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Abstract

Background: Ulcerative colitis (UC) is a chronic inflammatory bowel disease character-
ized by mucosal barrier disruption and dysregulated immune responses. While Intrave-
nous Immunoglobulin (IVIG) is widely used for its immunomodulatory effects in various
autoimmune conditions, its specific therapeutic mechanisms and molecular targets in co-
litis remain to be fully elucidated. Objective: To elucidate the therapeutic mechanisms of
IVIG in dextran sodium sulfate (DSS)-induced colitis, with a focus on pyroptosis regula-
tion via the NOD-like receptor (NLR) signaling pathway. Methods: Colitis was induced
in mice via DSS administration. IVIG was administered intravenously during disease pro-
gression. Colon tissues underwent proteomic profiling, and key targets (GBP5, NLRP3,
Pro-Caspase-1, GSDMD) were validated by Western blotting (WB), while interleukin (IL)-
1 and IL-18 levels were quantified via ELISA. Results: IVIG significantly attenuated
weight loss, Disease Activity Index (DAI) scores, colon shortening, and histopathological
damage. Proteomics analysis identified 172 differentially expressed proteins between DSS
and DSS + IVIG groups, with pronounced downregulation of GBP5 and NLR pathway
components. IVIG suppressed GBP5/NLRP3/CASP1 activation, reduced GSDMD cleav-
age, and significantly decreased IL-1@ production (while showing a decreasing trend for
IL-18). Conclusions: IVIG ameliorates colitis by inhibiting the GBP5/NLRP3/CASP1-me-
diated pyroptosis pathway, highlighting its potential as a targeted therapy for ulcerative
colitis.
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1. Introduction

Ulcerative colitis (UC) is an inflammatory bowel disease (IBD) characterized by con-
tinuous mucosal inflammation of the colon and rectum [1,2]. Its clinical manifestations
include diarrhea, abdominal discomfort and bloody stool, with persistent progression,
and recurrent inflammation being notable features [3]. UC pathogenesis involves multiple
factors, including genetic predisposition, epithelial barrier defects, dysregulated immune
responses and microbial dysbiosis [3-5]. Specifically, dysregulated colorectal microflora
significantly contributes to activating the pyroptotic

pathway, initiating an

Pharmaceuticals 2026, 19, 972

https://doi.org/10.3390/ph19060972


https://doi.org/10.3390/ph19060972
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Pharmaceuticals 2026, 19, 972

2 of 17

inflammasome- and gasdermin-dependent inflammatory cell death process in UC [6].
This specific cell death mechanism exacerbates the damage to mucosal and epithelial cells,
compromising the intestinal barrier and increasing susceptibility to bacterial invasion [7].
Bacterial stimulation of the intestine triggers compensatory immune responses that fur-
ther exacerbate inflammatory response [7,8]. The interplay between barrier defects and
bacterial invasion creates a vicious cycle of inflammation, driving disease progression [9-
11].While conventional therapies and biologics targeting cytokines or leukocyte migration
provide symptom relief, they are often limited by adverse effects, primary non-response,
or secondary loss of response [12]. Consequently, there is an urgent need for novel thera-
peutic strategies that address the root causes of UC pathogenesis.

Intravenous immunoglobulin (IVIG), a plasma-derived product containing pooled
IgG, has emerged as a potent immunomodulatory agent for autoimmune and inflamma-
tory diseases [13]. Our previous studies, along with others, have demonstrated that IVIG
effectively alleviates symptoms in dextran sulfate sodium (DSS)-induced colitis, restoring
colonic length and barrier integrity while suppressing inflammatory cytokines [14-18].
However, while these phenotypic benefits are well-documented, the precise molecular
sensors and signaling networks governing IVIG’s protective effects remain poorly de-
fined. Therefore, the novelty of this study lies not in re-validating the efficacy of IVIG, but
in dissecting the specific mechanistic depth of its action.

Emerging evidence suggests a link between IVIG and the regulation of the NLR fam-
ily-mediated immune response. In conditions such as Kawasaki disease and sepsis, IVIG
has been shown to downregulate NLRP3 levels and modulate the expression of inflam-
masome components like NLRC4 and NLRP12 [19-21]. Despite these observations in
other inflammatory milieus, the specific regulatory role of IVIG on the inflammasome ma-
chinery within the context of colitis remains to be fully elucidated.

To bridge this gap, we shifted our focus from phenotypic validation to mechanistic
dissection using a quantitative proteomic approach. Among the modulated networks, we
identified Guanylate-binding protein 5 (GBP5) as a pivotal target. Unlike other NLR com-
ponents, GBP5 is a unique interferon-inducible GTPase that acts as a critical upstream
sensor and positive regulator of the canonical NLRP3 inflammasome [22]. Mechanisti-
cally, GBP5 acts as a molecular checkpoint for inflammasome activation. By interacting
with the pyrin domain of NLRP3, it promotes the oligomerization of the adaptor protein
ASC, thereby facilitating the secretion of IL-18 and IL-13 and ultimately inducing pyrop-
tosis [23]. We specifically focused on GBP5 because its role as an upstream amplifier
makes it a strategic target for controlling the downstream cytokine storm (e.g., IL-1§3, IL-
18) often observed in colitis, which IVIG is known to suppress [24,25].

In this study, we employed quantitative proteomics, followed by Western blotting
and ELISA validation, to map the global protein networks modulated by IVIG. We
demonstrate that IVIG may exert its protective effects in colitis by targeting the GBP5-
NLRP3 axis, providing new mechanistic insights into IVIG therapy and highlighting
GBP5 as a potential therapeutic target for UC.

2. Results
2.1. IVIG Attenuates Disease Severity in DSS-Induced Colitis

An acute mouse colitis model induced by DSS was used to study the therapeutic ef-
fect of IVIG (Figure 1A). As shown in Figure 1B-E, DSS administration resulted in signif-
icant body weight loss (p < 0.0001), increased disease activity index (DAI) scores (p <
0.0001), and shortened colon length (p < 0.0001) compared to control group, confirming
successful establishment of the colitis model. Importantly, IVIG treatment markedly at-
tenuated these pathological changes (p < 0.05). This substantial improvement in clinical
parameters suggests that IVIG exerts potent protective effects against intestinal
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inflammation, potentially through modulation of immune cell activation and inflamma-
tory mediator production.
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Figure 1. IVIG treatment ameliorates disease severity and pathological damage in DSS-induced co-
litis. (A) Experimental timeline. (B) Body weight changes expressed as percentage of initial weight.
(C) Disease Activity Index (DAI) scores. (D) Representative images of colons from each group (dis-

sected on day 8). (E) Colon length measurement. (F-H) Representative H&E-stained colon sections
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(scale bar, 200 um). (I) Histological scores. Data are presented as mean + SD (n =5 mice per group).
*p<0.05, *p<0.01, *** p<0.001, ***p <0.0001 (one-way ANOVA with Tukey’s post hoc test).

Histopathological analysis further revealed that DSS induced severe epithelial dam-
age, crypt loss, and transmural inflammatory cell infiltration, whereas IVIG treatment sig-
nificantly preserved epithelial integrity and reduced inflammatory infiltration (Figure 1F—
I, p <0.001). The preservation of mucosal architecture and reduction in inflammatory cell
recruitment indicate that IVIG may enhance epithelial barrier function and suppress the
infiltration of pathogenic immune cells into the intestinal mucosa.

2.2. Proteomic Profiling Identifies IVIG-Mediated Regulation of NLR Signaling Pathway

To characterize the global protein expression alterations induced by DSS and the
therapeutic impact of IVIG, we first performed a comprehensive proteomic analysis. The
distinct clustering patterns observed in the proteomic landscape (Figure 2A) demonstrate
that DSS administration triggers extensive molecular reprogramming, a hallmark of acute
colonic inflammation. Subsequent comparative analysis between the DSS and DSS + IVIG
groups identified 172 DEPs (83 upregulated, 89 downregulated) based on a cutoff thresh-
old of Ifold changel > 1.5 (Figure 2B). Notably, IVIG treatment significantly reversed the
dysregulation of key inflammatory mediators. Specifically, IVIG downregulated critical
components of the NLR signaling pathway—particularly guanylate-binding proteins
(GBPs) such as GBP4, GBP5, and GBP6 (Figure 2C,D). Additionally, molecules involved
in antigen presentation, including MHC class Il molecules (e.g., H2-Q8, H2-D1), were also
downregulated, indicating a potential modulation of antigen presentation processes (Fig-
ure 2C,D and Supplementary File S1).

To further decipher the biological implications of these DEPs, we performed Gene
Ontology (GO) enrichment analysis and visualized the interactions between the DEPs and
enriched biological processes using chord diagrams (Figure 3). As illustrated in Figure
3A,B, the vast majority of enriched biological processes were associated with inflamma-
tory responses and immune regulation, underscoring the pivotal roles these pathways
play in both colitis progression and IVIG treatment. Corroborating the proteomic findings,
proteins linked to these processes—specifically MHC class II molecules (such as H2-QS8,
H2-Q9, and H2-Eb1) and the GBP family —were heavily implicated in the enriched path-
ways. Collectively, these findings suggest that IVIG may ameliorate colitis in mice by
modulating MHC class II molecules and the GBP family, thereby attenuating inflamma-
tory responses and restoring immune homeostasis.

To further elucidate the specific signaling cascades regulated by IVIG beyond general
biological processes, we performed KEGG pathway enrichment analysis (Figure 4). Con-
sistent with the severe inflammatory phenotype induced by DSS, the comparison between
Control and DSS groups revealed a hyperactivation of immune-related pathways, most
notably “Antigen processing and presentation” (mmu04612) (Figure 4A). This finding cor-
roborates our earlier observation of upregulated MHC molecules, suggesting that aber-
rant antigen presentation is a primary driver of colitis pathogenesis. Crucially, the thera-
peutic effect of IVIG appears to be mechanistically linked to the suppression of specific
inflammatory axes. As shown in Figure 4B, the “NOD-like receptor signaling pathway”
(mmu04621) was identified as one of the most significantly enriched pathways downreg-
ulated by IVIG treatment. Given that the previously identified DEPs (specifically the GBP
family) are key effector components of this pathway, these data suggest that IVIG may
ameliorate colitis by targeting the NOD-like receptor signaling cascade, thereby attenuat-
ing the downstream inflammatory response.

To systematically identify the core regulatory networks modulated by IVIG, we con-
structed a protein—protein interaction (PPI) network focusing on DEPs (Figure 5). Visual
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inspection of the network, colored by expression ratio (Log? DSS/DSS + IVIG), revealed a
coordinated downregulation of two functionally distinct but interconnected modules.

Specifically, the analysis highlighted a tight cluster of proteins involved in antigen
processing and presentation (e.g., H2-Q8, H2-D1) and a central hub associated with the
NOD-like receptor signaling pathway (e.g., GBP5, STAT1). The robust interactions ob-
served within and between these clusters suggest that IVIG exerts its therapeutic effects
not by targeting isolated proteins, but by simultaneously dampening these synergistic in-
flammatory axes.

The PPI network of DEPs between DSS and DSS + IVIG groups was constructed using
the STRING database and visualized in Cytoscape (Version 3.9.1). Nodes represent DEPs.
Red nodes denote proteins upregulated by DSS but downregulated following IVIG treat-
ment, representing potential IVIG-inhibited targets; blue nodes indicate the inverse pat-
tern, highlighting targets restored by IVIG. Color intensity reflects the magnitude of the
fold change, while node size is proportional to the number of interacting proteins. The
size of the node represents the degree of connectivity. Two key functional clusters, “anti-
gen processing and presentation” and “NOD-like receptor signaling pathway,” are high-
lighted with dashed circles.
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Figure 2. Proteomic profiling reveals distinct expression patterns and IVIG-mediated modulation of
protein expression in DSS-induced colitis. (A) Pearson’s correlation coefficient (PCC) plot of prote-
omic data among samples. (B) Diagram showing the number of DEPs between groups. (C) Volcano
plot of DEPs between Control and DSS groups. (D) Volcano plot of DEPs between DSS and DSS +
IVIG groups. DEPs were defined by |fold changel > 1.5 and p < 0.05 (n = 3 biologically independent

samples).

https://doi.org/10.3390/ph19060972


https://doi.org/10.3390/ph19060972

Pharmaceuticals 2026, 19, 972

6 of 17

LY~
%@gmk @ 0o
SC8§E3888
Shdes 8
w(f)(l)

BP Terms

[
[

[
O
O
O

GO0:0002673 regulation of acute inflammatory response
G0:0002821 positive regulation of adaptive immune response
GO0:0032787 monocarboxylic acid metabolic process
G0:0032944 regulation of mononuclear cell proliferation
GO0:0035458 cellular response to interferon-beta

GO0:0045089 positive regulation of innate immune response

G0:0045824 negative regulation of innate immune response

OO0O00E0O0

log2FC

-8

GO:0050670 regulation of lymphocyte proliferation
GO0:0050729 positive regulation of inflammatory response
GO:0070613 regulation of protein processing
GO:0071346 cellular response to interferon-gamma
G0:0071357 cellular response to type | interferon
GO:1903317 regulation of protein maturation

G0:2000257 regulation of protein activation cascade

https://doi.org/10.3390/ph19060972


https://doi.org/10.3390/ph19060972

Pharmaceuticals 2026, 19, 972 7 of 17

Jop|

a
E=)
~n

Pyhin1

-1 _POAZ3!

Tap)

w0
S

<

Ccl7

BP Terms

G0:0002821 positive regulation of adaptive immune response G0:0045824 negative regulation of innate immune response

G0:0032679 regulation of TRAIL production GO:0050670 regulation of lymphocyte proliferation

O0o

G0:0032759 positive regulation of TRAIL production GO0:0050863 regulation of T cell activation

G0:0032944 regulation of mononuclear cell proliferation GO0:0050870 positive regulation of T cell activation
G0:0035458 cellular response to interferon-beta GO0:0051251 positive regulation of lymphocyte activation

G0:0036037 CD8-positive, alpha-beta T cell activation GO0:0071346 cellular response to interferon-gamma

]
OO0O00O®BEO0O

OO0

G0:0042129 regulation of T cell proliferation GO:1903037 regulation of leukocyte cell-cell adhesion

Figure 3. GO enrichment analysis visualizing the associations between DEPs and enriched immune-
related biological processes. (A) Interactions in the Control vs. DSS comparison reveal DSS-induced
inflammatory activation. (B) Interactions in the DSS vs. DSS + IVIG comparison highlight the im-
munomodulatory effects of IVIG treatment. The ribbons connecting genes to terms indicate the in-
volvement of specific genes in corresponding biological functions. The color of the ribbons corre-
sponds to the biological process categories defined in the legend. The color intensity of the gene
labels on the arc represents the log? fold change (log?FC) of gene expression, with the scale bar
shown at the bottom (blue indicates downregulation; red indicates upregulation). Significantly en-

riched terms (p < 0.05) are shown (1 = 3 biologically independent samples).
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Figure 4. KEGG pathway analysis highlights the NOD-like receptor signaling pathway as a key
target of IVIG treatment. (A) KEGG pathway enrichment analysis of the DEPs between Control and
DSS groups. (B) KEGG pathway enrichment analysis of the DEPs between DSS and DSS + IVIG
groups. The red dashed boxes indicate the key pathways discussed in the main text. Significantly
enriched pathways (p < 0.05) are shown (1 = 3 biologically independent samples).
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Figure 5. PPI network analysis identifies functional modules centered on MHC molecules and GBPs.

2.3. IVIG Suppresses the GBP5/NLRP3/CASP1 Pyroptosis Axis

Based on our proteomic findings, we hypothesized that IVIG ameliorates colitis by
inhibiting the GBP5/NLRP3/CASP1-mediated pyroptosis pathway. Colonic tissues were
harvested on day 8 for protein extraction and subsequent Western blot analysis. The
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results confirmed that IVIG treatment significantly downregulated key components of
this pathway, including GBP5 (Figure 6A, p < 0.05), NLRP3 (Figure 6B, p <0.05), and pro-
CASP1 (Figure 6C, p < 0.01). IVIG also markedly reduced the cleavage of gasdermin D
(GSDMD) into its active N-terminal fragment (N-GSDMD) (Figure 6D, p < 0.0001). These
results indicate that IVIG disrupts the GBP5-NLRP3 axis, thereby preventing the terminal
lytic cell death associated with severe colitis.
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Figure 6. IVIG treatment inhibits the activation of the GBP5/NLRP3/CASP1 pyroptosis axis in colon
tissues. (A-D) Representative Western blot images (upper panels) and quantitative analysis (lower
panels) of (A) GBP5, (B) NLRP3, (C) Pro-CASP1 and Cleaved CASP1, and (D) GSDMD and cleaved
N-GSDMD protein levels in colonic tissues harvested on day 8. GAPDH served as a loading control.
Data are presented as mean + SD (n = 4 independent experiments). * p < 0.05, ** p < 0.01, *** p <
0.0001, ns, not significant (one-way ANOVA with Tukey’s post hoc test).

2.4. IVIG Reduces Pyroptosis-Associated Cytokine Production

ELISA quantification of colonic cytokines revealed that IVIG treatment significantly
decreased IL-1f levels (Figure 7A, p < 0.01) compared to the DSS group. Regarding IL-18,
although the difference was not statistically significant, the IVIG-treated group exhibited
a downward trend compared to the DSS group (Figure 7B, p > 0.05). These findings
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suggest that IVIG effectively suppresses the NLRP3 inflammasome downstream effector
IL-1p, and may potentially attenuate IL-18 production in this study.
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Figure 7. IVIG reduces the levels of pyroptosis-executing cytokine IL-18 and shows a trend towards
decreasing IL-18 (A,B) ELISA of (A) IL-1p3 and (B) IL-18 levels in colon tissues. Data are presented

as mean + SD (1 = 4 mice per group). ** p < 0.01, ns, not significant (one-way ANOVA with Tukey’s
post hoc test).

2.5. Experimental Validation of Proteomic Findings by gRT-PCR

Finally, quantitative RT-PCR analysis was performed to confirm the transcriptional
regulation of key targets identified in the proteomic screen. IVIG treatment significantly
downregulated the mRNA expression of GBP5, STATI, and the antigen presentation mole-
cule H2-Q8 (Figure 8A-D, all p <0.05). Consistent with the resolution of inflammation, IVIG
also significantly reduced the expression of proliferation markers PCNA and Mki67 (both p
< 0.05). This suggests that IVIG treatment alleviates the inflammation-driven epithelial hy-
perproliferation, thereby promoting the restoration of colonic tissue homeostasis.
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Figure 8. qRT-PCR validation confirms IVIG-mediated downregulation of key differentially ex-
pressed genes identified by proteomics. (A-F) mRNA expression levels of (A) GBP5, (B) Top2a, (C)
STAT1, (D) H2-Q8, (E) PCNA, and (F) Mki67 were measured by quantitative RT-PCR. Data are
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presented as mean + SD (1 = 4 mice per group). *p < 0.05, ** p <0.01, *** p <0.001 (one-way ANOVA
with Tukey’s post hoc test).

3. Discussion

IBD, particularly UC, is characterized by intestinal inflammation and immune
dysregulation [1,4]. IVIG has emerged as a promising therapeutic agent due to its broad
immunomodulatory and anti-inflammatory properties [26]. Consistent with our previous
finding [18], this study demonstrates that IVIG administration significantly alleviates the
clinical symptoms and histological damage in a DSS-induced colitis model. Our results
confirm that IVIG treatment leads to a reduction in DAI scores and ameliorates colon
shortening, aligning with the established efficacy of IVIG in experimental colitis [14,15].

The identification of the specific molecular targets mediating IVIG's effects remains
a critical challenge. In the present study, we employed a multi-step approach to elucidate
the underlying mechanism. Initially, proteomic analysis identified GBP5 as a potential key
target, exhibiting a significant alteration following IVIG therapy. To validate this finding,
we performed WB and ELISAs. These experiments confirmed that IVIG treatment signif-
icantly downregulated the protein expression of GBP5 and its downstream effector
NLRP3. Furthermore, we observed a marked reduction in the cleavage of N-GSDMD and
a concomitant decrease in the levels of the pyroptosis-associated cytokine IL-1f3 in colonic
tissues. Collectively, these findings suggest that the downregulation of the GBP5/NLRP3
axis constitutes a pivotal event in the therapeutic mechanism of IVIG.

Mechanistically, the NLRP3 inflammasome plays a central role in innate immunity
and inflammatory responses [27]. Upon activation, NLRP3 recruits pro-Caspase-1, lead-
ing to its autocatalytic cleavage and the subsequent processing of pro-inflammatory cyto-
kines IL-1( and IL-18 [27,28]. Furthermore, Caspase-1 cleaves Gasdermin D (GSDMD),
releasing its N-terminal fragment to form plasma membrane pores, which is the hallmark
of pyroptosis. Our data indicate that IVIG treatment suppresses this cascade, as evidenced
by the reduced levels of cleaved Caspase-1 and GSDMD observed in our validation ex-
periments. This suggests that IVIG mitigates intestinal inflammation, at least in part, by
inhibiting the GBP5-dependent pyroptosis pathway.

While our data place GBP5 as a critical node, how IVIG administration leads to GBP5
downregulation remains to be defined. It is worth noting that the downregulation of GBP5
following IVIG treatment is not merely a secondary consequence of general inflammation
alleviation, but rather a specific molecular event potentially driven by IVIG’s direct mod-
ulation of the interferon signaling pathway. IVIG binding to cell-surface Fcy receptors
(FcyRs), particularly the inhibitory FcyRIIb, can trigger anti-inflammatory signaling cas-
cades that block the activation of key transcription factors such as STAT1 [29]. In line with
this, our qRT-PCR data (Figure 8C) show that IVIG significantly reduces STAT1 mRNA
levels. Given that STAT1 is a master transcriptional driver of many interferon-stimulated
genes—including the GBP family, downstream suppression of STAT1 would be expected
to lower GBP5 transcription. In addition, IVIG can be internalized into cells via endocyto-
sis, particularly through interactions with Fc receptors (FcyRs) or the neonatal Fc receptor
(FcRn) [30,31]. Once internalized, IVIG (or its bioactive components) could directly influ-
ence intracellular signaling environments.

Several limitations of this study should be acknowledged. First, while the DSS-in-
duced colitis model is widely used, it does not fully recapitulate the complex pathophys-
iology of human UC. Second, and most importantly, our data show a strong association
between IVIG treatment, reduced GBP5 expression, and attenuated pyroptosis, but we
have not established causality. Definitive proof would require genetic loss-of-function
models (e.g., Gbp5-knockout mice) or pharmacological inhibition of NLRP3. Such valida-
tion was beyond the scope of the present work and remains a critical direction for future
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studies. Third, it remains unclear which cell type (e.g., macrophages, epithelial cells, or
infiltrating immune cells) drives GBP5 modulation following IVIG treatment, limiting our
understanding of its cell-type-specific actions in the gut. Fourth, our proposed upstream
signaling mechanisms (e.g., via FcyRIIb and STAT1) are hypothetical and await direct ex-
perimental testing. Finally, the translational relevance of our findings to human UC needs
to be confirmed using patient samples or public transcriptomic datasets.

4. Materials and Method
4.1. Experimental Mice

All animal procedures were approved by the Ethics Committee of Chinese Academy
of Medical Sciences, Institute of Blood Transfusion, Chinese Academy of Medical Sciences
& Peking Union Medical College (Approval No. 2022034). Staff were trained in animal
care and handling.

Specific pathogen-free (SPF) grade male C57BL/6 mice, weighing 22-25 g (corre-
sponding to 6-7 weeks of age), were procured from GemPharmatech Co., Ltd. (Nanjing,
China; Approval No. SCXK (Chuan) 2020-0034). Upon arrival, the animals were acclima-
tized for 7 days under standard housing conditions (temperature: 18-23 °C; humidity: 40—
60%; 12 h light/dark cycle) with free access to standard chow and water.

4.2. DSS-Induced Colitis Model and Treatment Regimen

Colitis was induced using dextran sulfate sodium (DSS; MW 36,000-50,000; MP Bio-
medicals, Irvine, CA, USA) following established protocols. Briefly, mice received 3.0%
(w/v) DSS dissolved in sterile drinking water for 7 consecutive days. This concentration
was selected based on previous literature and preliminary experiment to induce moderate
colitis suitable for therapeutic intervention studies [32].

IVIG has been used in two distinct dose regimes: low-dose (0.4-0.8 g/kg) replacement
therapy in primary immunodeficient patients and high-dose (1-2 g/kg) in autoimmune
and inflammatory diseases [33]. Based on published literature and our pilot dose-ranging
studies, an IVIG dose of 1 g/kg was selected to mimic the high-dose regimen used clini-
cally for autoimmune and inflammatory diseases, thereby ensuring the translational rele-
vance of our findings [14,34]. From day 1 of DSS induction, mice received IVIG (Shandong
Taibang Biological Products Co., Ltd., Tai’an, China, 201710501, 1 g/kg) via tail vein injec-
tion every 48 h until sacrifice on day 8.

4.3. Group Allocation

Animals were randomly allocated into three experimental groups using a random
number generator: (1) Control group (n =20): Received standard drinking water; (2) DSS
group (n = 20): Received 3.0% DSS in drinking water and saline injections (1 g/kg/2 d); (3)
DSS + IVIG group (n = 20): Received 3.0% DSS in drinking water and IVIG injections (1
g/ks/2 d).

For endpoint analyses, a subset of tissue samples was used for specific assays due to
tissue availability. Specifically, n = 5 mice per group were used for histological scoring
(H&E), n =3 mice per group were used for proteomic analysis, while n = 4 biological rep-
licates per group were utilized for WB, qRT-PCR, and ELISA analyses. All investigators
involved in data collection and analysis were blinded to the group allocation.

4.4. Disease Activity Index (DAI)

The severity of colitis was monitored daily by assessing the Disease Activity Index
(DAI). The DAI score (ranging from 0 to 12) was calculated as the sum of scores for body
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weight loss (0—4), stool characteristics (0—4), and hematochezia (0—4), as previously de-
scribed [35].

4.5. Tissue Collection and Processing

At the experimental endpoint (Day 8), mice were anesthetized with isoflurane and
euthanized via cervical dislocation. The colon was excised from the cecum to the anus.
The length of the colon was measured as a macroscopic indicator of inflammation. Tissue
segments were snap-frozen in liquid nitrogen for molecular analysis or fixed in 4% para-
formaldehyde for histology.

4.6. Histopathological Evaluation

Paraformaldehyde-fixed colon tissues were embedded in paraffin, sectioned (4 um
thickness), and stained with Hematoxylin and Eosin (H&E). Histological scoring was per-
formed in a blinded manner based on five parameters: ulcer depth (0—4), ulcer extent (0
4), inflammation severity (0—4), inflammation extent (0—4), and fibrosis location (0—4). To-
tal score range: 0-20 [36]. The investigator was blinded to the group allocation during
scoring.

4.7. Protein Extraction and Western Blotting (WB)

Total protein was extracted from colon tissues using RIPA lysis buffer supplemented
with protease inhibitors (RIPA lysis buffer and protease inhibitors, Servicebio, G2033-
100ML and G2008-1ML, Wuhan, China). Protein concentration was determined using the
BCA Protein Assay Kit (Thermo Fisher Scientific, 23227, Waltham, MA, USA). Equal
amounts of protein were separated on 12% SDS-PAGE gels and transferred onto polyvi-
nylidene difluoride (PVDF) membrane. After blocking with 5% non-fat milk, membranes
were incubated overnight at 4 °C with primary antibodies against GBP5 (Abcam,
EPR28367-83, Waltham, MA, USA), Caspase-1 (MedChemexpress, HYP80622, Monmouth
Junction, NJ, USA), NLRP3 (HUABIO, ET1610-93, Huangzhou, China), and GSDMD
(HUABIO, HA721144, Huangzhou, China). GAPDH was used as a loading control.

After incubation with HRP-conjugated secondary antibodies, protein bands were vis-
ualized using enhanced chemiluminescence (ECL) reagents. Images were captured using
the Cytiva Amersham ImageQuant 500 (Cytiva, Marlborough, MA, USA) and quantified
using Image J software (Version 1.54g 18 October 2023). The investigator was blinded to
the group allocation during scoring.

4.8. Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from colon tissues using the TransZol Up Plus RNA Kit
(TransGene Biotech, ER501-01-V2, Beijing, China). cDNA was synthesized using the Tran-
Script All-in-One First-Strand cDNA Synthesis SuperMix (TransGene Biotech, AE341-02,
Beijing, China). qRT-PCR was performed using PerfectStart™ Green qPCR SuperMix
(TransGene Biotech, AQ202-01, Beijing, China) on a CFX96 Touch Real-Time PCR Detec-
tion System (Version 2.3 ).

The target genes analyzed included pro-inflammatory cytokines and inflammasome
components: GBP5, Top 2a, STAT1, H2-Q8, PCNA and Mki67. All qPCR primers are listed
in Supplementary File S4. The relative mRNA expression levels were calculated using the
27-dACtmethod, with (3-actin serving as the endogenous reference gene [37].
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4.9. Proteomic Analysis
4.9.1. Sample Preparation and Trypsin Digestion

Colon tissues were ground in liquid nitrogen. Proteins were extracted with lysis
buffer (8 M urea, 1% protease inhibitor cocktail), sonicated, and centrifuged (12,000 g, 4
°C, 10 min). Protein concentration was determined via BCA assay.

Proteins precipitated in acetone (20 °C, 2 h), redissolved in 200 mM TEAB. Digested
overnight with trypsin (1:50 ratio). Reduced with 5 mM DTT (56 °C, 30 min), alkylated
with 11 mM iodoacetamide (RT, 15 min), and desalted via SPE columns.

4.9.2. LC-MS/MS Analysis

The list of DEPs with a fold change > 1.5 and p < 0.05 was used as the input for sub-
sequent bioinformatic analyses. To generate this dataset, liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS) was performed. The resulting peptides were analyzed
on a timsTOF Pro mass spectrometer (Bruker, Bremen, Germany) coupled with an Easy-
nLC 1000 system. The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE [38] partner repository with the dataset identi-
fier PXD068491.

4.9.3. Bioinformatics Analysis

The identified proteins served as the input dataset for bioinformatics analysis.

Gene Ontology (GO) and KEGG Pathway Analysis: Functional enrichment analysis
was performed using the KEGG database (http://www.genome.jp/kegg/kaas/, accessed on
9 April 2024) and GO database (v5.0.2, http://eggnog5.embl.de/#/app/home/, accessed on
9 April 2024). The GO analysis focused on Biological Process (BP).

Protein—Protein Interaction (PPI) Network: To predict functional interactions among
DEPs, the STRING database (https://cn.string-db.org/, accessed on 9 April 2024) was uti-
lized. The analysis was restricted to Mus musculus (mouse). we applied a confidence score
threshold of >0.7. The resulting interaction network was subsequently imported into the
R environment and rendered using the “visNetwork” package to generate interactive vis-
ualizations

4.10. Enzyme-Linked Immunosorbent Assay (ELISA)

To evaluate the local inflammatory response, colon tissue homogenates were pre-
pared. Protein samples were processed as described in Section 4.7. The concentrations of
IL-1p and IL-18 in the supernatants were measured using commercial ELISA kits accord-
ing to the manufacturers’ instructions (Mouse IL-1 Beta ELISA Kit: Boster, Pleasanton,
CA, USA, EK0394; Mouse IL-18 ELISA Kit: Sangon Biotech, Shanghai, China, D721113).

4.11. Statistical Analysis

Data are presented as mean + standard deviation (SD). Statistical significance be-
tween multiple groups was determined using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test for multiple comparisons. A value of p < 0.05 was con-
sidered statistically significant. All analyses were performed using JASP (version 0.96.0.0).

5. Conclusions

In summary, our findings provide novel insights into the mechanism of IVIG in treat-
ing experimental colitis. By integrating proteomic profiling with wet-lab validation, we
highlighted the GBP5/NLRP3/CASP1 axis as a key target of IVIG. As shown in Figure 9,
this study suggests that IVIG may exert its therapeutic effects by disrupting the GBP5-
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mediated activation of the NLRP3 inflammasome, thereby suppressing pyroptosis and
alleviating intestinal inflammation.

IVIG NLRP3 inflammasome

Pro-CASPI CASPI

I\

e L¢

GSDMD N-GSDMD

Promoting ¢flect ——> l

Inhibiting effect —— P \/ P
® /o ®e

Pro-1L-18,Pro-IL-1B  IL-18,IL-1B

Figure 9. A proposed model illustrating the mechanism by which IVIG alleviates DSS-induced co-
litis via inhibition of the GBP5/NLRP3/CASP1 axis. Schematic diagram summarizing the proposed
mechanism. DSS-induced colitis activates the GBP5/NLRP3 inflammasome, leading to CASP1 acti-
vation, GSDMD cleavage, pyroptosis, and release of pro-inflammatory cytokines (IL-1p/IL-18). IVIG
treatment inhibits GBP5 expression, thereby suppressing the entire pyroptosis signaling cascade

and alleviating intestinal inflammation. “?” indicates an undefined step in the mechanism.
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tailed information of Go terms and its related proteins among experimental groups; Supplementary
File S3: Detailed information of KEGG pathway and its related proteins among experimental
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