microbiota level, they promoted mucosal
barrier repair and improved the inflammatory microenviron-
ment via increasing the abundance of genus Akkermansia.

KEGG pathway enrichment analysis showed that the DSS
group was significantly enriched for ABC transporters, flagellar
assembly, and bacterial chemotaxis. Studies indicate that
potential pathogens can enhance the transport of glucose and
amino acids through ABC transporter systems, thereby promot-
ing their colonization in favorable environments.>” After treat-
ment with Zn-SHK-PEG NPs, enrichment shifted mainly to
pathways related to cofactor biosynthesis, secondary metabolite
biosynthesis, ribosomes, lipoic acid metabolism, metabolic
pathways, and extracellular polysaccharide biosynthesis
(Fig. 8F and G). Previous studies have shown that cofactors,
such as NAD', were associated with protective effects in DSS-
induced colitis and the maintenance of gut homeostasis.>®
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Lipoic acid is one of the cofactors, as previous studies have
shown that lipoic acid-related pathways are enriched in bene-
ficial gut bacteria.>* A previous study suggested that fermented
tea may alleviate colitis by restoring gut microbiota and mod-
ulating host metabolic pathways, particularly secondary meta-
bolite biosynthesis, which may be associated with its anti-
inflammatory effects.> It should be noted that the metage-
nomic sequencing analysis was performed with a relatively
limited sample size (n = 4 per group), and therefore these
microbiome results should be interpreted as exploratory.
Further studies with larger cohorts and targeted microbial
validation are required to confirm the contribution of gut
microbiota remodeling to the therapeutic effects of Zn-SHK-
PEG NPs.

4. Conclusion

In summary, Zn-SHK-PEG NPs were developed as a Zn>"-assisted
SHK self-assembled nanomedicine stabilized by PEG modifica-
tion. The formulation achieved efficient SHK incorporation,
improved cytocompatibility, stability in physiological and gastro-
intestinal media, sustained SHK release, oxidation-responsive
release, and enhanced retention in inflamed intestine after oral
administration. Zn-SHK-PEG NPs alleviated DSS-induced colitis.
The therapeutic effects involved suppression of inflammatory
responses, regulation of the HDC/histamine axis, protection of
the epithelial barrier, and modulation of gut microbiota. These
results suggest that Zn-SHK-PEG NPs may serve as a potential
SHK-based oral nanomedicine strategy for ulcerative colitis
treatment.
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