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Abstract
Background  Inflammatory bowel disease (IBD) is a chronic disorder marked by persistent inflammation and damage 
to the intestinal mucosa. Despite significant advances in treatment, there remains an unmet need for more effective 
and safer therapeutic strategies.

Results  In this study, we isolated and characterized extracellular vesicle-like nanoparticles (ELNs) derived from Coptis 
chinensis (Cc-ELNs) and evaluated their therapeutic potential in IBD. Intraperitoneal administration of Cc-ELNs in 
dextran sulfate sodium (DSS)-induced colitis mice demonstrated selective targeting of inflamed intestinal regions. 
Cc-ELNs significantly alleviated colitis by reducing neutrophil recruitment and inhibiting the formation of neutrophil 
extracellular traps (NETs). Furthermore, by suppressing NET formation, Cc-ELNs mitigated pyroptosis in intestinal 
epithelial cells (IECs) and promoted the proliferation of both IECs and intestinal stem cells (ISCs). Mechanistically, 
Cc-ELNs delivered miR-5106, which downregulated Slc39a2 expression, thereby restoring zinc homeostasis in 
neutrophils and reducing NET formation.

Conclusions  These findings establish Cc-ELNs as a novel, natural, and effective therapeutic candidate for IBD, 
highlighting the potential of plant-derived nanoparticle-based therapies.

Keywords  Inflammatory bowel disease, Coptis chinensis, Extracellular vesicle-like nanoparticles, Neutrophil, 
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Introduction
Inflammatory bowel disease (IBD), encompassing 
Crohn’s disease and ulcerative colitis, has seen a notable 
rise in global prevalence over the past decade [1]. It is 
characterized by chronic damage to the colonic epithe-
lial mucosa, leading to a relapsing and remitting disease 
course [2]. Although its precise etiology remains elu-
sive, IBD is widely believed to result from an aberrant 
immune response to intestinal microbiota in genetically 
predisposed individuals [3]. A hallmark feature of IBD 
is dysregulated intestinal immune activity, including the 
accumulation of neutrophils in inflamed mucosa, which 
plays a critical role in disease progression [4]. Neutro-
phils, the most abundant white blood cells and first 
responders to inflammation, are short-lived effector 
cells of the innate immune system [5, 6]. Recent studies 
underscore the importance of neutrophil extracellular 
traps (NETs), web-like structures released by activated 
neutrophils, in driving systemic autoimmune disorders 
and exacerbating inflammation-associated tissue damage 
[7]. Elevated NET formation has been observed in both 
IBD patients and DSS-induced colitis models [8, 9].

Extracellular vesicles (EVs), nanoscale biological car-
riers of bioactive molecules, are emerging as promising 
tools for intercellular communication and therapeutic 
applications [10]. EVs have demonstrated safety and effi-
cacy in preclinical models and early clinical trials [11, 12]. 
Recently, extracellular vesicle-like nanoparticles (ELNs) 
derived from edible plants (P-ELNs) have gained atten-
tion for their potential in inter-kingdom delivery of thera-
peutic payloads, including nucleic acids [13–17]. P-ELNs 
from ginger, lemon, grapefruit, grapes, and Portulaca 
oleracea L. have shown efficacy in treating colitis [18–21], 
while P-ELNs from plants such as ginseng and Asparagus 
cochinchinensis have exhibited anticancer properties [22, 
23]. Additionally, P-ELNs have demonstrated therapeu-
tic potential in conditions such as alcoholic hepatitis and 
infectious diseases [13]. P-ELNs offer several advantages, 
including biocompatibility, biodegradability, low immu-
nogenicity, and scalability, positioning them as highly 
promising platforms for drug delivery.

Traditional Chinese medicine has long utilized Coptis 
chinensis (Huanglian) for treating gastrointestinal disor-
ders, including ulcers and inflammation [24]. Extensive 
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research has identified its pharmacological properties, 
which include hypoglycemic, antibacterial, antioxidant, 
anti-inflammatory, antitumor, lipid-regulating, and anti-
arrhythmic effects [24]. Study has found that Coptis 
chinensis might prevent intestinal barrier damage in 
TNBS-induced ulcerative colitis by inhibiting the inflam-
matory response [24]. The mixture of Anemarrhena 

asphodeloides and Coptis chinensis has been shown to 
attenuate high-fat diet-induced colitis in mice [25]. Fur-
thermore, Coptis chinensis alleviates dextran sodium 
sulfate (DSS)-induced colitis in mice [26]. Additionally, 
berberine (BBR), the active component of Coptis chinen-
sis, has demonstrated protective effects in colitis models 
[27–29].

Fig. 1 (See legend on next page.)
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Zinc is an essential element that plays a vital role in 
various biological processes, functioning as a structural, 
catalytic, and signaling component [30]. Zinc homeo-
stasis is regulated by transporters, including the ZIP 
(Slc39) and ZnT (Slc30) families, with dysregulation of 
these transporters linked to the onset and progression of 
numerous diseases [30, 31].

In this study, we isolated and characterized Coptis 
chinensis-derived ELNs (Cc-ELNs) for the first time. 
Our results demonstrated that intraperitoneal injection 
of Cc-ELNs specifically targeted inflamed sites in DSS-
induced colitis mice. Additionally, Cc-ELNs significantly 
alleviated colitis by reducing neutrophil recruitment and 
inhibiting NET formation. By inhibiting NETs, Cc-ELNs 
mitigated pyroptosis in intestinal epithelial cells (IECs) 
and promoted the proliferation of both IECs and intesti-
nal stem cells (ISCs). Mechanistically, Cc-ELNs delivered 
miR-5106, which downregulated Slc39a2 expression, 
thereby restoring zinc homeostasis in neutrophils and 
reducing NET formation.

Results
Cc-ELNs protect mice against DSS-induced colitis
Cc-ELNs were isolated from fresh Coptis chinensis juice 
using a multi-step differential centrifugation protocol 
(Fig.  1A). Transmission electron microscopy (TEM) 
revealed the characteristic cup-shaped morphology of 
Cc-ELNs (Fig.  1B), while nanoflow cytometry analy-
sis indicated their size distribution ranged from 55 to 
120  nm in diameter (Fig.  1C), with a concentration of 
approximately 8.45 × 1010 particles/mL (Fig.  1D). DiR-
labeled Cc-ELNs were then intraperitoneally injected 
into mice, and 24  h later, their distribution in intestinal 
tissues was assessed. Cc-ELNs were found throughout 
the jejunum, ileum, cecum, and colon (Fig. 1E). To evalu-
ate their therapeutic potential, mice with DSS-induced 
colitis were treated with intraperitoneal Cc-ELNs 
(Fig. 1F). BBR, a monomer derived from Coptis chinensis, 
has previously demonstrated protective effects in colitis 
models [27–29], and was used as a positive control at an 
equivalent dose to Cc-ELNs.

As shown in Fig. 1G, the DSS + Cc-ELNs group exhib-
ited significantly less body weight loss from Day 4 com-
pared to the DSS + PBS group, with a smaller trend of 
weight loss in the Cc-ELNs group than in the BBR group. 
The Disease Activity Index (DAI) of the DSS + Cc-ELNs 
group was consistently lower than the DSS + PBS group 
from Day 3 onward (Fig.  1H). DSS treatment resulted 
in substantial colon shortening in colitis mice (Fig.  1I, 
J), but the DSS + Cc-ELNs group displayed significantly 
longer colon lengths compared to the DSS + PBS group 
(Fig. 1I, J). Similarly, the macroscopic colon scores in the 
DSS + Cc-ELNs group were significantly lower than those 
in the DSS + PBS group (Fig.  1K). Histological analy-
sis showed that DSS caused major disruption of colonic 
architecture, with neutrophil and lymphohistiocyte infil-
tration, crypt loss, crypt abscess formation, submucosal 
edema, and goblet cell depletion. Treatment with Cc-
ELNs significantly alleviated these structural disruptions 
compared to the DSS + PBS group (Fig. 1L). Histological 
scores were also markedly reduced in Cc-ELNs-treated 
mice (Fig. 1M), and goblet cell depletion was notably alle-
viated (Fig. 1N, O). Across multiple measures, including 
body weight loss, colon length, and macroscopic colon 
scores, the therapeutic effects of Cc-ELNs outperformed 
those of BBR (Fig. 1G-O). These findings collectively sug-
gest that Cc-ELNs provide significant protection against 
DSS-induced colitis in mice.

Cc-ELNs inhibit neutrophil recruitment in colitis mice
Neutrophil infiltration into the intestinal mucosa is a 
defining feature of active IBD [32]. To investigate whether 
the therapeutic effects of Cc-ELNs on colitis are linked to 
neutrophil regulation, we assessed neutrophil levels in 
both the intestinal mucosa and Peyer’s patches. In DSS-
induced colitis mice, substantial neutrophil infiltration 
was observed in both the intestinal mucosa and Peyer’s 
patches, which was significantly reduced following treat-
ment with Cc-ELNs and BBR (Fig.  2A, Figure S1A, B). 
Notably, neutrophil reduction was more pronounced 
in the Cc-ELNs-treated group than in the BBR group 
(Fig. 2A, Figure S1A, B). In addition to the intestinal tis-
sues, DiR-labeled Cc-ELNs were also enriched in the 

(See figure on previous page.)
Fig. 1  Isolation and characterization of extracellular vesicle-like nanoparticles (Cc-ELNs) derived from Coptis chinensis and their protective effect against 
DSS-induced colitis in mice. (A) Cc-ELNs were isolated from fresh Coptis chinensis juice through a multi-step differential centrifugation process. (B) Trans-
mission electron microscopy (TEM) image showing the cup-shaped morphology of Cc-ELNs. (C, D) Nanoflow cytometry analysis was used to determine 
the size distribution (C) and concentration (D) of Cc-ELNs. (E) DiR-labeled Cc-ELNs were injected intraperitoneally into mice, and their distribution was 
observed in the intestinal tissues (jejunum, ileum, cecum, and colon) after 24 h post-injection. (F) Mice with DSS-induced colitis were treated with intra-
peritoneal injections of Cc-ELNs, with berberine (BBR) serving as a positive control. (G) Time course of body weight changes in the experimental groups, 
normalized to Day 0 body weight. (H) Disease Activity Index (DAI) scores based on symptoms such as diarrhea, bleeding, and body weight loss. (I) Mea-
surement of colon length from mice in different treatment groups. (J) Macroscopic appearance of the colon, as represented by a colon with mean colon 
length and typical injury findings. (K) Macroscopic colon scores indicating the severity of colon injury. (L) Histopathological examination of colon tissues 
stained with H&E. (M) Histopathological scores for the colon tissue samples determined through H&E staining. (N, O) Alcian blue-periodic acid-Schiff (AB-
PAS) staining to detect goblet cell depletion (N), with goblet cell counts presented (O). n = 5–12; Statistical significance was determined using one-way 
ANOVA followed by Tukey’s multiple comparison test
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spleen and bone marrow (BM; Fig. 2B). To further assess 
neutrophil levels, we evaluated spleens and BM. Neutro-
phil levels in the spleens of Cc-ELNs-treated colitis mice 
were significantly lower than those in PBS-treated mice 
(Fig.  2C, D). Interestingly, BM neutrophil levels were 
markedly reduced in DSS-induced colitis mice compared 

to normal mice (Fig. 2E, F), likely due to the recruitment 
of neutrophils to peripheral organs during acute colitis. 
Cc-ELNs treatment alleviated this peripheral neutrophil 
recruitment, thereby restoring neutrophil levels in the 
BM (Fig. 2E, F).

Fig. 2  Cc-ELNs inhibit neutrophil recruitment in DSS-induced mice. (A) Immunofluorescence analysis of neutrophil counts in the colon tissue of mice. 
(B) DiR-labeled Cc-ELNs were intraperitoneally injected into mice, and the biodistribution of Cc-ELNs was assessed in the femur, heart, liver, spleen, lungs, 
kidneys, brain, and gut using ex vivo imaging. (C–F) Percentages of neutrophil counts in the spleen and bone marrow (BM) were analyzed by flow cytom-
etry (C, E), and the statistical analysis results are shown (D, F). n = 5–7; Statistical significance was determined using one-way ANOVA followed by Tukey’s 
multiple comparison test
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Cc-ELNs inhibit NET formation in colitis mice
To explore whether Cc-ELNs affect neutrophil func-
tion beyond recruitment inhibition, we examined 
changes in neutrophil activity. Immunofluorescence 
analysis revealed a significant increase in NET forma-
tion in the intestinal mucosa of colitis mice, which was 
notably reduced following Cc-ELNs treatment (Fig. 3A). 
To determine whether this downregulation of NET for-
mation was due solely to a decrease in neutrophil num-
bers or an inhibitory effect on neutrophil function, we 
cultured neutrophils isolated from the BM and spleens 
of mice in vitro. Neutrophils from colitis mice easily 
formed NETs in vitro, whereas NET formation was sig-
nificantly reduced in neutrophils from Cc-ELNs-treated 
mice (Fig.  3B-D). Phorbol 12-myristate 13-acetate 
(PMA), a NET inducer, showed that neutrophils from 
PBS-treated colitis mice were more susceptible to PMA-
induced NET formation in vitro compared to those from 
Cc-ELNs-treated colitis mice (Figure S2A-C). To inves-
tigate whether Cc-ELNs directly or indirectly inhibit 
NET formation, we isolated BM and spleen neutrophils 

from normal mice and treated them with Cc-ELNs, using 
PMA to induce NET formation in vitro. We observed 
that Cc-ELNs were internalized by neutrophils (Fig. 3E) 
and significantly inhibited PMA-induced NET formation 
(Fig. 3F-H). These findings suggest that Cc-ELNs directly 
inhibit NET formation in neutrophils from colitis mice.

Cc-ELNs alleviate intestinal epithelial injury by inhibiting 
NET formation
Intestinal epithelial damage is a key pathological feature 
of IBD. We observed significantly reduced cell prolifera-
tion in the intestinal mucosa of colitis mice compared to 
normal controls (Fig.  4A, Figure S3A). Cc-ELNs treat-
ment significantly restored cell proliferation (Fig. 4A, Fig-
ure S3A). Pyroptosis, a form of programmed cell death 
triggered by inflammasome-mediated caspase-1 acti-
vation, is another critical process in IBD pathogenesis 
[33]. Gasdermin D (GSDMD) serves as a key executor 
in pyroptosis [34]. The expression levels of GSDMD and 
caspase-1 were elevated in the colons of colitis mice and 
were significantly reduced following Cc-ELNs treatment 

Fig. 3  Cc-ELNs inhibit NET formation in DSS-induced colitis mice. (A) Immunofluorescence analysis was used to evaluate NET formation in colon tissues. 
Co-localization of H3cit and MPO was used as a marker for NET detection. (B–D) Neutrophils isolated from the BM and spleen of mice were cultured in 
vitro for 24 h. Immunofluorescence analysis and scanning electron microscopy (SEM) were used to assess NET formation. (E) Neutrophils were incubated 
with PKH26-labeled Cc-ELNs, and internalization of Cc-ELNs was visualized through laser scanning confocal microscopy. (F–H) Neutrophils from BM and 
spleens of normal mice were treated with Cc-ELNs and BBR, followed by PMA-induced NET formation in vitro. NETs were assessed by immunofluores-
cence and SEM. n = 6; Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparison test
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Fig. 4  Cc-ELNs alleviate intestinal epithelial injury by inhibiting NET formation. (A) Ki67 staining was performed on colon tissues to evaluate cell prolif-
eration levels. (B) Immunofluorescence analysis was used to detect gasdermin D (GSDMD), a marker of pyroptosis, in the colon tissues. (C–F) Intestinal 
epithelial cells (IECs) were treated with NETs and NETs-derived DNA, and the levels of Ki67 and GSDMD were assessed by immunofluorescence analysis. 
(G, H) Colitis mice were treated with DNase I to inhibit colonic NET formation, and Ki67 and GSDMD expression levels in the colon tissue were evaluated. 
(I) Lgr5+ cells in the intestinal mucosa were detected by immunofluorescence to assess intestinal stem cells (ISCs). (J) DNase I was used to inhibit colonic 
NET formation in colitis mice, and ISCs in the intestinal mucosa were detected using immunofluorescence analysis
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(Fig.  4B, Figure S3B, C). To further investigate whether 
Cc-ELNs promote intestinal mucosal proliferation and 
inhibit pyroptosis by modulating NET formation, we 
stimulated intestinal epithelial cells (IECs) with extracted 

NETs. Interestingly, NETs (a DNA-protein complex) 
markedly inhibited IEC proliferation in a concentration-
dependent manner (Fig. 4C, Figure S3D). NETs are com-
posed of chromatin DNA filaments (NETs-DNA) coated 

Fig. 5 (See legend on next page.)
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with granule proteins, and previous studies have shown 
that NETs-DNA is critical for the biological function of 
NETs [35]. We extracted NETs-DNA and stimulated 
IECs, observing that NETs-DNA significantly inhibited 
IEC proliferation in a concentration-dependent manner, 
as shown in Fig.  4D and Figure S3E. Additionally, both 
NETs and NETs-DNA upregulated GSDMD expres-
sion in IECs (Fig. 4E-F, Figure S3F-G). To investigate the 
role of NET formation in colitis, we inhibited colonic 
NET formation in mice using DNase I and assessed the 
expression levels of Ki67 and GSDMD in colonic tissue 
(Figure S4). Inhibition of NET formation resulted in an 
upregulation of Ki67 and a downregulation of GSDMD in 
the colon (Fig.  4G and H, Figure S5A and B). Intestinal 
epithelial renewal and patterning are regulated by ISCs 
[36]. In colitis mice, Lgr5+ ISCs in the intestinal mucosa 
were significantly reduced compared to normal controls, 
but their levels were notably upregulated following Cc-
ELNs treatment (Fig. 4I, Figure S6A). Similarly, ISC levels 
increased significantly after NET formation inhibition in 
colitis mice (Fig. 4J, Figure S6B).

These results suggest that Cc-ELNs alleviate intestinal 
epithelial injury in colitis mice by inhibiting pyroptosis 
and promoting ISC upregulation through NET formation 
inhibition.

Cc-ELNs protect mice against DSS-induced colitis by 
carrying miR-5106 in high abundance
MicroRNAs (miRNAs), key components of EVs, regu-
late gene expression [37]. We assessed the miRNA profile 
in Cc-ELNs and found miR-5106 to be the most highly 
expressed (Fig.  5A). We then explored miR-5106’s role 
in Cc-ELNs-mediated NET inhibition. BM neutrophils 
treated with miR-5106 showed significantly reduced 
PMA-induced NET formation (Fig.  5B, C). To evaluate 
miR-5106’s therapeutic effect, we administered miR-5106 
to colitis mice via intraperitoneal injection (Fig. 5D). As 
shown in Fig.  5E, body weight loss in the DSS + miR-
5106 group was significantly reduced compared to the 
DSS + miR-NC group starting from Day 5. The DAI 
of the DSS + miR-5106 group remained consistently 
lower than that of the DSS + miR-NC group from Day 4 
(Fig.  5F). Additionally, colon lengths in the DSS + miR-
5106 group were longer than those in the DSS + miR-
NC group (Fig.  5G, H). The DSS + miR-5106 group also 

exhibited significantly lower macroscopic colon scores 
and less colonic architectural disruption compared to the 
DSS + miR-NC group (Fig. 5I, J). Consistently, histologi-
cal scores were lower in miR-5106-treated colitis mice 
(Fig. 5K). Furthermore, goblet cell depletion induced by 
DSS was alleviated following Cc-ELNs treatment (Fig. 5L, 
M). Notably, the therapeutic efficacy of miR-5106 proved 
comparable to Cc-ELNs treatment (Fig.  5E-M). These 
findings suggest that Cc-ELNs protect against DSS-
induced colitis by delivering high levels of miR-5106.

MiR-5106 delivery by Cc-ELNs inhibits neutrophil 
infiltration and NET formation in colitis mice
To determine whether miR-5106 plays a crucial role in 
Cc-ELNs-mediated inhibition of neutrophil infiltration 
and NET formation, we evaluated neutrophil levels in 
the intestinal mucosa and spleens of treated mice. MiR-
5106 treatment resulted in a significant reduction in 
neutrophil infiltration (Fig.  6A). The percentage of neu-
trophils in the spleens of miR-5106-treated mice was 
significantly lower than in miR-NC-treated colitis mice 
(Fig.  6B, C). Moreover, miR-5106 treatment substan-
tially reduced NET formation in the intestinal mucosa 
of colitis mice compared to miR-NC treatment (Fig. 6D). 
Further, neutrophils isolated from the BM and spleen of 
colitis mice after 24 h of in vitro culture exhibited signifi-
cantly reduced NET formation with miR-5106 treatment 
(Fig.  6E-H). Neutrophils from miR-5106-treated mice 
formed fewer NETs when stimulated by PMA compared 
to those from miR-NC-treated colitis mice (Figure S7A-
D). These results indicate that miR-5106 delivered by Cc-
ELNs inhibits neutrophil infiltration and NET formation 
in colitis mice.

MiR-5106 inhibits NET formation by targeting Slc39a2 to 
restore intracellular zinc homeostasis
To elucidate the molecular mechanism by which miR-
5106 inhibits NET formation, we identified direct target 
genes regulated by miR-5106. Using Miranda, we pre-
dicted potential miR-5106 targets, and among the top 
10 (ranked by score), only Slc39a2 in the colon of colitis 
mice was significantly down-regulated after treatment 
with Cc-ELNs and miR-5106 (Fig.  7A, Figure S8). The 
miR-5106-binding site on the 3′-UTR of Slc39a2 is shown 
in Fig.  7B. To confirm that Slc39a2 is a direct target of 

(See figure on previous page.)
Fig. 5  Cc-ELNs protect mice against DSS-induced colitis by delivering miR-5106 in high abundance. (A) Expression profile of miRNAs in Cc-ELNs was 
analyzed using small RNA sequencing, with the top 10 most highly expressed miRNAs presented. (B, C) Neutrophils treated with PMA and miR-5106 were 
analyzed for NET formation using immunofluorescence microscopy. (D) Mice with DSS-induced colitis were treated through intraperitoneal injection 
with miR-NC, miR-5106, or Cc-ELNs. (E) Body weight loss during the colitis progression was recorded, with Day 0 serving as the baseline (set at 0%). (F) 
Changes in the DAI were assessed. (G) On Day 7, mice were euthanized, and their colon tissues were excised and measured for length. (H) Macroscopic 
appearance of the colons was recorded. (I) Average macroscopic colon scores were calculated for each group. (J) Histopathological changes in colon 
tissues were examined using H&E staining. (K) Histopathological scoring was conducted for the colon tissue samples. (L, M) AB-PAS staining was used to 
assess goblet cell depletion in the colon (L), and quantification of goblet cells shown (M). n = 5–6; Statistical significance was determined using one-way 
ANOVA followed by Tukey’s multiple comparison test
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miR-5106, we constructed a luciferase reporter plasmid 
containing the 3′-UTR of Slc39a2, along with a mutated 
version of the miR-5106 binding site. Dual-luciferase 
reporter assays demonstrated that miR-5106 significantly 

reduced luciferase activity in the wild-type Slc39a2 con-
struct but had no effect on the mutated version (Fig. 7C).

Zinc transporters, encoded by the Slc300 and Slc39 
gene families, are essential for maintaining intracellular 

Fig. 6  MiR-5106 delivery by Cc-ELNs inhibits neutrophil infiltration and NET formation in colitis mice. (A) Immunofluorescence analysis was performed to 
assess neutrophil counts in colon tissues. (B, C) Percentage of neutrophils in the spleen was determined using flow cytometry (B), and the results of sta-
tistical analysis are shown (C). (D) Immunofluorescence was used to evaluate NET formation in the colon tissues of colitis mice. (E–H) Neutrophils isolated 
from the BM and spleen of mice were cultured in vitro for 24 h. SEM and immunofluorescence analyses were performed to assess NET formation. n = 5–6; 
Statistical significance was determined using unpaired two-sample t-test
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Fig. 7  miR-5106 inhibits NET formation by targeting Slc39a2 to restore intracellular zinc homeostasis. (A) Slc39a2 mRNA expression was analyzed using 
qRT-PCR. (B) Wild-type and mutated m-Slc39a2-3′-untranslated region (UTR) was cloned into pmirGLO, and the predicted binding site of miR-5106 in 
the 3′-UTR of the Slc39a2 gene. (C) HEK293T cells were transfected with the Slc39a2 UTR reporter plasmid along with miR-5106 mimic or miR-NC mimic. 
Dual-luciferase reporter assays were performed to measure the impact of miR-5106 on Slc39a2 expression. (D–G) Immunofluorescence analyses were 
performed to detect Slc39a2 expression in intestinal epithelium and neutrophils in the colon. (H) Neutrophils were treated with ZnCl2, and NET formation 
was evaluated using immunofluorescence assay. (I) Neutrophils were treated with miR-NC, miR-NC + ZnCl2, and miR-5106 + ZnCl2, and the mitochondrial 
situation was evaluated using the Mito Tracker Red fluorescent probe. n = 5–6; Statistical significance was determined using one-way ANOVA followed by 
Tukey’s multiple comparison test (A) and unpaired two-sample t-test (C, H)
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zinc homeostasis [38–40]. While Slc300 transport-
ers lower cytoplasmic zinc, Slc39 transporters increase 
intracellular zinc by facilitating its uptake [39]. Slc39a2, 
in particular, plays a key role in zinc transport [41]. We 
hypothesized that elevated Slc39a2 expression in colitis 
mice disrupts zinc homeostasis, contributing to NET for-
mation, whereas Cc-ELNs can alleviate this condition by 
delivering miR-5106. To test this, we measured Slc39a2 
expression levels in intestinal epithelium of mouse colon 
tissues. We found that Slc39a2 expression was signifi-
cantly increased in intestinal epithelium of colitis mice, 
exacerbating epithelial damage, while treatment with Cc-
ELNs and miR-5106 downregulated Slc39a2 expression 
and alleviated epithelial injury (Fig. 7D, E). Furthermore, 
we observed high Slc39a2 expression in neutrophils 
within colon tissues of colitis mice, and both Cc-ELNs 
and miR-5106 treatments markedly reduced neutrophil 
infiltration and Slc39a2 expression (Fig. 7F, G). To further 
validate this mechanism, neutrophils were treated with 
ZnCl2 to elevate intracellular zinc levels and observed a 
significant increase in NET formation (Fig.  7H). Mito-
chondria, which play a pivotal role in NET formation by 
releasing reactive oxygen species (ROS) [42], were dam-
aged by ZnCl2-induced zinc overload. This resulted in 
reduced mitochondrial abundance and increased ROS 
production in neutrophils (Fig.  7I, Figure S9). However, 
treatment with miR-5106 mitigated mitochondrial dam-
age (Fig. 7I). These findings suggest that elevated Slc39a2 
expression in colitis mice promotes excessive zinc accu-
mulation in neutrophils, leading to NET formation 
through mitochondrial destruction. By targeting Slc39a2, 
miR-5106 delivered by Cc-ELNs restores zinc homeosta-
sis and inhibits NET formation.

In vivo safety of Cc-ELNs
To determine the systemic safety of Cc-ELNs administra-
tion, mice were intraperitoneally injected with Cc-ELNs 
for 7 consecutive days (Fig.  8A). Throughout the treat-
ment period, all animals appeared healthy, with no sig-
nificant differences in body weight observed (Fig.  8B). 
Organ indices showed no statistically significant dif-
ferences between the Normal + PBS and Normal + Cc-
ELNs groups (Fig.  8C). Compared to the Normal + PBS 
group, Cc-ELNs treatment did not alter liver function 
parameters [alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total protein (TP)] or renal 
function-related indices [creatinine (CREA), carbamide 
(UREA)] (Fig.  8D, E). To further investigate potential 
hepatorenal toxicity, mice were sacrificed after 7 days of 
intraperitoneal Cc-ELNs administration, and tissues were 
collected. H&E staining analysis revealed no damage to 
the liver, kidney, spleen, heart, lung, brain, or BM, and 
intestinal sections displayed no abnormalities (Fig. 8F, G). 

These results suggest that intraperitoneal injection of Cc-
ELNs is safe.

Discussion
In this study, we demonstrated that Cc-ELNs alleviate 
DSS-induced colitis by reducing neutrophil recruitment 
and inhibiting NET formation. Our results show that 
NETs inhibit IEC and ISC proliferation while promoting 
IEC pyroptosis in colitis mice. However, Cc-ELNs coun-
teract these effects by inhibiting NET formation. Mecha-
nistically, Cc-ELNs deliver miR-5106, which targets and 
suppresses Slc39a2 expression, thereby restoring zinc 
homeostasis in neutrophils and reducing NET formation 
(Fig. 9).

Current treatments for IBD include glucocorticoids, 
antibiotics, and biologics (e.g., anti-TNFα, anti-IL-12/23). 
However, these therapies fail to cure IBD, requiring life-
long management to prevent or delay disease progres-
sion. Thus, there is an urgent need to search alternative 
therapeutic strategies. EVs exhibit advantages such as 
circulatory stability, high biocompatibility, low immu-
nogenicity, and enrichment in bioactive components 
(e.g., lipids, proteins, and miRNAs). Recent studies 
highlight the potential of P-ELNs in treating colitis and 
other diseases. Negatively charged P-ELNs can penetrate 
the mucus layer to reach inflamed intestinal regions 
and serve as carriers for targeted delivery of chemi-
cal or nucleic acid drugs [43]. These unique properties 
make P-ELNs superior to traditional herbal medicine 
approaches. Therefore, we investigated the therapeutic 
effects of Cc-ELNs and their encapsulated miR-5106 in 
alleviating colitis, suggesting their potential for clinical 
application. In addition, we systematically evaluated the 
systemic safety profile of Cc-ELNs through toxicological 
assessments, and demonstrated excellent biocompatibil-
ity, which highlighted the promising therapeutic poten-
tial of Cc-ELN for the treatment of IBD.

BBR has previously demonstrated protective effects in 
colitis models. In this study, BBR was used as a positive 
control at an equivalent dose to Cc-ELNs. We found that 
the Cc-ELNs group exhibited a smaller trend of weight 
loss compared to the BBR group. Furthermore, the mac-
roscopic colon scores in the DSS + Cc-ELNs group were 
lower than those in the DSS + BBR group. Collectively, 
based on indicators such as body weight loss, colon 
length, and macroscopic colon scores, the therapeutic 
effects of Cc-ELNs surpassed those of BBR. These find-
ings suggest that BBR is not the primary component 
responsible for the therapeutic efficacy of Cc-ELNs, 
which instead function through other constituents.

Neutrophils, key mediators of innate immunity, are 
crucial for initiating acute inflammatory responses and 
serving as the first line of defense against pathogens 
[6]. Colitis pathogenesis is characterized by increased 
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Fig. 8  Safety assays for Cc-ELNs. (A) Schematic of intraperitoneal Cc-ELNs administration. (B) Body weight variations in mice. (C) Organ indices (organ 
weight/body weight×100%). (D, E) Serological indices of liver (D) and kidney function (E). (F) Representative images of H&E-stained heart, liver, spleen, 
lung, kidney, brain, and BM sections. (G) H&E staining of intestinal segments (duodenum, jejunum, ileum, cecum, colon, and rectum). n = 3; Statistical 
significance was determined using an unpaired two-sample t-test
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cytokine production and the local accumulation of 
immune cells, particularly neutrophils, which contrib-
ute to tissue damage, crypt destruction, and the forma-
tion of crypt abscesses [44]. We found that Cc-ELNs were 
distributed in intestinal tissues. Cc-ELNs were found 
throughout the jejunum, ileum, cecum, and colon. The 
selective accumulation of Cc-ELNs in inflamed colonic 
regions may be attributed to multiple mechanisms. First, 
the enhanced permeability and retention (EPR) effect. In 
IBD, the disrupted vascular endothelium and increased 
interstitial fluid pressure may allow nanoparticles to 
extravasate and accumulate in diseased areas. Second, 
Cc-ELNs may harbor surface ligands derived from Coptis 
chinensis that actively bind to receptors overexpressed in 
inflamed intestines. However, further studies are needed 
to identify specific ligands and their targets. Additionally, 
literature suggests that negatively charged plant-derived 
exosomes can penetrate the mucus layer via electrostatic 
interactions to reach inflamed intestinal regions [43]. 
Finally, interactions with immune cells could further 

enhance targeting. We observed that Cc-ELNs were 
internalized by neutrophils.

Our study found that Cc-ELNs reduced neutrophil 
recruitment from the bone marrow to peripheral organs, 
including the colon, spleen, and Peyer’s patches, in mice 
with colitis. Neutrophils employ various mechanisms to 
neutralize pathogens, including phagocytosis, antimi-
crobial secretion, and NET formation. While NETs are 
effective in trapping and killing bacteria due to their high 
concentration of histones and granule-derived enzymes, 
they are also implicated in pathological sterile inflam-
mation, such as in cancer and autoimmune diseases [45]. 
Their therapeutic potential is being actively explored. 
NET formation is elevated in DSS-induced colitis and 
contributes to thrombus formation via NET-dependent 
pathways [9]. Inhibition of NET formation in colitis mice 
significantly alleviates disease progression [46, 47]. Our 
findings suggest that Cc-ELNs effectively alleviate coli-
tis by not only reducing neutrophil recruitment but also 
suppressing NET formation.

Fig. 9  Schematic diagram of the experimental study. Cc-ELNs effectively alleviated colitis by reducing neutrophil recruitment and inhibiting NET forma-
tion. Cc-ELNs inhibited pyroptosis in IECs and promoted the proliferation of IECs and ISCs by reducing NETs. Mechanistically, miR-5106 delivery by Cc-ELNs 
inhibited NET formation by targeting Slc39a2 to restore intracellular zinc homeostasis
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Currently, no cure exists for IBD, and current treat-
ments focus primarily on symptom management and 
long-term remission [48]. A critical physiological process 
in the recovery from colitis and maintenance of intesti-
nal homeostasis is the resolution of inflammation, where 
IECs play a pivotal role through their interaction with the 
mucosal immune system and local microenvironment 
[49]. Despite the lack of treatments specifically aimed 
at enhancing intestinal barrier function, the intestinal 
epithelium remains a promising therapeutic target for 
IBD [50]. Our findings show that NETs inhibit IEC pro-
liferation, whereas Cc-ELNs, by inhibiting NET forma-
tion, promote IEC proliferation. Gasdermins (GSDMs), 
particularly GSDMD, are key mediators of pyroptosis, 
and GSDMD’s pore-forming ability, triggered by cleav-
age and oligomerization, has significantly advanced our 
understanding of programmed cell death [51]. In our 
study, NETs upregulated GSDMs in IECs, but Cc-ELNs 
markedly downregulated their expression by inhibit-
ing NET formation. These results suggest that Cc-ELNs 
foster IEC proliferation and inhibit pyroptosis by block-
ing NET formation. To maintain tissue homeostasis, the 
intestinal epithelium undergoes continuous regenera-
tion through the rapid proliferation and differentiation 
of ISCs into specific IEC subtypes [52]. We observed a 
notable reduction in ISC numbers in colitis mice, likely 
due to mucosal destruction; however, ISC populations 
were restored following NET inhibition via DNase I or 
Cc-ELNs, highlighting the potential of Cc-ELNs to pro-
mote intestinal regeneration. We found that miR-5106 is 
highly expressed in Cc-ELNs, and its administration sig-
nificantly alleviates colitis in mice, suggesting that miR-
5106 is a key component of Cc-ELNs’ therapeutic effect 
in enteritis.

The intestine is a major site for zinc absorption and 
excretion, and maintaining zinc homeostasis is crucial 
for the integrity of the intestinal mucosal barrier [53]. 
Both zinc deficiency and excess are associated with vari-
ous intestinal diseases, including IBD and colorectal 
cancer [53]. Zinc deficiency disrupts cellular function, 
while excess zinc can be toxic. High dietary zinc exacer-
bates Clostridium difficile infection by enhancing bacte-
rial toxicity and altering host immune responses [54]. In 
our study, we observed that the zinc transporter Slc39a2, 
which facilitates intracellular zinc uptake, is significantly 
upregulated in the colons of colitis mice. miR-5106, deliv-
ered by Cc-ELNs, directly targets and inhibits Slc39a2 
expression. Moreover, we found that excess zinc induces 
NET formation. NET formation is triggered by innate 
immune receptors and downstream intracellular media-
tors, including ROS, generated by NADPH oxidase or 
mitochondria. Ribonucleoprotein immune complexes, 
inducers of NETosis, require ROS for maximal NET 
stimulation [42]. These ROS activate myeloperoxidase 

(MPO), neutrophil elastase (NE), and protein arginine 
deiminase type 4 (PAD4), which promote chromatin 
decondensation [8]. The activation of ROS-PAD4 path-
way promotes uncontrolled NET formation [55]. Mito-
chondrial damage leads to ROS release, further driving 
NET formation. Our results demonstrate that ZnCl2 
induces mitochondrial damage in neutrophils, reducing 
mitochondrial abundance, whereas miR-5106 mitigates 
these effects by downregulating Slc39a2. These find-
ings suggest that miR-5106 regulates intracellular zinc 
homeostasis by targeting Slc39a2, thereby suppressing 
NET formation. However, further studies are required to 
fully elucidate the underlying molecular mechanisms.

Conclusions
In summary, our study identifies Cc-ELNs and their high 
miR-5106 content as potent modulators of neutrophil 
function, significantly reducing neutrophil recruitment 
and NET formation, thereby alleviating colitis. By tar-
geting zinc homeostasis in neutrophils through Slc39a2, 
miR-5106 plays a pivotal role in regulating inflammation 
and promoting intestinal epithelial recovery. These find-
ings highlight the therapeutic potential of P-ELN miR-
NAs in the treatment of IBD.

Materials and methods
Isolation and characterization of Cc-ELNs
Cc-ELNs were isolated from Coptis chinensis juice using 
a multi-step differential centrifugation protocol. Fresh 
Coptis chinensis was homogenized to obtain juice, which 
was subjected to sequential centrifugation at 1,000 g 
(10  min), 3,000 g (20  min), and 10,000 g (30  min) to 
remove large fibers. The resulting supernatant was fil-
tered through a 0.22-µm membrane and ultracentri-
fuged at 120,000 g for 60 min (Optima L-100xp, Beckman 
Coulter, USA). The pellet was resuspended in PBS, and 
Cc-ELNs were quantified by protein content using a 
bicinchoninic acid protein assay kit (Beyotime, China). 
Samples were stored at − 80 °C until further analysis.

The morphology of Cc-ELNs was examined using 
transmission electron microscopy (TEM). Briefly, Cc-
ELNs were deposited onto a copper grid, stained with 3% 
(w/v) aqueous phosphotungstic acid for 1 min, and exam-
ined using a JEM-1400PLUS (Jeol, Japan). Cc-ELNs were 
also characterized using high-sensitivity flow cytometry 
for nanoparticle analysis (N30, NanoFCM, China).

Animals and ethics
Six-week-old male C57BL/6J mice were purchased from 
the Guangdong Medical Laboratory Animal Center, 
China. All animal procedures followed the guidelines 
set by the Animal Care and Use Committee of Guang-
zhou Medical University (approval number: G2023-726) 
and complied with the National Institutes of Health 
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Guidelines for the Care and Use of Laboratory Animals 
in China.

In vivo biodistribution of Cc-ELNs
To assess the in vivo biodistribution of Cc-ELNs, the par-
ticles were labeled with DiR fluorescent dye (UElandy, 
China) by incubating at 37  °C for 30 min, following the 
manufacturer’s instructions. The solution was ultracen-
trifuged at 120,000 g for 90 min at 4 °C, and the pellet was 
resuspended in 200 µL of PBS to obtain DiR-Cc-ELNs. 
Mice were intraperitoneally injected with 150 µg of DiR-
Cc-ELNs per mouse and euthanized 24  h later. Tissues 
from the intestine, femur, heart, liver, spleen, lungs, kid-
neys, and brain were collected for ex vivo imaging analy-
sis to monitor Cc-ELN biodistribution. DiR fluorescent 
signals were detected using the Odyssey CLx (LI-COR 
Biosciences, USA).

Induction of DSS colitis and treatment
Acute colitis was induced by administering 2.5% (wt/
vol) dextran sulfate sodium (DSS, 36–50  kDa, MP Bio-
medicals) in drinking water for 8 days consecutively 
(days 0–7). Mice were randomly assigned to the follow-
ing groups: Normal, DSS, DSS + Cc-ELNs, DSS + BBR, 
DSS + DNase I, DSS + miR-NC (RIBOBIO, China), and 
DSS + miR-5106 (RIBOBIO, China). The intervention 
groups received intraperitoneal injections of Cc-ELNs 
(50  µg per mouse), BBR (50  µg per mouse), DNase I 
(20 mg/kg), miR-NC (5 nmol per mouse), or miR-5106 (5 
nmol per mouse), respectively. Control groups (normal 
and DSS) received equivalent volumes of PBS through 
intraperitoneal injection.

Clinical and histological evaluation of colitis
Disease progression was monitored daily by evaluating 
body weight changes, stool consistency, and the pres-
ence of fecal blood using a hemoccult assay kit (Nanjing 
Jiancheng Bio-engineering Institute, China). DAI was cal-
culated based on these parameters, following established 
protocols [56].

On day 7, mice were euthanized, and colon lengths 
were measured. A blinded observer performed mac-
roscopic evaluation of the colons, considering factors 
such as hyperemia, wall thickening, ulceration, extent 

of inflammation, and overall damage (Table  1) [56]. 
Colonic tissues were fixed in 4% paraformaldehyde, pro-
cessed, and embedded in paraffin. Sections were stained 
with hematoxylin and eosin (H&E) for histopathological 
analysis, including the assessment of inflammation sever-
ity, immune cell infiltration, crypt damage, submucosal 
edema, goblet cell loss, and epithelial hyperplasia [56].

Goblet cell quantification
Alcian blue-periodic acid Schiff (AB-PAS) staining 
was used to visualize and quantify goblet cells in colon 
sections. The number of goblet cells per crypt was 
quantified.

Flow cytometric analysis of neutrophil subsets
Neutrophil subsets were analyzed in cells isolated from 
Peyer’s patches, spleens, and femoral BM. Single-cell 
suspensions were stained with fluorochrome-conjugated 
monoclonal antibodies targeting CD11b and Ly6G (Bio-
Legend, USA), following the manufacturer’s instructions. 
Data acquisition was performed using a CytoFLEX S flow 
cytometer (Beckman Coulter, USA), and neutrophil pop-
ulations were quantified using CytExpert software (Beck-
man Coulter, USA).

Neutrophil isolation and in vitro treatments
Neutrophils were isolated from the femur, tibia, and 
spleens of mice using Percoll density gradient centrifuga-
tion. Isolated neutrophils were cultured at 37 °C in a 5% 
CO2 humidified atmosphere. For in vitro experiments, 
neutrophils were seeded on coverslips and treated for 
24  h with Cc-ELNs (20  µg/mL), BBR (20  µg/mL), miR-
NC (20 µM), miR-5106 (20 µM), or ZnCl2 (200 µM). 
PMA (150 nM) was added 4  h before cell collection to 
stimulate NET formation.

Immunofluorescence analysis
For immunofluorescence analysis of colon tissue sec-
tions, specimens were fixed, embedded in paraffin, and 
sectioned. Sections were deparaffinized, rehydrated, and 
blocked with 1% bovine serum albumin. The samples 
were incubated overnight at 4 °C with the following pri-
mary antibodies: anti-MPO (1:100; Abcam, UK), anti-
H3cit (1:200; CST, USA), anti-Ki67 (1:500; Abcam, UK), 
anti-GSDMD (1:100; Proteintech, China), and anti-Lgr5 
(1:200; Abcam, UK). For cultured cell analysis, cells were 
fixed with 4% paraformaldehyde for 25 min at room tem-
perature, permeabilized with 0.1% Triton X-100 in PBS 
for 4 min, and blocked with PBS containing 2% BSA for 
30 min. The cells were incubated overnight at 4  °C with 
anti-MPO (1:100; Abcam, UK), anti-H3Cit (1:200; CST, 
USA), anti-Ki67 (1:500; Abcam, UK), anti-GSDMD 
(1:100; Proteintech, China), Mito-Tracker Red CMXRos 
(50 nM; Beyotime, China), 2′,7′-dichlorofluorescein 

Table 1  Assessment of macroscopic scores
Score The damage of colon
0 No damage
1 Hyperemia without ulcers
2 Hyperemia and wall thickening without ulcers
3 One ulceration site without wall thickening
4 Two or more ulceration sites
5 0.5 cm extent of inflammation or major damage
6–10 1 cm extent of inflammation or severe damage
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diacetate (DCFH-DA) probes (1 µM; Solarbio, China), 
and Hoechst (1:2000; Beyotime, China). Both tissue sec-
tions and cells were incubated with appropriate Alexa 
Fluor-conjugated secondary antibodies. Nuclear stain-
ing was achieved with DAPI. Samples were washed three 
times with PBS, each wash lasting 1 min, and visualized 
using a TCS SP8 DLS laser scanning confocal microscope 
(Leica, Germany).

Scanning electron microscopy
Neutrophils cultured on coverslips were fixed with 2.5% 
glutaraldehyde overnight. After fixation, samples were 
washed with PBS and dehydrated using an ethanol gradi-
ent, followed by exchange with acetone and isoamyl ace-
tate. Specimens were subjected to critical point drying 
and gold coating using an ion coater. Imaging was per-
formed using a TM4000Plus II scanning electron micro-
scope (HITACHI, Japan).

Analysis of Cc-ELNs uptake
Cc-ELNs were labeled with PKH26 fluorescent dye 
(MCE, China) for 5 min, after which an equal volume of 
1% BSA was added to terminate the staining. The labeled 
Cc-ELNs were transferred to a Quick-Seal centrifuge 
tube (Beckman Coulter, USA) and ultracentrifuged at 
120,000  g for 90  min at 4  °C using an Optima L-100xp 
ultracentrifuge with a swinging-bucket rotor (SW60 
Ti, Beckman Coulter). The resulting pellet containing 
PKH26-labeled Cc-ELNs was resuspended in PBS and 
underwent a second round of ultracentrifugation under 
identical conditions to ensure purity.

To assess internalization, neutrophils were incubated 
with the purified PKH26-labeled Cc-ELNs for 1  h, and 
prepared for confocal microscopy analysis. Alexa Fluor 
phalloidin-FITC (CST, USA) was used to label actin, and 
DAPI was used to detect nuclei.

Purification of NETs and NETs-DNA and mouse IECs 
treatment
NETs were collected from freshly isolated mouse neutro-
phils as described previously with minor modifications 
[35]. Neutrophils were stimulated with 500 nM PMA 
for 4 h, after which the supernatant was discarded. NETs 
adhering to the container bottom were resuspended by 
gently pipetting 2 mL of chilled PBS. NETs were centri-
fuged at 1,000 g for 10 min at 4  °C. The cell-free super-
natant containing the NETs (a DNA-protein complex) 
was carefully collected. NET-DNA was purified using a 
MicroElute DNA Clean Up Kit (OMEGA, China), and 
its concentration was determined by spectrophotometry. 
Mouse IECs were stimulated with 2.5 µg/mL of NETs or 
NET-DNA, and the expression of Ki67 and GSDMD was 
assessed by immunofluorescence.

Small RNA sequencing and analysis
Small RNA sequencing was conducted as previously 
described [57]. Total RNA was extracted from Cc-ELNs 
and used for small RNA library preparation. Following 
cluster generation, libraries were sequenced on an Illu-
mina NovaSeq 6000 platform (Illumina, USA). Data anal-
ysis included quality control, comparative analysis, target 
gene functional annotation, and quantification of miRNA 
expression levels.

Prediction of potential miR-5106 target genes and dual-
luciferase reporter assay
The miRanda algorithm was used to predict potential tar-
gets of miR-5106. Target genes were selected based on 
scores and conserved binding sites identified by miRanda. 
HEK293T cells were transfected with reporter plasmids 
encoding either the un-mutated or mutated 3′-UTR of 
Slc39a2, along with miR-5106 mimic or control mimic, 
for 48 h using RNAiMAX (Invitrogen). Luciferase activity 
was measured with a luciferase assay reagent (Beyotime, 
China) using an Infinite Synergy H1 plate reader (Agilent, 
USA), and normalized to Renilla luciferase activity.

RNA extraction and qRT-PCR
mRNA expression was quantified using qRT-PCR. 
Briefly, RNA was extracted from cells by homogeniz-
ing 100  mg of colon tissues in TRIzol reagent (Invit-
rogen, USA) following the manufacturer’s guidelines. 
The extracted RNA was quantified using a NanoDrop 
ND-2000 spectrophotometer (Thermo Scientific, USA). 
Complementary DNA (cDNA) was synthesized from 
1.0  mg of total RNA using oligo (dT) primers and a 
Thermo Scientific RevertAid First Strand cDNA synthe-
sis kit (Thermo Scientific), adhering to the manufactur-
er’s protocol. Expression of GSDMD, Caspase-1, Usp49, 
Trim66, Slc39a2, Krt84, Epb42, and Col28a1, Ccdc130, 
P2rx2, Ksr2, Zbtb34 and Selp was analysed using a SYBR 
Green Master Mix kit (Takara, Japan) with the primers 
listed in Table 2. GAPDH served as the internal control, 
and the fold-change in expression was calculated using 
the 2−ΔΔCT method.

Serum analysis
Blood samples from mice were allowed to clot at room 
temperature for 1  h and then centrifuged at 3000  rpm 
for 15  min to obtain serum. Liver function parameters 
(ALT, AST, and TP) as well as renal function-related indi-
ces (CREA and UREA) were measured using commer-
cial assay kits (Kehua Bio-engineering, Shanghai, China) 
according to the manufacturer’s protocols.

Statistical analysis
Results are presented as mean ± SD. Comparisons 
between two groups were performed using unpaired 
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two-sample t-tests. For multiple comparisons involving 
more than two groups, one-way ANOVA followed by 
Tukey’s multiple comparison tests was employed. P val-
ues < 0.05 were deemed statistically significant. Quanti-
fication of immunofluorescence and scanning electron 
microscopy data was carried out using ImageJ software. 
All statistical analyses were conducted using GraphPad 
Prism 8.0.
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