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Urinary exosomal miRNA-451a can be used as a potential noninvasive 
biomarker for diagnosis, reflecting tubulointerstitial damage and 
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ABSTRACT
To investigate the potential clinical value of urinary exosomal (uE) miR-451a as a biomarker for 
IgAN, urinary exosomes were isolated from 40 patients with IgAN, 30 patients with primary renal 
diseases without IgA as disease controls (non-IgAN group) and 21 healthy controls (HCs). The 
expression of miR-451a within exosomes was examined by reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR). uE miR-451a was significantly upregulated in patients with 
IgAN compared to non-IgAN and HCs. The uE miR-451a level was positively correlated with the 
change in eGFR and negatively correlated with serum creatinine, urinary macrophage migration 
inhibitory factor (MIF), interleukin-6 (IL-6) and tumor necrosis factor (TNF-α). A dual-luciferase 
reporter assay confirmed that MIF was a direct target of miR-451a. Receiver operating characteristic 
(ROC) curve analysis revealed that the expression of uE miR-451a showed potential diagnostic 
value for IgAN. Additionally, the uE miR-451a level could distinguish patients with IgAN with mild 
tubular atrophy/interstitial fibrosis from those with severe tubular atrophy/interstitial fibrosis. After 
a mean follow-up of 14.2 months, the levels of eGFR loss (ml/min/1.73 m2/year) were negatively 
correlated with baseline miR-451a. The levels of baseline miR-451a in the complete remission 
group were significantly higher than those in the non-complete remission group. uE miR-451a 
expression was significantly elevated in patients with IgA nephropathy and may serve as a 
potential biomarker for the diagnosis of IgAN and evaluation of tubulointerstitial damage, while 
the baseline levels of uE miR-451a may be predictors of therapeutic efficacy and disease 
progression.

1.  Introduction

Immunoglobulin A nephropathy (IgAN) is the most common 
primary glomerulonephritis worldwide. Reportedly, 20%–40% 
of individuals with IgAN develop the progressive form of the 
disease, eventually requiring renal replacement therapy [1]. 
However, the pathophysiologic mechanisms that govern the 
progression of IgAN are incompletely understood, and there 
remain limited noninvasive methods to diagnose and estab-
lish the prognosis of IgAN [2].

In the past few decades, urine has served as a cost-effective 
and noninvasive diagnostic tool for monitoring kidney 

damage. However, existing methods for kidney disease diag-
nosis, including urine proteinuria and estimated glomerular 
filtration rate (eGFR), have limited sensitivity and specificity, 
and cannot be used for the early detection of kidney dis-
eases. Recent research has shown that patients traditionally 
regarded as being ‘low-risk’, with proteinuria levels < 0.88 g/
day, have high rates of kidney failure within 10 years [3]. 
Furthermore, the lower threshold for biopsy is still debated. 
Therefore, it is important to discover novel prognostic bio-
markers that could guide therapy [4].

Exosomes, small membrane-bound lipid vesicles with a 
diameter of 30–200 nm, are found in nearly all biological 
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fluids, including urine. Urinary exosomes contain proteins, 
mRNAs and miRNAs, which are secreted by cells from all 
nephron segments and provide an accurate representation of 
renal dysfunction and structural injury. Additionally, the 
potential of using urinary exosomes as biomarkers has been 
increasingly recognized, with several studies suggesting that 
urinary exosome miRNAs play an important role in the pro-
gression of nephropathy, such as focal segmental glomerular 
sclerosis, diabetic nephropathy and lupus erythematosus 
[5,6]. However, despite recent advancements, there is a lack 
of specific miRNAs that can reliably serve as diagnostic mark-
ers for IgAN.

Several small discovery studies have reported miRNA 
expression in IgAN. The first research on miRNAs in IgAN 
described the relationship between the urinary sediment 
miR-200 family, miR-205, miR-192 and the severity of kidney 
injury in IgAN [7]. MiR-451 was first identified and reported 
by Altuvia in the human pituitary gland more than a decade 
ago [8]. It has since been identified in several tissue types 
where it participates in multiple physiological and patholog-
ical processes. It has been reported that miR-451a delineates 
the proliferation activity of mesangial cells in rat models. 
Moreover, previous studies have shown miRNA-451 expres-
sion abnormalities in patients with chronic kidney disease 
(CKD). Indeed, Sayilar found significantly low urinary but 
higher plasma miR-451 levels in patients with CKD compared 
to healthy volunteers [9]. Moreover, Manju Kumari reported 
that subjects with CKD without diabetes had significantly 
higher urinary miR-451 expression than those with diabe-
tes [10].

Previously, we reported that urinary exosome miR-451a 
was upregulated in patients with IgAN, as determined by 
high-throughput sequencing and RT-qPCR [11]; however, 
whether urinary exosome miR-451a is specific to IgAN 
remains unknown. In this study, we assessed the differential 
expression of urinary exosome miR-451a in patients with 
IgAN compared to non-IgAN patients with primary renal dis-
eases and healthy controls (HCs), with the aim to explore the 
roles of urinary exosome miR-451a in diagnosing IgA 
nephropathy and predicting disease progression.

2.  Patients and methods

2.1.  Patients and general data

This study was conducted between October 2021 and February 
2023 at the Department of Nephrology at the Shanxi Provincial 
People’s Hospital (Taiyuan, China). Patients who were diag-
nosed with IgAN by biopsy and were aged ≥ 18 years were 
enrolled, while patients without IgAN with primary renal dis-
eases who underwent kidney biopsy at the same time were 
included as the disease control group (non-IgAN patients). The 
exclusion criteria were as follows: patients with secondary IgA 
nephropathy; those who had received corticosteroids or 
immunosuppressants before the beginning of this study; those 
with malignancy, lupus, or severe hepatic disease; those who 
underwent kidney implantation therapy, including kidney 

transplantation or dialysis; and those with acute or chronic 
infection. We also excluded patients with fewer than eight 
glomeruli in light microscopy sections, and those with inade-
quate laboratory data records. Healthy volunteers were 
recruited at the Physical Examination Center of the same hos-
pital. All patients had normal renal function, normal urinalysis 
results, and no personal or family history of nephropathy or 
other serious illness.

Finally, 40 patients with IgAN, 30 non-IgAN patients 
(including 19 cases of membranous nephropathy, 10 cases of 
minimal change disease, and one case of focal segmental 
glomurular sclerosis), and 21 healthy volunteers (as healthy 
controls; HCs) were enrolled in this study. We reviewed the 
patients’ demographic, clinical, and pathological information. 
Urine and serum specimens, and clinical data, were collected 
at the time of admission for renal biopsy. The clinical param-
eters reviewed included 24-h urinary protein excretion (UPE), 
serum creatinine (Scr), and eGFR, calculated using the Chronic 
Kidney Disease Epidemiology Collaboration (CKD–EPI) equa-
tions, as estimated by a standard equation at the time of 
kidney biopsy [12]. After renal biopsy, the patients were 
treated with corticosteroids or angiotensin-converting 
enzyme inhibitors (ACEIs)/angiotensin receptor blockers 
(ARBs), according to the KDIGO guidelines [13], and followed 
up for at least 12 months. Complete remission (CR) was 
defined as the absence of proteinuria (proteinuria < 0.3 g/24 h) 
along with a lack of worsening of renal function. Partial 
remission (PR) was defined as a ≥ 50% reduction in protein-
uria from baseline. No response (NR) was defined as a < 50% 
reduction in proteinuria. All subjects signed informed con-
sent forms and were approved by the Ethics Committee of 
Shanxi Provincial People’s Hospital.

2.2.  Evaluation of renal pathological lesions

Renal tissues obtained by biopsy were fixed with formalin. 
After dehydration, transparentizing, waxing, embedding, par-
affin sectioning (at a thickness of 3 um), and bake the slides 
at 60 degrees for 12–24 hours, they were stained with hema-
toxylin and eosin (H&E), periodic acid Schiff (PAS), periodic 
acid silver methenamine (PASM), and Masson’s trichrome for 
light microscopy. For immunofluorescence: 2 mm of fresh 
renal tissue obtained after renal puncture was added to a 
small amount of OCT embedding agent and frozen in a 
freezer kept at a constant temperature to prepare sections 
(with a thickness of 4 um). FITC-conjugated rabbit anti-human 
IgG, IgA, IgM, C3, and C1q (Zhongshan Jinqiao Biotech, 
Beijing, China) diluted at a ratio of 1:30 were added drop-
wise, and then the sections were incubated at 37 °C for 
30 min, washed with PBS for 2 min three times, and sealed 
with a water-soluble sealing agent. The stained sections were 
then observed and interpreted under a fluorescence micro-
scope. The renal pathology interpretation work in this section 
was carried out by two experienced professional renal 
pathology experts from Shanxi Provincial People’s Hospital 
who were blinded to the patients’ data and who evaluated 
the renal biopsy slides separately. For patients with IgAN, the 
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severity of the renal pathological lesions was evaluated 
according to the Oxford classification [14]. Four variables of 
the Oxford classification were further evaluated, including 
mesangial proliferation (M1 - more than half the glomeruli 
have more than three cells in a mesangial area, M0 - did not 
meet the criteria of M1), endocapillary hypercellularity (E1 - 
present, E0 - absent), segmental glomerulosclerosis (S1 - 
present, S0 - absent), tubular atrophy/interstitial fibrosis (T0: 
0%–25%, T1: 26%–50%, T2: ≥ 50%), and crescents (C0: no 
crescents, C1: crescents in < 25% of glomeruli, C2: crescents 
in > 25% of glomeruli).

2.3.  Sample collection and processing

The whole-stream early morning urine specimens collected 
from patients and controls were processed within 4 h after 
collection at 4 °C. Urine samples were centrifuged at 3000 × g 
for 15 min within 2 h of collection. The precipitate was dis-
carded, and the supernatant was collected in a new sterile 
centrifuge tube and stored at −80 °C for later use.

2.4.  Urinary exosome isolation

The isolated urinary exosome was collected using ultracen-
trifugation method. The urine supernatant was centrifuged at 
2500 × g for 30 min at 4 °C. Then, the supernatant was col-
lected for secondary centrifugation at 10,000 × g for 30 min  
at 4 °C. The supernatant was then again collected and  
transferred to a high-speed centrifuge for 70 min at 4 °C, 
200,000 × g. The supernatant was then removed, after which 
the precipitate was resuspended in 10 mL PBS, using a 
0.22-μm membrane for filtration (Merck KGaA, Darmstadt, 
Germany) and centrifuged again for 70 min (4 °C, 200,000 × g). 
The supernatant was then again removed, and the precipi-
tate was resuspended in 100 μL PBS; this was the purified 
exosome sample, which was then collected and stored at 
−80 °C. We identified exosomes by measuring exosome mark-
ers CD9 and CD63 using a western blot and observing the 
exosome morphology under electron microscopy following 
the method of our preliminary work [11].

2.5.  RNA extraction

The miRcute miRNA Isolation Kit (Tiangen Biotech, DP501, 
Beijing, China) was used to separate extracellular miRNAs fol-
lowing the manufacturer’s guidelines. The RNA concentration 
(ng/ml) and purity (A260/A280) were detected using the 
NanoDrop One spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA).

2.6.  RT-qPCR analysis

RT-qPCR was performed using a miRcute Plus miRNA 
First-Strand cDNA Kit (Tiangen Biotech, KR211, Beijing, China) 
according to the manufacturer’s instructions. RT-qPCR was 
performed on an RT-PCR instrument using a miRcute Plus 

miRNA qPCR Kit (SYBR Green) Kit (Tiangen Biotech, FP411, 
Beijing, China) according to the manufacturer’s protocol.  
The relative miRNA-451a (i.e., the primer sequence 
5′-GCCAAACCGTTACTGAGTT-3′) (Sangon Biotech, Shanghai, 
China) expression was calculated using the 2 − ΔΔCT method, 
with the threshold cycle values normalized against U6 
(Sangon Biotech, B532451, Shanghai, China).

2.7.  Macrophage migration inhibitory factor (MIF) and 
cytokine detection by enzyme-linked immunosorbent assay 
(ELISA)

We used sandwich ELISA (Biosource® Europe S.A., Nivelles, 
Belgium) kits for measuring the urine levels of MIF, IL-6, and 
TNF-α, according to the manufacturer’s specifications.

2.8.  Dual luciferase reporter assay for the identification of 
MIF as a functional target of miR-451a

The mRNA of MIF 3′- UTR containing wild-type (AACGGUU) 
or mutant miR-451a (GGUTAACC) (Gene Pharma, Shanghai, 
China) binding sites was cloned into the pmirGLO vector 
(Writegene Biotech, Zhengzhou, China). HEK-293T cells 
(CCTCC, Wuhan, China) were co-transfected with the lucifer-
ase reporter plasmid and miR-451a mimic or negative control 
(mimic NC) using Lipofectamine 2000 (Invitrogen). After 48 h, 
the luciferase activity was determined using a Dual-Glo 
Luciferase Reporter Assay System (Promega) according to the 
manufacturer’s instructions. The firefly luciferase activity of 
each sample was normalized to the Renilla luciferase activity.

2.9.  Statistical analysis

Statistical analysis was performed using SPSS for Windows 
software, version 24.0 (IBM Corp, Armonk, NY, USA). 
Continuous data are expressed as the mean ± SD, and were 
compared using t-test or one-way ANOVA. Data with a 
skewed distribution are presented as median and interquar-
tile range (IQR), as appropriate. The nonparametric Mann–
Whitney test or Kruskal–Wallis rank (three groups) test was 
used to test non-normally distributed data. Categorical data 
are expressed as percentages and were compared using the 
chi-squared test, and the relationships between variables 
were analyzed by Spearman rank (R) correlation coefficients. 
We constructed ROC curves and calculated the area under 
the ROC curve (AUC) to investigate the value of miRNAs for 
predicting IgAN and evaluating histological injury. p-values < 
0.05 were considered statistically significant. All probabilities 
were two-tailed.

3.  Results

3.1.  Demographic and baseline data of IgAN, non-IgAN, 
and healthy control (HC) groups

Forty patients with IgAN were enrolled in our study, among 
whom 22 were males and 18 were females. The age of the 



4 Q. ZHANG ET AL.

patients at renal biopsy was 41.2 ± 12.3 years old. Thirty-seven 
were treated with renin angiotensin system (RAS) blockade 
alone and 25 were treated with steroids and/or immunosup-
pressants. The baseline characteristics of patients with IgAN, 
non-IgAN patients, and HCs are listed in Table 1. The three 
groups showed no significant differences in sex and age. 
Additionally, there were no significant differences in Scr and 
eGFR between patients with IgAN and non-IgAN patients.

3.2.  Levels of uE miR-451a in patients with and without 
IgAN, and HCs

As shown in Figure 1, the urinary exosomal (uE) expression 
of miR-451a was significantly higher in the IgAN group (5.38 
[0.502–17.8]) compared to the non-IgAN (4.04 [1.677–5.515], 
p = 0.013) and HC groups (0.26 [0.0–2.2], p = 0.011), although 
there were no significant differences between the non-IgAN 
and HC groups (p = 0.325).

3.3.  Association between uE miR-451a and clinical and 
pathological parameters in patients with IgAN

As shown in Table 2, the levels of uE miR-451a were posi-
tively correlated with eGFR (r = 0.485, p = 0.0012) and nega-
tively correlated with Scr (r = −0.389, p = 0.04), urinary MIF 

(r = −0.693, p < 0.001), IL-6 (r = −0.768, p < 0.001), and TNF-α 
(r = −0.663, p < 0.001).

However, there was no significant correlation between 
miR-451a expression and 24-h urinary protein excretion (UTP) 
(r = 0.014, p = 0.944). The patients with IgAN were divided into 
two groups according to the eGFR, namely < 50 mL/min/1.73 
m2 and ≥ 50 mL/min/1.73 m2 (9 vs. 31 cases). The relative lev-
els of uE miR-451a noticeably decreased in the eGFR < 
50 mL/min/1.73 m2 group compared to the eGFR ≥ 50 mL/
min/1.73 m2 group (14.680 [0.5, 18.3] vs. 0.720 [0.3, 0.7], 
p = 0.007; Figure 2].

3.4.  Identification of MIF as a functional target of miR-
451a

We performed a dual-luciferase reporter assay to determine 
whether MIF was a direct target of miR-451a. Wild-type and 
mutant 3′-UTR luciferase reporter constructs of MIF were 
generated, and these vectors were co-transfected into 
HEK-293T cells with miR-451a mimic or mimic NC, respec-
tively. The results showed that miR-451a mimic transfection 
could inhibit wild-type MIF 3'UTR (p = 0.03, Figure 3).

3.5.  Correlations between uE miR-451a and 
histopathological parameters according to the Oxford 
classification in patients with IgAN

For mesangial proliferation, endocapillary hypercellularity, 
segmental glomerulosclerosis, and crescents, the levels of uri-
nary miR-451a showed no significant difference between 
patients with M1 and M0 (10.0 [0.5–16.4] vs. 5.355 [0.3–18.3], 
p = 0.086), E1 and E0 (14.62 [0.4–17.5] vs. 5.53 [0.5–18.2], 
p = 0.935), S1 and S0 (5.350 [0.4, 16.5] vs. 16.440 [0.7, 18.3], 
p = 0.126), C1 and C0 (0.73 [0.5–15.1] vs. 10.005 [0.3–18.3], 
p = 0.365). The levels of urinary miR-451a were significantly 
lower in patients with a score of T1 (0.725 [0.3–16.4]) and T2 

Table 1.  Baseline characteristics of the patients with and without IgAN, 
and healthy controls (HCs).

Group IgAN Non-IgAN HC

Cases 40 30 21
Sex (M/F) 22/18 17/13 12/9
Age (years) 41.2 ± 12.3 42.1 ± 15.2 38.1 ± 10.5
UPE (g/day) 1.76 (1.20–2.82) 3.2 (2.1–7.5) 0.019 

(0.005–0.04)
Scr (μmol/L) 92.15 

(76.7–120.8)
78 (57.8–95.9) 60 (52.3–83.2)

eGFR (ml/min/1.73 
m2)

82.25 
(54.8–102.7)

90.2 
(59.5–115.4)

102.2 
(80.2–133.4)

Oxford classification
M1/M0 22/18 – –
E1/E0 9/31 – –
S1/S0 29/11 – –
T1/T2/T0 14/7/19 – –
C1/C0 10/30 – –

Data are expressed as the mean ± SD (25th–75th percentiles); eGFR: 
Estimated glomerular filtration rate; Scr: Serum creatinine; M: male; F: 
female; UPE: 24-h urinary protein excretion; HC: healthy control.

Figure 1.  Comparison of uE miR-451a levels among the IgAN, non-IgAN, 
and HC groups. *Significant difference between patients with IgAN and 
HCs (p = 0.011); #significant difference between patients with non-IgAN 
and HCs (p = 0.0013).

Table 2.  Correlations between uE miR-451a and clinical parameters and 
urinary MIF, TNF-α, and IL-6.

R p-value

Scr −0.389 0.040
eGFR 0.485 0.012
UTP 0.014 0.944
MIF 0.693 < 0.001*
TNF-α −0.663 < 0.001*
IL-6 −0.768 < 0.001*

R: Spearman correlation coefficient; Scr: serum creatinine; eGFR: estimating 
glomerular filtration rate; UTP: 24-h urinary protein excretion; MIF: mac-
rophage migration inhibitory factor; TNF-α: tumor necrosis factor; IL-6: 
Interleukin-6. *Significant difference at p < 0.01.
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(0.720 [0.5–5.4]) than those with a score of T0 (18.240 
[5.3,18.5], p = 0.011, p = 0.026, respectively) (Figure 4).

3.6.  Prediction values of uE miR-451a in patients with 
IgAN

As shown in Figure 5, ROC analysis revealed that uE levels 
of miR-451a were able to significantly discriminate between 
IgAN and HC (AUC: 0.817, p < 0.001), the best ‘cutoff’ expres-
sion level was > 0.43, giving a sensitivity of 0.8 and specific-
ity of 0.714.

As shown in Figure 6, the uE levels of miRNA-451a were 
able to significantly discriminate between T0 and T1 + T2. 
(AUC: 0.783, p = 0.002). The best ‘cutoff’ expression level for 
predicting renal tubulointerstitial injury was 16.44, giving a 
sensitivity of 0.571 and specificity of 0.947.

3.7.  Correlation between uE miR-451a expression and 
clinical remission

Of the 40 patients with IgAN, the mean time of follow-up 
was 14.2 months (10.1–16.5 months). Additionally, there were 
no correlations between the rate of reduction of UPE (g/24 h/
year) and levels of baseline uE miRNAa-451.eGFR loss (ml/
min/1.73 m2/year) were negatively correlated with baseline 
miR-451a (r = −0.325, p = 0.039). We divided the 40 patients 
into CR and non-CR groups after follow-up. The results are 
summarized in Table 3. The levels of baseline uE miR-451a in 
the CR group were significantly higher than the those in the 
non-CR group (p = 0.018). Patients who achieved CR of pro-
teinuria also had more severe tubular atrophy/interstitial 
fibrosis (p = 0.014).

4.  Discussion

Currently, the existing methods and markers for IgAN diag-
nosis and progress risk assessment are limited [1]. Recent 
studies have found that miRNAs can be secreted by cells into 
body fluids and that the circulating miRNAs are highly stable. 
However, the results have been debated, with discrepancies 
attributed to the different technologies or materials used in 
these studies. Furthermore, the results may also be influ-
enced by the detection of urinary miRNA expression in urine 
sediments (which consist of various cell types, including red 
blood cells, lymphocytes, and renal tubular cells) without 

Figure 2.  Comparison of uE miR-451 levels between the two subgroups 
according to the eGFR < 50 mL/min/1.73 m2 and ≥ 50 mL/min/1.73 m2 in 
patients with IgAN (9 vs 31 cases). *Significant difference between patients 
with the two subgroups according to the eGFR < 50 mL/min/1.73 m2 and 
≥ 50 mL/min/1.73 m2 in patients with IgAN (p = 0.007).

Figure 3.  Hsa-miR-451a mimic transfection can inhibit wild-type MIF 
3′UTR (p = 0.03).

Figure 4.  Relationship between uEsmir-451a levels and different scores of 
tubular atrophy/interstitial fibrosis in IgA nephropathy according to the 
Oxford classification. #Significant difference between patients with T1 and 
T0 (p = 0.011). *Significant difference between patients with T2 and T0 
(p = 0.026).
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determining their cellular source [15]. uE are produced by 
the kidney and pass through almost all kidney cell types. 
Additionally, uE contain miRNAs, which can be remarkably 

stable and easily obtained, providing readily available sources 
in the clinical setting for diagnosis and monitoring, serving 
as biomarkers for kidney diseases [16].

In our previous study, using deep sequencing of uE, we 
identified higher miR-451a levels in urinary exosomes in 
patients with IgAN [12]. However, these studies lacked dis-
ease controls to prove whether the differently expressed 
miRNAs were disease-specific for IgAN. In theory, any aber-
rant miRNA expression observed in patients with IgAN could 
be either disease-specific or present in all patients with CKD. 
In this study, to confirm whether this exosomal miRNA is 
related to IgAN, we determined the relative levels of 
miRNA-451a in the uE of patients with IgAN and HCs, as well 
as in other primary nephropathies as a disease control. The 
data indicated that patients with IgAN had greater expres-
sion of miR-451a in uE than non-IgAN and HCs. Additionally, 
the levels of uE miR-451a were positively correlated with 
eGFR and negatively correlated with Scr, indicating a possible 
correlation between the levels of the uE miR-451a and the 
severity of IgAN. At the same time, according to the eGFR ≥ 
50 mL/min/1.73 m2 and < 50 mL/min/1.73 m2 in patients with 
IgAN, the level of miR451a in uE significantly declined with 
decreased renal function; however, there was no significant 
correlation between miR-451a expression and proteinuria 
severity. We analyzed the ability of uE miR-451a as a bio-
marker to distinguish between IgAN and HC groups. As 
shown in Figure 5, the urinary levels of miRNA-451a were 
able to significantly discriminate between IgAN and 
HC groups.

The factors of IgAN progression are unclear. The Oxford 
classification encompasses five histopathological features (M, 
E, S, T, and C scores), which are independently associated 
with a higher risk of future kidney function decline. It has 
recently been reported that even if the urinary protein, 
which mainly reflects the degree of glomerular injury degree, 
is well controlled (< 1 g), IgAN still progresses [3]. Moreover, 
there is increasing evidence that tubulointerstitium injury 
plays an important role in the progression of IgAN. Our 
study showed that the levels of uE miR-451a were signifi-
cantly lower in patients with scores of T1 and T2 than those 
with T0. ROC revealed that miR-451a can distinguish patients 
with mild tubular atrophy/interstitial fibrosis from those with 
severe tubular atrophy/interstitial fibrosis, which are markers 
of renal chronic lesions. It has been reported that there is an 
increase in miR-451 expression in the exosomes secreted by 
human proximal tubular cells in response to injury [10]. 
Similarly, a study conducted on kidney tissue reported 
higher expression of miR-451 in the renal cortex of hyper-
tensive patients compared to that in normotensive subjects 
[17]. Therefore, we examined uE samples instead of whole 
urine. Molecules in the urinary exosomal membrane are 
thought to be protected from the toxic urine environment 
and may reflect true levels. Additionally, biomolecules in uri-
nary exosomes may represent the pathophysiological state 
of the originating renal cells.

The multiple-hit theory of IgAN has been widely accepted 
in the academic circle. It is now established that many 

Figure 5.  ROC analysis of uE miR-451a for the diagnosis of IgAN. AUC: 
Area under the curve; 95% CI: 95% confidence interval.

Figure 6.  ROC curve of discriminating patients with IgAN with tubular 
atrophy/interstitial fibrosis T0 from patients with T1 + T2. AUC: Area under 
the curve; 95% CI: 95% confidence interval.

Table 3.  Comparison of baseline clinical parameters and uE miR-451a lev-
els between the CR and non-CR groups.

No. of patients, n (%) CR (16) Non-CR (24) p-value

Age (years) 41.63 ± 12.20 40.96 ± 12.67 0.89
Baseline eGFR (ml/

min/1.73 m2)
92.640 (75.9, 

122.1)
70.255 (37.6, 

100.9)
0.018

Baseline UPE (g/day) 1.710 (1.1, 3.2) 1.990 (1.2, 2.7) 0.89
RAS 14/16 23/24 0.652
Steroids and/or 

immunosuppressants
9/16 16/24 0.505

M1/M0 9/7 13/11 0.897
E1/E0 6/10 3/21 0.142
S1/S0 11/5 18/6 0.942
T2/T1/T0 2/2/12 12/5/7 0.014*
C1/C0 3/13 7/17 0.709
miR-451a 15.510 (5.4, 

18.3)
0.730 (0.3, 

16.5)
0.037*

*Significant difference at p < 0.05.
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proinflammatory cytokines such as TNF-α, IL-6, and chemok-
ines, are highly produced by glomerular cells and contribute 
to glomerular inflammation [18]. We previously employed 
bioinformatics analysis to identify and validate MIF as a tar-
get of miR-451a [12].

MIF is a cytokine that shares many activities with other 
proinflammatory cytokines and activates macrophages by 
promoting the synthesis of cytokines such as TNF-α, 
Interleukin-1β (IL-1β), and IL-6 [19,20]. MIF, in combination 
with these cytokines, plays a pivotal role in mediating renal 
injury. Moreover, it has been reported that MIF plays a role 
as the initial or exacerbation mediator of IgAN or in the pro-
gression of IgAN [21]. Urine MIF (uMIF) levels increase in 
patients with IgAN, reflecting the clinicopathological activity 
of the disease. High levels of uMIF reflect macrophage acti-
vation, which is considered to be involved in the develop-
ment of glomerular injury in IgA nephropathy [22]. Given the 
importance of the renal immune response and inflammatory 
reaction in the pathophysiology of IgAN, we also investi-
gated the correlations of uE miR-451a with MIF and proin-
flammatory cytokines (IL-6 and TNF-α) in the urine sediment. 
Our results revealed that uE levels of miR-451a negatively 
correlated with urinary expression of MIF, IL-6, and TNF-α. 
Our preliminary research found that MIF is one of target 
genes predicted by Targetscan for hsa-miRNA-451a [11]. We 
also performed a dual-luciferase reporter assay to verify 
whether MIF was a direct target of miR-451a. Our results 
showed that transfection with a miR-451a mimic inhibited 
wild-type MIF 3′ UTR. We speculate that the upregulation of 
uE miRNA-451a downregulated the secretion of MIF, which 
further decreased the overproduction of the proinflammatory 
cytokines IL-6 and TNF-α, and contributed to the occurrence 
and progression of IgAN.

RiCong Xu et  al. recently investigated the relationship 
between Oxford Classification scores and longitudinal 
changes in proteinuria in patients with IgAN. As a result, they 
demonstrated that T1/2 was independently associated with a 
longitudinal increase in proteinuria in patients with IgAN 
[23]. In this study, we regarded complete remission of pro-
teinuria as the main clinical outcome. Our results showed 
that patients who achieved complete remission of protein-
uria also had mild tubular atrophy/interstitial fibrosis 
(p = 0.014). The levels of baseline miR-451a in the complete 
remission group were significantly higher than those in the 
noncomplete remission group after a mean 14.2 months of 
follow-up. The levels of eGFR loss (ml/min/1.73 m2/year) were 
negatively correlated with baseline miR-451a. The expression 
of uE miR-451a may reflect the degree of renal injury and 
may be used as a marker for non-renal biopsy to judge renal 
tubulointerstitial injury and predict the progression of IgAN. 
Furthermore, uE miR-451a seems to have a protective effect 
on tubular injury in the early stage of IgAN.

This study has some limitations that warrant discussion. 
First, the sample size was relatively small and all patients 
were Chinese. Additionally, we did not investigate IgAN and 
disease control with different severity levels. These results 
should be validated in large multicenter cohorts with 

subgroup controls. Second, the reason for the change in uE 
miR-451 levels remains inclusive, but may be caused by 
organ secretion or disease. It is necessary to further study 
the expression level of miR-451 in specific renal cell types. 
Third, to confirm the effect of the miR-451a level on the 
prognosis of IgAN, it would be better to extend the 
follow-up time.

In conclusion, uE miR-451a expression significantly 
increases in patients with IgAN. uE miRNA-451 was nega-
tively related to the increased severity of tubular interstitial 
damage, and it decreased with impaired renal function. We 
assessed the prognostic effect of uE miR-451a on the remis-
sion of proteinuria and decline of eGFR after a mean 
14.2 months of follow-up. Further research is needed to con-
firm whether the level of uE miR-451a measured during renal 
biopsy can potentially predict the prognosis of IgAN patients. 
Our results suggest that urinary exosomal miR-451a could be 
a noninvasive candidate biomarker for the diagnosis and 
evaluation of the severity IgAN.
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