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Abstract

Background. Diabetic peripheral neuropathy (DPN) is one of the most common complications of diabetes,
but the molecular mechanisms of DPN are still unclear.

Objectives. To investigate the role of mif-227 in DPN and the related molecular mechanisms.

Materials and methods. Streptozotocin (STZ) was used to establish an in vivo DPN model. An in vitro
DPN model was established using high glucose-induced SH-SY5Y cells. The pain condition of rats was
measured by evaluating the 50% paw withdrawal threshold (PWT) and paw withdrawal latency (PWL).
Serum exosomes were extracted and identified. Expression of miR-227 in serum exosomes and serum SOCS3
expression were determined using reverse-transcription quantitative polymerase chain reaction (RT-gPCR).
Western blotting was used to measure the protein levels of SOCS3, bradykinin (BK) and prostaglandin E2
(PEG2). The dual luciferase reporter assay was performed to confirm SOCS3 3-UTR as a target of miR-221.
The serum or cell supernatant levels of PEG2, BK, interleukin (IL)-6, IL-16, and tumor necrosis factor alpha
(TNF-a) were measured using enzyme-linked immunosorbent assay (ELISA).

Results. Induction of the lenti-miR-221 inhibitor significantly decreased the expression of miR-221 in DPN
rats. Both 50% PWT and PWL values were markedly decreased in DPN rats. When miR-227 was inhibited,
the 50% PWT and PWL values were both significantly increased. Knockdown of miR-227 significantly in-
creased the expression of SOCS3 and decreased the expression of NF-kB. Furthermore, knockdown of miR-221
remarkably decreased the expression of PEG2, BK, IL-6, IL-16, and TNF-a in both STZ-treated DPN rats and
high glucose-induced SH-SY5Y cells, which was reversed by inhibition of SOCS3. The dual luciferase reporter
assay showed that miR-221 directly targeted and negatively requlated SOCS3.

Conclusions. Inhibition of miR-221 can reduce pain and decrease expression of inflammatory factors
through targeting SOCS3in DPN.
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Background

Diabetic peripheral neuropathy (DPN) is one of the most
common complications of diabetes. Almost 50% of dia-
betic patients develop DPN during their lifetime and about
10-26% of newly diagnosed diabetic patients suffer from
DPN.12 Compared to other types of peripheral neuropa-
thy, the development of DPN is more rapid. Research has
reported that DPN is the primary cause of diabetic foot
ulcer and amputation, which lead to disability.?~> Gener-
ally, it is considered that DPN is the result of many fac-
tors related to the hyperglycemic condition. Many factors
influence DPN incidence, including glycosylation of tissue
protein, oxidative stress, mitochondrial damage, inflam-
mation activation, and activation of the polyol pathway.6#
However, the molecular mechanisms of DPN are still
unclear.

MicroRNA (miRNA) is a kind of endogenous non-cod-
ing RNA with a length of about 20-24 bases that plays
wide roles in organisms.” Among miRNAs, miR-221 plays
important roles in many diseases. Oh et al. found that
miR-221 could inhibit oxidative stress through regulating
DJ-1 in Parkinson’s disease.!° Fornari et al. demonstrated
that miR-221 could induce sorafenib resistance by inhib-
iting caspase-3-mediated apoptosis in hepatoma cells.!!
In addition, miR-221 was found to be upregulated in diabe-
tes and promote diabetes development.!? However, the role
of miR-221 in DPN has not been elucidated yet.

Objectives

In the present study, we aimed to investigate the role
of miR-221 in DPN. We demonstrated that inhibition
of miR-221 led to reduction of pain and decreased in-
flammatory factors through targeting SOCS3 in the DPN
model. This research might give deeper insights into
the molecular mechanisms of DPN.

Materials and methods
Animals and treatment

For establishment of the DPN in vivo model, 40 male
Sprague Dawley (SD) rats (215 +15 g, 3-month old) were
purchased from the Laboratory Animal Center of Xuzhou
Medical University, China. The rats were kept in micro-
isolator cages in a light-controlled room undera 12 h/12 h
light/dark cycle and a controlled temperature (23-25°C),
and had free access to food and water. All efforts were
made to avoid unnecessary pain suffered by the animals.
This study was approved by the Institutional Animal Care
Committee at Xuzhou Children’s Hospital.

Animals were divided into 4 groups (n = 10 per group):
1) control group; 2) streptozotocin (STZ)-induced DPN
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group; 3) DPN and miR-221 inhibitor group; and 4) DPN
and inhibitor negative control (NC) group. For establish-
ment of the DPN model, rats received daily intraperitoneal
injection of STZ (Sinopharm Group, Co. Ltd., Shanghai,
China) at a dose of 60 mg/kg. After 7 days of injection,
the blood glucose level of the rats was evaluated using
ablood glucose meter (Abbott Laboratories, Chicago, USA),
and a blood glucose level >16.7 mol/L was regarded as suc-
cessful establishment of the diabetes model. After 14 days
of injection, a von Frey fiber pain meter (Stoelting, Wood
Dale, USA) was used for measurement of the 50% paw with-
drawal threshold (PWT), and 50% PWT < 4 g was regarded
as successful establishment of the DPN model. The rats
in the control group received daily injections of normal
saline with the same volume.

For the DPN and miR-221 inhibitor or DPN and in-
hibitor NC group, the miR-221 inhibitor was designed
and synthesized by GeneChem Corp. (Shanghai,
China). The sequence of the miR-221 inhibitor was:
5-GAAACCCAGCAGACAAUGUAGCU-3". The con-
struction and packaging of the lentivirus of the miR-221
inhibitor (lenti-miR-221-inhibitor) and lenti-miR-NC
were accomplished by GeneChem Corp. Briefly, miRNA
oligos with the miR-221 inhibitor/NC sequence were
synthesized and subcloned into the pcDNA6.2™™-
GW/EmGFP-miR vector (Invitrogen, Carlsbad, USA).
The lenti-miR-221-inhibitor/NC vector was obtained af-
ter att B and att P mediated recombination (BP reaction)
between the miRNA vector and pDONR221 vector, and
att L and att R mediated recombination (LR reaction) be-
tween the entry vectors and pLenti6.3/V5-dest. The lenti-
miR-221-inhibitor/NC vector was then packaged with ac-
tive titer 2 x 108 TU/mL. The rats the in DPN and miR-221
inhibitor/NC group were DNP rats who received tail vein
injection of 100 pL lenti-miR-221-inhibitor/NC vectors
(2 x 108 TU/mL). Treatment was conducted immediately
after injection of STZ. All experiments were repeated
in triplicate.

Measurement of PWT and PWL

The PWT was measured using a von Frey fiber pain
meter (Stoelting). Briefly, rats were placed in a transpar-
ent plexiglas box with a hole of 0.5 x 0.5 cm? in the bot-
tom. The plantar of the rats was stimulated by gradu-
ally increasing the buckling force from 0.57 g. The force
of the leg retraction reaction was regarded as the PWT
and 50% PWT was calculated. Each animal was evaluated
5 times. The paw withdrawal latency (PWL) was measured
using an automatic thermal pain stimulator (BMC-410C;
Institute of Biomedical Engineering, Chinese Academy
of Medical Sciences, Beijing, China). Briefly, rats were
put on a glass plate and exposed to thermal radiation.
The time from the beginning of irradiation to the emer-
gence of leg raising avoidance was regarded as the PWL.
Each animal was evaluated 5 times.
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Extraction and identification
of serum exosomes

Blood samples were obtained from the rats after 14 days
of treatment. Samples were centrifuged at 3000 x g at 4°C
for 5 min. The serum exosomes were extracted using
ExoQuick Exosome Precipitation Solution (ExoQuick;
System Biosciences, Palo Alto, USA) in strict adherence
with the manufacturer’s instructions. For identification
of the extracted exosomes, a flow cytometer (Beckman
Coulter, Brea, USA) was used for measurement of the sur-
face biomarkers CD63, CD90, CD45, and CD34. Briefly,
acetaldehyde/sulfate latex beads (4 uM) were added into
30 pg extracted exosomes to achieve 100 pL. After adding
1 mL of phosphate-buffered saline (PBS) and incubation for
2 h, glycine (100 mmol) was added and the samples were in-
cubated with primary antibodies of anti-CD63 (ab108950;
Abcam, Cambridge, USA), anti-CD90 (ab226; Abcam),
anti-CD45 (ab10558; Abcam), and anti-CD34 (ab81289;
Abcam) at 4°C overnight. After incubation with the cor-
responding secondary antibody Goat Anti-Rabbit I[gG H&L
(horseradish peroxidase (HRP); ab205718; Abcam) at 37°C
for 30 min, the biomarkers were analyzed using flow cy-
tometry (FCM).

For observation of the morphology of the extracted exo-
somes, the exosomes were also observed using a transmis-
sion electron microscope (Hitachi, Tokyo, Japan).

Cell culture and transfection

For the in vitro DPN model, the SH-SY5Y cell line from
American Type Cell Culture (ATCC, Manassas, USA) was
treated with 50 mmol/L of D-glucose (Sigma-Aldrich,
St. Louis, USA). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Gaithersburg, USA) with
10% fetal bovine serum (FBS; Gibco), 100 IU/mL of penicil-
lin, and 100 pg/mL of streptomycin at 37°C with 5% CO,.
Normal cells were treated with 5 mmol/L D-glucose.

For cell transfection, cells were transfected with miR-221
inhibitor/mimics or inhibitor/mimics NC, as well as si-
SOCS3 or si-NC (all 5 nM) using Lipofectamine 3000
(Invitrogen, Carlsbad, USA) in serum-free Opti-MEM
medium (Gibco) according to the manufacturer’s instruc-
tions. The miR-221 mimics/inhibitor, mimics/inhibitor
NC, si-SOCS3, and si-NC were designed and synthesized
by GeneChem Corp.

RT-gPCR

Total SOCS3 RNA was extracted from the serum samples
or cells using TRIzol reagent (Thermo Fisher Scientific,
Waltham, USA). The extraction of miR-221 was performed
using a mirVana miRNA isolation kit (Ambion, Austin,
USA) strictly according to the manufacturer’s instructions.
RNA concentration was determined using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies,
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Wilmington, USA). The TagMan® RNA Reverse Tran-
scription Kit (Applied Biosystems, Foster City, USA) was
used to convert RNA into cDNA. The TagMan® MicroRNA
Reverse Transcription Kit (Applied Biosystems) was used
for reverse transcription of miRNA. The SYBR Premix
Ex Taq™ II Kit (Solarbio Science & Technology Co. Ltd.,
Beijing, China) was used for reverse-transcription quan-
titative polymerase chain reaction (RT-qPCR) in an ABI
StepOnePlus system (Applied Biosystems). The thermo-
cycling conditions were as follows: initial activation step
at 95°C for 15 min, 40 cycles, denaturation at 94°C for
15 s, annealing at 55°C for 30 s, and extension at 72°C for
30 s. Primers are listed Table 1. The relative RNA levels
were calculated using the 27444 method. U6 and GAPDH
were used as internal controls for miR-221 and SOCS3,
respectively.

Table 1. Sequences used in PCR

Genes | Sequence

F 5'-CAGCATACATGATTCCTTGTGA-3'
R 5-CTTTGGTGTTTGAGATGTTTGG-3'

F 5- CCTGCGCCTCAAGACCTTC-3'
R 5-GTCACTGCGCTCCAGTAGAA-3'

F 5-AGCGAGCATCCCCCAAAGTT -3’
R 5-GGGCACGAAGGCTCATCATT-3'

F 5-TGCGGGTGCTCGCTTCGGCAGE-3'
R 5-CCAGTGCAGGGTCCGAGGT-3

miR-221

SOCS3

GAPDH

ue

Western blotting

Western blotting was used to measure the protein levels
of SOCS3, bradykinin (BK) and prostaglandin E2 (PEG2).
Proteins were extracted from serum samples or cells using
radioimmunoprecipitation assay (RIPA) buffer (Vazyme
Biotec Co. Ltd., Nanjing, China) and the concentrations
were determined using a BCA assay kit (Sigma-Aldrich).
After being subjected to 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) film, samples
were blocked using non-fat milk at room temperature for
1 h. The same samples were then incubated with primary
antibodies of anti-SOCS3 (ab16030; Abcam), PEG2 (ab2318;
Abcam) and BK (ab47864, Abcam) at 4°C overnight fol-
lowed by incubation with the corresponding secondary
antibody (Goat Anti-Rabbit IgG H&L, ab205718; Abcam).
The films were scanned using the Pierce ECL Western
Blotting Substrate (Pierce, Shanghai, China) and analyzed
using a Bio-Rad gel imaging system (Bio-Rad, Hercules,
USA).

Dual luciferase reporter assay
The dual luciferase reporter assay was performed to con-

firm the SOCS3 3’-UTR as a target of miR-221. Briefly,
the wild-type (WT) SOCS3 3-UTR or mutant (Mut) type
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was amplified and sub-cloned into a pGL4.10 lucifer-
ase reporter vector and the cells were transfected with
miR-221 mimics, inhibitor or mimics/inhibitor NC using
Lipofectamine 3000 (Invitrogen). Luciferase assays were
performed using a Bright-Glo™ Luciferase Assay System
(Promega, Madison, USA) after 48 h of transfection and
the luciferase activity was normalized to the values of Re-
nilla luciferase activity.

Measurement of PEG2, BK, IL-6, IL-13,
and TNF-a

Serum or cell supernatant levels of PEG2, BK, interleukin
(IL)-6, IL-1P, and tumor necrosis factor alpha (TNF-a)
were measured with enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions us-
ing commercial kits: Prostaglandin E2 ELISA Kit (Abcam);
Bradykinin ELISA Kit (Abcam); Interleukin 6 (Sandwich
ELISA) ELISA Kit (LSBio, Inc.); Interleukin 1P (Sandwich
ELISA) ELISA Kit (LSBio, Inc.); and TNF-a ELISA Kit
(LSBio, Inc.).

Statistical analyses

Data are expressed as the mean + standard deviation
(SD). Comparisons were conducted using one-way analysis
of variance (ANOVA) followed by the Tukey’s post hoc test.
Findings were considered to be statistically significant
when the p-value was less than 0.05. All analyses were
performed using SPSS v. 18.0 (SPSS Inc., Chicago, USA).

B 6 control

=

$s 8

g | |

£ 4 \

< §

o N

w3 .

c .

S L

g 2 .

g .

g1 .

v 0 SR \\§\ !\‘\ {\\; ‘. ‘\‘. N NS
C 0 100 150

2400

2,000+

count

1,000

10102 103 104 105 106 1072
CD-63-A

oA
101102 103 104 10° 106 102
CD-90-A

0
10" 102 103 10% 105 106 1072
CD-45-FITGA

0
10" 102 103 10% 105 106 1072
CD-34-PE-A

CDoo -
o6’ ——
o3+
cvas S
carDH [N

particle diameter [nm]

Results

MiR-221 was upregulated in serum-extracted
exosomes in STZ-induced DPN rats

First, the exosomes extracted from the serum taken from
the rats were identified. The morphology of the exosomes
was photographed and the mean diameter was about
70 nm (Fig. 1A,B). Flow cytometry and western blotting
results showed that CD63 and CD90 were positively ex-
pressed, while CD45 and CD34 were negatively expressed
in the exosomes (Fig. 1C,D), indicating the successful ex-
traction of the exosomes. Next, the expression of miR-221
was determined using RT-qPCR. It was observed that
miR-221 was markedly upregulated in the serum exosomes
of the DPN rats (Fig. 1E), suggesting that miR-221 is abnor-
mally expressed and might play a role in DPN.

Inhibition of miR-221 reduced the pain
condition of STZ-induced DPN rats

To investigate the role of miR-221 in DPN, we injected
the lenti-miR-221 inhibitor into the rats and observed
alterations in their pain condition. As shown in Fig. 2A,
the blood glucose level increased remarkably in DPN rats
compared with controls (p < 0.05). Induction of the lenti-
miR-221 inhibitor significantly decreased the expression
of miR-221 in DPN rats compared with the NC group
(p < 0.05, Fig. 2B). Both 50% PWT and PWL values were
markedly decreased in DPN rats compared with controls

Fig. 1. MiR-221 was
upregulated in serum-
extracted exosomes from
STZ-induced DPN rats

A. Morphology of serum-
extracted exosomes under
TEM (100 nm); B. Distribution
of the diameters of exosomes;
C. FCM results for surface
biomarkers of CD90, CD63,
CD34, and CD45; D. Protein
levels of CD90, CD63, CD34,
and CD45 measured with
western blotting; E. Expression
of miR-221 in serum-derived
exosomes from DPN and
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(p < 0.05, Fig. 2C). When miR-221 was inhibited, both
the 50% PWT and PWL values were significantly increased
compared with the NC group (p < 0.05). These results
indicated that inhibition of miR-221 improved the pain
condition of DPN rats.

Inhibition of miR-221 activated

the expression of SOCS3 but suppressed
the expression of NF-kB and inflammation
factors in STZ-induced DPN rats

To further reveal the effects of inhibiting miR-221
in DPN, the serum protein levels of NF-kB and inflam-
mation factors were evaluated. It was found that DPN treat-
ment markedly decreased the expression of SOCS3 and
increased the expression of NF-«kB (p < 0.05, Fig. 3A). How-
ever, knockdown of miR-221 significantly reversed these
effects. Furthermore, knockdown of miR-221 remarkably
decreased the expression of PEG2, BK, IL-6, IL-1B, and
TNF-a compared with the NC group, which was increased
by STZ treatment in DPN rats (p < 0.05, Fig. 3B). Taken
together, these results indicate that knockdown of miR-221
also decreased the expression of inflammation-related fac-
tors in DPN and that the downregulation of SOCS3 might
be involved in this process.

MiR-221 directly targeted
and negatively regulated SOCS3

Next, the binding mode between miR-221 and SOCS3
was confirmed. The interaction between miR-221 and
SOCS3 was predicted using TargetScan v. 7.2 (http:/www.
targetscan.org/vert_72) and is shown in Fig. 4A. The dual
luciferase reporter assay showed that luciferase activity
significantly decreased when transfected with miR-221
mimics and significantly increased when transfected with
the miR-221 inhibitor in WT-SOCS3 (p < 0.05 compared
with the NC group, Fig. 3B). However, no significant dif-
ference was found in Mut-SOCS3. The mRNA and protein
expressions of SOCS3 were also determined. As shown
in Fig. 3C,D, inhibition of miR-221 markedly increased
the expression of SOCS3, while overexpression of miR-221
led to significant downregulation of SOCS3 compared
with the NC group (p < 0.05). These results indicate that
miR-221 directly targeted and negatively regulated SOCS3.

Inhibition of miR-221 suppressed
inflammatory factors through regulation
of SOCS3 in high glucose-induced

SY5Y cells

Lastly, miR-221 and SOCS3 were both suppressed
in high glucose-induced SH-SY5Y cells and the ex-
pression of inflammatory factors was evaluated. It was
found that the SOCS3 mRNA and protein expressions
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Fig. 3. Inhibition of miR-221 activated the expression of SOCS3 while suppressing the expression of NF-kB and inflammation factors in STZ-induced DPN rats

A. Serum protein levels of SOCS3 and NF-kB in different groups of rats; B. Serum PEG2, BK, IL-6, IL-13, and TNF-a measured using ELISA; *** p < 0.001.

were remarkably decreased in high glucose-induced cells
compared with controls, while the expression of miR-221
was remarkably upregulated in high glucose-induced
cells (p < 0.05, Fig. 5A,B). However, the suppression
of miR-221 markedly downregulated the expression
of miR-221 and upregulated the expression of SOCS3
in high glucose-induced cells (p < 0.05). Co-transfec-
tion of the miR-221 inhibitor and si-SOCS3 significantly

reversed the effects of the miR-221 inhibitor. Further-
more, suppression of miR-221 decreased the inflamma-
tory levels of PEG2, BK, IL-6, IL-1B, and TNF-a, which
were increased by high glucose. Inhibition of SOCS3
significantly reversed this effect (Fig. 5C). These results
suggest that knockdown of miR-221 suppressed high
glucose-induced inflammatory factors through up-reg-
ulation of SOCS3.
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Discussion The relationship between miR-221 and diabetes has been
noted in previous research. Lightell et al. demonstrated

The DPN is one of the most common complications that miR-221 and miR-222 were upregulated in diabetes
of diabetes. However, the molecular mechanisms of DPN and that upregulation could promote intimal hyperplasia
remain unclear. In the present study, we demonstrated for in diabetic mice.!> Qian et al. showed that inhibition of cell
the first time that miR-221 is upregulated in DPN in vivo autophagy induced by miR-221 resulted in aggravation
and in vitro models, and that inhibition of miR-221 im- of diabetic cardiac hypertrophy.!3 All of these results sug-

proves DPN through targeting SOCS3. gest that miR-221 is associated with aggravation of diabetes
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and its complications. In recent research, it was found that
IncRNA GAS5 suppressed the proliferation and fibrosis
of glomerular mesangial cells in diabetic nephropathy
rats by targeting miR-221 and negatively regulated its ex-
pression.’ In a clinical study, Liu et al. demonstrated that
miR-221 is also upregulated in diabetic retinopathy (DR)
and has potential as a biomarker for DR.® In a 2020 study,
Fan et al. found that miR-221 and miR-222 could suppress
the ability of islet cells to secrete insulin in a mouse model.1®
These studies further indicate that miR-221 plays a role
as a promotor in diabetes. However, the role of miR-221
in DPN has not been shown. In the present study, we con-
firmed that miR-221 was upregulated in a DPN rat model
and that inhibition of miR-221 improved the pain condition
of DPN rats and inhibited inflammatory factors.

The relationships among miR-221, inflammation and pain
have been previously reported. It was found that miR-221
can activate NF-«kB by inhibition of A20, and that NF-xB
is a key factor in inducing inflammatory factors.!” Wang
et al. demonstrated that inhibition of miR-221 improved
lipopolysaccharide (LPS)-induced inflammation in lung in-
jury by suppressing SOCS1/NF-kB signaling.!® In a study
of pain condition, Xia et al. found that inhibition of miR-221
improved neuropathic pain by inhibition of suppressor
of cytokine signaling 1.1 In our study, we also demonstrated
that inhibition of miR-221 improved pain condition in DPN
rats and suppressed levels of inflammatory factors.

The SOCS3 is considered an inflammation suppressor
and is also associated with diabetes. Research has shown
that SOCS3 can suppress the expression of the inflam-
matory factors IL-1, IL-6 and tumor growth factor beta
(TGE-B), as well as the inflammation signaling-related
factors NF-kB and TGFf.2%2! The SOCS3 also shows anti-
inflammation effects in LPS-induced lung inflammation,
hepatitis B virus (HBV)-induced inflammation, oxidative
stress, and encephalomyelitis.??~2* Regarding the relation-
ship between SOCS3 and diabetes, Zhu et al. showed that
paeoniflorin could upregulate the expression of SOCS3
and inhibit inflammation, leading to suppression of ma-
trix metalloproteinase-9 (MMP-9) and inflammatory
factors in high glucose-induced renal clear cells.?> Duan
etal. demonstrated that overexpression of SOCS3 improved
high glucose-induced injury of pulmonary endothelial cells
through inhibition of JAK2/STATS3 signaling.?® Another
study observed that inhibition of IL-6 improved diabetic
nephropathy and that the process was associated with
upregulation of SOCS3.%” Taken together, these studies
indicate that SOCS3 might improve diabetes, potentially
through its anti-inflammation effects. In the present study,
we showed that SOCS3 was downregulated in DPN rats and
high glucose-induced cells, and that inhibition of SOCS3
reversed the beneficial effects of the miR-221 inhibitor
in high glucose-induced cells. The relationship between
miR-221 and SOCS3 has been reported in many other
diseases, including prostate cancer, pancreatic cancer,
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thrombocytosis, and bladder cancer.?8-3° However, this
is the first confirmation that miR-221 also targets SOCS3
in DPN.

Limitations

The present study has some limitations. The upstream
molecules that regulate the miR-221/SOCS3 axis are not
sufficiently clear. Further research is also required to re-
veal the role of exosomes.

Conclusions

We demonstrated that inhibition of miR-221 reduced
pain and suppressed inflammatory factors in DPN rats,
and also inhibited inflammation in a high glucose-in-
duced SH-SY5Y cell line. This research might provide
some novel molecular mechanisms for the development
of DPN treatment.
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