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Gelsolin-Induced TGF-51 Upregulation in Mesangial
Cells of IgA Nephropathy

Changsong Han!, Yujiang Chen', Kun Wang', Chunlin Chen'!, Mao Yang!, Chuanhui Sun?*

I Department of Pathology, The First Affiliated Hospital of Guizhou University of Traditional Chinese Medicine, 550001 Guiyang, Guizhou, China
2Department of Otorhinolaryngology, Head and Neck Surgery, The First Affiliated Hospital of Guizhou University of Traditional Chinese Medicine,
550001 Guiyang, Guizhou, China
*Correspondence: chuanhuisun0803(@163.com (Chuanhui Sun)

Submitted: 18 July 2025 Revised: 24 September 2025  Accepted: 29 September 2025  Published: 20 November 2025

Background: IgA nephropathy (IgAN), a common glomerulonephritis, is characterized by glomerular deposition of IgA-
containing immune complexes, which drive mesangial cell proliferation and extracellular matrix synthesis through transforming
growth factor beta 1 (TGF-{1) overexpression. Previous studies demonstrated abundant plasma gelsolin (pGSN) deposition in
IgAN glomeruli, which promoted TGF-$1 expression. However, the molecular mechanisms by which pGSN modulates 7GF-
[ 1-mediated fibrosis in mesangial cells remain unclear. This study aimed to elucidate these mechanisms and identify potential
therapeutic targets for inhibiting glomerular fibrosis in IgAN.

Methods: Human glomerular mesangial cells (HMCs) were stimulated with pGSN. Transcriptome sequencing was applied to
screen for key regulators of TGF-S1. Identified factors and TGF-31 expression were validated by quantitative polymerase chain
reaction (QPCR), western blot (WB), and immunofluorescence (IF). The functional role of the candidate regulator, adrenocep-
tor beta 2 (ADRB?2), was further investigated using protein—protein interaction prediction and ADRB2 overexpression assays,
including under co-stimulation with polymeric IgA1 (pIgAl).

Results: Transcriptome sequencing revealed the cyclic adenosine monophosphate (cAMP) pathway gene ADRB?2 as a potential
fibrosis regulator. Stimulation of HMCs with pGSN reduced ADRB2 (p < 0.01) and cAMP dependent protein kinase (PKA) (p <
0.01) expression, while significantly increasing TGF-51 (p < 0.001). Conversely, ADRB2 overexpression increased ADRB2 (p <
0.001) and PKA (p < 0.001) levels while decreasing TGF-51 (p < 0.001). Notably, ADRB?2 overexpression reversed the TGF-/51
upregulation induced by combined pGSN and pIgA1 stimulation.

Conclusion: pGSN synergizes with pIgA1 to enhance TGF-31 expression and glomerular fibrosis in IgAN by suppressing the
ADRB2/cAMP signaling pathway. ADRB2 may represent a promising therapeutic target for antifibrotic strategies in IgAN.
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Introduction sents an early stage in the development of glomeruloscle-
rosis [8], elucidating the molecular mechanisms underlying
glomerular fibrosis is therefore critical for designing pre-
ventive strategies and early interventions to mitigate ESRD
progression in IgAN patients.

IgA nephropathy (IgAN) is one of the most preva-
lent primary glomerulonephritides, characterized by dis-
tinctive pathological features, including galactose-deficient
polymeric IgAl (pIgAl) deposition in the glomerular
mesangium, mesangial cell proliferation, and glomerular
sclerosis with fibrosis [1,2]. A subset of patients progresses
to end-stage renal disease (ESRD) within 20-30 years, of-
ten accompanied by glomerulosclerosis and fibrosis. Clini-
cal studies have demonstrated that the severity of glomeru-
losclerosis correlates significantly with an elevated risk of
adverse renal outcomes, including serum creatinine dou-
bling and progression to ESRD [3—5]. Furthermore, the Ox-

Endothelial-to-mesenchymal transition (EMT) in
glomerular endothelial cells constitutes a principal cause of
glomerular fibrosis. This process is regulated by multiple
signaling pathways, including the transforming growth
factor beta (TGF-(3) pathway, Wnt//3-catenin, and nuclear
factor kappa B (NF-xB) pathways [9-11]. Among these,
the TGF-g signaling pathway plays a predominant regu-
latory role, with TGF-S1 serving as a crucial molecular
driver of fibrotic progression [12,13].

ford Classification of IgAN identifies segmental glomeru- Plasma gelsolin (pGSN) was first discovered by Yin
losclerosis (S lesion) as an independent prognostic indi- and Stossel [ 14] in rabbit lung macrophages in 1979, where
cator of renal survival [6,7]. Glomerular fibrosis repre- it was shown to regulate actin remodeling in a calcium-
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dependent manner, promoting interconversion between the
cytoplasmic gel and sol state. In healthy humans and other
mammals, serum pGSN concentrations typically range
from 200 + 50 mg/L [15]. Numerous studies have reported
decreased serum pGSN levels in diverse pathological con-
ditions, including bacterial sepsis, trauma, idiopathic lung
injury, acute liver injury, and allogeneic hepatocyte trans-
plantation [16-21]. Based on these findings, our group ex-
amined pGSN in several types of glomerulonephritis for
the first time. Preliminary experiments revealed that serum
pGSN concentrations were significantly reduced in [gAN
patients, while deposition was observed within glomeruli
[22]. Our initial findings suggest that pGSN may play a
crucial role in the pathogenesis and progression of IgAN.
Furthermore, we demonstrated that pIgA1 synergizes with
pGSN to enhance TGF-/31 expression in human mesangial
cells (HMCs) [23].

TGF-B1 is a key molecular mediator of glomeru-
losclerosis. Upon binding to the TGF-§ receptor type
I (TSRID) on HMCs, it activates the Smad2/3 complex,
which subsequently associates with Smad4 to form a het-
erotrimeric complex. This complex translocates to the nu-
cleus, where it promotes transcription of fibrosis-related
genes such as collagen type I alpha 1 chain (COL1A1), con-
nective tissue growth factor (CTGF), and plasminogen ac-
tivator inhibitor 1 (PAI-1), thereby exacerbating glomeru-
losclerosis [24—26]. Notably, adrenoceptor beta 2 (ADRB2)
serves as an antifibrotic regulator, exhibiting protective ef-
fects against fibrosis in the lung [27], bladder [28], and hu-
man dermal fibroblasts [29]. However, the specific con-
tribution of ADRB2 to glomerular fibrosis and its potential
interaction with pGSN remain unclear.

To further investigate the regulatory interplay between
pGSN and TGF-$1, and to determine whether ADRB2 me-
diates this process, HMCs were stimulated with pGSN,
followed by transcriptome sequencing to identify differ-
entially expressed candidate genes. Functional valida-
tion was performed using gene knockdown or overex-
pression approaches. Building on previous findings [23],
this study demonstrates for the first time that pGSN and
pIgAl synergistically regulate glomerular fibrosis through
the ADRB2/cyclic adenosine monophosphate (cAMP) sig-
naling axis. These results expand the understanding of the
pGSN-plgA1l regulatory network and identify ADRB2 as a
novel molecular hub in IgAN fibrosis, providing valuable
mechanistic insights and potential therapeutic targets.

Materials and Methods

Cell Culture and Treatment

Human mesangial cells (HMCs; MZ-1239,
Mingzhoubio, Ningbo, China; STR authentication re-
sults provided in the Supplementary Materials 1)
were routinely tested for mycoplasma contamination
using 16S rRNA PCR (see Supplementary Materi-

als 2) and confirmed negative. Cells were cultured in
DMEM (C11995500BT, Gibco, Waltham, MA, USA)
complete medium supplemented with 10% fetal bovine
serum (ACO3LO055, Life-iLab, Shanghai, China) and 1%
penicillin-streptomycin (C0222, Beyotime, Shanghai,
China) at 37 °C in 5% CO,. All experiments were per-
formed using HMCs derived from the same biological
source and maintained at passages 3—6. When the cell
confluence reached 80-90%, cells were digested with
pancreatin (S310KJ, BasalMedia, Shanghai, China),
adjusted to a density of 2 x 10°/mL, and seeded into
6-well plates at 2 mL per well. After adherence, the cells
were cultured in the following groups: @ Normal HMCs
group (Control): maintained in DMEM complete medium;
@ pGSN stimulation group (pGSN): cultured in DMEM
complete medium containing 10 ug/mL pGSN (HPG6-A,
Cytoskeleton, Denver, CO, USA). After re-culturing each
group for 48 hours, samples were harvested for subsequent
experiments.

Quantitative Polymerase Chain Reaction (gPCR)

Total RNA was extracted using Trizol (CWO0580S,
Cwbio, Taizhou, China), and RNA concentration and pu-
rity were determined with a spectrophotometer (NanoDrop
One/One C, Thermo Fisher, Waltham, MA, USA). Sam-
ples with OD260/OD2so ratios of 1.8-2.1 were used for down-
stream analyses. cDNA synthesis was performed following
the manufacturer’s guidelines (TSK302M, Tsingke, Bei-
jing, China). qPCR reactions were prepared with 2 x TS-
INGKE Master Mix (Green) (TSE002, Tsingke Biotech-
nology, Beijing, China) using cDNA as the template and
run on a real-time PCR system (IQS5, Bio-Rad, Hercules,
CA, USA). Relative mRNA levels were quantified using
the 2~24C4 method, representing the fold changes in gene
expression in treatment groups relative to controls. Primer
sequences are listed in Table 1.

Table 1. Primer sequences for target genes.

Primer names Sequences

TGF-BI-F TACCTGAACCCGTGTTGCTC
TGF-BI-R CCGGTAGTGAACCCGTTGAT
ADRB2-F TTGCCTCTTCCATCGTGTCC
ADRB2-R CCACCTGGCTAAGGTTCTGG
PKA-F GCCTATGGCGTCCTGTTGTATG
PKA-R GAAACAGCCTCCTTGGACAAGG
GAPDH-F TCAAGGCTGAGAACGGGAAG
GAPDH-R TCGCCCCACTTGATTTTGGA

TGF-31, transforming growth factor beta 1; ADRB2,
adrenoceptor beta 2; PKA, cAMP dependent protein ki-
nase; GAPDH, glyceraldehyde-3-phosphate dehydroge-

nase.
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Western Blot (WB)

Protein samples were extracted from cells collected in
1.5 mL centrifuge tubes using RIPA buffer (p0013B, Bey-
otime, Shanghai, China) supplemented with PMSF (P1045,
Beyotime, Shanghai, China). Lysates were mixed with 5
x SDS loading buffer (8015011, Dakewei, Beijing, China)
and separated by 10% SDS-PAGE gel (PG212, Yamei,
Shanghai, China). Protein bands were transferred to PVDF
membranes (10600023, Amersham, Germany), blocked,
and incubated with primary antibodies overnight at 4 °C.
After washing, membranes were incubated with secondary
antibody HRP-conjugated goat anti-rabbit IgG (H + L)
(1:10,000, ASO014, Abclonal, Wuhan, China) for 1 hour,
followed by luminescence detection with ECL Plus (Amer-
sham Pharmacia Biotech, Uppsala, Sweden). Protein bands
were visualized using a gel imaging system (Universal
Hood II, Bio-Rad, Hercules, CA, USA), and band intensi-
ties were quantified with ImageJ software (NIH, Bethesda,
Bethesda, MD, USA).

Primary antibodies included: GAPDH (1:100,000,
A19056, Abclonal, Wuhan, China), TGF-£1 (1:1000,
A2124, Abclonal, Wuhan, China), ADRB2 (1:1000, A2048,
Abclonal, Wuhan, China), and PKA4 (1:1000, PA5-67660,
Thermo Fisher, Shanghai, China).

Transcriptome Sequencing Analysis

Three samples were selected from the control group
and the pGSN group. Total RNA was extracted using Tri-
zol, and its integrity and concentration were assessed with
an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA). After quality control testing, sequencing libraries
were constructed. Differentially expressed genes (DEGs)
between the control and pGSN groups were analyzed using
DESeq2 software (version 1.48.2; Bioconductor Project,
Seattle, WA, USA). DEGs were defined as those with p <
0.05 and |logz FoldChange| >1. Identified DEGs were sub-
jected to GO and KEGG enrichment analyses using Cluster-
Profiler. Library construction and transcriptome sequenc-
ing were performed on the Illumina sequencing platform
(Novogene Co., Ltd.).

Vector Construction

The ADRB?2 sequence (NCBI Reference Sequence:
NM_000024.6) was synthesized into the pLVX-IRES-puro
vector (VT1464, YouBio, Hunan, China) at the EcoRI-
BamHI cloning site. Complete sequence information is
provided in Supplementary Materials 3 (Sequence of
ADRB?2). The recombinant plasmid, following quality
verification, was transformed into DH5a competent cells
(B528413, Sangon Biotech, Shanghai, China). Positive
antibiotic-resistant monoclonal colonies were selected for
amplification, plasmids were extracted using the GoldHi
EndoFree Plasmid Midi Kit (CW2581S, cwbiotech), and
stored at —20 °C after quality inspection.
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Cell Transfection

HMCs were seeded at 5 x 106 cells per dish and cul-
tured in fresh 10 mL DMEM medium after 24 hours. The
overexpression empty vector and the ADRB2 overexpres-
sion plasmid were transfected into HMCs using the PEI
MAX transfection reagent (24765-1, Polysciences, Niles,
IL, USA). Six hours post-transfection, cells were assigned
to the following groups: (i) Control; (ii) pGSN stimu-
lation; (iii) pGSN + o0e-NC, in which cells transfected
with the empty vector were cultured in DMEM complete
medium containing 10 pg/mL plasma gelsolin; (iv) pGSN
+ 0e-ADRB2, in which cells transfected with the ADRB2
overexpression plasmid were cultured in DMEM complete
medium supplemented with 10 pg/mL plasma gelsolin. Af-
ter 48 hours of incubation for each group, cells were har-
vested for subsequent experiments.

Immunofluorescence (IF)

Cell slides were fixed and permeabilized with 0.3%
Triton X-100 solution (ST795, Beyotime, Shanghai, China)
for 5 minutes at room temperature. Following PBS rinsing
(G0002, Servicebio, Wuhan, China), slides were blocked
with goat serum (C0265, Beyotime, Shanghai, China) for
30 minutes. Without additional washing, slides were in-
cubated with primary antibody against TGF-51 (1:200,
YT4632, ImmunoWay, TX, USA) at 4 °C for 16 hours,
followed by secondary antibody CoraLite488-conjugated
goat anti-rabbit IgG (H + L) (1:500, SA00013-2, Protein-
tech, Chicago, IL, USA) at room temperature for 1.5 hours.
Nuclei were counterstained with DAPI (C1005, Beyotime,
Shanghai, China) at room temperature for 5 minutes. Fi-
nally, slides were mounted with anti-fade medium (P0126,
Beyotime, Shanghai, China) for microscopic examination.
After DAPI staining, nuclei appeared blue, while positive
fluorescence was visualized as green. Quantification of im-
munofluorescence was performed using Imagel, measur-
ing the mean fluorescence intensity with ROI-based back-
ground subtraction and consistent acquisition settings.

Extraction of pIgAl

Peripheral blood samples were collected from pa-
tients with primary IgAN at the First Affiliated Hospital
of Guizhou University of Traditional Chinese Medicine be-
tween March 1, 2023, and November 30, 2023. Inclusion
criteria for the IgAN group were: (1) biopsy-confirmed
primary IgAN; (2) age 18-70 years; (3) no clinically sig-
nificant hepatic or renal dysfunction; (4) no prior treat-
ment with glucocorticoids or immunosuppressive agents;
and (5) no active mucosal infection. Twenty-one IgAN pa-
tients meeting these criteria were enrolled. Exclusion cri-
teria included failure to meet any of the above conditions.
All participants provided written informed consent, and the
study was approved by the Ethics Committee of Guizhou
University of Traditional Chinese Medicine (approval No.
KS2022-10).
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For each patient, 20 mL of peripheral blood was drawn
and centrifuged at 3000 r/min for 15 minutes. The su-
pernatant was diluted with PBS (1:1) and centrifuged for
5 minutes. Two milliliters of the centrifuged supernatant
were immobilized on cross-linked 4% agarose beads (R-
200, Gold Biotechnology, St. Louis, MO, USA) in a Jacalin
affinity column and incubated for 30 minutes. Columns
were washed with 175 mM Tris-HCI (pH 7.4) until the op-
tical density (OD) at 280 nm dropped below 0.10. Elution
was performed using 175 mM Tris-HCI containing 0.1 M
melibiose (B20866, Yuanye, Shanghai, China) in 3.0 mL
fractions until OD returned to 0.1. Jacalin-binding proteins
were further purified by molecular sieve chromatography
using a Sephacryl S-200 HR column (2.0 x 57 cm, Phar-
macia Biotech, Inc., Piscataway, NJ, USA). The Pharmacia
Intelligent System with Micro Peak Detector (Pharmacia
Biotech, Uppsala, Sweden) was applied to obtain 2 mg/mL
samples. The Sephacryl S-200 HR column generated three
absorption peaks at OD 280 nm, corresponding to pIgAl,
monomeric IgA1 (mlIgAl), and additional heteroproteins.
The pIgAl concentration was determined using a BCA kit
(P0012, Beyotime, China).

HMCs were seeded at a density of 2 x 10° cells/mL
in 2 mL of culture medium per well. After cell attach-
ment, pIgA1l was added to the experimental groups as fol-
lows: @ pGSN + plgA1 + 0e-NC group: HMCs transfected
with the empty vector were cultured in DMEM complete
medium containing 10 pg/mL plasma gelsolin and 1 mg/mL
plgAl; @ pGSN + plgAl + oe-ADRB2 group: HMCs trans-
fected with ADRB2 overexpression plasmid were cultured
in DMEM complete medium containing 10 pg/mL plasma
gelsolin and 1 mg/mL plgAl.

Prediction of Protein-protein Interactions

Amino acid sequences of GSN, IgAl, and ADRB2
were retrieved from the UniProt database. Complex struc-
tures of GSN-ADRB2 and IgA1-ADRB2 were predicted
using AlphaFold3 in multimer mode. Predicted Template
Modeling (pTM) scores and interface predicted Template
Modeling (ipTM) scores were recorded to evaluate model
confidence. Structural visualization and annotation of key
interaction interfaces and amino acid residues were per-
formed using PyMOL (version 3.1.6.1; Schrédinger, Inc.
New York, NY, USA).

Data Statistics and Analysis

Experimental data are presented as the mean =+ stan-
dard deviation (SD). Normality was assessed using the
Shapiro—Wilk test, with p > 0.05 in all groups indicating no
significant deviation from normal distribution. Homogene-
ity of variance was examined using Levene’s and Bartlett’s
tests, which also yielded p > 0.05. Given that normality
and homogeneity of variance assumptions were satisfied,
independent samples ¢-tests were used for two-group com-
parisons, and one-way analysis of variance (ANOVA) was

applied for comparisons across multiple groups. Follow-
ing a significant omnibus F-test in one-way ANOVA, pair-
wise post hoc multiple comparisons were performed using
Tukey’s honestly significant difference (HSD) test to con-
trol family-wise error rate (o = 0.05). Data analysis and
figure construction were performed with GraphPad Prism
8.0.2 (GraphPad Software, San Diego, CA, USA). A p-
value < 0.05 was considered statistically significant.

Results

pGSN Stimulation Upregulates TGF-1 Expression
in HMCs

To explore the effect of pGSN on glomerular fibro-
sis, we cultured HMCs in vitro and stimulated them with
pGSN. The results demonstrated that 7TGF-31 mRNA (p <
0.001) (Fig. 1A) and protein (p < 0.001) (Fig. 1B) relative
expression were significantly increased compared with the
control group, indicating that pGSN stimulation markedly
enhances TGF-(31 expression, although the precise molec-
ular mechanism remains unclear.

Transcriptomic Analysis of mRNA Expression
Changes in HMCs After pGSN Stimulation

To investigate the mechanism underlying the in-
creased TGF-1 expression after pGSN stimulation, we
performed transcriptomic sequencing on pGSN-stimulated
HMC:s (48 hours) and normally cultured HMCs (n = 3 per
group). Sequencing results showed that samples Q20, Q30,
and GC contents 0f 97.55%-98.60%, 93.08%—95.94%, and
47.83%—-50.06%, respectively, indicating high sequencing
quality suitable for downstream analyses (Supplementary
Table 1).

Screening criteria of |logy FoldChange| >1 and p
< 0.05 identified 203 DEGs between control and pGSN
groups, including 122 upregulated and 81 downregulated
(Fig. 2A,B). The top 5 up- and downregulated DEGs are
listed in Supplementary Tables 2,3. To validate sequenc-
ing reliability, three DEGs strongly associated with IgAN
were selected for qPCR analysis. Results demonstrated
consistent expression patterns between qPCR and sequenc-
ing, confirming the robustness and reproducibility of our
transcriptomic dataset (Fig. 2C). GO and KEGG functional
enrichment analyses were subsequently performed on the
identified DEGs. Among these, the downregulated gene
ADRB? has been reported to inhibit cellular fibrosis.

GO enrichment revealed that upregulated DEGs were
significantly enriched in disease-related biological pro-
cesses (BP), notably “response to virus” and “defense re-
sponse to virus” (Fig. 2D). Downregulated DEGs were
significantly enriched in “gas transport” (BP) and the
“haptoglobin-hemoglobin complex” (cellular component,
CC) (Fig. 2E).

KEGG pathway enrichment revealed that upregulated
DEGs were primarily involved in the TGF- g signaling path-
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Fig. 1. Changes in TGF-/31 expression following pGSN stimulation. (A) Quantification of 7TGF-81 mRNA expression by quantitative

polymerase chain reaction (QPCR). (B) Detection of TGF-/31 protein expression by western blot (WB). Data are presented as mean £

SD (n = 3). ***p < 0.001.

way, as well as antiviral and inflammation-related path-
ways, including Toll-like receptor and NOD-like receptor
signaling pathways (Fig. 2F). Notably, the cAMP signaling
pathway, closely associated with fibrosis, was enriched in
downregulated DEGs (Fig. 2G), consistent with its known
protective role in IgA nephropathy. We therefore hypoth-
esize that pGSN may contribute to glomerular fibrosis by
modulating ADRB?2 expression and altering the cAMP sig-
naling pathway. To validate this hypothesis, we performed
functional studies of ADRB?2 in vitro.

pGSN Promotes TGF-1 Expression by Inhibiting
ADRB?2 Expression and cAMP Signaling Pathway
Activation

To determine whether pGSN regulates glomerular fi-
brosis by modulating ADRB?2 expression, we overexpressed
ADRB?2 in HMCs. Compared with the pGSN + oe-NC
group, ADRB2 mRNA (p < 0.001) and ADRB2 protein (p <
0.001) levels were significantly elevated in the pGSN + oe-
ADRB? group (Fig. 3A,D,E). Additionally, we assessed the
expression of PKA, a core downstream of the cAMP signal-
ing pathway. Compared with the control group, the pGSN
group showed decreased PKA mRNA (p < 0.001) and PKA
protein (p < 0.001) expression. In contrast, PKA mRNA (p
< 0.001) and PKA protein (p < 0.001) levels in the pGSN
+ 0e-ADRB?2 group were significantly higher than those in
the pGSN + o0e-NC group (Fig. 3B,D,E). The findings re-
veal that ADRB2 overexpression reverses the suppression
of the cAMP signaling pathway induced by pGSN stimula-
tion.

We further examined changes in TGF-31 expression
and the phosphorylation levels of Smad2/3. Compared with
the control group, pGSN stimulation increased TGF-(1
mRNA (p < 0.001) and TGF-£1 protein (p < 0.001) lev-

els, as well as enhanced phosphorylation of Smad2/3 (p <
0.001). Conversely, ADRB2 overexpression significantly
reduced 7GF-51 mRNA (p < 0.001), TGF-B1 protein (p
< 0.001), and Smad2/3 phosphorylation (p < 0.01) relative
to the pGSN + 0e-NC group (Fig. 3C,D,E). Immunofluores-
cence analysis demonstrated that pGSN stimulation signifi-
cantly enhanced 7GF-31 fluorescence intensity in HMCs (p
< 0.001), whereas ADRB?2 overexpression notably reduced
TGF-pB1 fluorescence intensity compared with the pGSN
+ 0e-NC group (p < 0.001) (Fig. 3F). Collectively, these
findings suggest that ADRB2 overexpression activates the
cAMP signaling pathway and suppresses TGF-£1 expres-
sion, thereby exerting a regulatory role in glomerular fibro-
sis.

pGSN and plgAl Synergistically Promote TGF-£1
Expression via ADRB2/cAMP Signaling Suppression

To investigate the interaction between pIlgAl, pGSN,
and ADRB2, we performed molecular docking of ADRB2—
GSN (ipTM =0.69, pTM =0.75) and ADRB2-IgA1 (ipTM
= 0.72, pTM = 0.82) complexes to predict their poten-
tial binding sites. Based on these results, we validated
the role of ADRB2 through cell-based experiments, trans-
fecting HMCs with either an empty vector or an ADRB2
overexpression construct, followed by co-stimulation with
plgAl and pGSN.

Docking analysis showed that ADRB2 can bind both
GSN and IgA1 at distinct binding sites (Fig. 4A), support-
ing their cooperative regulation of the ADRB2 signaling
pathway. gPCR and WB analyses demonstrated that, com-
pared to the pGSN + pIgA1l + oe-NC group, the pGSN +
plgA1l +oe-ADRB2 group exhibited significantly increased
ADRB2 mRNA (p < 0.001), ADRB2 protein (p < 0.001),
PK4 mRNA (p < 0.01), and PKA protein (p < 0.001)
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Fig. 2. Differential expression analysis and functional enrichment of transcriptome sequencing results were performed. (A)
Heatmap of DEGs. (B) Volcano plot of DEGs. (C) qPCR validation of RNA-seq-identified DEGs (n = 3). (D) GO enrichment of
upregulated DEGs. (E) GO enrichment of downregulated DEGs. (F) KEGG pathway enrichment of up-regulated DEGs. (G) KEGG
pathway enrichment of downregulated DEGs. Data are presented as mean & SD (n = 3). **p < 0.01; ***p < 0.001.
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(Fig. 4B,C.E). In contrast, TGF-51 mRNA (p < 0.001)
and TGF-£1 protein (p < 0.001) levels were significantly
reduced (Fig. 4D,E). Immunofluorescence analysis further
confirmed that TGF-S1 fluorescence intensity was signif-
icantly lower in the pGSN + plgAl + oe-ADRB2 group
compared with the pGSN + plgAl + oe-NC group (p <
0.001) (Fig. 4F). Together, these findings suggest that the
pGSN and pIgAl co-induced upregulation of TGF-S1 is
achieved through the inhibition of the ADRB2/cAMP sig-
naling pathway.

Discussion

Glomerular fibrosis represents a critical event in the
progression of multiple chronic kidney diseases toward
ESRD, yet its underlying mechanisms remain complex and
incompletely defined [30-32]. Our study reveals a previ-
ously unrecognized mechanism by which pGSN and pIgAl
synergistically inhibit the ADRB2/cAMP signaling axis,
thereby promoting glomerular fibrosis. This discovery may
offer a new theoretical foundation for understanding the
pathogenesis of glomerular fibrosis and provide potential
insights into therapeutic targets.
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pGSN, a secreted isoform of gelsolin, has recently
been recognized as a multifunctional regulator in inflam-
matory responses [33], cardiovascular diseases [34], and
hepatic disorders [35]. In IgAN patients, circulating pGSN
levels are decreased, while glomerular pGSN accumulation
is markedly elevated. This paradox can be explained by a
dual-origin model: first, tissue injury releases extracellu-
lar F-actin, which binds avidly to circulating pGSN, lead-
ing to its entrapment within damaged glomeruli [36]; sec-
ond, renal injury upregulates intrarenal pGSN expression
[37]. Therefore, the combination of plasma-derived pGSN
retention and enhanced endogenous renal pGSN expression
collectively accounts for the simultancous decrease in cir-
culating pGSN and increase in glomerular pGSN accumu-
lation. In vitro experiments have further demonstrated that
pGSN upregulates TGF-31 expression in HMCs, thereby
facilitating glomerular fibrosis [22,23]. To further eluci-
date the molecular mechanisms underlying pGSN-driven
glomerular fibrosis, we performed transcriptomic sequenc-
ing of HMCs under both basal and pGSN-stimulated con-
ditions.

Transcriptomic analysis revealed enrichment of the
TGF- signaling pathway among upregulated DEGs, con-
sistent with our previous findings [23] and the pathologi-
cal mechanisms of IgAN, where IgA immune complex de-
position in glomeruli stimulates mesangial cells to upreg-
ulate 7GF-B1 mRNA expression, driving sustained acti-
vation of the TGF-3/Smad signaling pathway [38]. Per-
sistent activation promotes mesangial proliferation and ex-
cessive accumulation of extracellular matrix (ECM), re-
sulting in glomerulosclerosis and tubulointerstitial fibro-
sis, ultimately worsening proteinuria and contributing to
further decline in renal function [39]. Additionally, the
cAMP signaling pathway was significantly enriched among
downregulated DEGs. cAMP inhibits fibroblast prolifer-
ation and EMT, thereby limiting abnormal ECM deposi-
tion and preventing glomerulosclerosis and tubulointersti-
tial fibrosis [40]. Mechanistically, cCAMP activates PKA,
which phosphorylates cAMP responsive element binding
protein 1 (CREB) to upregulate transforming growth fac-
tor beta-induced factor 1 (TGIF1). TGIF1 suppresses TGF-
(£1/Smad signaling by binding the activated Smad2/3 com-
plex and recruiting histone deacetylases, forming a nega-
tive feedback loop [41]. Notably, in vitro administration of
cAMP agonists has been shown to reduce TGF-/31 protein
expression in cardiomyocytes and alleviate cardiac fibro-
sis in mice. In addition, cAMP signaling inhibits TGF-£1
production across various cell types while suppressing fi-
brotic processes [42]. Therefore, the cAMP signaling path-
way may also be critically implicated in the regulation of
glomerular fibrosis in IgAN patients.

In addition, the pathway gene ADRB? attracted our
attention. Previous studies have shown that ADRB2 pro-
tein is highly expressed on the membranes of fibroblasts
and keratinocytes, where it primarily functions in inhibit-
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ing inflammation and promoting reepithelization, and is as-
sociated with abnormal wound healing [43,44]. Wan et
al. [27] reported that the ADRB2 expression is reduced
in pulmonary fibrosis samples, and mechanistic analyses
revealed that ADRB2 regulates fibroblast differentiation
through the TGF-/3/Smad signaling pathway. Furthermore,
ADRB?2 has been shown to ameliorate bladder fibrosis [28§]
and modulate the activity of human dermal fibroblasts [29].

In our study, pGSN stimulation downregulated
ADRB? expression, while ADRB2 overexpression reduced
TGF-pB1 levels. We propose that pGSN may inhibit ADRB?2
through several mechanisms: regulation of epigenetic mod-
ifying enzymes that alter methylation status or histone mod-
ifications at the ADRB2 promoter region; upregulation of
specific miRNAs (e.g., let-7) that guide the RISC complex
to target the ADRB2 3°UTR for post-transcriptional regula-
tion [45]; or activation of E3 ubiquitin ligases that promote
ADRB? protein ubiquitination and degradation [46]. Col-
lectively, these findings suggest that pGSN stimulation in
HMCs suppresses ADRB2 expression, thereby enhancing
TGF-S1 production and promoting glomerular fibrosis.

IgA is the most abundant immunoglobulin in humans
and consists of [gA 1 and IgA2 subtypes. Growing evidence
underscores the critical role of galactose-deficient IgAl
(Gd-IgA1l) in the pathogenesis of IgAN. Elevated plasma
concentrations of Gd-IgA1 are significantly positively cor-
related with increased risk of progression to ESKD in pa-
tients with IgAN [47]. Mechanistic studies reveal that
both pIgAl and mIgAl isolated from patient sera induce
dose-dependent upregulation of renin and 7GF-31 gene
expression in HMCs [48]. Furthermore, IgA1-containing
immune complexes from pediatric [gAN patients signifi-
cantly enhance laminin secretion and proliferative activity
in HMCs upon stimulation [49]. Our previous experiments
confirmed these findings, demonstrating that pIgA1 stimu-
lation not only promotes HMCs proliferation but also ele-
vates TGF-/31 secretion. Notably, pGSN exerts synergistic
effects with pIgA1l in driving these pathological responses
[23].

Notably, ADRB?2 overexpression reverses the TGF-1
upregulation and subsequent fibrotic processes induced by
synergistic stimulation with pGSN and pIgA1, highlight-
ing its therapeutic potential in glomerular fibrosis. Based
on this potential, salmeterol, a selective long-acting 32-
adrenergic agonist [50], emerges as a promising candidate
therapy for IgAN. Although inhaled administration results
in low systemic exposure with limited direct renal effects,
we plan to evaluate its capacity to alter renal phenotypes
through optimized low-dose inhaled regimens. Addition-
ally, kidney-targeted delivery approaches will be explored
to enhance renal uptake while minimizing systemic adverse
effects.

This study revealed that pGSN and pIgA1l synergis-
tically promote 7GF-31 expression primarily through the
ADRB2/cAMP signaling pathway (Fig. 5). However, these
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findings are currently limited to the cellular level and there-
fore cannot fully capture the complex immune, hemody-
namic, and microenvironmental context of IgAN in vivo.
To address this limitation, our next phase of research will
validate the key findings in IgAN animal models. Specifi-
cally, we plan to: (1) induce or utilize spontaneous I[gAN
models and administer pGSN-targeted interventions, (2)
quantify renal functional parameters, (3) conduct renal
histopathological assessments, and (4) evaluate renal ex-
pression and activation of the TGF-81/ADRB2/PKA axis
at the tissue level. These in vivo studies will determine
whether the mechanisms identified in cultured HMCs trans-
late into relevant phenotypes and therapeutic targets.

°A1’“° Smad4  Smad3
TGF-B1 PKA
F —

Smad2
Smad4g Fibrosis
( \|||\INI\//\,\ /\/N&’\l AR

Fig. 5. Proposed mechanism by which pGSN and pIgA syn-
ergistically regulate ADRB2-mediated HMCs fibrosis. Dur-
ing the pathogenesis of IgA nephropathy, pGSN and pIgA1l accu-
mulate in the glomerular mesangium, where local concentrations
increase. Their synergistic action downregulates ADRB2 expres-
sion in HMCs, suppressing cAMP/PKA signaling activity and re-
ducing the inhibition of TGF-£1. Elevated TGF-£1 activates the
TGF-//Smad pathway, enhancing transcription of fibrosis-related
genes and promoting glomerular fibrosis.

Moreover, glomerular fibrosis represents a critical
event in the progression of diverse chronic kidney diseases
toward ESRD, typically accompanied by tubulointerstitial
injury. Notably, pGSN and pIgA1 deposits are predomi-
nantly localized within the glomeruli, with only minimal
deposition observed in the renal tubules. The mechanisms
by which glomerular deposition of pGSN and IgA1 subse-
quently initiates tubulointerstitial damage, ultimately cul-
minating in ESRD, remain to be elucidated.

Conclusion

This study demonstrates that pGSN promotes 7GF-(1
expression in HMCs by inhibiting the ADRB2/cAMP sig-
naling pathway. These findings reveal a novel molecular
mechanism underlying pGSN-induced glomerular fibrosis,
and provide both a theoretical framework and potential ther-
apeutic targets for intervention in this pathological process.
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