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Abstract: Objective: Tubular atrophy/interstitial fibrosis (TA/IF) is an independent risk factor for the progression of
immunoglobulin A nephropathy (IgAN), with its assessment primarily relying on renal biopsy. Therefore, this study
aimed to identify novel non-invasive biomarkers for the dynamic evaluation of TA/IF in IgAN patients. Methods:
IgAN patients were divided into TO (TA/IF < 25%) and T1 (TA/IF > 25%) groups. Urine exosomes were isolated from
morning samples by ultracentrifugation and characterized using electron microscopy, nanoparticle tracking, and
western blot. High-throughput sequencing, real-time quantitative polymerase chain reaction (RT-gPCR), and receiver
operating characteristic curve (ROC) analysis identified microRNA-320b (miR-320b) as the best candidate for pre-
dicting TA/IF scores in IgAN. Hence, the association between miR-320b expression and clinical data was evaluated.
Results: Compared to the TO group, significantly higher blood urea nitrogen (BUN), serum creatinine (Scr), uric acid
(UA), and 24-hour urine protein quantification (24UP) levels were observed in the T1 group. In contrast, hemoglobin
(Hb), albumin (Alb), and estimated glomerular filtration rate (€GFR) were lower (P < 0.05). In the T1 group, 9 miRNAs
were upregulated and 16 were downregulated. RT-gPCR analysis revealed that these 9 miRNAs were significantly
overexpressed in the T1 group (P < 0.05), with miR-320b showing the most significant upregulation (P < 0.001).
In addition, ROC curve analysis indicated that miR-320b had good diagnostic efficacy (AUC = 0.8785, P = 0.0017).
Spearman correlation analysis revealed that miR-320b expression was positively linked to 24UP, BUN, Scr, and
UA, and negatively linked to eGFR. Conclusion: Urine exosomal miR-320b is a non-invasive biomarker that can ef-
fectively predict TA/IF scores in IgAN patients, offering a promising alternative for diagnosing renal fibrosis in this
population.
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Introduction

Immunoglobulin A nephropathy (IgAN) is the
most prevalent primary glomerulonephritis [1],
with anincidence ranging from 10% in European
and American countries to 50% in Asian regions
[2, 3]. Approximately 20-40% of IgAN patients
progress to end-stage renal disease (ESRD)
within 10-20 years after diagnosis [4-6].
Research shows that all pathologic indicators
of the Oxford classification are closely related
to the progression of IgAN [7]. Among them,
tubular atrophy/interstitial fibrosis (TA/IF) is an
independent risk factor for disease progression
and the strongest predictor of renal survival [8,
9]. Currently, the TA/IF score is determined pri-

marily by renal biopsy. However, renal tissue
biopsy involves complications such as bleeding
and infection, and many patients cannot under-
go repeated biopsies due to contraindications.
Therefore, a non-invasive biomarker that can
dynamically assess the TA/IF score of IgAN
patients is needed.

Exosomes are small vesicles with a diameter of
30-150 nm secreted by living cells, and are
widely found in body fluids such as blood, urine,
and saliva [10, 11]. These carry various bioac-
tive molecules, including proteins, messenger
RNA (mRNA), and microRNA (miRNA), and par-
ticipate in intercellular material and signal
transmission, thereby regulating pathophysio-
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logic processes [11]. miRNA is an endogenous
non-coding small RNA molecule. By specifically
binding to target mRNA, miRNAs regulate gene
expression and participate in biological pro-
cesses such as cell proliferation, differentia-
tion, apoptosis, and fibrosis [12]. In recent
years, miRNAs derived from urinary exosomes
have emerged as an ideal source for biomark-
ers of kidney diseases due to their non-invasive
nature, stability, and ease of acquisition [13].
Studies have shown that miRNAs in urinary exo-
somes are differentially expressed in various
kidney diseases and may be involved in the pro-
gression of renal fibrosis [14]. Therefore, this
study aims to identify non-invasive biomarkers
for predicting the TA/IF score in IgAN patients.

Patients and methods
Subjects

Patients diagnosed with IgAN by renal biopsy
at Shaoxing Second Hospital from January
2020 to December 2022 were retrospectively
screened. The included patients were divided
into two groups based on the Oxford classifica-
tion TA/IF score, namely the TO group (TA/IF <
25%) and the T1 group (TA/IF > 25%). The exclu-
sion criteria included malignant tumors, lupus,
acute infections, significant fibrosis in organs
other than the kidneys, use of glucocorticoids
or immunosuppressants for over 3 months,
and prior kidney transplantation. Basic patient
information was collected, including age, gen-
der, albumin (Alb), serum creatinine (Scr), uric
acid (UA), estimated glomerular filtration rate
(eGFR), and 24-hour urine protein quantifica-
tion (24UP). All participants provided informed
consent, and the study was approved by the
Ethics Committee of Shaoxing Second Hospital.

Sample processing and exosome extraction

Morning urine samples from patients with IgAN
were collected. The urine samples were centri-
fuged at 2000 x g for 30 min at 4°C within 2
hours after collection. The supernatant was
transferred to a new centrifuge tube and centri-
fuged again at 10,000 x g for 45 min at 4°C to
remove larger vesicles. The supernatant was
filtered through a 0.45 um filter, and the filtrate
was collected. An ultracentrifuge rotor was
used, and the sample was centrifuged at
100,000 x g for 70 min at 4°C. The superna-
tant was removed, and the pellet was resus-
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pended in 10 mL of pre-cooled phosphate-buff-
ered saline (PBS). Subsequently, the sample
was centrifuged again at 100,000 x g for 70
min at 4°C. Finally, the supernatant was
removed, and the exosome pellet was resus-
pended in PBS and stored at -80°C for future
use.

Observation by transmission electron micros-
copy (TEM)

Specifically, 10 yL of exosome sample was
placed onto a copper grid for 1 min to allow pre-
cipitation. Filter paper was used to remove the
supernatant. Then, 10 pL of acetate uranyl was
added and allowed to precipitate on the copper
grid for 1 min. Again, filter paper was used to
remove the supernatant. The samples were
allowed to dry at room temperature for several
minutes and then subjected to TEM imaging
(HT-7700, Hitachi) at 80 kV.

Particle size analysis

In this experiment, 10 pL of the exosome sam-
ple was diluted to 30 pyL with PBS. The instru-
ment performance was tested based on the
standard sample, and the exosome sample
was loaded. Following sample detection, the
particle size and concentration information of
the exosomes were measured by the nanopar-
ticle size analyzer (N30OE, NanoFCM).

Western blotting

Exosomes or human kidney-2 (HK-2) cells were
thawed at 37°C and then lysed with radioim-
munoprecipitation assay buffer lysis buffer on
ice for 30 minutes. The protein concentration
was determined by the BCA method. The pro-
teins were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride mem-
branes. The membranes were blocked with 5%
skim milk tris-buffered saline with tween (TBST)
for 1 hour, and then incubated with primary
antibodies at 4°C overnight. The membranes
were washed with TBST three times (10 min-
utes each time), and then incubated with HRP-
conjugated goat anti-rabbit immunoglobulin G
secondary antibody (1:5000; SAO0001-2, Pro-
teintech, China) at room temperature for 1
hour. The membranes were washed with TBST
three times (10 minutes each time), and the tar-
get proteins were detected using a chemilumi-
nescence imaging system.
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Construction of exosomal miRNA libraries

Total RNA was extracted from exosomes using
the miRNeasy Mini Kit (Qiagen, 217004). A
miRNA library was constructed using 3 ng of
RNA with the small RNA library preparation kit
(KAITAI-Bio, AT4208). Thereafter, the library
was sequenced on the Illumina NovaSeq 6000
platform. Sequencing and data analysis were
performed by Hangzhou KAITAI Biotechnology
Co., Ltd.

Analysis of exosomal miRNA sequencing data

The raw data was subjected to quality con-
trol using fastp (v0.23.0, https://github.com/
OpenGene/fastp). Low-quality sequences were
removed, and reads of 18-36 bp in length were
retained (--length_required 18-36bp). The ref-
erence genome and gene annotation files
(Homo sapiens, Ensembl v101) were download-
ed from the Ensembl database. Clean data
was aligned to the reference genome using
HISAT2 (v2.2.1, http://daehwankimlab.github.
io/hisat2/), followed by annotation using
ncRNA, mRNA, and miRNA databases to calcu-
late the proportion of various RNAs (miRNA,
tRNA, rRNA, snRNA, and mRNA). Novel miRNAs
were predicted based on miRDeep2 (https://
www.mdc-berlin.de/8551903/en/), and miRNA
expression levels and RPM values were calcu-
lated using a custom script. Differential expres-
sion analysis was performed using edgeR
(https://bioconductor.org/packages/release/
bioc/html/edgeR.html), with significance thre-
sholds set at FDR < 0.05 and [log2FC| > 1. The
target genes of differentially expressed miR-
NAs were predicted using miRanda and
TargetScan, and the genes predicted by both
methods were selected as the final target
genes. To determine the biological functions
and related pathways of the target genes, Gene
Ontology (GO) (http://geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.kegg.jp/) enrichment anal-
yses were conducted with a significance thresh-
old of P < 0.05.

Reverse transcription and quantitative real-
time polymerase chain reaction (RT-qPCR)
analysis miRNA was extracted from cells/tis-
sues using the miRNA extraction kit (RC201,
Vazyme) according to the manufacturer’s
instructions. Subsequently, reverse transcrip-
tion was performed using the miRNA tailing
reverse transcription kit (MR201-01, Vazyme).
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Quantitative real-time PCR was carried out on
the ABI Quant Studio Sequence Detection
System (Applied Biosystems, Foster City, CA,
USA), and the reaction system used the highly
specific miRNA dye gPCR Mix (MQ102-01,
Vazyme).

Statistical analysis

Statistical analysis and graphing were per-
formed using SPSS 22.0 (IBM, USA) and Prism
8.0.1 (GraphPad, USA). The measured data
were expressed as mean x SD, and the t-test
was carried out to compare the results of vari-
ous groups. The counted data were presented
as frequency and constituent ratio, and Fisher’s
exact test was used for statistical analysis.
Enriched GO terms and KEGG pathways were
visualized using RStudio, and GO analysis net-
works were constructed using the Bingo plugin
in Cytoscape. The diagnostic value of urinary
exosomal miRNAs was evaluated by receiver
operating characteristic curves (ROC), and
Spearman’s rank correlation analysis was used
to evaluate the correlation between exosomal
miRNAs and clinical data.

For all tests, P < 0.05 was considered sig-
nificant.

Results
Subject characteristics

The basic characteristics of the subjects are
listed in Table 1. The levels of BUN, SCr, UA,
and 24UP in the T1 group were significantly
increased compared with the TO group, while
the Hb, Alb, and eGFR levels were decreased
(P <0.05).

Characterization of urine exosomes

To determine whether the precipitate isolated
from urine by ultracentrifugation consisted of
exosomes, TEM was performed, revealing char-
acteristic cup-shaped vesicles with a double-
layer structure (Figure 1A). The nanoparticle
tracking analysis indicated that the particle size
of the precipitate structure was approximately
80.4 nm, with a concentration of about 1.54 x
1011 particles/mL (Figure 1B). Western blot
analysis confirmed the presence of specific sur-
face markers of exosomes, such as cluster of
differentiation 63 (CD63), cluster of differentia-
tion 81 (CD81), and heat shock protein 70
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Table 1. Clinical characteristics of the participants

Variable Total(n=24) TO(n=12) T1(n=12) Statistic P
Age, years 54.76 + 3.67 54.30 + 3.51 55.21+3.93 T=-0.59 0.559
Gender, n (%) - 1.000
Male 17 (70.83) 8 (66.67) 9 (75.00)
Female 7 (29.17) 4 (33.33) 3(25.00)
Blood Urea Nitrogen, umol/L 3.65 £ 2.00 2.47 +1.38 483+1.85 T=-3.54 0.002

Serum Creatinine, umol/L
Uric Acid, umol/L

116.85 +29.55 93.00 + 12.10 140.71+20.91 T=-6.84 <.001
435.18 +62.55 409.19 £45.97 461.17 +67.78 T=-2.20 0.039

Estimated Glomerular Filtration Rate, mL/min/1.73 m  78.67 £ 9.79 85.69 + 6.78 71.65+6.87 T=5.04 <.001

24-hour Urine Protein Quantification, g
Albumin, g/L
Hemoglobin, g/L

1.78 £ 0.57
33.54 + 6.86 36.73+6.04 30.34+6.31 T=253 0.019
113.02 + 16.17 118.91+15.01 107.13 +15.68 T=1.88 0.044

1.39+0.27 217+053 T=-464 <.001
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Figure 1. Characteristics of urinary exosomes in immunoglobulin A nephropathy (IAN) patients: (A) Morphology of
urinary exosomes observed by transmission electron microscopy; (B) Particle size and concentration of urinary exo-
somes analyzed by the nanoparticle size analyzer; (C) Specific surface markers cluster of differentiation 63 (CD63),
cluster of differentiation 81 (CD81) and heat shock protein 70 (Hsp70) of urinary exosomes analyzed by western

blotting.

(Hsp70) (Figure 1C). The original Western blot
analysis of exosomal biomarkers is shown in
Supplementary Figure 1. In conclusion, our
experiments confirmed that the precipitate
structure isolated from urine belonged to
exosomes.

Screening of differentially expressed miRNAs
and bioinformatic prediction

High-throughput sequencing was conducted to
screen the miRNA expression profiles of exo-
somes in urine samples from IgAN patients in
the TO group and T1 group (Figure 2A). Notably,
25 differentially expressed miRNAs were identi-
fied [p < 0.05, log2 (fold change) > 10], among
which 9 miRNAs were upregulated and 16 miR-
NAs were downregulated in the T1 group com-
pared to the TO group. Figure 2B displays the
clustering analysis results of each differentially
expressed miRNA in the samples. Figure 2C
presents the top 10 GO terms in each GO cate-
gory associated with the upregulated miRNAs.
Figure 2D and 2E list the important pathways
identified by the KEGG and Reactome analy-
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ses of the upregulated miRNAs. The results
revealed that membrane trafficking, calcium
signaling pathway, Ras signaling pathway, cell
adhesion molecules, focal adhesion, ErbB sig-
naling pathway, signaling by Rho GTPases, Miro
GTPases and RHOBTB3, signaling by Rho
GTPases, and RAC1 GTPase cycle were all relat-
ed to EMT. Therefore, subsequent experiments
focused on exploring the upregulated miRNAs.

RT-qPCR validation of miRNAs

The RT-gPCR results indicated that compared
to the TO group, all 9 miRNAs in the T1 group
were significantly upregulated (P < 0.05),
among which miR-320b showed the highest
degree of upregulation (P < 0.001) (Figure 3).

Diagnostic value of miRNAs for TA/IF score in
patients with ISAN

The diagnostic value of urinary exosomal miR-
NAs for TA/IF scores in IgAN patients was deter-
mined through ROC curve analysis. The AUC
and P-values of selected miRNAs were as fol-
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Figure 2. High-throughput sequencing and enrichment analysis: (A) Volcano plot of microRNA (miRNA) expression profiles; (B) Heatmap of miRNA expression profiles;
(C) Gene Ontology (GO) analysis of upregulated miRNAs; (D) Kyoto Encyclopedia of Genes and Genomes (KEGC) analysis of upregulated miRNAs; (E) Reactome
analysis of upregulated miRNAs.

8571 Am J Transl Res 2025;17(11):8567-8576



Urinary exosomal miR-320b is a non-invasive biomarker

hsa-miR-320b 218021 324401 218682 1,631
% 1.5- ¥
5 - - 0
- 15 ’—‘ * 204 2.0
*
= |

i ‘ g 2 g S 154
Z Z £ 1.0+ = 159 2
3 % 1.0 e 2 3
= 3 o e ) =
s s 7 & &
e ] = = % 1.0
= = o = 1.0 =
£ 27 2 2 e :
2 £ 054 E 0.5+ £ 3
g 1 & & 205 305

0- 0.0- 0.0- 0.0- 0.0-

TO T1 TO T1 0 TI TO T1 TO TI
hsa-miR-375-3p 17_14010 17_13831 5.27353
2.0- 2.0- 2.0+ 1.5+ .

—
n
1

Relative Expression
Relative Expression
—_
>
1
Relative Expression

=
n
1

*% %
1.5- ‘ S | l S 154
1.0- 21 § 1.0
0.5 5 0.5 S 0.5+
0.0- 0.0- 0.0~
TO T1 TO T1

*%
]l 0.0
TO T1

1.0+

0.5

Relative Expression

T0 T1

Figure 3. Comparison of urinary exosomal miRNAs levels between the TO group and the T1 group by real-time poly-
merase chain reaction: * Indicates P < 0.05, ** Indicates P < 0.01, *** Indicates P < 0.001.

lows: miR-320b (AUC = 0.8785, P = 0.0017),
3_24401 (AUC = 0.7778, P = 0.0209), miR-
375-3p (AUC = 0.8333, P = 0.0056), 2_18682
(AUC = 0.8264, P = 0.0067), 2_18021 (AUC =
0.8056, P = 0.0111), 17_13831 (AUC =
0.8264, P =0.0067),17_14010 (AUC = 0.7847,
P = 0.0179), 5_27353 (AUC = 0.8472, P =
0.0039), and 1_631 (AUC = 0.7708, P =
0.0243) (Figure 4). Based on miRNA profiling,
bioinformatic prediction, RT-gPCR, and ROC
curve analysis, the role of miR-320b in tubu-
lar atrophy/interstitial fibrosis was further
explored.

The correlation between miR-320b and clinical
data

The expression of miR-320b was positively cor-
related with 24UP (r = 0.4660, P = 0.0217),
BUN (r = 0.5517, P = 0.0052), SCR (r = 0.4550,
P = 0.0255), and UA (r = 0.5686, P = 0.0037).
In contrast, miR-320b was negatively correlat-
ed with eGFR (r = -0.5918, P = 0.0023), as
shown in Figure 5.

Discussion

Exosome-derived miRNAs play a crucial role in
intercellular material and signal transduction,
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participating in various biologic processes such
as inflammation, cell proliferation, differentia-
tion, and apoptosis. Consequently, they may
regulate multiple pathologic processes [15].
Currently, a few studies have shown that uri-
nary exosomal miRNAs can serve as non-inva-
sive biomarkers for diagnosing renal fibrosis.
Yua et al. detected the differential miRNAs from
urinary exosomes in 38 chronic kidney disease
(CKD) patients with varying degrees of renal
fibrosis and 12 normal individuals [16]. The
results revealed that miR-200b derived from
non-proximal tubular urinary exosomes serves
as a biomarker of renal fibrosis and could, to
some extent, offer a non-invasive alternative to
renal biopsy for assessing renal fibrosis.
Epithelial-mesenchymal transition (EMT) plays
a key role in renal tubulointerstitial fibrosis.
Mouse experiments have confirmed that miR-
30b-5p directly targets SNAI1 to regulate EMT
in diabetic nephropathy [17]. These findings
indicate that miR-30b-5p can not only assess
the severity of renal fibrosis in DN but may also
serve as a therapeutic target for improving
renal fibrosis.

This study was the first to screen differential
miRNAs in urinary exosomes of IgAN patients
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based on the Oxford classification TA/IF score
in renal biopsy. Based on the TA/IF score, ISAN
patients were divided into the TO group (TA/IF <
25%) and the T4 group (TA/IF > 25%). Urine was
collected, and cup-shaped vesicles were iso-
lated by ultracentrifugation. The vesicles exhib-
ited a size and composition consistent with that
of exosomes, indicating successful extraction
of exosomes. High-throughput sequencing
identified 25 differentially expressed miRNAs.
miRNA profiling, enrichment analysis, RT-qPCR,
and ROC curve analysis identified miR-320b as
the most suitable biomarker for predicting the
degree of tubular atrophy/interstitial fibrosis in
IgAN patients.
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miR-320b is located on human chromosome 1
and belongs to the microRNA family [18]. It is
an important member of the miR-320 family
and plays an essential role in various biologic
processes such as tumor progression, apopto-
sis, inflammatory states, vascular injury, and
EMT [19-22]. In colorectal cancer, the upregula-
tion of miR-320b is associated with enhanced
proliferation and invasion capabilities of cancer
cells [23], which might be mediated by a com-
petitive mechanism with its homolog miRNA-
320a [19]. In osteosarcoma cells, overexpres-
sion of miR-320b significantly inhibits cell
viability and invasion ability while promoting
apoptosis, suggesting that miR-320b may exert
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its biological functions by regulating the apop-
totic pathway [24]. Additionally, miR-320b par-
ticipates in the proliferation and metastasis of
lung cancer cells by targeting BMPR1A, high-
lighting its complex role in cancer [25]. In terms
of inflammation and vascular injury, miR-320b
can regulate the proliferation and apoptosis
of scar fibroblasts by targeting 3-catenin, sug-
gesting that miR-320b effectively regulates
fibrotic diseases [26]. Previous studies have
reported that in the progression of esophageal
squamous cell carcinoma (ESCC) [27], overex-
pression of miR-320b reduces the level of
E-cadherin, while enhancing the expression of
N-cadherin, vimentin, and Snaill. Among them,
E-cadherin and N-cadherin are involved in inter-
cellular adhesion between epithelial cells and
mesenchymal cells [28, 29]. In addition, vimen-
tin is a core component of the mesenchymal
cell cytoskeleton [30], and Snaill is a core tran-
scription factor that induces EMT [31]. The
changes in their expression are key features of
the EMT process [32]. Collectively, these find-
ings indicate that miR-320b plays a pivotal role
in EMT [33, 34].

In addition, this study investigated the correla-
tion between the expression level of miR-320b
and clinical data. The results showed that com-
pared to the TO group, the levels of BUN, SCr,
UA, Hb, Alb, and 24UP in the T1 group were sig-
nificantly increased, while eGFR was decreased
(P < 0.05). Spearman correlation analysis indi-
cated that miR-320b was significantly positive-
ly correlated with 24UP, SCr, BUN, and UA, while
it was significantly negatively correlated with
eGFR. These results are in accordance with
those of Li et al. [35]. In clinical practice, pro-
teinuria and serum creatinine levels are fea-
tures associated with the progression of IgAN
[36]. The above results indirectly suggest that
the expression level of miR-320b in urinary exo-
somes may serve as a novel biomarker for the
progression of IgAN.

Nevertheless, the limitations of the present
study should be acknowledged. First, the
research results are still at an initial stage. The
sample size of IgAN included in the study is
relatively small, and no independent validation
group was established. All analyses were based
on the same discovery group, thus the repro-
ducibility and stability of miR-320b could not be
verified. Further validation is needed in a larger
independent cohort. Second, among the includ-
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ed IgAN patients, no patient demonstrated TA/
IF scores > 50%, which might be attributed to
routine urine tests and the fact that all the
patients selected for renal biopsy were in the
early to middle stages. Still, multicenter studies
should be conducted to investigate patients
with TA/IF scores > 50%. Third, we did not
establish a healthy control group or other con-
trol groups for kidney diseases, so we were
unable to prove whether miR-320b is specifi-
cally upregulated in the TA/IF lesions of patients
with IgAN. In future studies, we will add healthy
control groups or other control groups for kid-
ney diseases to improve this significant defi-
ciency. Finally, due to budgetary constraints,
down-regulated miRNAs were not analyzed.

Conclusion

Urinary exosome miRNA expression profiles dif-
fer significantly among IgAN patients with vary-
ing TA/IF scores. Notably, significantly higher
miR-320b levels are observed in patients with
high TA/IF scores compared to those with low
scores. Additionally, urinary exosome miR-320b
promotes EMT in HK-2 cells, highlighting its
potential as a non-invasive biomarker for pre-
dicting TA/IF scores in IgAN. Future work will
focus on identifying the target genes of miR-
320b and elucidating the mechanisms of renal
fibrosis progression in IgAN to identify effective
targets.
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Supplementary Figure 1. Western blotting analysis of exosome biomarkers (CD63, CD81, HSP70).



