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Magnetic vagus nerve stimulation ameliorates
contrast-induced acute kidney injury
by circulating plasma exosomal miR-365-3p
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Abstract

Background Contrast-induced acute kidney injury (CI-AKI) is manifested by a rapid decline in renal function
occurring within 48-72 h in patients exposed to iodinated contrast media (CM). Although intravenous hydration

is currently the effective method confirmed to prevent CI-AK|, it has several drawbacks. Some investigations have
demonstrated the nephroprotective effects of vagus nerve stimulation (VNS) against kidney ischemia-reperfusion
injury, but no direct research has investigated the use of VNS for treating CI-AKI. Additionally, most current VNS
treatment applies invasive electrical stimulator implantation, which is largely limited by the complications. Our recent
publications introduce the magnetic vagus nerve stimulation (mVNS) system pioneered and successfully used for the
treatment of myocardial infarction. However, it remains uncertain whether mVNS can mitigate CI-AKI and its specific
underlying mechanisms. Therefore, we herein evaluate the potential therapeutic effects of mVNS on CM-induced
nephropathy in rats and explore the underlying mechanisms.

Results mVNS treatment was found to significantly improve the damaged renal function, including the reduction
of elevated serum creatinine (Scr), blood urea nitrogen (BUN), and urinary N-acetyl-3-D-glucosaminidase (NAG) with
increased urine output. Pathologically, mVNS treatment alleviated the renal tissue structure injury, and suppressed
kidney injury molecule-1 (KIM-1) expression and apoptosis in renal tubular epithelial cells. Mechanistically, increased
circulating plasma exosomal miR-365-3p after mVNS treatment enhanced the autophagy and reduced CM-induced
apoptosis in renal tubular epithelial cells by targeting Ras homolog enriched in brain (Rheb).

Conclusions In summary, we demonstrated that mVNS can improve CI-AKI through enhanced autophagy and
apoptosis inhibition, which depended on plasma exosomal miR-365-3p. Our findings highlight the therapeutic

Tianyu Wu, Wenwu Zhu and Rui Duan contributed equally to this
work.

*Correspondence:

Bing Han
hbing777@hotmail.com
Yugiong Chen
cosmoscyg@163.com

Yao Lu
luyaoyanyan@njmu.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02928-0&domain=pdf&date_stamp=2024-10-28

Wu et al. Journal of Nanobiotechnology (2024) 22:666 Page 2 of 19

potential of mVNS for CI-AKl in clinical practice. However, further research is needed to determine the optimal
stimulation parameters to achieve the best therapeutic effects.
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Introduction

Contrast-induced acute kidney injury (CI-AKI) is char-
acterized by a rapid and significant impairment of renal
function, as indicated by elevated plasma creatinine
and/or reduced urine output within 48-72 h in patients
receiving contrast media (CM) [1]. According to data
from the National Cardiovascular Data Registry (NCDR)
Cath-PCI registry, the incidence of CI-AKI in patients
undergoing percutaneous coronary intervention (PCI) is
between 7% and 8% [2, 3]. Notably, the incidence of CI-
AKI surpasses 25% in patients with advanced chronic
kidney disease (CKD) undergoing PCI [4]. The molecu-
lar mechanisms underlying acute kidney injury (AKI)
induced by contrast media primarily stem from its direct
cytotoxic effects on renal tubular cells and endothe-
lial cells. This leads to excessive reactive oxygen species
(ROS) generation, promoting mitochondrial dysfunction
and apoptosis [5, 6]. Additionally, contrast media has
indirect effects on severe hemodynamic disorders, con-
tributing to renal medullary hypoxia and, consequently,
enhancing ROS formation [7-10]. Although intravenous
hydration is currently the only effective method con-
firmed to prevent CI-AKI [11, 12], it has several draw-
backs. Foremost among these is the risk of excessive
fluid supply, which may elevate the likelihood of CI-AKI
and death in patients with renal dysfunction following

PCI surgery [13]. Therefore, there is an urgent need to
develop more comprehensive prevention and treatment
strategies to reduce the incidence of CI-AKI in clinical
settings.

Vagus nerve stimulation (VNS), initially developed
for treating epilepsy and refractory depression [14], has
found application in managing inflammatory diseases,
including rheumatoid arthritis and Crohn’s disease [15,
16].While there is currently no direct study on the treat-
ment of CI-AKI with VNS, numerous investigations
have demonstrated the nephroprotective effects of VNS
against acute kidney injuries related to ischemia-reperfu-
sion [17-19]. This protection is attributed to the activa-
tion of the cholinergic anti-inflammatory pathway (CAP),
resulting in the suppression of systemic pro-inflamma-
tory cytokines like TNF-«a [18, 20-22]. Most current VNS
studies involve the invasive electrical stimulator implan-
tation [23]. Unfortunately, this highly invasive neuromod-
ulation approach is largely limited by the complications
including battery replacement, wires breakage, infection
and venous thrombosis [24]. In our previous research,
we have innovatively established a magnetic vagus nerve
stimulation (mVNS) system based on the application
of an external magnetic field and an injectable hydro-
gel infused with superparamagnetic iron oxide (SPIO)
nanoparticles coated with chitosan-B-glycerophosphate
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(CS/B-GP) [25]. Utilizing the mVNS system, we realized
the precise and effective stimulation of cervical vagus
nerve and further confirmed the safety, and stability of
mVNS for treating myocardial ischemic injuries in rats
[25, 26]. However, it is not clear whether mVNS can ame-
liorate CI-AKI, which needs further study.

In addition to its anti-inflammatory effects through
CAD, a recent study highlighted that VNS could mitigate
the systemic inflammatory response after hemorrhagic
shock via exosomes, where VNS treatment altered the
proinflammatory protein components of exosomes (Exo)
in the post-shock mesenteric lymph [27]. This finding
prompts the hypothesis that VNS may have the poten-
tial to inhibit CI-AKI by modulating circulating exo-
somes. Exosomes, nano-sized particles actively released
from cells into interstitial space or peripheral circulation,
serve as the carriers of signaling molecules such as pro-
teins, microRNAs (miRNAs), and long non-coding RNAs
(IncRNAs) to facilitate the communications between
cells, tissues and organs [28—30]. MiRNAs are currently
recognized as the most abundant contents in exosomes
[31, 32]. They typically function by recognizing the spe-
cific sites like 3’-untranslated regions (3’-UTRs) on the
target mRNAs, leading to mRNA degradation [33-35].
Previous studies have confirmed that vagus nerve acti-
vation could regulate the macrophages in spleen via the
CAP and exert a renal protective effect [18, 21]. Recent
studies have found that microRNA-365-3p (miR-365-3p)
is abundant and highly conserved across species [36],
and enriched in exosomes derived from macrophages,
which has been implicated in the modulation of can-
cer, inflammatory response and atherosclerosis [37-39].
These results suggest that miR-365-3p may be enriched
in exosomes under the influence of mVNS. Interestingly,
we observed that mVNS treatment can elevate the levels
of exosomal miR-365-3p in plasma. Although multiple
studies have demonstrated the involvement of exosomal
miRNAs in modulating AKI caused by various etiolo-
gies through their regulation of necroptosis, apoptosis,
autophagy, and the oxidative stress response [33, 40], it
remains unclear whether miR-365-3p participates in
these nephroprotective effects. Hence, we hypothesized
that mVNS treatment may improve CI-AKI through exo-
somal miR-365-3p and conducted further investigation
to determine the specific mechanisms.

In the present study, our findings indicate that mVNS
treatment significantly mitigated CI-AKI by inhibiting
apoptosis and enhancing autophagy. Furthermore, we
validated that the exosomes derived from rats subjected
to mVNS notably alleviated CM-induced renal dysfunc-
tion and apoptosis while enhancing autophagy in vivo
and in vitro. We identified the overexpression of miR-
365-3p within these exosomes, and elucidated its down-
stream target gene Ras homolog enriched in brain (Rheb)
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as the key molecules responsible for the nephroprotec-
tive effects of mVNS.

Results

Establishment of the magnetic vagus stimulation system
and experimental procedures

Figure 1A illustrates the composition of the SPIO-CS/
B-GP temperature-sensitive hydrogels (Fig. 1A). Based on
our previous reports [25], the SPIO-CS/GP temperature-
sensitive hydrogel was successfully synthesized by adding
the SPIO nanoparticles (approved by the FDA for clinical
use [41]) to the CS/GP system. As shown in Fig. 1B, the
SPIO-CS/B-GP hydrogels were injected to the left cervi-
cal vagus nerve of rats, which would become solidificated
under the body temperature and thus wrap around the
vagus tightly. Then left cervical vagus nerve would be
stimulated magnetically once the rotating magnet passed
by (Fig. 1B). Iohexol, considered as a widely used contrast
agent in clinical practice that can directly induce neph-
rotoxicity in renal tubular epithelial cells [42], was used
to induce CI-AKI [6, 43]. Figure 1C exhibited the sche-
matic representation of CI-AKI model establishment and
mVNS treatment (Fig. 1C).

mVNS treatment significantly attenuated iohexol-induced
kidney injury and improved renal function

To evaluate the renoprotective effect of mVNS against
iohexol-induced AKI, rats underwented the magnetic
stimulation of left vagus nerve one day before the injec-
tion of iohexol. Renal function was assessed by measur-
ing levels of SCr, BUN, NAG, and 24-hour urine output
volume. The results showed that iohexol exposure signifi-
cantly increased the levels of SCr, BUN, NAG and led to
the reduction in 24 h-urine volume, while mVNS treat-
ment resulted in a 55% decrease in SCr level and a 45%
decrease in BUN level, and also reversed elevated NGA
and reduced 24 h-urine output. (Fig. 2A). Furthermore,
renal glomerular and tubular structures were examined
by hematoxylin-eosin (H&E) and periodic acid-Schiff
(PAS) staining. Histological analysis revealed the distinct
signs of damage in the CM group, including dilation and
disarray of tubular lumina and reduction of tubular epi-
thelial cells, along with the increased expression of kid-
ney injury molecule-1(KIM-1). KIM-1 showed increased
abundance in renal tubular epithelial cells after injury
and thus served as a biomarker of the severity of kidney
injury [44]. Concurrently, the renal tubular injury score
correspondingly increased under iohexol treatment.
After mVNS treatment, the aforementioned histologi-
cal changes were significantly attenuated (Fig. 2B and C).
These results suggested that mVNS can ameliorate the
renal injuries in CI-AKI rats. In addition, TUNEL stain-
ing confirmed that mVNS could reduce apoptosis in renal
tubular epithelial cells induced by CM (Fig. 2D). Western
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Fig. 1 Establishment of the magnetic stimulation system and experimental procedures. (A) The composition of the SPIO-CS/3-GP temperature-sensitive
hydrogels. (B) SPIO-CS/B-GP hydrogel injection and magnetic vagus nerve stimulation. (C) Experimental procedures of mVNS treatment for CI-AKI. Sham
group: Sham surgery without left renal pedicle ligation and 0.9% normal saline solution was injected instead of hydrogel; CM group: left renal pedicle
ligation and iohexol injection; CM+mVNS group: additional SPIO-CS/B-GP hydrogel injection and magnetic stimulation; CM + hydrogel (CM +HY) group:
additional SPIO-CS/B-GP hydrogel injection without magnetic stimulation; CM+magnetic field (CM+MF) group: magnetic stimulation without SPIO-

CS/B-GP hydrogel injection

blotting and immunohistochemistry also indicated that
mVNS can inhibit the expression of apoptosis-related
proteins (Fig. 2E and F). However, CM+HY group and
CM+MEF group did not show the renoprotective effects,
suggesting that the renoprotective role of mVNS requires
systemic integrity.

Inhibition of exosome secretion by inhibitor GW4869
reversed the renoprotective effects of mVNS

To further study the role of plasma exosomes in the reno-
protective effects of mVNS, we inhibited the release of
exosomes by using the inhibitor GW4869. Figure 3A
exhibited the schematic representation of experimen-
tal processing. As shown in Fig. 3B and C, GW4869
treatment reduced plasma exosome content after
mVNS (Fig. 3B and C). Furthermore, we confirmed that
GW4869 administration diminished the improvement in
renal function, alleviation of pathological damage, and

reduction in apoptosis brought about by mVNS treat-
ment (Fig. 3D-F). These results suggest that circulating
plasma exosomes following mVNS treatment are crucial
in the mVNS-mediated improvement of CI-AKIL

Identification of circulating plasma exosomes and
exosome tracking

With the aim to detect the characteristics of plasma exo-
somes, the blood samples of rats were collected imme-
diately after the mVNS treatment. Both Sham-Exo and
mVNS-Exo presented a round or oval membrane struc-
ture by using transmission electron microscope (TEM)
(Fig. 4A). Nanoparticle tracking analysis (NTA) analy-
sis exhibited that the sizes of Sham-Exo and mVNS-Exo
mainly ranged from 80 to 200 nm (Fig. 4B). WB observed
that proteins CD81, CD63, and TSG101 were positively
expressed in both Sham-Exo and mVNS-Exo with no
Calnexin expression (Fig. 4C). No significant difference



Wu et al. Journal of Nanobiotechnology (2024) 22:666 Page 5 of 19

.
Taoq reee e L sy mer xen R
€ B v} = £ 3 —
3 . e | a B =604 3
< 3 = 35 0] 3
£ 150 . H ££3 8
[ Le .
-l E ® 8 € 40 . o1a
5 100 & z ;*_‘: 2 _: T
s g
E 50 o e m o 2y g2n H
IR 5 5 (|
@ 5 e e g0 N
£ &
e‘& [ é;?’ &\“ é@ [ é:\‘\ x> *,\‘*
\h' (&) (9 %" < ()
(9 <
B Sham CcM CM+mVNS CM+HY C

HE

PAS

KIM-1

D Sham CM+mVNS CM+HY CM+MF

Sham CM CM+mVNS CM+HY CM+MF

@ 2
g &

Tunel-positive cells (%)
8

Bax | | e a— . e e o a— |20kDa . ST g | T
s = 1.0- ¥
g5 R K : i
Bcl-2 |- e ——— ""|26kDa g? " (‘ ﬂﬂ gns lﬁ
3.0 RINININING
» & 2 & & > e ] &
GAPDHl —_— m - e— e ——— - = —— e |37kDa s 1,«“‘\@*‘*(,\*“‘ ¢ OS@“xo“"*\o“"‘
< <
F Sham cM CM+mVNS CM+HY CM+MF | s e
- — " 80,
~ 32 o 2; H
"é;sn
Cleaved $%o >
Caspase-3 - B,
st
o
S & N &
:5@’ & &4\‘ ,;bd‘,\*

&

Fig.2 mVNS treatment significantly attenuated iohexol-induced kidney injury and improved renal function. (A) Renal function was evaluated by detect-
ing the content of SCr, BUN, NAG and 24 h urine volume, n=8 per group. (B-C) Representative images of renal H&E, PAS and KIM-1 staining and quantita-
tive analysis of renal tubular injury score and KIM-1 positive cells, n=6 per group. Scale bar: 100 pm. (D) TUNEL analysis for effect of mVNS on apoptosis
of renal tubular epithelial cells under CI-AKI. Green, TUNEL positive nuclei; Red, E-cadherin positive cell, considered as renal tubular epithelial cells; Blue,
DAPI-stained nuclei, n=6 per group. Scale bar: 50 um. (E) Immunoblot analysis and quantification of Bax and Bcl-2 protein level in renal tissue, n=6 per
group, GAPDH as an internal control. (F) Representative images of renal cleaved caspase-3 staining and quantitative analysis of cleaved caspase-3 positive
cells, n=6 per group. Scale bar: 100 um. Data are mean + SEM. *indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p <0.0001;
All p values were obtained by one-way ANOVA



Wu et al. Journal of Nanobiotechnology (2024) 22:666 Page 6 of 19

A -7d 2d -1d od 24 hours
cm
left renal pedicle ligation 0.9% saline dehydration lohexol (10 ulig)
Urine and blood
collection
CMHMYNS kidney tissue
collection
left renal pedicle ligation  SPI0-CS/B-GP hydrogel dehydration lohexol (10 ul/g)
CM+mVNS+GW

left renal pedicle ligation ~ SPIO-CS/B-GP hydrogel ~GW  dehydration  lohexol (10 ulig)
(2mg/Kg, i.p.)

os)
O
@

= 50 *% S

E E *okok ok

D40 CM+mVNS CM+mVNS+GW

£ ta = § 10 152

S 30 CD6é: 38kDa 2
N : g bt
3 2 == © s .
¢ v ractin | SIS D S W W 12102 £

g 10 H

[ Y

T T
CM+mVNS CM+mVNS+GW

gmoy e 0 L. e s T
& £ ——
Em e R g,s . s i°6 : - %40
£ 150 H A H s £8 L B
£ : Eof : 35+ - t
X
100 - B z . o B . R Dk 2 20
@ s A 2%, . H
E 5o . f s ML §m

KIM-A positive cells (%)
c B &8 8 8

F CM ' CM+mVNS CM+mVNS+GW .

; o ‘ 2 s o %w
2

Cleaved E:
Caspase-3 ?!
3
i

Fig. 3 Inhibition of exosome secretion by inhibitor GW4869 reversed the renoprotective effects of mVNS. (A) Schematic representation of experimental
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Scale bar: 100 um. (F) Representative images of renal cleaved caspase-3 staining and quantitative analysis of cleaved caspase-3 positive cells, n=6 per
group. Scale bar: 100 um. Data are mean + SEM. *indicates p <0.05, ** indicates p <0.01, *** indicates p <0.001, and **** indicates p < 0.0001; All p values
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100 nm. (B) NTA was performed to detect the size distribution of Sham-Exo and mVNS-Exo. (C) Western blot showing the protein level

of TSG101, CD63, CD81 and calnexin in Sham-Exo and mVNS-Exo, respectively. (D) NRK-52E were cultured in the presence or absence (Control) of Dil-
labeled Sham-Exo or mVNS-Exo (red) for 24 h. The nucleus was stained with DAPI (blue). Dil-labeled exosomes were taken up by NRK-52E cells. Scale bars:
250 um. (E) Rats were injected with 0.9% saline (Sham) or Dil-labeled Sham-Exo/mVNS-Exo through caudal vein and renal tissue was collected after 24 h.
Representative images of triple immunostaining (red for DiR-labeled Exos, green for E-cadherin, considered as a marker for renal tubular epithelial cells,

blue for DAPI). Scale bar: 20 um

was observed in average size and marker protein expres-
sion between Sham-Exo and mVNS-Exo. Furthermore,
after incubation with NRK-52E cells for 24 h, Dil-labeled
Sham-Exo and mVNS-Exo were observed to migrate
into the cytoplasm of NRK-52E cells (Fig. 4D). Similarly,
intravenous injection of Dil-labeled exosomes into rats
allowed for the observation of exosome uptake by renal
tubular epithelial cells (Fig. 4F).

mVNS-Exo significantly attenuated iohexol-induced kidney
injury and recovered renal functions

Compared to Sham-Exo, mVNS-Exo significantly
improved iohexol-induced renal functional damage, as
evidenced by a 55% reduction in Scr level, a 40% reduc-
tion in BUN level, a decreased NAG/creatinine ratio, and
an increase in 24-hour urine output. (Fig. 5A). H&E and
PAS staining suggested that mVNS-Exo could ameliorate
pathological injuries in both renal glomeruli and tubules.
Simultaneously, mVNS-Exo inhibited the expression of
the KIM-1 molecule in renal tissues induced by iohexol
(Fig. 5B and C). Furthermore, mVNS-Exo reduced the
apoptosis in renal tubular cells and the expression of
apoptosis-related proteins in renal tissues (Fig. 5D-F).

mVNS-Exo mitigated iohexol-induced injury in NRK-52E
cells

Immunofluorescence showed that the iohexol-induced
elevation of KIM-1 was markedly decreased by mVNS-
Exo (Fig. 6A). In addition, TUNEL staining indicated
that mVNS-Exo could protect NRK-52E cells from the
apoptosis induced by iohexol. Consistently, iohexol sig-
nificantly increased the expression of Bax and downregu-
lated the expression of Bcl-2, while mVNS-Exo reversed
their expressions induced by iohexol. However, Sham-
Exo had no such protective effects (Fig. 6B and C). These
results indicate that mVNS-Exo could inhibit iohexol-
induced injury in NRK-52E cells.

The enrichment of mir-365-3p in mVNS-Exo is a crucial
factor in ameliorating iohexol-induced injury in NRK-52E
cells

This study revealed that mVNS treatment increased the
renal levels of miR-365-3p, while treatments with CM,
HY, and MF alone did not alter the expression levels of
miR-365-3p (Fig. 7A). We extracted plasma exosomes
under different treatments and found that miR-365-3p
was significantly enriched in mVNS-Exo (Fig. 7B). We
also conducted miRNA sequencing on Sham-Exo and
mVNS-Exo, and selected miRNAs with a fold change
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mean + SEM. *indicates p <0.05, ** indicates p < 0.01, *** indicates p <0.001, and **** indicates p <0.0001; All p values were obtained by one-way ANOVA

greater than 3 times and higher abundance (miR-34b-5p,
miR-365-3p, miR-29¢-3p, miR-27a-3p, miR-374-5p) for
PCR validation (Fig. S1A-B). The results showed that
miR-365-3p was significantly highly expressed in mVNS-
Exo compared to Sham-Exo (Fig. S1C). Furthermore,
we demonstrated that mVNS-Exo treatment signifi-
cantly increased the levels of miR-365-3p in vivo and in
vitro (Fig. 7C and D). To explore whether the renopro-
tective effect of mVNS-Exo on CM mainly depended on
miR-365-3p. NRK-52E cells were transfected with the
miR-365-3p inhibitor, miR-365-3p mimics and mimics/
inhibitor-NC, and then co-cultured with mVNS-Exo/
Sham-Exo. Compared to the mVNS-Exo+inhibitor NC

group, the miR-365-3p inhibitor reversed the effects of
mVNS-Exo on reducing KIM-1 expression and decreas-
ing apoptosis in NRK-52E cells. Similarly, compared
to the Sham-Exo+mimics NC group, the addition of
miR-365-3p mimics suppressed KIM-1 expression and
reduced apoptosis in NRK-52E cells (Fig. 7E-G).

Mir-365-3p directly targeted Rheb and activated
autophagy in NRK-52E cells

The results showed that, compared to the CM group,
mVNS-Exo treatment exhibited elevated levels of autoph-
agy, as evidenced by reduction of p62 expression, increase
of LC3II/LC3I ratio and the presence of more autophagic
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lysosomes under TEM. In contrast, Sham-Exo did not
demonstrate any discernible effect on autophagy (Fig. 8A
and B). Similarly, in NRK-52E cells, mVNS-Exo height-
ened the expression of LC3II/LC3I ratio and inhibited
the expression of the P62 protein, while the miR-365-3p
inhibitor counteracted the influence of mVNS-Exo on
key autophagy proteins (Fig. 8C). Subsequently, we
transfected NRK-52E cells with the mRFP-GFP-LC3
adenovirus, a commonly utilized autophagy marker. As
shown in Fig. 8D, the number of autophagosomes (yellow
spots) and autolysosomes (red spots) increased under
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mVNS-Exo treatment compared with the CM group. In
parallel, miR-365-3p inhibitor suppressed the formation
of autophagosomes and autolysosomes (Fig. 8D). Rheb,
which is considered as a key protein in autophagy regula-
tion, was identified as a potential target for miR-365-3p
by TargetScan and miRDB (Fig. 9A). Luciferase reporter
assays validated the interaction between miR-365-3p and
Rheb as the luciferase activity of Rheb-wt in cells trans-
fected with miR-365-3p was markedly suppressed along
with the unaltered luciferase activity of Rheb-mut vari-
ant (Fig. 9B). Consistently, the protein levels of Rheb
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(See figure on previous page.)

Fig. 9 miR-365-3p directly targeted Rheb in NRK-52E cells and overexpression of Rheb reversed the protective effect of miR-365-3p. (A) Predicted miR-
365-3p target sequence in Rheb-3" UTRs. Target sequences of Rheb-3’ UTRs were mutated. (B) Luciferase assay of 293T cells transfected with Rheb-3’
UTR-WT or Rheb-3" UTR-Mut reporter together with mimics NC or miR-365-3p mimics (n=3). (C) Western blot analyzed Rheb protein levels in untreated
NRK-52E cells (Control) and NRK-52E cells treated with mimics NC or miR-365-3p mimics, and quantification of Rheb protein level, n=3 per group, GAPDH
as an internal control. (D) Western blot analyzed Rheb protein levels in NRK-52E cells treated with control (PBS), mVNS-Exo or mVNS-Exo +miR-365-3p
inhibitor, and quantification of Rheb protein level, n=3 per group, GAPDH as an internal control. (E) NRK-52E cells were treated with Ad-Rheb or Ad-ctrl.
Immunoblot analysis and quantification of p62 protein level, LC3II/LC3I ratio in NRK-52E cells, n=3 per group, GAPDH as an internal control. (F) Repre-
sentative images and semi-quantitative analysis of autophagosomes (yellow dots in the merged image) and autolysosomes (red dots in the merged
image) in NRK-52E cells, n=3 per group. Scale bar: 15 um. ****p < 0.0001 versus CM group; "p <0.01 versus CM +miR-365-3p mimics group. “4p <0.01
versus CM +miR-365-3p mimics + Ad-Rheb group. (G) NRK-52E cells were treated with miR-365-3p mimics, miR-365-3p mimics + Ad-Rheb or Rapamycin.
Immunoblot analysis and quantification of p62 protein level, LC3II/LC3I ratio and p-mTOR/mTOR ratio in NRK-52E cells, =3 per group, GAPDH as an in-
ternal control. Data are mean + SEM. *indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001; NS means not significant

between groups. All p values were obtained by one-way ANOVA

were found to significantly decrease after the treatment
of miR-365-3p mimics (Fig. 9C). After co-incubating
with mVNS-Exo, we found that the expression of Rheb
decreased in NRK-52E cells, while miR-365-3p inhibi-
tor nullified the impact of mVNS-Exo in reducing Rheb
expression (Fig. 9D). Therefore, there is a negative regula-
tory association between miR-365-3p and Rheb. Subse-
quently, Rheb was overexpressed to determine its effect
on autophagy in NRK-52E cells under CM conditions.
Western blot results showed the overexpression of Rheb
in NRK-52E cells after the Adenoviruses-Rheb trans-
fection. Compared to the CM group, overexpression
of Rheb resulted in an elevated expression level of p62,
a decreased LC3II/LC3I ratio, and inhibited autophagy
levels in NRK-52E cells (Fig. 9E). Furthermore, while
rapamycin was employed as a positive control, we vali-
dated that the capacity of miR-365-3p to inhibit mTOR
phosphorylation and consequently promote autophagy
in NRK-52E cells under CM exposure was abrogated by
Rheb overexpression (Fig. 9F and G).

Discussion

The findings presented in this article provided the first
evidence of the feasibility of mVNS for the treatment of
CI-AKI Through the injection of SPIO-CS/B-GP hydro-
gel to the left cervical vagal of SD rats followed by exter-
nal magnetic field stimulation, we precisely enhanced
vagus nerve activities and significantly reduced CI-AKI.
We further proved that the nephroprotective effects of
mVNS in vivo and in vitro were closely related to the
plasma exosomes, where miR-365-3p was identified as
the key exosomal miRNA responsible for inhibiting CM-
induced apoptosis. Specifically, mVNS treatment ele-
vated the miR-365-3p levels in plasma exosomes which
were absorbed into the renal tubular epithelial cells,
where miR-365-3p reduced the expression of its target
gene Rheb and activated autophagy, thereby alleviating
the apoptotic response induced by CM.

With the widespread use of CM, CI-AKI has emerged
as a prevalent kidney injury disease and is now recog-
nized as the third most common cause of renal insuffi-
ciency in hospitalized patients. This condition is linked to

significant adverse clinical outcomes and poses a risk of
mortality [45]. As there are currently no curative treat-
ments for CI-AKI, the current optimal management
strategy focuses on prevention. This includes the mea-
sures such as minimizing contrast media dosage and
promoting fluid hydration [4, 46]. But there is no con-
sensus on the optimal hydration regimen and it even has
several drawbacks, such as the increment in likelihood of
CI-AKI and death in patients [13]. Since electrical vagus
nerve stimulation (eVNS) has been demonstrated to alle-
viate the AKI associated with IRI through by inhibiting
inflammation, oxidative stress and apoptosis [18, 47], it
prompts us to explore whether VNS can improve con-
trast-induced nephropathy. However, the limitations of
eVNS have begun to emerge along with the researches
progressing, including the adverse effects of the stimu-
lation phase, complications of implantation surgery and
problems regarding the devices implanted [23, 48—50]. In
our previous research, we innovatively developed a new
vagal modulation technique, the mVNS system. Unlike
previous studies that relied solely on magnetic field
stimulation of the vagus nerve, resulting in limited pre-
cision [51], our mVNS system involves the implantation
of magnetic nanoparticles directly onto the target nerve.
With external magnetic field stimulation, this system can
precisely stimulate the vagus nerve, and have achieved
promising results in the treatment of myocardial infarc-
tion and reperfusion injury [25, 26]. Motivated by these
findings, we applied our mVNS system to rats receiving
CM and observed a significant alleviation of impaired
renal functions. This was evidenced by the reversal of
elevated serum Cr, BUN, and urine NAG levels, as well
as the restoration of diminished urine output. Moreover,
mVNS treatment alleviated the damage to the renal tissue
structure caused by CM, and suppressed KIM-1 expres-
sion and apoptosis in renal tubular epithelial cells.

In this study, we demonstrated for the first time the
renoprotection of mVNS on CI-AKI. Previous stud-
ies indicated that the renal protective effect of VNS was
mediated through the cholinergic anti-inflammatory
pathway, which regulated the functions of immune cells
and their production of pro-inflammatory cytokines to
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suppress the inflammatory responses [52, 53]. A recent
study illustrating the functional connections between
VNS and exosomes has prompted us to investigate
whether a similar association exists between mVNS and
plasma exosomes [27]. In this article we confirmed that
the application of exosomes from the plasma of rats
undergoing mVNS significantly attenuated the kidney
injuries and apoptosis in vitro and in vivo. Furthermore,
we utilized the exosome inhibitor GW4869 to suppress
exosome secretion in vivo. This intervention led to a
reduction in the concentration of plasma exosomes under
mVNS and weakened the protective effect of mVNS on
CI-AKI, suggesting that the nephroprotective effects of
mVNS were related to the plasma exosomes.

Plasma exosomes, released into the blood by the host
cells of varied sources, facilitate remote communica-
tion by delivering cargos such as noncoding RNAs and
proteins to the target cells and thus play vital roles in
multiple diseases [54, 55]. Large bodies of studies have
proposed the miRNAs present in plasma exosomes as
the crucial molecules responsible for regulating remote
organ functions [56-59]. In our study, we found the
upregulated miR-365-3p expression in the plasma exo-
somes extracted from the rats undergoing mVNS. Addi-
tionally, in vitro experiments confirmed that circulating
exosomal miR-365-3p can be absorbed by the renal tubu-
lar epithelial cells. Furthermore, miR-365-3p overexpres-
sion was shown to protect the kidneys against CI-AKI by
regulating apoptosis and autophagy in renal tubular epi-
thelial cells. In the classical CAP, vagus nerve stimulation
can influence macrophages to regulate their functional-
ity. Considering previous research indicating the enrich-
ment of miR-365 in exosomes derived from macrophages
[38, 60], it suggests that, following mVNS treatment, the
plasma exosomes with elevated miR-365 expression may
originate from macrophages. This warrants further inves-
tigation in our future work.

Autophagy is an intracellular pathway responsible for
the targeted lysosomal degradation of damaged organ-
elles, cellular macromolecules, and protein aggregates
[43]. Recent studies reported that CM exposure partially
activated cellular autophagy, which could be considered
as a part of the compensatory mechanism to attenuate
the tubular epithelial injuries [43, 61]. In detail, activation
of autophagy significantly attenuated apoptosis to allevi-
ate CI-AKI, while inhibition of autophagy can exacerbate
CI-AKI [61-63]. In line with previous research findings,
mVNS treatment resulted in the significant increase in
LC3II/I ratio along with the reduced P62 expression,
accompanied by a decrease in apoptosis under CM stim-
ulation. These findings emphasized the crucial roles of
mVNS in enhancing autophagy to mitigate CI-AKI. Func-
tional studies proved the crucial roles of miR-365-3p in
vitro in alleviating CM-induced apoptosis and regulating
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autophagy. Rheb, a small guanine triphosphate enzyme,
belongs to the guanosine-binding protein Ras superfam-
ily and plays important roles in apoptosis and autophagy
[64—66]. Using online tools TargetScan and miRDB, we
identified Rheb as the predicted target of miR-365-3p,
which was later proved by luciferase reporter assays. We
observed that overexpressed miR-365-3p significantly
reduced Rheb expression, while overexpression of Rheb
counteracted the pro-autophagic effect of miR-365-3p in
NRK-52E cells. Therefore, we believe that mVNS could
improve renal damage by regulating pathological molec-
ular mechanisms compared to traditional hydration ther-
apy. Moreover, the various regulatory effects of VNS on
mitochondrial dysfunction, oxidative stress, and inflam-
mation have been well established [67-69].

VNS has been used to treat various diseases in the
clinic [70]. However, it is noteworthy that in some clini-
cal trials, VNS therapy did not improve primary clinical
outcomes [71, 72]. To address potential challenges that
mVNS may face in clinical research, several strategies
can be implemented. First, conducting large-scale, mul-
ticenter clinical trials, including diverse patient popu-
lations, encompassing different ages, ethnicities and
comorbidities, would help validate its efficacy across var-
ious groups. Second, incorporating long-term follow-up
could assess the durability of treatment effects and safety
profiles. Additionally, real-world evidence from observa-
tional studies could complement clinical trial data.

This study has the following limitations. Firstly,
although we employed the stimulation parameters
derived from our previous study and successfully
achieved the significant improvement of CM-damaged
renal functions, we still need to develop and establish
the personalized protocols regarding the optimal stimu-
lation parameters for the maximum therapeutic effects.
Secondly, considering the diverse sources of exosomes in
circulation, it would be highly valuable in future studies
to identify the primary sources of releasing plasma exo-
somes with nephroprotective effects induced by mVNS.
Such identification could significantly enhance the clini-
cal applicability of our findings.

In summary, we herein firstly applied the mVNS sys-
tem to prevent CI-AKI. We further demonstrated that
the elevated miR-365-3p in circulating plasma exosomes
from the rats undergoing mVNS played a pivotal role in
improving CI-AKI. miR-365-3p significantly enhanced
autophagy and reversed CM-induced apoptosis in renal
tubular epithelial cells through inhibiting the expression
of its target gene Rheb. As a result, our findings highlight
the promising therapeutic potential of mVNS on CI-
AKI, suggesting that mVNS is expected to be an impor-
tant supplement in the treatment of CI-AKI in clinical
practice.
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Methods

Animal preparation and establishment of the CI-AKI model
Sprague-Dawley (SD) rats (male, about 220 g) were pur-
chased from Beijing Vital River Laboratory Animal Tech-
nology Company and the conducted in accordance with
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health. The
CI-AKI model in rats was established based on a previ-
ously published protocol [73]. All the rats were anesthe-
tized by intraperitoneal injection of 1% pentobarbital
sodium (40 mg/kg). The left renal pedicle of rats was first
ligated to abolish the left renal function. At one week
after the operation, the rats were dehydration for 24 h
and then were injected iohexol (10 ul/g, GE healthcare,
the United States) via the tail vein. After 24 h, the rats
were sacrificed to extract the urine, blood and kidney tis-
sues for the following analysis.

Isolation and characterization of plasma exosomes
Sham-Exo is derived from the plasma of rats underwent
renal pedicle ligation before iohexol injection, while
mVNS-Exo is derived from the plasma of rats underwent
renal pedicle ligation with mVNS pretreatment before
iohexol injection. Plasma exosomes were isolated using
a sequential differential centrifugation method [74].
The plasma samples were initially centrifuged at 500xg
for 30 min and then at 2000xg for 30 min to eliminate
blood cells and cellular debris. The resulting superna-
tants underwent centrifugation at 110,000xg for 120 min,
yielding plasma exosomes as the final pellets at the tube
bottom. All procedures were conducted at 4 °C. The
isolated exosomes were resuspended in PBS and stored
at -80 °C. The protein concentrations of exosomes were
determined using the BCA protein assay. Subsequently,
the surface markers of exosomes were detected by west-
ern blotting using antibodies against TSG101, CD63, and
CD81 (Santa Cruz, USA). The morphology and struc-
ture of exosomes were identified through transmission
electron microscopy (TEM, FEI-Tecnai G2), while the
size distribution and concentration of exosomes were
assessed using nanoparticle tracking analysis (NTA) with
ZetaView PMX 110.

Establishment of the mVNS system and experimental
groups

The mVNS system included the SPIO-CS/B-GP hydro-
gel and an external magnetic field (100mT, 20 Hz) to
send pulse sequences. Two days before injecting iohexol,
0.2 ml volume SPIO-CS/B-GP hydrogel synthesized as
previously described [25] were injected around the left
vagus nerve using a syringe, and the hydrogel solidi-
fied and completely wrapped the nerve after 5 min. The
rats were divided into 5 groups (2=8): (1) Sham group:
Sham surgery without left renal pedicle ligation and

Page 15 of 19

0.9% normal saline solution was injected instead of
hydrogel; (2) CM group: left renal pedicle ligation and
iohexol injection; (3) CM+mVNS group: additional
SPIO-CS/B-GP hydrogel injection and magnetic stimu-
lation; (4) CM+hydrogel (CM+HY) group: additional
SPIO-CS/B-GP hydrogel injection without magnetic
stimulation; (5) CM+magnetic field (CM+MF) group:
magnetic stimulation without SPIO-CS/B-GP hydrogel
injection. Intraperitoneal injection of GW4869 at the
dose of 2 mg/kg was chosen based on previous studies
[75, 76]. To study whether the recovery of renal functions
was related to the plasma exosomes after mVNS, the rats
were divided into 4 groups (n=8): (1) Sham group; (2)
CM group; (3) CM +Sham-Exo: additional intravenously
injecting Sham-Exo (2.5 mg/kg) before iohexol injection;
(4) CM+mVNS-Exo: additional intravenously injecting
mVNS-Exo (2.5 mg/kg) before iohexol injection.

Collection of urine, blood and kidney samples

Rats in each group were raised in the metabolic cages to
collect urine for 24 h and detect the urine volume and
N-acetyl-B-D-glucosaminidase in the urine. After being
anesthetized by pentobarbital, the blood samples were
collected from the tail tips and centrifuged at 3,000xg
for 15 min to get the serum for the detection of BUN
and SCR by ELISA assay. The right kidney tissues were
collected immediately from each rat at the end of the
experiment, which were then coronally dissected. Half of
the kidney was fixed with 4% paraformaldehyde for his-
tological examination, while the left half was frozen in
liquid nitrogen for the following extraction of RNA and
proteins.

Histology and immunohistochemistry (IHC) staining

Both hematoxylin-eosin (H&E) staining and periodic
acid-Schiff (PAS) staining were used to evaluate the his-
tological changes of the kidney. After being fixed in 4%
paraformaldehyde, dehydrated, and embedded in paraf-
fin, the kidney tissues were sectioned at a thickness of
4 pm and then stained with hematoxylin-eosin (C0105S,
Beyotime, China) or Periodic acid-Schiff solutions
(BA4114, Baso, China) for detecting the histopathologi-
cal changes of kidney tissues. Renal tubule injuries were
assessed by evaluating the degree of loss of the brush bor-
ders, foaming and the detachment of renal tubular cells.
Scores were assigned on the following scale: no injury (0);
mild: 0-25% (1); moderate: 25-50% (2); severe: 51-75%
(3); and very severe: 76-100% (4) [77]. For immunohis-
tochemical staining, the kidney sections were incubated
with antibodies against KIM-1 (10 pg/ml, NBP1-76701,
Novus, USA) or Cleaved-Caspase-3 (1:1000, 9664, CST,
USA) overnight at 4°C. Then the sections were incu-
bated with secondary antibodies (1:5000, FDR007, FUDE
Bio, China) and then DAB kit to visualize the antigen
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(ZLI-9018, Beijing, China). The sections were observed
with under a light microscope (TE2000-U, Nikon, Japan)
and were analysed using Image-Pro Plus 6.0.

ELISA assay

The NAG in urine and BUN and Scr in blood were
detected by using ELISA kits according to the manu-
facturer’s instructions. ELISA Kkits included NAG (CSB-
E07443r, CUSABIO, China), BUN (HM-E20555R1,
HUAYUN, China) and Scr (RX301570R, HUAYUN,
China).

Cell culture, iohexol exposure and transfections

Rat renal tubule epithelial cells (NRK-52E) were pur-
chased from Shanghai Cell Bank (Shanghai, China) and
were cultured in DMEM/F12 containing 10% fetal bovine
serum (FBS) (10099141 C, Gibco, USA) and 1% peni-
cillin/streptomycin (15070063, Gibco, USA Gibco) in
5% CO, at 37 °C. When growing to about 80% conflu-
ence, the cells were treated as follows. To evaluate the
effects of mVNS-Exo on CM-induced injuries, NRK-
52E cells were divided into 4 groups, as follows: (1) con-
trol group; (2) CM group; (3) CM +Sham-Exo group; (4)
CM+mVNS-Exo group. In detail, NRK-52E cells in CM
group were exposed to iohexol (20mgl/ml) for 72 h, while
CM+Sham-Exo group and CM+mVNS-Exo group were
incubated with iohexol (20mgl/ml) and Sham-Exo or
mVNS-Exo (50 pug/mL) for 72 h. To confirm the modu-
lation of miR-365-3p to Rheb expression, miR-365-3p
mimics (100nM), miR-365-3p inhibitor (100nM) and
negative control (100nM) synthesized by RiboBio (China)
were transfected to NRK-52E cells via riboFECT™ CP
Reagent (C10511-05, RiboBio, China) according to the
manufacturer’s instructions. Adenoviruses-Rheb (Ad-
Rheb) was generated according to the manufacturer’s
protocol (Genechem Technology, China). NRK-52E cells
were infected with Ad-Rheb at a multiplicity of infection
of 50 for 24 h, as well as Ad-ctrl as a negative control.
Western blot analysis was performed to determine the
infection efficiency. To monitor autophagic flux, NRK-
52E cells cells were transfected with mRFP-GFP-LC3
adenovirus (Hanbio, HB-AP210 0001, Shanghai, China)
at a concentration of 10710 PFU/mL for 48 h. The quanti-
fication of autophagic flux in NRK-52E cells was achieved
by enumerating the yellow and red dots. Rapamycin
(100 nM) were incubated with cells for 2 h before adding
iohexol.

Exosomal miRNA sequencing

The miRNAs sequencing was carried out in Sham-Exo
and mVNS-Exo. Exosomal miRNA-seq analysis was per-
formed by Shanghai Bioprofile Technology Company Ltd.
(Shanghai, China) using the Illumina NovaSeq Xplus.
Diferentially expressed miRNAs were identifed through
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|log2(fold change)|=1 and P-value<0.05 with the thresh-
old set for up and downregulated genes. Bioinformat-
ics analyses, including differential expression analysis of
miRNAs, prediction of miRNA target genes, gene ontol-
ogy (GO) analysis, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis, were
conducted by Shanghai Bioprofile Technology Company
Ltd.

TUNEL staining

The TdT-mediated dUTP Nick-End Labeling (TUNEL)
kit (11684795910, Roche Life Science, Switzerland) was
applied to detect apoptosis in vivo and in vitro, according
to the manufacturer’s protocol. To detect the apoptosis
in renal tissues, the dewaxed sections were permeabi-
lized with 0.1 M sodium citrate for 30 min and then incu-
bated with TUNEL reaction mixtures in the dark at 37°C
for 1 h. To detect the apoptosis in NRK-52E cells, after
being washed with PBS and fixed for 20 min with 4%
paraformaldehyde, the cell samples were stained with the
TUNEL kit. E-cadherin was considered as a marker for
renal tubular epithelial cells. Cells with TUNEL-positive
nuclei and TUNEL-negative nuclei were counted in by
using fluorescence microscopy (Axio Vert Al, Zeiss, Ger-
many) and quantified by Image-Pro Plus 6.0.

Immunofluorescent staining

NRK-52E cells were washed with PBS (pH 7.4), fixed in
4% paraformaldehyde for 25 min and permeabilized with
0.2% Triton X-100 for 20 min at room temperature. After
blocked in PBS containing 1% BSA, cells were incubated
with the antibody against KIM-1 (20 pg/ml, NBP1-76701,
Novus, USA) for overnight incubation at 4 °C. The cells
washed with PBS three times for 5 min, then were incu-
bated with secondary antibody for 2 h, while the nucleus
was stained with 4/,6-diamidino-2-phenylindole (DAPI)
(100 ng/ml) for 5 min at room temperature. The KIM-1
expression was evaluated by using fluorescence micros-
copy (Axio Vert Al, Zeiss, Germany).

Transmission electron microscope (TEM) analysis

TEM was applied to observe the formation of autopha-
gosomes in kidney tissue. Briefly, kidney tissues with
volume of less than 1 mm [3] were fixed in 2.5% glutar-
aldehyde for 2 h, followed by conventional dehydration,
osmosis, embedding, sectioning, and staining as previ-
ously described [78].

Luciferase reporter assay

Luciferase reporters containing wild-type or mutant
3’'UTR of Rheb (Rheb-WT or Rheb-MUT) were con-
structed by RiboBio (China). For the luciferase assay,
HEK-293T cells growing to about 80% confluence in
24-well plates were transfected with 100 ng luciferase
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reporters containing Rheb-WT or Rheb-MUT per well
and 100nM miR-365-3p mimics or mimics-NC per well
using riboFECT™ CP Reagent. Cells were harvested at
48 h after transfection and the luciferase activities were
detected using the Dual Luciferase Reporter Assay Kit
(11402ES60, YEASEN, China) according to the instruc-
tions. Firefly luciferase activities were normalized to
Renilla luciferase activity.

Western blotting analysis

Western blotting analysis was performed according to the
standard protocol as previously described [78, 79]. Anti-
bodies used were as follows: Bax (1:1000, 14796, Cell Sig-
naling Technology/CST, USA), Bcl2 (1:5000, ab196495,
Abcam, UK), CD63 (1:500, sc-5275, Santa Cruz, USA),
CD81(1:1000, sc-166029, Santa Cruz, USA), Cleaved-
Caspase-3 (1:1000, 9664, CST, USA), GAPDH (1:10000,
ab181602, Abcam, UK), LC3A/B (1:1000, 12741, CST,
USA), mTOR (1:1000, 2797, CST, USA), phospho-
mTOR(Ser-2448) (1:1000, 2796, CST, USA), P62 (1:1000,
ab109012, Abcam, UK), Rheb (1:1000, ab25873, Abcam,
UK) and TSG101 (1:500, sc-7964, Santa Cruz, USA). The
bands were visualized by enhanced chemiluminescence
reagents and analysed with a gel documentation system
(Bio-Rad Gel Doc1000 and Multi-Analyst version 1.1).

Quantitative real-time polymerase chain reaction
(gRT-PCR) analysis

Total RNAs from cells and tissues were extracted by
Trizol (RC202-01, Vazyme, China) and the concentra-
tions of RNAs were examined by a spectrophotometer
(NanoDrop-2000, Thermo Scientific, USA). The iso-
lated RNAs were then reverse-transcribed to cDNA
with the Hifair III 1st Strand ¢cDNA Synthesis Super-
Mix for qPCR (1141ES10, Yeasen, China). Quantitative
PCR analysis was performed by Hieff qPCR SYBR Green
Master Mix (11203ES08, Yeasen, China) and QuantStu-
dio3 Real-Time PCR Systems (Thermo Scientific, USA)
in accordance with the manufacturer’s instructions. 18s
ribosomal RNA (18s) was used the reference gene for
the expression of Rheb gene. For RNAs in exosomes, the
Total exosome RNA isolation kit (4478545, Thermo Sci-
entific, USA) the was applied to extract exosomal RNAs,
following the manufacturer’s protocols. For quantifica-
tion of miR-365-3p, cDNAs were synthesized with the
miRNA First-Strand cDNA Synthesis Kit (by stem-loop)
(MR101-02, Vazyme, China), which were examined by
quantitative PCR analysis with AceQ qPCR SYBR Green
Master Mix (Q111-03, Vazyme Biotech, China) and
QuantStudio3 Real-Time PCR Systems (Thermo Scien-
tific, USA). U6 was the reference gene for the expression
of miR-365-3p in cells, while cel-miR-39 was used as the
reference gene of miR-365-3p expression in exosomes.
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Statistical analysis

Continuous variables are expressed as meanZSEM.
Unpaired, two-tailed Student’s t-test was used to com-
pare continuous variables between the two groups. One
way analysis of variance (ANOVA) with Bonferroni’s or
Tukey’s correction was used for multi-group compari-
son. All statistical tests were performed using GraphPad
Prism software version 8.0, and a 2-sided p<0.05 was
considered statistically significant (*indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001, and **** indicates
»<0.0001). NS means not significant between groups.
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