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Summary

Infiltrated and activated M1 macrophages play a role in kidney
injury and fibrosis during chronic kidney disease (CKD)
progression. However, the specific ways that M1 macrophage
polarization contributes to renal fibrosis are not fully understood.
The study seeks to investigate how miR-92a-3p regulates
M1 macrophage polarization and its connection to renal fibrosis in
the development of CKD. Our results revealed that miR-92a-3p
overexpression increased M1-macrophage activation, iNOS, IL-6,
and TNF-a expression in RAW264.7 upon LPS stimulation.
LIN28A overexpression reversed these effects. Moreover, miR-
92a-3p overexpression in RAW264.7 exacerbated NRK-52E cell
induced by LPS, but
counteracted this effect. MiR-92a-3p knockout in unilateral
ureteral obstruction (UUO) C57BL/6 mice led to reduced renal
infiltration and fibrosis, accompanied by decreased iNOS, a-SMA,

apoptosis LIN28BA overexpression

IL-6, TNF-a, and increased LIN28A. In summary, our findings
suggest that miR-92a-3p may play a role in promoting renal
injury and fibrosis both /n vitro and in vivo. This effect is
potentially achieved by facilitating M1 macrophage polarization
through the targeting of LIN28A.
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Introduction

Chronic kidney disease (CKD) frequently goes
undiagnosed in its early stages due to the lack of evident
symptoms, affecting over 10 % of the adult population in
the United States and showing a continuous increase in
prevalence, especially in the presence of comorbidities
[1,2]. The disease progression is notably characterized by
kidney inflammation and fibrosis, conditions heavily
influenced by the activity of macrophages [3].
Macrophages, which are pivotal in producing pro-
inflammatory cytokines and fibrosis factors, are
categorized into M1 and M2 types based on their
functions [4-6]. M1 macrophages, known for their role in
exacerbating inflammation, are activated by external
stimuli such as LPS or IFNy, leading to an increase in
inflammatory mediators like iNOS, IL-6, and IL-12 [6,7].
In contrast, M2 macrophages, which help resolve
inflammation, are stimulated by IL-4 and IL-13 to express
anti-inflammatory factors such as Argl and IL-10 [7].

The regulatory role of microRNAs (miRNAs) in
macrophage polarization is the focus of this investigation.
MiRNAs are short non-coding RNA molecules that
modulate various biological processes, including cell
apoptosis, proliferation, and inflammation, by targeting
specific mRNAs [8,9]. miR-374b-5p

promotes M1 macrophage activation by targeting the

For example,

suppressor of cytokine signal 1 (SOCS1) during renal

ischemia/reperfusion injury [10]. Hao et al [11]
demonstrated that LNA-anti-miR-150 reduces pro-
inflammatory = M1/M2  macrophage  polarization,
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alleviating renal interstitial fibrosis. This study
particularly examines miR-92a-3p, part of the miR-17-92
cluster, is located on chromosome 13q31.3 within the
third intron of the Cl130rf25/MIR17HG gene [12].
Notably, inhibiting miR-92a-3p can alleviate oxidative
stress and pyroptosis in tubular epithelial cells (TECs)
during renal ischemia-reperfusion injury (IRI) by targeting
nuclear factor-erythroid 2-related factor 1 (Nrfl) [13].
Targeting endothelial miR-92a-3p has been proposed as
a potential therapeutic approach to treat atherosclerosis
associated with CKD [14]. Despite existing studies, the
exact mechanism by which miR-92a-3p influences
M1 macrophage polarization and its subsequent impact on
renal fibrosis in CKD remains unclear.

This study focuses on the LIN28 protein,
comprising two homologs, LIN28A and LIN28B, each
sharing similar structural and functional characteristics
[15]. LIN28 is known for its selective suppression of
miRNA expression and its influence on cell proliferation,
differentiation, and metabolic processes across various
cell types [16-18]. The overexpression of LIN28A has
been previously associated with enhanced tissue repair
and increased glycolytic activity in human embryonic
[19]. In the context of obstructive
adenovirus-mediated ~ LIN28A

expression has been effective in reducing renal fibrosis,

kidney cells
nephropathy, over-
suggesting its potential as a therapeutic target for CKD
[20]. Furthermore, the LIN28B-let-7-HMGA2 axis has
been identified as a regulator of M1 macrophages,
indicating its possible application in immunotherapy for
breast cancer [21]. Building on prior research which
identified LIN28A as a target of miR-92a-3p, this study
aims to further elucidate the role of the miR-92a-
3p/LIN28A axis in the regulation of M1 macrophage
polarization and its impact on renal fibrosis during the
progression of CKD.

The study aimed to investigate the effects of the
miR-92a-3p/LIN28A axis on M1 macrophage activation in
LPS-stimulated RAW267.4 cells, apoptosis in LPS-induced
NRK-52E cells, and kidney pathology in mice with
unilateral ureteral obstruction (UUQ). The goal is to identify
new treatments for renal interstitial inflammation.

Materials and Methods

Cell culture and chemical treatment

The mouse macrophage cell line RAW264.7 and
rat kidney tubular epithelial cell line NRK-52E were
acquired from the cell bank of the Chinese Academy of

Sciences in Shanghai, China. These cell lines were
cultured in DMEM (cat. no. D6046; Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10 % FBS and
1 % penicillin-streptomycin (Gibco, USA) in a 5% CO,
atmosphere at 37 °C. To induce M1 macrophage activation
in RAW264.7 cells, a stimulation with 100 ng/ml LPS
(L2880; Sigma-Aldrich) was performed for 24 h.

Cell transfection

The miR-92a-3p mimic and mimic negative
control (mimic NC), as well as the miR-92a-3p inhibitor
and inhibitor NC, were synthesized by GenePharma
Corporation in Shanghai, China. To achieve LIN28A
gene overexpression, the LIN28A gene was cloned into
pcDNA3.1 plasmids, resulting in the generation of
plasmids for LIN28A overexpression (pcDNA3.1-
LIN28A). Empty pcDNA3.1 plasmids were used as a NC
for this overexpression. Transfection of RAW264.7 cells
was performed using 50 uM of miR-92a-3p mimics or
inhibitor and 1 ug of LIN28A overexpression plasmids,
following the manufacturer's protocols for Lipofectamine®
2000 from Invitrogen in Carlsbad, CA, USA.

Luciferase reporter assay

To assess the direct binding ability between
miR-92a-3p and the LIN28A mRNA 3'-UTR,
a dual-luciferase reporter assay was conducted. Initially,
GenePharma Corporation constructed recombinant
pmirGLO plasmids that contained both the wild-type
(WT) and mutant (MUT) versions of the LIN28A
3’-UTR. Subsequently, 293T cells were co-transfected
with miR-92a-3p mimics or mimics NC along with either
the WT or MUT-type LIN28A plasmids,

Lipofectamine 2000 reagent for efficient transfection.

using

The luciferase activity of each experimental group was
measured using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI). To ensure accuracy, the
value of firefly luciferase activity was normalized to
Renilla luciferase activity, which served as an internal
control for transfection efficiency.

Co-culture of NRK-52F cells and RAW264.7

The experiment involved co-culturing RAW264.7
cells or RAW264.7 cells transfected with miR-92a-3p
mimics or miR-92a-3p mimics + pcDNA3.1-LIN28A with
LPS-induced NRK-52E cells using a Transwell chamber
with a 0.4 um pore size. In detail, 1 ml of NRK-52E cells
(1X104 cells) induced by 2 pg/ml LPS or without LPS
induction were seeded in the bottom plate of the Transwell
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chamber. After 4 h, 1 ml of untransfected or transfected
RAW264.7 cells (1x10* cells) were added to the upper
chamber. Consequently, the co-cultured cells were divided
into five groups, which were as follows: NRK-52E, NRK-
52E + LPS, NRK-52E + LPS + RAW264.7, NRK-52E +
LPS + (RAW264.7 + miR-92a-3p mimics), and NRK-52E
+ LPS + (RAW264.7 + miR-92a-3p mimics + pcDNA3.1-
LIN28A) groups. Following a 24-h co-incubation period,
NRK-52E cells were harvested for further analysis.

Flow cytometry
NRK-52E  cells
groups were seeded into six-well plates and treated with

from various experimental
trypsin. After washing with PBS, the cells were collected
by centrifugation and resuspended in 100 pl of binding
buffer (BD Pharmingen, CA, USA).
Subsequently, the cells were stained with 5 pl of Annexin
V-FITC and 5 pl of propidium iodide (BD Pharmingen) for
15 min at room temperature in the dark. The percentage of

San Diego,

apoptotic cells was analyzed using flow cytometry (BD,
FACSCalibur, USA) within 1 h after staining.

TUNEL staining

Apoptotic NRK-52E cells were detected using
the Terminal Deoxynucleotidyl Transferase (TdT)-
Mediated dUTP Nick End Labeling (TUNEL) Apoptosis
Detection Kit from Beyotime in Shanghai, China.
In  brief, NRK-52E fixed with
4 % paraformaldehyde for 30 min, followed by a single
wash with PBS. The cells were then treated with
0.3 % Triton X-100 (Beyotime) for 5 min. After two
washes with PBS, the cells were exposed to 50 pl of TdT
incubation buffer for 1.5 h at 37 °C in the dark. Following
this, the cells were washed three times with PBS, and

cells  were

DAPI from Beyotime in Shanghai, China, was utilized to
stain the cell nuclei. The results were observed using
a fluorescent inverted microscope.

Animal experiments

Male C57BL/6 mice, 8 weeks old and weighing
between 24-29 g, were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China). The
mice were housed under standard laboratory conditions
with ad libitum access to rodent food and clean water,
maintaining a normal circadian rhythm. The mice were
randomly divided into four groups, each consisting of
five mice: sham, unilateral ureteral occlusion (UUO),
UUO + inhibitor NC, and UUO + miR-92a-3p inhibitor
UUO model was
an established procedure [22]. Briefly, the mice were

groups. The induced using

anesthetized with intraperitoneal pentobarbital sodium
(40 mg/kg). An abdominal midline laparotomy was
performed to expose the left ureter. Subsequently, the left
ureter was obstructed using 2-point ligations with
4.0 silk, and the incision was closed in layers. For the
sham group, the same abdominal midline laparotomy was
performed, but the left ureter was not obstructed. The
mice in the UUO + miR-92a-3p inhibitor group received
daily subcutaneous injections of miR-92a-3p inhibitor
(50 nM, GenePharma Corporation) through the tail vein,
following a previously described protocol [23]. After
4 weeks, all mice were euthanized by cervical
dislocation, and their renal tissues were collected for
further experiments. Animal experiments were conducted
according to the Guidelines for the Care and Use of
Laboratory Animals at The Hai-nan Affiliated Hospital of
Hainan Medical University and approved by the ethics
committee of Hai-nan Affiliated Hospital of Hainan

Medical University (No. HUA-A7D, Hainan, China).

Histopathological analysis
The collected
experimental

from various
10 %
buffered formalin, followed by paraffin embedding and

renal tissues

groups were fixed in neutral
slicing into 5-pum-thick sections. Hematoxylin and eosin
(H&E)
sections using an H&E staining kit (Boster Biological
Technology Co. Ltd, Wuhan, China). The staining

process

staining was performed on these renal

involved deparaffinizing, rehydrating, and
staining the sections at room temperature, as per the
manufacturer's instructions. In addition, Masson's
trichrome staining was carried out on these sections using
a modified Masson's Trichrome stain kit from Sigma-
Aldrich, following the recommended protocols. Random
interstitial cortical regions in the stained sections were
then examined under an optical microscope (DSX100,
Olympus Optical, Tokyo, Japan) to assess and analyze
the histological changes in the kidney tissues. For
immunohistochemistry (IHC), the renal sections were
subjected to dewaxing, rehydration, and antigen retrieval
by heating in boiling antigen unmasking solution. To
block endogenous peroxidase activity, the sections were
treated with 3 % H,0,. Subsequently, the kidney tissue
sections were blocked with 5 % goat serum for 1 h and
then incubated overnight at 4 °C with the primary
antibody against a-SMA (1:1000, Abcam, Cambridge,
UK). For detection of rabbit

a Dbiotinylated mouse anti-rabbit secondary antibody

primary antibody,

was utilized. The sections were then stained with

DAB solution (ZSGB-BIO, Beijing, China) for
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visualization. Images were acquired using the Leica
DM 1000 microscope image system. Masson staining
and immunostaining intensity were evaluated using
fields
chosen

the following criteria:
(%200

and photographed for each group. Scores were assigned

scoring high-power

magnification)  were  randomly

based on the degree and extent of tubular degeneration

and  necrosis, tubular  atrophy, inflammatory

Table 1. Primers for quantitative real-time PCR.

cell infiltration, and fibrosis. The involvement was
classified and scored as none (0), mild (1), moderate (2),
or severe (3) [24]. The extent of the lesion was
determined by calculating the blue area of collagen from
Masson staining. The stained area was quantified based
on the average optical density in the immunostaining
intensity scores.

Target Gene Forward (5’ - 3°) Reverse (5’ -3%)

miR-92a-3p ATTGCACTTGTCCCGGCC GAACATGTCTGCGTATCTC

LIN28A CATGGGCTCGGTGTCCAAC CCTCCTTGAGGCTTCGGAAC

Inos GCCCAGCCAGCCCAAC GCAGCTTGTCCAGGGATTCT

IL-6 CAACGATGATGCACTTGCAGA TGTGACTCCAGCTTATCTCTTGG

TNF ACTGAACTTCGGGGTGATCG GATAGCAAATCGGCTGACGG

U6 GCATGACGTCTGCTTTGGA CCACAATCATTCTGCCATCA

GAPDH TGGTGAAGGTCGGTGTGAAC TTCCCATTCTCGGCCTTGAC
Abbreviations. Inos, inducible nitric oxide synthase; TNF, tumor necrosis factor.
Western blot analysis analysis was performed using GraphPad Prism

Whole-protein extracts from cells and renal
tissues were prepared by scraping the cells or from renal
tissues by homogenization, using RIPA lysis buffer from
Beyotime in Shanghai, China. After centrifugation at
16000x g for 10 min at 4 °C, the supernatants were
collected for protein quantification using a BCA kit
(Beyotime). For protein analysis, electrophoresis was
performed, and the proteins were transferred to
polyvinylidene difluoride (PVDF) membranes from Bio-
Rad. The blots were then blocked with 5 % (m/v) BSA in
Tris-buffered saline buffer-Tween (TBS-T, Cell Signal-
ing Technology) and incubated with primary antibodies
against iNOS (1:500, ab3523, Abcam), LIN28A (1:1000,
ab175352, Abcam), Bcl-2 (1:1000, ab16904, Abcam),
cleaved caspase-3 (1:5000, ab214430, Abcam), a-SMA
(1:1000, 19245, Cell Signaling Technology), and
GAPDH (1:10000, ab181602, Abcam) at 4 °C overnight.
After washing with TBS-T,

incubated with a horseradish peroxi-dase-conjugated

the membranes were

secondary antibody for 2h. The protein bands were

visualized using the hypersensitive electrochemil-

uminescence (ECL) kit (Thermo Fisher Scientific, Inc.).

Statistical analysis
data obtained

reproducibility. Statistical

All  experimental were

in triplicates to ensure

8.0 software (GraphPad Software, La Jolla,
CA, USA). Data were expressed as mean + standard
(SD). Statistical
two groups were conducted using

Inc.,
deviation comparisons  between
the Student’s
t-test, while for comparisons involving more than
two groups, one-way ANOVA followed by Tukey's
post hoc test was applied. A p<0.05 was considered
statistically significant.

Ethics approval and consent to participate

The study is in accordance with the Declaration
of Helsinki, all methods are reported in accordance with
ARRIVE guidelines (https://arriveguidelines.org) for the
reporting of animal experiments, and all experimental
protocols were approved by the ethics committee of Hai-
nan Affiliated Hospital of Hainan Medical University
(No. HUA-A7D, Hainan, China). Informed consent is not
applicable. All methods were carried out in accordance
with relevant guidelines and regulations.

Results

MiR-92a-3p enhanced LPS-induced M1 macrophage
polarization

To investigate the functional role of miR-92a-3p in the
polarization of M1 macrophages, we transfected miR-
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92a-3p mimics and mimics NC into RAW264.7 cells that
were induced with LPS. As shown in Figure 1A, the
expression of miR-92a-3p was significantly increased in
RAW264.7 cells transfected with miR-92a-3p mimics
compared to the NC group. Next, we examined the
markers of M1 macrophages and inflammation. We
found that the mRNA levels of IL-6, Inos, and TNF
(Fig. 1B) as well as the protein level of iNOS (Fig. 1C)
were notably elevated in LPS-stimulated RAW264.7
and this
overexpressing miR-92a-3p.

effect was further enhanced after
ELISA
demonstrated that miR-92a-3p overexpression promoted

cells,

assay results

LPS-stimulated RAW264.7 cells (Fig. 1D). Conversely,
when we transfected miR-92a-3p inhibitor into
RAW264.7 cells, the expression of miR-92a-3p was
reduced (Fig. 1E). As a result, the elevated expression
levels of IL-6, Inos, and TNF mRNA (Fig. 1F) as well as
iNOS (Fig. 1G) in  RAW264.7-derived
M1 macrophages were significantly reversed. Moreover,

protein

the knockdown of miR-92a-3p noticeably attenuated the
increased concentration of IL-6 and TNF-a in
LPS-stimulated RAW264.7 cells (Fig. 1H). Our findings
suggest that miR-92a-3p plays a crucial role in promoting
the polarization of M1 macrophages and the associated

a further increase in IL-6 and TNF-o production in  inflammatory response.

6.0
- e . N
A 2 B 5 159 = mimics NC C - Y g D 5 mimics NC

2 7 = mimics NC+LPS A ‘(i\“"' e g == mimics NCHLPS
" & 4.0 8 | mm mimicsiLPS @ Moo @& 5 300" mimicstLPS ]
8% & & o & g
ag X <
30 E4 5

£ 3 i e e— § 200
ez z iNOS i
2E 2.0 Z E
k] @
3 £ e £ 100
o = GAPDH "EENED TS S o

[-3
0
IL-6 Tnf Inos L6 TN
E F G H 3009 inhibitor NC

5 5 8= innivitor nC xk o ] ) g == inhibitor NC+LPS
5 B | = inhibitor NC+LPS & S £ inhibitor+LPS
‘& i PR s - &S &
§ & £ 6| mm inhibitor+LPS 6"0\ \(\“\9‘: ‘\‘\\-\ 8 200
E® % A H
%g < E
o % iNOS —y  — £ 10
ZE g
= £ 8
[}
£ : GAPDH cnmms emmms e 0

IL-6 TNF-a
IL-6 Tnf Inos

Fig. 1. MiR-92a-3p enhanced LPS-induced M1 macrophage polarization. (A) The expression of miR-92a-3p was detected by quantitative
real time PCR in RAW264.7 cells transfected with miR-92a-3p mimics or mimics NC. (B) The mRNA expression level of IL-6, Inos, and
TNF was detected in RAW264.7 cells transfected with miR-92a-3p mimics or mimics NC. (C) The protein expression level of iNOS was
validated by western blot analysis in RAW264.7 cells transfected with miR-92a-3p mimics or mimics NC. (D) The concentration levels of
IL-6 and TNF-a were exhibited by ELISA in LPS-activated RAW264.7 cells transfected with miR-92a-3p mimics or mimics NC. (E) The
expression of miR-92a-3p was detected by quantitative real time PCR in RAW264.7 cells transfected with miR-92a-3p inhibitor or
inhibitor NC. (F) The mRNA expression level of IL-6, Inos, and TNF was detected in RAW264.7 cells transfected with miR-92a-3p
inhibitor or inhibitor NC. (G) The protein expression level of iNOS was validated by western blot analysis in RAW264.7 cells transfected
with miR-92a-3p inhibitor or inhibitor NC. (H) The concentration levels of IL-6 and TNF-a were exhibited by ELISA in LPS-activated
RAW264.7 cells transfected with inhibitor or inhibitor NC. Data were expressed as mean + SD. ** p<0.01, *** p<0.001, compared with
mimics NC or inhibitor NC; # p<0.05, *# p<0.01, #*## p<0.001, compared with mimics NC + LPS or inhibitor NC + LPS.
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Fig. 2. LIN28A was a direct target gene of miR-92a-3p. (A) The
binding region between LIN28A mRNA 3’-UTR and miR-92a-3p in
wild- and mutant-type plasmids. (B) LIN28A transcriptional
activity in 293T cells transfected with miR-92a-3p mimics or
mimics NC was detected by the luciferase reporter gene assay
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Fig. 3. LIN28A overexpression reversed the promotive effects of miR-92a-3p on LPS-induced M1 macrophage polarization. (A-B) The
expression levels of LIN28A mRNA and protein were determined by quantitative real time PCR and western blot analysis in RAW264.7 cells
transfected with pcDNA3.1-LIN28A or pcDNA3.1. Co-transfection using miR-92a-3p mimics and pcDNA3.1-LIN28A was performed in
RAW264.7 cells stimulated with LPS. *** p<0.001, compared with pcDNA3.1; (C) The mRNA expression level of IL-6, Inos, and TNF was
detected in co-transfected RAW264.7 cells. (D) The protein expression level of iNOS was validated by western blot analysis in
co-transfected RAW264.7 cells. (E) The concentration levels of IL-6 and TNF-a were measured by ELISA in co-transfected RAW264.7 cells.
Data were expressed as mean + SD. *** p<0.001, compared with mimics NC + pcDNA3.1; #*# p<0.01, **#p<0.001, compared with mimics

+ pcDNA3.1.

LIN28A4 was a direct target gene of miR-92a-3p

Based on predictions from the TargetScan
database, a specific binding site was identified between
miR-92a-3p and the 3-UTR of LIN28A mRNA
(Fig. 2A), suggesting that LIN28A might be a direct
target of miR-92a-3p. To experimentally verify this direct
binding, plasmids containing wild-type and mutant-type
LIN28A mRNA 3'-UTR were constructed, and a dual-
luciferase reporter assay was performed. The results
demonstrated that miR-92a-3p significantly inhibited the
luciferase activity of the wild-type LIN28A plasmid
containing the 3'-UTR, while the mutant-type LIN28A
plasmid remained unaffected (Fig. 2B). Furthermore, to
validate the downregulation of LIN28A by miR-92a-3p,
Western blot analysis was conducted in RAW264.7 cells
transfected with miR-92a-3p mimics. The protein levels
of LIN28A were found to be significantly reduced in
RAW264.7
compared to the mimics NC group (Fig.2C). These

cells expressing miR-92a-3p mimics

experimental results provide confirmation that miR-92a-
3p directly targets LIN28A by binding to its 3'-UTR
through base complementary pairing.

LIN28A4 overexpression reversed the promotive effects of
miR-92a-3p on LPS-induced M1 macrophage polarization
To further investigate whether LIN28A acts as
a downstream regulator in miR-92a-3p-mediated regulation of
LPS-induced M1
experiments were conducted in RAW264.7 cells stimulated

macrophage  polarization, rescue
with LPS. Co-transfection was performed using miR-92a-3p
mimics and pcDNA3.1-LIN28A. Initially, we confirmed that
the expression levels of LIN28A mRNA (Fig. 3A) and protein
(Fig. 3B) were significantly increased in RAW264.7 cells
transfected with pcDNA3.1-LIN28A compared to those
transfected with pcDNA3.1 alone. Next, we assessed the
impact of LIN28A overexpression on the promotive effects
induced by miR-92a-3p mimics. The increased expression of
IL-6, Inos, and TNF mRNA (Fig. 3C), as well as the protein
level of iNOS (Fig. 3D) induced by miR-92a-3p mimics, were
all notably abolished after LIN28A overexpression in LPS-
stimulated RAW264.7 cells. Furthermore, ELISA assay
demonstrated  that LIN28A
significantly suppressed the elevated levels of IL-6 and TNF-a
in LPS-stimulated RAW264.7 cells (Fig. 3E). Collectively,
these findings indicate that overexpressed LIN28A effectively

results overexpression

reverses the promotive effects of miR-92a-3p mimics on
M1 macrophage polarization.
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MiR-92a-3p in RAW264.7 cells augmented the apoptotic
rate of LPS-stimulated NRK-52E cells by targeting LIN28A
To assess the impact of M1 macrophage polari-
zation on renal injury in vivo, co-culture experiments were
conducted using LPS-stimulated NRK-52E cells and
RAW264.7 cells co-overexpressing miR-92a-3p and
LIN28A. The aim was to explore how the miR-92a-
3p/LIN28A axis in RAW264.7 cells influenced the
apoptosis status of NRK-52E cells. Flow cytometry assay
(Fig. 4A) and TUNEL staining (Fig. 4B) were performed to
analyze the apoptosis status of NRK-52E cells. Upon
LPS treatment, the early and late apoptotic percentages of
NRK-52E cells were higher compared to the control group.
Co-culture with RAW264.7 cells overexpressing miR-92a-
3p significantly elevated the early and late apoptotic
percentages of NRK-52E cells, indicating that miR-92a-3p
accelerated RAW264.7-induced

apoptosis. However,

NRK-52E+LPS
+RAW264.7

NRK-52E+LPS+
(RAW264.7+mimics

Gate: (P in all)

NRK-52E NRK-52E+LPS

A

Gate: (1 in all)

NRK-52E+LPS+
) {RAW264.7+mimics
+pcDNA3.1-LIN2BA)

overexpression of LIN28A in RAW264.7 cells inhibited the
increased apoptotic level of NRK-52E cells induced by miR-
92a-3p. Furthermore, western blot analysis (Fig. 4C)
that  LPS treatment led
downregulation of Bcl-2 and upregulation of cleaved

revealed to  asignificant
caspase-3 protein expression in NRK-52E cells. Co-culture
with RAW264.7 cells slightly enhanced the expression of
these proteins. Importantly, miR-92a-3p induced a signifi-
cant decrease in Bcl-2 expression and an increase in cleaved
caspase-3 expression, both of which were attenuated when
RAW264.7 cells overexpressed LIN28A. These findings
further indicate that M1 polarization of RAW264.7 cells
of NRK-52E cells.
Additionally, the overexpression of miR-92a-3p can further
NRK-52E apoptosis
M1 macrophage activation via targeting LIN28A.
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(A) The apoptotic ratio of NRK-52E cells from co-culture system, induced by LPS were detected via flow cytometer. (B) Apoptotic NRK-
52E cells from co-culture system, induced by LPS were detected using TUNEL staining. (C) The Bcl-2 and cleaved-caspase-3 protein
levels in NRK-52E cells from co-culture system, induced by LPS were analyzed using western blot analysis. Data were expressed as
mean + SD. *** p<0.001, compared with NRK-52E; *## p<0.001, compared with NRK-52E + LPS + RAW264.7; ¥ p<0.01, compared

with NRK-52E + LPS + (RAW264.7 + mimics).

In vivo inhibition of miR-92a-3p ameliorated renal fibrosis
and M1 macrophage activation

Next, we aimed to investigate the impact of miR-
92a-3p on the M1 macrophage activation in UUO-induced
obstructive renal fibrosis using an in vivo mouse model. As
shown in Figure 5A, H&E staining revealed that mice in the
sham group had normal glomeruli and tubules, while those

in the UUO group exhibited various pathological changes,
such as renal interstitial edema, epithelial cell necrosis,
tubular dilatation, and infiltration of lymphocytes and
the
administration of a miR-92a-3p inhibitor visibly improved

monocytes  in interstitial ~ space. Remarkably,

these pathological changes in the UUO group. Additionally,

Masson's trichrome staining of renal sections from
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Fig. 5. In vivo inhibition of miR-92a-3p ameliorated renal fibrosis. Male C57BL/6 mice underwent UUO surgery, followed by received
daily subcutaneous injections of miR-92a-3p inhibitor (50 nM) through the tail vein. (A) Representative micrographs of hematoxylin and
eosin (H&E) and Masson's staining demonstrate kidney injury in indicated group; immunohistochemical staining of a-SMA protein in
kidney tissue; (B) quantification of renal tubular interstitial fibrotic score (C) compared with the NC-treated-UUO group, the expression
of a-SMA decreased in the UUO kidneys of miR-92a-3p knockout mice. n=5. ***p<0.001, compared with sham; #*#p<0.01,

### »<0.001, compared with UUO + inhibitor NC.

UUO mice showed increased renal interstitial fibrosis,
characterized by an augmented stromal area, extracellular
matrix accumulation, and extensive blue stained fibers.
However, treatment with the miR-92a-3p inhibitor
ameliorated these fibrotic changes (Fig. 5A-B). Furthermore,
our THC results indicated that the significantly elevated renal
fibrosis marker o-SMA in the UUO group, compared with
the sham group, was notably attenuated after treatment with
the miR-92a-3p inhibitor (Fig. SA-C). Subsequently, we
confirmed the downregulation of miR-92a-3p in the
UUO group following the administration of the miR-92a-3p
inhibitor (Fig. 6A). We then proceeded to analyze the effect
of miR-92a-3p on MI1 macrophage activation-related
molecules. Western blot analysis demonstrated a significant
increase in LIN28A expression but a notable reduction in
iNOS and a-SMA expression levels in renal samples from
the UUO-induced mouse model after inhibition of miR-92a-
3p (Fig. 6B). Similarly, the miR-92a-3p inhibitor led to

reduced expression of pro-inflammatory cytokines (IL-6 and
TNF) in UUO mice, as assessed by quantitative real-time
PCR (Fig. 6C-D) and ELISA assay (Fig. 6E-F). Taken
together, these findings provide compelling evidence that
miR-92a-3p plays a crucial role in reducing UUO-induced
obstructive renal fibrosis and M1 macrophage activation.

Discussion

Numerous studies have provided substantial
support for the role of M1 macrophages in promoting
kidney injury and fibrosis [25-27]. In our research, we
focused on elucidating the specific role of
M1 macrophages in kidney inflammation and fibrosis,
considering the ongoing debate about the role of
M2 macrophages in this context [28]. Our study presents
initial evidence indicating that miR-92a-3p promotes
inflammation in

M1 macrophage polarization and
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Fig. 6. In vivo inhibition of miR-92a-3p ameliorated M1 macrophage activation. Male C57BL/6 mice underwent UUO surgery, followed
by received daily subcutaneous injections of miR-92a-3p inhibitor (50 nM) through the tail vein. (A) The expression of miR-92a-3p was
detected by quantitative real time PCR in the renal samples. (B) Western blotting of LIN28A, iNOS and a-SMA in renal tissues.
(C-D) The mRNA expression levels of IL6 and TNF were determined using quantitative real time PCR. (E-F) The concentration levels of
IL-6 and TNF-a were measured by ELISA in renal samples. Data were expressed as mean + SD. n=5. **p<0.01, ***p<0.001,
compared with sham; #p<0.05, *# p<0.01, **# p<0.001, compared with UUO + inhibitor NC.

LPS-stimulated RAW264.7 cells. One the one hand,
dysregulated miR-92a-3p expression has been implicated
in various inflammation-related diseases. For example,
miR-92a-3p is involved in regulating the expression of
ADAMTS-4/5, which may contribute to osteoarthritis
(OA) development [29]. Additionally, inhibiting miR-
92a-3p in human coronary artery endothelial cells has
shown promise in reducing renal injury-induced
atherosclerosis [14]. Shen et al. [30] have reported its
involvement in cigarette smoke extract (CSE)-induced
hyperinflammation in chronic obstructive pulmonary
disease (COPD). Moreover,

intrapulmonary inflammation, pulmonary injury,

miR-92a-3p exacerbates
and
dysfunction in LPS-induced acute lung injury [31]. On the
other hand, miR-92a-3p found in alveolar epithelial cell
(AEC) exosomes has been shown to mediate alveolar
macrophage activation in sepsis-induced acute lung injury
[32]. Furthermore, miR-92a-3p stimulates the secretion of
proinflammatory cytokine IL-6 from tumor-associated
TLR7/8-dependent
promoting liposarcoma cell proliferation, invasion, and

macrophages via a mechanism,
metastasis [33]. These biochemical and molecular findings

suggest that miR-92a-3p may play an activating role in the

progression of CKD by
inflammation and M1 macrophage polarization.

The TargetScan database identified LIN28A as
a potential target of miR-92a-3p, leading us to
hypothesize that LIN28A is indeed the target gene of

miR-92a-3p. Through luciferase activity assays, we

enhancing LPS-induced

confirmed that miR-92a-3p targets and downregulates
LIN28A, representing a crucial step in an unknown
mechanism of CKD progression. Our findings revealed
that miR-92a-3p promotes M1 macrophage polarization
and inflammation in LPS-stimulated RAW?264.7 cells. To
elucidate the functional significance of miR-92a-3p
targeting LIN28A, we performed rescue experiments,
which demonstrated that LIN28A overexpression not
only reversed the promotive effects of miR-92a-3p on
LPS-induced
polarization but also attenuated the increased apoptotic
rate induced by miR-92a-3p in LPS-stimulated NRK-52E
cells. Importantly, our findings align with previous
studies on LIN28A as an RNA-binding protein that
enhances

inflammation and M1 macrophage

glucose wuptake and insulin sensitivity,

suggesting its potential as a therapeutic target for patients
with diabetic cardiomyopathy (DCM) [34,35]. LIN28A
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has also been reported to inhibit cardiomyocyte apoptosis
by enhancing mitochondrial biogenesis and function
under high glucose/high-fat conditions [36]. Moreover,
in vitro and in vivo studies have shown that LIN28A
overexpression can protect pancreatic -cells from B-cell
destruction induced by streptozotocin (STZ) [37]. In the
context of kidney cells, Jung et al. [20] reported reduced
LIN28A expression in TGF-B1-stimulated HK-2 cells and
demonstrated its potential to attenuate renal fibrosis in
obstructive  nephropathy, suggesting LIN28A as
a potential therapeutic target for CKD. Furthermore,
LIN28A has been shown to have regulatory effects on
glycolytic metabolism in human embryonic kidney cells
[19] and on high glucose-induced renal tubular epithelial
injury [38]. However, we acknowledge a limitation of the
present study, as we did not directly examine the
regulatory role of LIN28A alone in LPS-stimulated
RAW264.7 cells and NRK-52E cells, which could have
strengthened our conclusions.

Remarkably, our study revealed that inhibiting
miR-92a-3p exerts anti-fibrosis and anti-inflammatory
effects in UUO models of kidney disease. At the
molecular level, we demonstrated that miR-92a-3p
inhibition led to a reduction in the expression of LIN28A,
as well as renal fibrosis marker a-SMA, M1 macrophage
marker iNOS, and pro-inflammatory cytokines (IL-6 and
TNF) in renal samples from UUO mice. Consistent with
our findings, miR-92a-3p has been identified as one of
the fibrosis-related miRNAs involved in the development
of fibrotic lesions in the lungs of post-COVID-19 patients
[39]. Furthermore, serum levels of miR-92a-3p have
shown potential as a diagnostic marker for distinguishing
Filipino schistosomiasis japonica subjects with fibrosis
I-11T those without fibrosis [40].

grades from
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Mechanistically, mmu-miR-92a-3p has been found to
regulate pulmonary fibrosis by modulating the Cpeb4-
mediated Smad2/3 signaling pathway [41]. It is well-
established that excessive and prolonged inflammation
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implicated in the pathogenesis of various inflammatory,
autoimmune, and chronic diseases [45,46]. Building upon
these findings, our study provides compelling evidence
that miR-92a-3p serves as a crucial regulator of kidney
inflammation and fibrosis by enhancing LPS-induced
M1 macrophage polarization.

In summary, our study has elucidated the
significance of miR-92a-3p/LIN28A signaling in the
control of LPS-induced M1 macrophage polarization and
UUO-induced obstructive renal fibrosis. Our findings
provide evidence that miR-92a-3p plays a promotive role
in renal inflammation and fibrosis by enhancing
M1 macrophage polarization through the targeting of
LIN28A. The regulatory network involving the miR-92a-
3p/LIN28A axis sheds light on a better understanding of
the potential mechanisms underlying the pathogenesis
and progression of CKD.
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