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Background: Restoring immune homeostasis is crucial for inflammation resolution, in which B cells play dual regulatory roles.
A promising therapeutic strategy involves simultaneously suppressing proinflammatory B-cell activity while enhancing regulatory
B cells (Bregs). Natural anti-inflammatory compounds, such as the flavonoid apigenin (API), may achieve this dual immunomodula-
tion, yet the precise mechanisms of API on B cells remain incompletely understood.

Purpose: This study aimed to elucidate how API modulates B cells to exert immunoregulatory and protective effects in inflammatory
conditions.

Design: In vitro B-cell functional and molecular assays were integrated with two mechanistically distinct in vivo models—collagen-
induced arthritis (CIA) in DBA/1 mice and cecal ligation and puncture (CLP)-induced sepsis in C57BL/6 mice—to evaluate API’s
dual immunomodulatory effects and therapeutic potential.

Methods: B cells from mouse splenocytes (n=5 per group) or human PBMCs (n=5 healthy donors) were assessed for differentiation,
cytokine production, class switch recombination (CSR), and signaling pathways. p38 MAPK involvement was examined using
pathway-specific inhibitors. In vivo, disease severity, survival, immune phenotypes, cytokines, and histopathology were evaluated.
Results: API increased IL-10" Breg frequency by ~2-fold (P < 0.001) and reduced Aicda expression by ~60% (P < 0.001), while
suppressing plasma cell differentiation via Prdm1 downregulation. These effects were p38 MAPK-dependent. In CIA mice, API
reduced arthritis scores by ~45% (P < 0.01); in CLP-induced sepsis, 7-day survival improved from 0% to 70% (P < 0.05), with
attenuated lung injury and pro-inflammatory cytokine levels. Collectively, API promotes immune homeostasis restoration in both
chronic autoimmune and acute inflammatory settings.

Conclusion: API restores immune homeostasis in both chronic autoimmune and acute inflammatory settings by coordinating Breg
differentiation and suppressing pathogenic B-cell responses, highlighting B-cell-centric immune rebalancing as a promising therapeu-

tic strategy for inflammatory diseases.
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Plain Language Summary: Excessive inflammation is a defining feature of both chronic autoimmune diseases and acute systemic
inflammatory conditions. Restoring immune balance is critical for resolving inflammation—a process in which B cells play dual roles
by both promoting and suppressing immune responses. A rational therapeutic strategy, therefore, is to simultaneously curb proin-
flammatory B cell activity while enhancing the function of immunosuppressive regulatory B cells (Bregs). Natural anti-inflammatory
compounds derived from herbal medicine offer a promising source of agents capable of achieving this dual immunomodulation.
Apigenin (API]), a naturally occurring flavonoid, is known for its broad anti-inflammatory effects. However, whether and how it exerts
dual regulatory actions on B cells remains unclear.

In this study, we show that API promotes the differentiation of regulatory B cells (Bregs) via activation of the p38 MAPK signaling
pathway, suppresses antibody class-switch recombination (a process that generates pathogenic antibodies) through downregulation of
the gene Aicda, and inhibits plasma cell differentiation by reducing Prdm1 and IL-6 expression. These coordinated actions underlie its
therapeutic efficacy in two distinct models of immune dysregulation. In a mouse model of collagen-induced arthritis—which mimics
human rheumatoid arthritis—API alleviated joint inflammation and bone erosion. In a cecal ligation and puncture-induced sepsis
model—which replicates severe systemic infection—API improved survival and attenuated acute lung injury. Together, these findings
identify B-cell-centered immune rebalancing using natural anti-inflammatory compounds as a promising therapeutic approach for both
chronic autoimmune and acute inflammatory conditions.

Keywords: apigenin, regulatory B cells, class switch recombination, inflammation
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Introduction

Excessive inflammatory responses represent a common hallmark of chronic autoimmune disorders and acute systemic
inflammatory conditions.' Restoring immune homeostasis is crucial for timely resolution of inflammation, a process in
which B cells play a dual regulatory role—both promoting and suppressing immune responses.* On the one hand, B cells
drive immunity through antigen presentation, antibody production, secretion of proinflammatory cytokines, and expres-
sion of co-stimulatory molecules.””” On the other hand, they contribute to immune tolerance by generating regulatory
B cells (Bregs), which produce anti-inflammatory cytokines such as IL-10, IL-35, and TGF-B1,*? facilitate regulatory
T cell (Treg) induction, and promote autoantigen clearance.'®

In autoimmune diseases such as rheumatoid arthritis (RA), systemic lupus erythematosus, and multiple sclerosis,
proinflammatory B cells are frequently hyperactivated, resulting in elevated antibody and proinflammatory cytokine
production, while Bregs are often reduced in both frequency and function.'"'* A similar imbalance is observed in acute
inflammatory settings such as sepsis, further underscoring the broad relevance of B-cell dysregulation.'>'* Thus,
a promising therapeutic strategy lies in simultaneously dampening proinflammatory B-cell activity and enhancing the
differentiation and function of Bregs. Natural anti-inflammatory compounds derived from herbal medicine may offer
a valuable source of agents capable of achieving this dual immunomodulatory goal.

Apigenin (API) is a natural flavonoid compound widely present in various fruits and vegetables, and has multiple
biological effects such as antioxidation, anti-inflammation, anti-tumor and anti-diabetic.'*'¢ It can inhibit the production
of pro-inflammatory factors, and regulate pyroptosis of immune cells, to regulate the immune homeostasis.'” 2° In RA
therapy, API can reduce the expression of IL-6, IL-1f and TNF-a in synovial cells of the joint and exert anti-
inflammatory effects by regulating the function of macrophages.?' >* Furthermore, in models of pulmonary inflammation
and asthma, API alleviates airway inflammation and hyper responsiveness by modulating immune cell activation and
cytokine production.'”** Although these studies have revealed the potential of API in anti-inflammation and immune
regulation, the regulatory mechanisms of API on Bregs and CSR remain unclear.

Specifically, no prior study has demonstrated that API can coordinately enhance Breg differentiation while suppres-
sing class-switch recombination (CSR) and plasma cell generation, particularly across distinct disease models of chronic
autoimmunity and acute inflammation. We hypothesized that API might be the anti-inflammatory herbal compound
capable of achieving the dual immunomodulatory goal. Herein, we investigated whether API is capable of suppressing
proinflammatory B-cell activity and enhancing the differentiation and function of Bregs to alleviate RA and sepsis.

Materials and Methods

Animals
All animal procedures were approved by the relevant Institutional Animal Care and Use Committees and conducted in
accordance with the ARRIVE guidelines and AVMA euthanasia recommendations. All mice were maintained on a 12-h
light/dark cycle at 25 + 2°C and acclimatized for at least 3 days. Surgical anesthesia was induced and maintained with
sodium pentobarbital (50 mg/kg, i.p). At the end of experiments or upon reaching predetermined humane endpoints, mice
were anesthetized by isoflurane overdose (5% in oxygen) and peripheral blood was subsequently collected for flow
cytometric analysis prior to cervical dislocation for euthanasia. All efforts were made to minimize animal suffering.

Twenty-eghint 8-week-old male DBA/1 mice were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. For the collagen-induced arthritis (CIA) experiment, mice were randomly divided into four groups
(n=7 per group) and housed under specific pathogen-free (SPF) conditions at Sun Yat-sen University. All animal
procedures were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University (Approval
No. SYSU-IACUC-2020-000414).

8-week-old male C57BL/6 mice (2022 g) were obtained from Guangdong Zhiyuan Biomedicine Technology Co.,
Ltd. For the cecal ligation and puncture (CLP)-induced sepsis experiment, mice were randomly assigned to four groups
(n=10 per group for evaluation of survival rate, or n=6 per group for the organ injury study) and maintained under SPF
conditions at Guangdong Medical University. The animal protocol was approved by the Institutional Animal Care and
Use Committee of Guangdong Medical University (Approval No. GDMU-2023-000003).
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In addition, to evaluate the effect of API on Breg generation under physiological conditions, a separate group of
8-week-old male C57BL/6J mice was randomly divided into two groups (n=5 per group): a control group fed a normal
diet and an API-treated group fed a diet supplemented with 2 g/kg API for 6 consecutive days.

Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

This study was approved by the Medical Ethics Committee of the First Dongguan Affiliated Hospital of Guangdong
Medical University (Approval No. YS202310007) and was conducted in accordance with the principles of the
Declaration of Helsinki. Peripheral blood samples were obtained from five healthy donors (three males and two females,
aged 20-40 years) after written informed consent was obtained from all participants. PBMC isolation and subsequent
experiments were performed using cells from each individual donor as independent biological replicates (n=5).
Lymphocytes were isolated from PBMCs following previously reported protocols.*

Collagen-Induced Arthritis Model

Collagen-induced arthritis was established in DBA/1 mice using a single immunization protocol. Mice were randomly
divided into four groups (n=7 per group): wild-type control (WT), CIA model (CIA), CIA with API prevention (CIA-
Prevention, API diet from day 0), and CIA with API therapy (CIA-Therapy, API diet from day 21). On day 0, under
anesthesia, mice received a subcutaneous injection at the tail base with 100 uL of an emulsion containing immune-grade
bovine type II collagen (1 mg/mL; Chondrex, 20022) and Mycobacterium tuberculosis (2 mg/mL; Chondrex, 7001).
Control group mice were injected with an equal volume of PBS.?¢ Starting from day 21, when clinical symptoms (joint
redness and swelling) became apparent, mice in the API treatment groups received a diet supplemented with 2 g/kg
apigenin and were maintained on this diet until the experimental endpoint. Mice were monitored for disease develop-
ment. Body weight was measured every two days. Paw thickness and clinical arthritis scores were recorded twice weekly.
On day 42, all mice were euthanized and tissue samples were collected for subsequent analyses.

Cecal Ligation and Puncture (CLP) Model

Cecal ligation and puncture (CLP) was used to induce polymicrobial sepsis in C57BL/6 mice. Two separate experiments
were performed to assess (1) survival and (2) organ injury. For both experiments, mice were randomly divided into four
groups: Sham, CLP model, CLP + API (20 mg/kg), and CLP + API (60 mg/kg). API (purity >98%), suspended in saline
containing 0.5% sodium carboxymethyl cellulose, was administered by daily oral gavage for 7 consecutive days before
surgery. Control and CLP model mice received the vehicle only. One hour after the last API administration, mice were
anesthetized with isoflurane, and CLP was performed through a midline abdominal incision. The cecum was exposed,
ligated at 50% of its length, and punctured twice with a 21-gauge needle before being returned to the abdominal cavity.
Sham-operated mice underwent the same surgical procedure without ligation and puncture. All mice received 1 mL of
sterile saline subcutaneously for fluid resuscitation post-operation. For the survival study, mice (n=10 per group) were
monitored daily for 7 days, and survival was recorded. All surviving mice were euthanized at the end of the 7-day
observation period. For the organ injury study, a separate cohort of mice (n=6 per group) was euthanized at 24 h post-
CLP, and lung tissues and blood samples were collected for histopathological analysis, Evans blue quantification, wet-to-
dry weight ratio measurement, and cytokine ELISA.*’

H&E Staining and Histopathological Score

Tissues (limb joints and lungs) were fixed in 4% paraformaldehyde at room temperature for 48 hours. Joint samples
underwent subsequent decalcification in 10% EDTA. All tissues were then dehydrated, embedded in paraffin, and
sectioned for hematoxylin and eosin (H&E) staining.

Histopathological assessments were performed by two blinded examiners. Joint inflammation was scored based on
comprehensive evaluation of H&E-stained sections. The detailed scoring criteria are shown in Tables S1 and S2. Lung
injury was scored by assessing four parameters: inflammatory cell infiltration, alveolar epithelial cell necrosis, hemor-
rhage, and interstitial edema. Each parameter was graded from 0 to 3, yielding a total possible score of 0—12 per sample.
The detailed scoring criteria are shown in Table S3.
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Micro-CT Analysis of Bone and Joint in Mice

Bone architecture in mouse paws was analyzed using high-resolution micro-CT (Viva CT 40, Scanco, Switzerland).
Specimens were scanned with the following parameters: 55 kV voltage, 145 pA current, 200 ms integration time, and
a voxel size of 17.5 pm. Acquired projection images were reconstructed and processed using manufacturer-provided
software, including noise reduction with a Gaussian filter.

For quantitative analysis, three-dimensional (3D) reconstructions were generated. A standardized grayscale threshold
was applied to segment bone from soft tissue. Bone morphometry was assessed in the second, third, and fourth
metatarsals by defining a consistent volume of interest (VOI) extending 1 mm proximally and distally from the center
of each metatarsophalangeal joint. The calculated parameters included bone volume (BV), bone volume fraction (BV/
TV), trabecular thickness (TB.TH), and trabecular number (Tb.N).

Immune Cell Preparation, Staining and Flow Cytometry Analysis

Following euthanasia, samples including blood, mesenteric lymph nodes (MLN), and spleens were collected. Single-cell
suspensions were prepared. Blood was processed with red blood cell (RBC) lysis buffer (YuanYe, R20172-100 mL).
MLNs and spleens were mechanically dissociated through a 40 um cell strainer, and residual RBCs were lysed when
necessary.

For intracellular cytokine detection, cells were resuspended at 2x10° cells/mL in complete RPMI-1640 medium and
stimulated for 5 h at 37°C with a cocktail containing LPS (10 pg/mL), PMA (50 ng/mL), ionomycin (500 ng/mL), and
monensin (2 pM).

Post-stimulation, cells were stained with LIVE/DEAD™ Fixable Near-IR dye, followed by surface staining with
antibodies against CD19. Cells were then fixed, permeabilized (Cytofix/Cytoperm Plus Kit, BD Biosciences), and stained
intracellularly with antibodies against IL-10 and IL-6. Stained cells were fixed in 1.5% formaldehyde.?*

Samples were acquired on a CytoFLEX (Beckman Coulter) or LSRFortessa™ (BD Biosciences) flow cytometer. Data
were analyzed using FlowJo software (v10, BD Biosciences).

Western Blot Analysis

Proteins were extracted from cell lysates using RIPA buffer (Beyotime, PO013B) supplemented with phosphatase and
protease inhibitors. Lysates were centrifuged at 12,000 rpm for 15 min at 4°C, and supernatants were collected for
quantification using a BCA Protein Assay Kit (Beyotime, P0010).

Protein samples were denatured, separated by 10% SDS-PAGE, and transferred onto PVDF membranes (Millipore,
ISEQ00010) using a wet transfer system.’® Membranes were blocked with 5% skim milk in TBST for 30 min at room
temperature and subsequently incubated overnight at 4°C with the following primary antibodies: ERK (1:8000,
Proteintech, 11257-1-AP-100UL), p-ERK (1:1000, Proteintech, 28733-1-AP-100UL), JNK (1:5000, Proteintech,
24164-1-AP-100UL), p-JNK (1:1000, Proteintech, 80024-1-RR-100UL), p38 (1:5000, Proteintech, 14064-1-AP-
100UL), and p-p38 (1:1000, CST, 4511S).

After washing with TBST, membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room
temperature. Protein bands were visualized using an ECL substrate and imaged with a chemiluminescence imaging
system.

RT-qgPCR

Total RNA was extracted from mouse B cells using TRNzol Universal Reagent. Subsequently, RNA was reverse-
transcribed into complementary DNA (cDNA) using the HiScript III Ist Strand cDNA Synthesis Kit (Vazyme, China,
R312-01/02). Quantitative PCR was performed using the Hieff® Fast Cell Direct SYBR Green RT-qPCR Kit (Yeasen,
China, 11172ES) according to the manufacturer’s instructions. Primer sequences used for amplification are listed in
Tables 1 (mouse) and 2 (human). All reactions were performed in triplicate. Gene expression levels were quantified using
the 2—AACt method, normalized to the housekeeping genes Gapdh (mouse) or f-ACTIN (human).
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Table 1 Mouse Primer Sequences

Target Gene (Mouse)

Forward Primer (5'—3')

Reverse Primer (5'—3')

Aicda
Prdm|
I-10
-6
Gapdh

AGAAAGTCACGCTGGAGACC
GCTGCTGGGCTGCCTTTGGA
TTTGAATTCCCTGGGTGAGAA
CACTTCACAAGTCGGAGGCT
AGGTCGGTGTGAACGGATTTG

AGAAAGTCACGCTGGAGACC
GGAGAGGAGGCCGTTCCCCA
GGAGAAATCGATGACAGCGC
CTGCAAGTGCATCATCGTTGT
GGGGTCGTTGATGGCAACA

Table 2 Human Primer Sequences

Target Gene (Human)

Forward Primer (5'—3’)

Reverse Primer (5'—3')

IL-10
IL-6
BACTIN

CACATCAGGGGCTTGCTCTT
CCTTCTCCACAAGCGCCTTC
AGAGCTACGAGCTGCCTGAC

GGCAACCCAGGTAACCCTTAAA
CAGGCAACACCAGGAGCAG
AGCACTGTGTTGGCGTACAG

Enzyme-Linked Immunosorbent Assay

The concentrations of cytokines in the collected supernatants were quantified using a commercial ELISA kit
(Elabscience, China, E-EL-M0046-96T) according to the manufacturer’s instructions. Absorbance was measured at
450 nm using a microplate reader (PerkinElmer 2104). Data are expressed as nanograms of cytokine per milligram of
total protein (ng/mg protein) for each sample.

RNA-Seq and Data Analysis

RNA-Seq libraries were prepared from poly(A)-enriched mRNA and sequenced on an MGI 2000 platform (BGI, China).
Clean reads were aligned to the mouse reference genome (mm10) using STAR (v1.5.1). Gene expression quantification and
differential expression analysis were performed with HTSeq-count (v0.11.3) and DESeq2 (v1.28.1), respectively.
Differentially expressed genes (DEGs) were defined by a false discovery rate (FDR) < 0.05 and an absolute fold change >
2. Subsequent data processing and visualization were performed in RStudio or TBtools.>” The RNA-seq data generated in this
study have been deposited in the Genome Sequence Archive (GSA) of the National Genomics Data Center (CNCB) under
accession number CRA038922. The data can be accessed via the following link: https://ngdc.cncb.ac.cn/gsa/s/vwo6XXcW.

Statistical Analysis

All experimental data are presented as mean + standard deviation (Mean + SD) and were statistically analyzed by
GraphPad Prism 8.0 software. Flow cytometry data were processed and analyzed by FlowJo V10 software. The
comparison between the two groups of quantitative data was analyzed by Student ‘s ¢ test. The differences among
multiple groups were analyzed by one-way ANOVA. A p-value of 0.05 was considered statistically significant. To ensure
comparability, the data from different batches were standardized prior to pooling for statistical analysis and the results
were presented as “Relative level”. This standardization process involved converting the absolute values of each group
within a batch to a ratio relative to the mean value of the control group in that same batch. All in vitro experiments
(including Western blotting, RT-qPCR, ELISA, etc) were performed using cells isolated from at least five independent
biological samples (individual mice or human donors) as biological replicates. For in vivo studies, each experimental
group consisted of 5-7 mice per cohort, representing independent biological replicates. For each biological sample,
technical replicates (eg, triplicate or quadruplicate wells) were averaged in each RT-qPCR or ELISA experiment.

Results

Apigenin Promotes the Generation of Breg in vitro
API has anti-inflammatory effects, but its influence on Bregs remains unknown. To detect whether API affects the
differentiation of Bregs, Bregs extracted from mouse spleens were treated with LPS and API for 48 hours. Subsequently,
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cells were collected after stimulation with PMA/ionomycin/monensin (PIM) for the last 5 hours for detection. Flow
cytometry analysis revealed that API treatment significantly increased the proportion of Bregs (defined as IL-10" B cells)
and concurrently decreased the frequency of IL-6" B cells (Figure 1A and B). At the concentrations tested, API did not
affect overall cell viability, confirming that its immunomodulatory effects were not attributable to cytotoxicity (Figure S1).
Consistent with these phenotypic changes, API upregulated IL-10 mRNA and downregulated IL-6 mRNA transcript levels
compared to the blank control (Figure 1C). This regulatory pattern was further confirmed at the protein level, as ELISA
measurements of culture supernatants showed elevated IL-10 and reduced IL-6 secretion following API treatment
(Figure 1D). Taken together, these results demonstrate that API promotes the generation of functional Bregs while
suppressing pro-inflammatory cytokine production.

A similar regulatory effect was observed in human peripheral blood mononuclear cells (PBMCs). When stimulated
with LPS, API treatment enhanced the generation of human Bregs and reduced IL-6 production (Figure 1E and F).
Consistent with the flow cytometry results, API also increased IL-10 mRNA expression and decreased IL-6 mRNA
expression in these cells (Figure 1G). Collectively, these findings suggest that API helps maintain immune homeostasis
by modulating Breg biogenesis and cytokine secretion, thereby inhibiting inflammatory responses and counteracting
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Figure | Apigenin promotes Breg generation in vitro. (A) Representative flow cytometry plots showing cytokine expression in splenic B cells isolated from C57BL/6] mice.
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immune overactivation.’ This observation is consistent with recent evidence highlighting the immunomodulatory
potential of flavonoids. Flavonoids have been recognized as key modulators of immune cells, including the regulation

of regulatory B cell differentiation and cytokine production in inflammatory conditions.**

Apigenin Promotes the Generation of Breg in vivo

Next, we evaluated the ability of API to enhance Breg generation in vivo. To comprehensively assess its immunomo-
dulatory potential across different physiological contexts, we performed studies in both healthy C57BL/6J mice and
a murine model of collagen-induced arthritis (CIA) in DBA/1J mice (Figure 2A—D). Healthy mice were administered
API via a diet containing 2 g/kg for 6 days. Subsequent flow cytometric analysis of their PBMCs showed that this
treatment significantly increased the frequency of Bregs within the B-cell compartment relative to the untreated control
(Figure 2B and C). A consistent effect was observed in the CIA model. In this autoimmune setting, API administration
significantly increased the proportion of splenic Bregs and markedly reduced the production of the pro-inflammatory
cytokine IL-6 (Figure 2E and F). Taken together, these in vivo results demonstrate that API effectively promotes the
differentiation of regulatory B cells while suppressing key inflammatory mediators across both physiological and
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plots of IL-10" cells among CD19" B cells from the spleens of the mice described in (A). Splenocytes were cultured with LPS (10 pg/mL) for 48 h and stimulated with L+PIM
for the last 5 h. (C) Quantification of splenic Breg (IL-10°CD19) frequency. (D) Schematic of APl treatment in the collagen-induced arthritis (CIA) model. DBA/I] mice
were immunized with type Il collagen on day 0. APl was administered via diet (2 g/kg) either from day O (prevention) or day 2| (therapy) until day 42. (E) Representative flow
cytometry plots of IL-10" cells among CD 19" B cells from the spleens of CIA mice. Splenocytes were cultured as in (B). (F) Quantification of splenic Breg frequency (left)
and IL-6" B cell frequency (right) from CIA mice. Data in (C and F) are presented as mean * SD. *p < 0.05, **p < 0.0 and ***p < 0.0001 compared to Ctrl or CIA group
with the same stimuli.
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pathological models. These findings provide a compelling mechanistic basis for the therapeutic potential of API in
mitigating autoimmune pathology.

Apigenin Inhibits Antibody Class Switch Recombination in vitro

An in vitro class switch recombination (CSR) model was established to evaluate the effect of API on antibody class
switching in B cells. Switching rates to IgG1 (induced by LPS+IL-4 for 72 h) and IgG3 (induced by LPS for 96 h) were
quantified by flow cytometry. API treatment significantly reduced the frequency of both IgG1+ B cells and IgG3+ B cells
without markedly affecting cell viability, suggesting that API may inhibit antibody diversification by interfering with the
CSR process in B cells, as illustrated in Figure 3A.

Given that Aicda is a key enzyme for class switch recombination and Prdml is a core transcription factor regulating
cell differentiation and antibody secretion.>® The downregulation of Aicda indicates that API directly inhibits the core
molecular machinery driving CSR. CSR mediates the diversification of antibody effector functions, and its dysregulation
promotes the production of class-switched, high-affinity pathogenic autoantibodies. Concurrent downregulation of Prdm1
suggests that API also impedes the commitment to plasma cell fate, thereby limiting the pool of long-lived antibody-
secreting cells capable of sustaining autoreactive humoral responses. RT-qPCR analysis revealed that API treatment for
72 or 96 h significantly downregulated the mRNA levels of both Aicda and Prdm1 (Figure 3B and C). Collectively, these
results demonstrate that API attenuates antibody class switching and plasma cell generation, thereby restricting the pro-
inflammatory potential of B cells.

Apigenin Activates the p38 MAPK Pathway in B Cells

To elucidate the mechanism by which API regulates Breg differentiation, we performed RNA-seq analysis on purified
B cells stimulated with LPS for 72 h with or without API. KEGG pathway analysis of the differentially expressed genes
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Figure 3 Apigenin inhibits antibody class switch recombination in vitro. (A) Purified mouse splenic B cells were stimulated with LPS (10 pg/mL) plus IL-4 (20 ng/mL) for
72 h in the presence or absence of 5 UM API to assess IgG| switching, or with LPS alone (10 pg/mL) for 96 h to assess IgG3 switching. Cell viability and the percentages of
1gGI" and 1gG3" B cells were determined by flow cytometry. (B and C) RT-qPCR analysis of Aicda (AID) and Prdm| mRNA levels in B cells cultured with LPS + IL-4 for
72 h (B) or with LPS for 96 h (C). Data represent five independent experiments and are shown as mean + SD. ****p < 0.0001, compared with the Ctrl group.
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(DEGs) revealed significant enrichment of the MAPK signaling pathway across all DEGs, as well as in both up-regulated
and down-regulated gene subsets (Figure 4A—Figure 4C).

We then validated whether API directly activates MAPK signaling. Western blot analysis showed that API treatment
significantly enhanced phosphorylation of p38, but not of ERK or JNK, in LPS-stimulated B cells (Figure 4D and
Figure 4E). These results are consistent with previous studies showing that pharmacological or genetic disruption of p38
MAPK signaling impairs Breg differentiation and suppressive function, underscoring the pathway’s indispensable role in
Breg biology.>*

We next used specific kinase inhibitors to assess the functional relevance of these pathways in API-induced Breg
generation. Inhibition of p38 MAPK markedly suppressed API-induced Breg differentiation, returning Breg frequencies
to levels comparable to the untreated control (Figure 4F and Figure 4G). In contrast, ERK and JNK inhibitors had no
significant effect. Consistent with this, the p38 inhibitor selectively attenuated API-induced p38 phosphorylation,
whereas ERK and JNK inhibitors did not inhibit p38 activation. The efficacy of each inhibitor was confirmed by reduced
phosphorylation of its respective target kinase.

Together, these data demonstrate that API selectively activates the p38 MAPK signaling pathway to promote the
generation of IL-10—producing regulatory B cells.

Apigenin Inhibits Synovial Inflammation and Bone Loss in CIA Mice
Based on the CIA model, this study systematically evaluated the preventive and therapeutic effects of API intervention.
Body weight changes, clinical arthritis scores, and joint histopathology were monitored. The results showed that
from day 21 post-immunization, mice in the CIA group began to lose weight and developed acute symptoms, including
joint redness and swelling. In contrast, body weight remained stable in both the API prevention and treatment groups,
which also exhibited a significant delay in arthritis onset and significantly lower clinical scores compared to the CIA
group (Figures SA-C and S2). Histopathological examination of ankle joints revealed marked differences among the
experimental groups (Figure 5D and F). Wild-type (WT) mice displayed normal synovial architecture with a thin
synovial lining, intact cartilage surfaces, and no evidence of inflammatory cell infiltration. In contrast, CIA mice
exhibited severe synovial hyperplasia, extensive infiltration of inflammatory cells, prominent cartilage erosion, and
focal areas of bone destruction. Both the CIA-Prevention group (API administered from day 0) and the CIA-Therapy
group (API administered from day 21) showed significant attenuation of these pathological features. Specifically, API-
treated mice presented with reduced synovial thickening, diminished inflammatory infiltrates, and notably better
preservation of cartilage and bone structures compared with untreated CIA controls. Semiquantitative scoring confirmed
that API treatment significantly lowered both inflammation scores (Figure 5G) and bone destruction scores (Figure SE)
relative to the CIA group. These findings align with recent studies demonstrating that various natural compounds can
achieve similar protective outcomes in rheumatoid arthritis, including the suppression of synovial hyperplasia, angiogen-
esis, and osteoclastogenesis.>

To further assess the protective effect of API on bone architecture, micro-CT was used for 3D imaging and bone
histomorphometric analysis of mouse ankle joints. 3D reconstructions revealed severe bone destruction in the ankle joints
and metatarsals of the CIA group, characterized by rough and blurred articular surfaces. In contrast, the API prevention
and treatment groups maintained clear, intact articular surfaces and preserved bone structure (Figure 6A—C). Quantitative
analysis showed that bone volume (BV), bone volume fraction (BV/TV), and trabecular thickness (Tb.Th) were
significantly lower in the CIA group than in the API-treated groups (Figure 6D-F). Together, these data demonstrate
that API intervention effectively mitigates arthritis-induced bone destruction, highlighting its distinct bone-protective
properties.

Apigenin Ameliorates Survival and Lung Injury in Septic Mice

Based on the CLP-induced sepsis model, this study systematically evaluated the protective effect of API. Because of the
high mortality rate in sepsis, the 7-day survival rate of mice was first examined. Results showed that the survival rate was
0% in the CLP model group, while API intervention exhibited a dose-dependent protective effect: the survival rates were
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Figure 4 Apigenin upregulates Bregs via activation of the p38 MAPK pathway. Purified mouse splenic B cells were treated with LPS (10 pg/mL) and 5 uM API for 48 h, and then
stimulated with L+PIM for the last 5 h before RNA-seq or protein analysis. (A—C) KEGG pathway enrichment analysis of all differentially expressed genes (DEGs) (A), down-
regulated DEGs (B), and up-regulated DEGs (C). (D and E) Immunoblot analysis of phosphorylated and total p38, ERK, and JNK. Band intensities were semi-quantified using Image),
and the p-protein/total protein ratios are shown in (E). (F and G) Effect of MAPK inhibitors on API-induced Breg generation. B cells were cultured for 48 h with LPS and APl in the
presence or absence of the indicated inhibitors: ERK inhibitor (ERKi, 5 pM), p38 inhibitor (p38i, 5 uM), or JNK inhibitor (JNKi, | uM). Breg frequency was measured by flow
cytometry. Data are mean + SD from five independent biological replicates. *p < 0.05, **p < 0.0, ***p < 0.0001, compared with the API group.
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Figure 5 Apigenin ameliorates synovial inflammation in CIA mice. (A) Experimental design: DBA/I] mice were immunized on day 0 and received API diet (2 g/kg) from day 0
(prevention) or day 21 (therapy). (B) Incidence of visible paw arthritis. (C) Clinical arthritis scores over time. (D) Representative photographs and H&E-stained joint
sections from each group. (E) Bone destruction score based on histological analysis of ankle joints. (F) Representative H&E-stained ankle joint sections. Upper panels: low-
magnification (scale bar=500 pm). Lower panels: high-magnification of the regions outlined by red boxes in the corresponding upper panels (scale bar=250 pm). (G)
Inflammation score of ankle joint sections. Data are shown as mean * SD from at least six mice per group. **p < 0.01, ¥**p < 0.001, ****p < 0.0001, compared with the CIA

group.

40% in the low-dose group (20 mg/kg) and 70% in the high-dose group (60 mg/kg) (Figure 7A), indicating that API
significantly counteracts lethal sepsis outcomes.

Given the improved survival, we further assessed whether API alleviates critical organ injury by evaluating its impact
on acute lung injury. Results showed that compared with the model group, API (especially at 60 mg/kg) significantly
reduced the lung wet/dry weight ratio (Figure 7B) and Evans blue accumulation in lung tissue (Figure 7C and D),
demonstrating that API effectively mitigated pulmonary edema and decreased vascular permeability. Histopathological
examination of lung tissue (Figure 7E and F) revealed marked differences among groups. Lung sections from sham-
operated mice displayed normal alveolar architecture with thin alveolar septa and no evidence of inflammatory infiltra-
tion or hemorrhage. In contrast, CLP mice exhibited severe lung injury, characterized by thickened alveolar septa,
extensive inflammatory cell infiltration, intra-alveolar hemorrhage, and interstitial edema. API treatment, particularly at
the high dose (60 mg/kg), significantly attenuated these pathological changes, as evidenced by reduced septal thickening,
diminished inflammatory infiltrates, and less pronounced hemorrhage and edema. In support of these observations,
a recent study by Geng et al reported that apigenin significantly improves sepsis-induced lung inflammation and injury by
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Figure 6 Effect of Apigenin on bone destruction in CIA mice. (A) Three-dimensional micro-CT reconstructions of the whole paw. (B) Enlarged 3D images of the second to
fourth metatarsals. (C) Micro-CT 3D images of ankle joints. (D) Bone volume (BV). (E) Bone volume/total volume ratio (BV/TV). (F) Trabecular thickness (Tb.Th). Data are
presented as mean  SD. ¥p < 0.01, ¥*p < 0.001, ¥**p < 0.0001, compared with the CIA group.

promoting macrophage polarization toward the anti-inflammatory M2 phenotype in a TLR7-dependent manner, inde-
pendently corroborating the protective effect of apigenin against septic acute lung injury.*®

Because API was observed to alleviate lung parenchymal injury, to explore the underlying mechanism, the systemic
inflammatory response was examined. ELISA results showed that high-dose API (60 mg/kg) significantly suppressed the
elevation of pro-inflammatory cytokines IL-6, IL-1B, and TNF-a in plasma (Figure 7G-I), suggesting that its protective

effect may be associated with the suppression of systemic hyperinflammation.
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Figure 7 Apigenin ameliorates survival and lung injury in septic mice. (A) Seven-day survival curves after cecal ligation and puncture (CLP). (B) Lung wet-to-dry (W/D)
weight ratio at 24 h post-CLP, an indicator of pulmonary edema. (C) Representative macroscopic images of Evans Blue (EB)-stained lungs. Blue staining denotes dye
extravasation and increased vascular permeability. (D) Quantitative measurement of EB content in lung tissue. (E) Representative H&E-stained lung sections (original
magnification, x100; scale bar=100 pm). (F) Semi-quantitative histopathological injury scores. (G-I) Plasma concentrations of IL-6 (G), IL- 1B (H), and TNF-a (I) at 24 h post-
CLP measured by ELISA. Data are shown as mean = SD from at least six mice per group. *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001, compared with the CLP group.
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Discussion

Restoration of immune homeostasis, rather than indiscriminate immunosuppression, has emerged as a central paradigm in
the treatment of inflammatory and autoimmune diseases.’’*® In this study, we identify apigenin (API), a naturally
occurring flavonoid, as a potent immunoregulatory agent that reprograms B-cell fate decisions toward a regulatory
phenotype while concomitantly restraining pathogenic antibody diversification.'>*° Our findings reveal a unified cellular
and molecular mechanism through which API exerts therapeutic effects across both chronic autoimmunity and acute
systemic inflammation.

A principal finding of this work is that API robustly promotes the differentiation of IL-10-producing regulatory
B cells (Bregs) via selective activation of the p38 MAPK signaling pathway. While p38 MAPK is classically associated
with inflammatory responses, accumulating evidence suggests that its function is highly context- and cell type—
dependent.***' Our data extend this concept by demonstrating that p38 activation in B cells preferentially supports the
acquisition of an immunoregulatory program, characterized by increased IL-10 production and suppression of pro-
inflammatory cytokines such as IL-6. Pharmacological inhibition of p38 abrogated API-induced Breg expansion, under-
scoring the essential role of this pathway in mediating API’s immunomodulatory effects. The importance of the MAPK
signaling pathway in rheumatoid arthritis pathogenesis is further supported by recent studies demonstrating that apigenin
derivatives inhibit RA fibroblast-like synoviocyte activation via this pathway, and that genetic association studies have
identified shared risk genes between autoimmune thyroid disease and RA that converge on immune signaling
networks. ****

In parallel with Breg induction, API markedly suppressed class switch recombination (CSR) and plasma cell
differentiation, as evidenced by reduced expression of Aicda and Prdm1 and decreased generation of IgG1* and IgG3*
B cells.*** These findings suggest that API enforces a coordinated B-cell regulatory state that limits antibody
diversification and effector differentiation while enhancing immunosuppressive capacity.*® Such dual regulation is
particularly relevant in autoimmune settings, where aberrant antibody production and dysregulated BT cell interactions
drive chronic inflammation and tissue destruction.*”** Notably, our findings align with and extend recent work showing
that natural compounds can attenuate RA progression through multiple mechanisms, including the inhibition of synovial
hyperplasia, angiogenesis, and osteoclastogenesis in CIA models.**-*°

The functional relevance of this B-cell-centered mechanism was substantiated in two distinct disease models. In
collagen-induced arthritis, API attenuated synovial inflammation, preserved bone architecture, and reduced clinical
severity, consistent with the restoration of Breg-mediated immune tolerance. In the cecal ligation and puncture model
of sepsis, API significantly improved survival and mitigated acute lung injury, accompanied by suppression of systemic
pro-inflammatory cytokines.*® Despite the divergent pathophysiology of RA and sepsis, both conditions share a common
feature of immune dysregulation, and our data suggest that reinforcement of the Breg network represents a convergent
therapeutic strategy.

Several limitations of the present study should be acknowledged. Although we establish p38 MAPK as a critical
mediator of API-induced Breg differentiation, the upstream molecular targets through which API engages B-cell
signaling remain undefined. Whether API directly interacts with specific B-cell surface receptors (eg, G protein-
coupled receptors or Toll-like receptors) to initiate downstream signaling cascades requires further exploration.’’>* In
addition, while our human PBMC data support the translational relevance of these findings, validation in patient-derived
samples from individuals with RA or sepsis will be essential to confirm clinical applicability.

Finally, the poor solubility and bioavailability of API remain major obstacles to clinical translation.”® Advances in
nanotechnology-based drug delivery systems and structure-guided optimization offer promising avenues to overcome
these pharmacokinetic limitations.”* >’ By integrating immunological mechanism, disease relevance, and translational
perspective, our study positions apigenin as a prototype of mechanism-based immunoregulatory therapy aimed at
rebuilding immune homeostasis rather than merely suppressing inflammation.

These findings support a paradigm in which B-cell-intrinsic immune reprogramming represents a viable therapeutic
strategy for both chronic autoimmune and acute inflammatory diseases.
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Conclusion

This study demonstrates that API promotes regulatory B cell differentiation via activation of the p38 MAPK pathway,
suppresses antibody class-switch recombination by downregulating Aicda, and inhibits plasma cell generation through
reduced expression of Prdml and IL-6. These mechanisms underpin its therapeutic efficacy in two distinct models of
immune dysregulation. In collagen-induced arthritis, API alleviated joint inflammation and bone erosion, while in cecal
ligation and puncture-induced sepsis, it improved survival and attenuated lung injury. Collectively, these findings position
API as a promising immunomodulatory agent capable of restoring immune homeostasis in both chronic autoimmune and
acute inflammatory settings.
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