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Background: More andmore evidence has shown the process of Parkinson’s disease (PD). Probably, inflammation exerts a crucial
role between them. Therefore, the aim of this study was to analyze the impact of interleukin-6 receptor (IL-6R) expression on the
IL-6/signal transducer and activator of transcription 3 (STAT3)/hypoxia-inducible factor-1α (HIF-1α) inflammatory signaling
pathway within a mouse model of PD with type 2 diabetes mellitus (T2DM) as co-morbidity.
Methods: We chose healthy wild-type C57BL/6J male mice at the age of 10 weeks to prepare a mouse model of PD with T2DM
co-morbidity. Adeno-associated virus (AAV) overexpressing IL-6R or AAV IL-6R-shRNA genes were injected into the substantia
nigra (SN) of the mice. The behavioral indices of the pole test were used for examining the motor function of the mice. Using
immunofluorescence analysis, the impacts of IL-6R on the level of tyrosine hydroxylase (TH) and anti-ionized calcium-binding
adaptormolecule 1 (IBA-1) on dopaminergic neurons andmicrogliawere examined. Additionally, enzyme-linked immunosorbent
assay (ELISA) was adopted for determining the expressions of HIF-1α and inflammatory cytokines like tumor necrosis factor-α
(TNF-α), IL-1β, IL-6, and IL-4 in the serum. In this study, the protein expression levels of TH, α-Synuclein (α-Syn), IBA-1, IL-6,
IL-6R, phosphorylated and total signal transducer and activator of transcription 3 (p-STAT3 (Tyr705) and STAT3) and HIF-1α
in the SN were tested via western blotting. To ascertain the mRNA expressions of TNF-α, IL-1β, IL-6, IL-4, andHIF-1α, we used
quantitative Real-Time Polymerase Chain Reaction (RT-qPCR).
Results: IL-6R-shRNA treatment could markedly shorten the total time of PD in the T2DM co-morbidity mouse model based
on the pole test results, reverse the decrease in TH-positive neurons stimulated by 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
hydrochloride (MPTP), and lower the activation of microglia (all p < 0.05). Further, IL-6R-shRNA treatment hindered the
expression of IL-6, p-STAT3 (Tyr705), and HIF-1α in the SN, lowered the levels of TNF-α, IL-1β, IL-6, IL-4, and HIF-1α in the
serum, and mRNA expressions of TNF-α, IL-1β, IL-6, and HIF-1α in the SN (all p < 0.05). In contrast, IL-6R overexpression
reduced TH levels, upregulated the level of IBA-1, IL-6, p-STAT3 (Tyr705), and HIF-1α, increased the level of IL-1β, TNF-α,
IL-6, IL-4, and HIF-1α (all p < 0.05) in the serum and SN in the PD mouse model with T2DM as a co-morbidity.
Conclusions: PD progression with T2DM as a co-morbidity can be boosted by AAV IL-6R-overexpression through upregulation
of the IL-6/STAT3/HIF-1α axis. Conversely, AAV IL-6R-shRNA treatment suppressed the IL-6/STAT3/HIF-1α pathway and
alleviated neuroinflammation, thus weakening the development of PD with T2DM as a co-morbidity.

Keywords: Parkinson’s disease; type 2 diabetes mellitus; IL-6/STAT3/HIF-1α pathway; IL-6R-overexpression; IL-6R-shRNA; neuroin-
flammation

Introduction

Parkinson’s disease (PD) and type 2 diabetes melli-
tus (T2DM) mean aging disorders. PD refers to a neurode-
generative disorder where dopaminergic (DA) neurons are
deprived and the abnormal accumulation of α-Synuclein
(α-Syn) protein forms Lewy bodies [1]. T2DM refers to
a chronic metabolic disease featured by the dysfunction of

β-cells and insulin resistance [2]. Hong et al. [3] reported
that T2DM patients show a greater risk of developing PD.
Even though the pathogenesis of PD has not yet been ex-
plained, emerging evidence suggests a biological relation-
ship between PD and T2DM. These disorders involve sev-
eral overlapping mechanisms such as aberrant protein ac-
cumulation, lysosomal and mitochondrial dysfunction, as
well as chronic systemic inflammation [4].
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Neuroinflammation has a vital effect on the pathogen-
esis and development of PD. Microglia can enter an acti-
vated inflammatory state after stimulationwith lipopolysac-
charide and show elevated levels of pro-inflammatory fac-
tors like tumor necrosis factor-α (TNF-α), interleukin (IL)-
1β, and IL-6, which triggers neuroinflammation [4]. Mi-
croglial activation and inflammation have been found in hu-
mans and rats with T2DM [5,6]. Van et al. [7] showed that
the presence of metabolic inflammation triggered by T2DM
tends to elevate the production of inflammatory cytokines
in the brain by disrupting the blood-brain barrier (BBB).
T2DM aggravates neuroinflammation in patients with PD.
As a result, a better influence on the impact of inflammation
on PD and T2DM can offer novel perspectives on the un-
derlying pathological processes and contribute to the estab-
lishment of effective therapeutic methods. Our study aimed
to establish a mouse model of PD with T2DM co-morbidity
in vivo with C57BL/6 mice and investigate the potential as-
sociated inflammatory mechanisms involved.

Materials and Methods

Animals
The involved experiments were carried out on male

C57BL/6J mice who were ten weeks of age (weighing 25–
30 g). Seventy C57BL/6J mice were provided by Cyagen
Biosciences Inc. (Suzhou, China) and were offered food
and water ad libitum in clean cages lined with sawdust,
based on standard housing conditions (12/12 h light/dark
cycle, 22 ± 2 °C, and 55 ± 5% humidity). Animals were
maintained as per the instructions of the revised Animals
(Scientific Procedures) Act of 1986 in the United King-
dom. The approval of the experimental protocols was pro-
vided by the Experimental Animal Ethics Committee of the
Nanjing University of Chinese Medicine (ethical approval
number ACU220604). All surgeries in this study were per-
formed under anesthesia with 0.3% pentobarbital sodium,
and the dose was based on animal weight (50 mg/kg). Steps
were taken to minimize animal suffering, and the proce-
dures were guided following the guidelines of the American
Veterinary Medical Association.

Experimental Groups
Before the experiments, 70 mice were acclimatized in

the animal facility for seven days and subsequently ran-
domly assigned to seven groups, each group including 10
mice, based on the random number table method as follows:

Normal Control (NC) group: Mice were fed regular
chow (including 5% fat) and water.

PD group: Mice were fed regular chow (including
5% fat) and injected intraperitoneally with 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP)
(30 mg/kg) at 10:00 AM for 9 days [8], starting on the same
day as the PD+T2DM group with the first MPTP injection.

PD+T2DM group: Mice were fed a high-fat diet
(HFD) (including 30% fat) for 8 weeks and subsequently
injected intraperitoneally with streptozotocin (STZ; 30
mg/kg) at 10:00 AM for 5 days [9,10]. Three days after
injection, the mice were fasted for 12 hours. Afterwards,
we measured fasting blood glucose levels. Mice with fast-
ing blood glucose concentrations of >250 mg/dL were re-
garded to be diabetic [9]. These mice were subsequently
injected intraperitoneally with MPTP (30 mg/kg) at 10:00
AM for 9 days. Injections continued until the pole test was
performed to confirm motor dysfunction, and the day on
which an obvious decrease was found in the pole test was
considered the day of PDmodel development (9th day after
the first injection).

Adeno-associated virus (AAV) vector carrying IL-6R-
overexpression negative control+PD+T2DM (IL-6R-OE-
NC+PD+T2DM) group: The mice were fed an HFD for 7
weeks. An AAV carrying interleukin-6 receptor (IL-6R)-
overexpression no load RNA was injected into the left sub-
stantia nigra (SN). These mice continued to be fed an HFD.
One week later, the same conditions as the PD+T2DM
group were maintained.

AAV vectors carrying the IL-6R-overexpression tar-
get gene+PD+T2DM (IL-6R-OE+PD+T2DM) group: The
mice were fed an HFD for 49 days. An AAV carrying the
IL-6R-overexpression target gene was injected into the left
SN. Then, the mice continued to be fed an HFD. One week
later, the conditions were maintained the same as those in
the PD+T2DM group.

AAV vector carrying IL-6R-shRNA negative con-
trol+PD+T2DM (IL-6R-shRNA-NC+PD+T2DM) group:
Mice were fed an HFD for 7 weeks. AAV carrying IL-6R-
shRNA no load RNA was injected into the left SN. Subse-
quently, the mice were continued to be fed an HFD. One
week later, the same conditions as the PD+T2DM group
were maintained.

AAV vector carrying the IL-6R-shRNA target
gene+PD+T2DM (IL-6R-shRNA+PD+T2DM) group:
Mice were fed an HFD for 7 weeks. AAV carrying the
IL-6R-shRNA target gene was injected into the left SN.
The mice were continued to be fed an HFD. One week
later, the same conditions as the PD+T2DM group were
maintained.

Animal modeling methods are shown below in Fig. 1.

Equipment and Reagents
In this study, a frozen microtome (RM2016, Le-

ica Biosystems, Wetzlar, Germany), stereotaxic brain ap-
paratus (DB053, Beijing Zhishuduobao Biological Tech-
nology Co., Ltd., Beijing, China), fluorescence micro-
scope (Nikon Eclipse C1, Nikon, Tokyo, Japan), elec-
trophoresis apparatus (Mini Protean 3, BioRad, Her-
cules, CA, USA) and transfer machine (170-3930, Bio-
Rad, Hercules, CA, USA), and a 1 µL micro-syringe
(O31/0113000236C001-2017, Shanghai Gaoge Industry
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Fig. 1. Animal modeling process. HFD, high-fat diet; STZ, streptozotocin; MPTP, 1-Methyl-4-phenyl-1;2;3;6-tetrahydropyridine
hydrochloride; AAV, adeno-associated virus; d, day.

and Trade Co., Ltd., Shanghai, China) were used. IL-
6R-shRNA and IL-6R overexpressing plasmids were de-
signed and constructed by Genechem Corporation (Shang-
hai, China). The coding sequence of the IL-6R-shRNA was
CGAAGCGTTTCACAGCTTAAA. The coding sequence
of the IL-6R overexpression plasmids is included in the
Supplementary Materials section. MPTP (S31504) was
purchased from Yuanye Biotechnology Co., Ltd. (Shang-
hai, China). STZ (S0130) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Anti-IL-6 (ab290735),
anti-IL-6R (ab300581), anti-signal transducer and activa-
tor of transcription 3 (STAT3) (ab109085), anti-phospho-
STAT3 (ab76315), and anti-ionized calcium-binding adap-
tor molecule 1 (IBA-1) antibodies (ab178847) were bought
from Abcam, UK. The anti-hypoxia-inducible factor-1α
(HIF-lα) (14179S), anti-Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) (5174S), anti-α-Synuclein (4179S),
and anti-tyrosine hydroxylase (TH) (2792S) antibodies
were purchased from Cell Signalling Technology (Dan-
vers, MA, USA). The secondary antibody applied was
horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG
(A0208, Shanghai Beyotime Biotechnology Co., Ltd.,
Shanghai, China). In addition, the TNF-α (AF2132-A),
IL-1β (AF2040-A), IL-6 (AF2163-A), IL-4 (AF2165-A),
hypoxia-inducible factor-1α (HIF-1α) (AF2393-A), and In-
sulin ELISA Kits (AF2579-A) were purchased from Hu-
nan Aifang Biotechnology Co., Ltd., Changsha, China.
The source of additional reagents and instruments include
SYBR® Premix Ex Taq (RR820A, Takara, Osaka, Japan),
the PrimeScript™ RT reagent Kit with gDNA Eraser
(RR820A, Takara, Osaka, Japan), Trizol (9108, Takara, Os-
aka, Japan), nucleic acid analyzer (Thermo, Waltham, MA,
USA), and quantitative real-time PCR instrument (Applied
Biosystems 7500, Thermo, Waltham, MA, USA).

Stereotaxic Injection

Mice were anesthetized with 0.3% pentobarbital
sodium and firmly fixed on a stereotactic device, after
which the scalp was cut midsagittal to expose the bregma.
In accordance with the stereotaxic map of the mouse brain,
the coordinates compared with the bregma of the left SN
included: antero-posterior (AP)—3.0 mm; medial-lateral
(ML)—1.3 mm; dorsoventral (DV)—4.7 mm. The control

or AAV (0.3 µL) which carried the target gene was injected
with a micro-syringe into the left SN of mice in a drilled mi-
crowell in the skull. With the injection being performed, the
needle was left in place for 5 min and subsequently slowly
removed from the brain to prevent reflux. The mice were
observed for wound healing and recovery after surgery.

Pole Test
The pole test is used for evaluating bradykinesia and

motor coordination in mice and was carried out the day af-
ter the last intraperitoneal MPTP injection. According to
the protocol of Chen et al. [11], a PV tube with a length
of 55 cm and a diameter of 1 cm was chosen. With the
purpose of preventing the mice from skidding, the outside
of the pole was closely wrapped with white tape. A ball
(2 cm diameter) was fixed on top of the pole on a plastic
foam base and positioned in a cage with a thick dressing.
The mice were positioned on the upper side of the spheri-
cal protrusions and the time taken by the head to turn down
(T-turn) and the total time (T-total) taken to climb to the bot-
tom were recorded. Every mouse was examined twice with
an interval of 2 min between every test. The average value
from the results of both tests was obtained.

Immunofluorescence and Quantitative Analyses
After the pole test, all the mice were anesthetized with

0.3% pentobarbital sodium and the amount of anesthesia
was 50 mg/kg. They were euthanized with a cervical dis-
location after anesthesia and removal of brain tissue. Three
mice from each groupwere chosen for immunofluorescence
analysis randomly. The brains of the mice were quickly
removed and then fixed at 4 °C overnight with 4% poly-
formaldehyde after perfusion with normal saline into the
left ventricle. Next, the brain tissue was incubated with a
20% sucrose solution, dehydrated with a 30% sucrose so-
lution, and embedded in OCT gel. Afterwards, the brain
tissue was cut into 20 µm thick coronal slices at –20 °C.
Slices were subjected to incubation overnight at 4 °C with
anti-TH (1:5000) or anti-IBA-1 (1:100) antibodies. On the
second day, the slices were rinsed using PBS and subject to
incubation with a secondary goat anti-rabbit IgG antibody
(1:300) under the condition of room temperature in the dark
for an hour, rinsed three times with PBS (5 min washes),
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and air-dried under dark conditions. DAPI was used for
staining the nuclei. To obtain the images, a fluorescence
microscope was applied. ImageJ 1.51j8 software (National
Institutes of Health, Bethesda, MD, USA) was adopted for
counting the number of TH-positive neurons and activated
microglial cells in parallel brain sections.

Western Blotting and Quantitative Analysis
The mice were decapitated for brain tissue extraction,

and proteins from the SN tissues were extracted by ho-
mogenization at 12,000 rpm for 10 min with the addition
of a protease inhibitor cocktail (P8340, Sigma, St. Louis,
MO, USA) and a phosphatase inhibitor (P0044, Sigma, St.
Louis, MO, USA) to obtain lysates. Protein expression was
evaluated by western blotting. Protein concentrations were
identified with the use of the BCA assay (Shanghai Bey-
otime Biological Co., Ltd., Shanghai, China).

Concentrated and separated gels were prepared in line
with the guidance of the manufacturer. The proteins were
separated by 6%–10% SDS-PAGE gels (80 V, 0.5 h; sub-
sequently 120 V, 1 h), followed by transfer onto a 0.22 µm
polyvinylidene difluoride (PVDF) membrane. The mem-
branes were blocked with the concentration of 5% BSA for
60 min and incubated using the primary antibodies includ-
ing anti-IBA-1 (1:1000), anti-HIF-1α (1:1000), anti-IL-6
(1:1000), anti-IL-6R (1:1000), anti-STAT3 (1:1000), anti-
p-STAT3 (1:2000), anti-TH (1:1000), anti-α-Syn (1:1000),
and anti-GAPDH (1:1000) at 4 °C, overnight. The follow-
ing day, HRP peroxidase-conjugated secondary antibodies
(goat anti-rabbit IgG, 1:5000) were supplemented to the
membranes for an hour at room temperature. Using Tris-
buffered saline and Tween 20 (TBST), the membranes were
rinsed three times (10 min each). In addition, protein bands
were visualized by chemiluminescence (ECL) (180-5001,
Shanghai Tanon Science & Technology Co., Ltd., Shang-
hai, China). All the experiments were repeated three times.
ImageJ 1.51j8 software was employed to explore the den-
sity of each protein band.

Enzyme-Linked Immunosorbent Assays
Before sacrifice with a cervical dislocation, the mice

were fasted for 12 hours. Blood from each mouse (1 mL)
was obtained and exposed to centrifugation at 3000 rpm at
4 °C for 10 min. The serum was preserved at –80 °C. The
levels of insulin (ISN), HIF-1α, and inflammatory factors
which included TNF-α, IL-6, IL-4, and IL-1β were evalu-
ated as per the ELISA kit instructions.

Fasting Blood Glucose Level Measurements
The mice were fasted for 12 hours before sacrifice.

After serum isolation, blood glucose levels were analyzed
based on a Blood Glucose Analysis Kit (Contour TS 1816,
Bayer, Leverkusen, Germany) in line with the guidance of
the manufacturer.

Quantitative Real-Time Polymerase Chain Reaction
(RT-qPCR)

Total RNA was extracted from frozen tissue samples
of the SN with TRIzol reagent. Then, a nucleic acid ana-
lyzer was used to identify RNA concentration and purity.
After removing genomic DNA, the RNA was reverse tran-
scribed with the PrimeScript™ RT kit (with gDNA eraser).
The SYBR Premix Ex Taq II kit was adopted for analyz-
ing mRNA expression levels of target genes with RT-qPCR.
The thermocycling conditions used were 95 °C for 20 sec-
onds, followed by 40 PCR cycles with denaturation at 95 °C
for 3 seconds and an extension at 60 °C for 30 seconds. To
determine the purity of the PCR products, melt curves were
obtained at the end of each cycle. The mRNA levels of the
target genes were normalized to those of GAPDH within
the same sample. According to the 2−∆∆Ct formula, the
expressions of target genes were calculated. Then, Table 1
lists the primer sequences for RT-qPCR.

Statistical Analysis
All analyses were carried out based on IBM SPSS

Statistics for Windows version 22.0 (IBM Corp., Armonk,
NY, USA) and GraphPad Prism 8 (GraphPad Software,
Inc., San Diego, CA, USA). Data showing a normal distri-
bution are plotted as the mean ± standard deviation (SD).
In addition, one-way ANOVA was adopted for compar-
ing multiple groups, and the Bonferroni correction test was
adopted for post-hoc analysis. p< 0.05 was indicated to be
of statistical significance.

Results

Impact of IL-6R Expression on Pole Test Results in
Parkinson’s Disease Comorbid Type 2 Diabetes Mice

This study evaluated the balance and coordination
ability of mice using the pole test. Comparatively, the
return time of mice in the PD, PD+T2DM, IL-6R-OE-
NC+PD+T2DM, IL-6R-OE+PD+T2DM, IL-6R-shRNA-
NC+PD+T2DM, and IL-6R-shRNA+PD+T2DM groups
were observed to be higher (p < 0.05, p < 0.01, p
< 0.05, p < 0.01, p < 0.01, and p < 0.05, respec-
tively). In addition, the total time was markedly longer
in the PD, PD+T2DM, IL-6R-OE-NC+PD+T2DM, IL-6R-
OE+PD+T2DM, IL-6R-shRNA-NC+PD+T2DM, and IL-
6R-shRNA+PD+T2DM groups than in the control group (p
< 0.001, p< 0.001, p< 0.001, p< 0.001, p< 0.001, and p
< 0.01, respectively). Furthermore, the total time was sig-
nificantly shorter in the IL-6R-shRNA+PD+T2DM group
relative to the PD+T2DM group (p < 0.001; Fig. 2A,B).

Analysis of Fasting Blood Glucose and Serum
Insulin Levels

In mice that received MPTP (PD group), FBS levels
did not increase significantly, whereas fasting serum insulin
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Table 1. Real-time PCR primer sequences.
Gene Forward (5′-3′), Reverse (3′-5′)

IL-6 CCACTCCCAACAGACCTGTC, GGTACTCCAGAAGACCAGAGG
IL-1β GAAATGCCACCTTTTGACAGT, TGGATGCTCTCATCAGGACAG
TNF-α CTGAACTTCGGGGTGATCG, GGCTTGTCACTCGAATTTTGAGA
IL-4 CCATATCCACGGATGCGACA, AAGCCCGAAAGAGTCTCTGC
HIF-1α TCTCGGCGAAGCAAAGAGT, AGCCATCTAGGGCTTTCAGATAA
GAPDH AGGTCGGTGTGAACGGATTTG, GGGGTCGTTGATGGCAACA
PCR, Polymerase Chain Reaction; IL, interleukin; TNF-α, tumor necrosis factor-α;
HIF-1α, hypoxia-inducible factor-1α; GAPDH, Glyceraldehyde 3-phosphate dehy-
drogenase.

Fig. 2. Pole test. (A) Time of return, and (B) Total time. Number of parallel experiments, n = 6; *p < 0.05, **p < 0.01, ***p < 0.001
compared with the NC group; ###p< 0.001 in relative to the PD+T2DM group. PD, Parkinson’s disease; T2DM, type 2 diabetes mellitus.

levels exhibited an obvious increase (p < 0.05). FBS and
fasting serum insulin levels in the PD+T2DM group were
shown to be markedly higher relative to those in the PD
group (p < 0.001 and p < 0.05, separately) (Fig. 3A,B).

Impact of IL-6R Expression on Dopaminergic
Neurons and α-Synuclein in Model Mice for
Parkinson’s Disease with Type 2 Diabetes as a
Co-Morbidity

With the purpose of evaluating the effect of IL-6R
on the nigrostriatal DA system, this study used western
blotting to detect the level of TH and α-Synuclein in the
SN. Compared with the control group, mice in the PD and
PD+T2DM groups showed markedly decreased TH expres-
sion (p< 0.05 and p< 0.001, respectively) and elevated α-
Synuclein deposition (p < 0.05, p < 0.001, respectively).
Additionally, the PD+T2DM group exhibited lower TH ex-
pression (p < 0.05) and higher α-Synuclein deposition (p
< 0.05) than the PD group. After injection of IL-6R-OE
in the SN, these changes in TH and α-Synuclein were fur-

ther aggravated (p < 0.01 and p < 0.001, respectively).
However, the trends in TH and α-Synuclein were reversed
with the administration of IL-6R-shRNA (p< 0.05 and p<
0.05, separately) (Fig. 4I–K). Consistent with the western
blot findings, the immunofluorescence results showed sim-
ilar trends in TH-positive neurons in the SN of each mouse
group (Fig. 4A–H).

Impact of IL-6R Expression on the Microglial Cells
in Mice with Parkinson’s Disease with Type 2
Diabetes as a Co-Morbidity

As a marker of microglial activation, IBA-1 can be
used for measuring the number of active microglial cells.
We carried out immunofluorescence staining for IBA-1 and
the results showed few activated microglial cells in the NC
group. In the SN of PD and PD+T2DM mice, the levels of
positive microglial staining were notably greater than those
in the same areas in control mice (p< 0.001 and p< 0.001,
respectively) (Fig. 5A–C), suggesting that microglia could
be activated in the PD and PD+T2DM group mice. Further-
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Fig. 3. Alteration of fasting blood glucose and serum Insulin in serum of mice. (A) Fasting blood glucose levels. (B) Fasting serum
insulin levels in different groups. The number of parallel experiments was n = 10; *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 4. Effects of IL-6R expression on dopaminergic neurons andα-Synucleinin the SNofmice in each group. (A–G)Representative
micrographs of TH-stained dopaminergic neurons. (A) NC group, (B) PD group, (C) PD+T2DM group, (D) IL-6R-OE-NC+PD+T2DM
group, (E) IL-6R-OE+PD+T2DM group, (F) IL-6R-shRNA-NC+PD+T2DM group, and (G) IL-6R-shRNA+PD+T2DM group. Scale
bars: 200 µm. (H) The results for TH-positive cells are shown in histogram format. (I) Protein expression of TH and α-Synuclein for
mice in various groups. (J,K) Analysis of TH and α-Synuclein protein expression. (Number of parallel experiments, n = 3.) *p < 0.05,
**p < 0.01, ***p < 0.001. TH, tyrosine hydroxylase; SN, substantia nigra; IL-6R, IL-6 receptors.
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Fig. 5. Effects of IL-6R expression on the microglial cells in the SN of mice in each group. (A–G) Representative micro-
graphs of immunofluorescence staining of IBA-1, DAPI, and merged images in the SN. (A) NC group, (B) PD group, (C) PD+T2DM
group, (D) IL-6R-OE-NC+PD+T2DM group, (E) IL-6R-OE+PD+T2DM group, (F) IL-6R-shRNA-NC+PD+T2DM group, (G) IL-6R-
shRNA+PD+T2DM group. Scale bars: 50 µm. (H) The results for IBA-1 positive cells in histogram format. (I) Protein expression of
IBA-1 in different groups of mice. (J) Analysis of IBA-1 expression. (Number of parallel experiments, n = 3.) *p < 0.05, **p < 0.01,
***p < 0.001. IBA-1, anti-ionized calcium-binding adaptor molecule 1.

more, the PD+T2DM group showed considerably higher
IBA-1 expression than the PD group (p < 0.001). After
the injection of IL-6R-OE into the SN, the expression of
IBA-1 tended to increase further (p < 0.001). However,
the expression of IBA-1 was reversed by IL-6R-shRNA ad-
ministration (p < 0.05; Fig. 5D–H). Western blot analysis
indicated the same trend for IBA-1 expression in the SN
of each group of mice, consistent with the immunofluores-
cence staining results (Fig. 5I,J).

Effect of IL-6R Expression on Serum Inflammatory
Cytokines TNF-α, IL-1β, IL-6, IL-4 and HIF-1α
Levels in Parkinson’s Disease Comorbid Type 2
Diabetes Mice

ELISA was carried out to identify the concentrations
of HIF-1α and inflammatory cytokines like TNF-α, IL-1β,

IL-6, and IL-4 in the serum of PD group mice and these
factors were notably elevated in comparison with the NC
group (p < 0.01, p < 0.01, p < 0.05, p < 0.05, p < 0.01,
respectively). Obviously, the levels of TNF-α, IL-1β, and
IL-6 in the PD+T2DM group were considerably elevated
relative to that in the PD group (p < 0.05, p < 0.05, p <

0.001, respectively). Following intervention using IL-6R
overexpression in the PD+T2DM group, the expression of
TNF-α, IL-1β, IL-6, IL-4, and HIF-1αwas further elevated
(p <0.05, p < 0.05, p < 0.01, p < 0.05, and p < 0.05, re-
spectively). However, the opposite results were obtained
for TNF-α, IL-1β, IL-6, IL-4, and HIF-1α after the inter-
vention with IL-6R-shRNA in the PD+T2DM group (p <

0.05, p < 0.05, p < 0.01, p < 0.05, p < 0.01, separately)
(Fig. 6A–E).
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Fig. 6. Alteration of TNF-α, IL-1β, IL-6, IL-4 and HIF-1α in serum of mice. Serum levels of (A) TNF-α, (B) IL-1β, (C) IL-6, (D)
IL-4, and (E) HIF-1α in each group of mice (Number of parallel experiments, n = 10.) *p < 0.05, **p < 0.01, ***p < 0.001.

IL-6R Expression Regulated the IL-6/STAT3/HIF-1α
Signaling Pathway in Mice with Parkinson’s Disease
Comorbid Type 2 Diabetes

This study explored the activation of the STAT3/HIF-
1α signaling pathway and phosphorylation of STAT3
(Tyr705) via western blotting to evaluate the downstream
pathways of IL-6. Based on Fig. 6, MPTP administration
triggered a remarkable increase in IL-6, IL-6R, p-STAT3
(Tyr705), and HIF-1α protein expression in the SN (p <

0.05, p< 0.05, p< 0.001, and p< 0.05, respectively). Hy-
perglycemia significantly increased the expression of these
proteins, including IL-6, IL-6R, p-STAT3 (Tyr705), and
HIF-1α (p < 0.05, p < 0.05, p < 0.05, and p < 0.05, re-
spectively). Notably, injection of the IL-6R overexpression
target gene further increased the expression of IL-6, IL-6R,
p-STAT3 (Tyr705), and HIF-1α (p <0.01, p< 0.001, p <

0.05, p < 0.01, respectively) in the Parkinson’s disease co-
morbid type 2 diabetes mice. However, the injection of
the IL-6R-shRNA target gene suppressed this increase (p
< 0.05, p < 0.01, p < 0.05, and p < 0.05, respectively)
(Fig. 7A–E).

Impact of IL-6R Expression on Inflammatory
Cytokines TNF-α, IL-1β, IL-6, IL-4 and HIF-1α
Levels in the SN in Parkinson’s Disease Comorbid
Type 2 Diabetes Mice

Using SN homogenates, we performed RT-qPCR, and
the results suggested that the expressions of TNF-α, IL-
1β, IL-6, IL-4, and HIF-1α in the PD group mice were
markedly higher relative to those in NC mice (p < 0.01,
p < 0.01, p < 0.001, p < 0.001, p < 0.01, respectively).
Further, the levels of TNF-α, IL-1β, IL-6, and IL-4 in the
PD+T2DM group exhibited an increase at levels greater
than that in the PD group (p < 0.05, p < 0.05, p < 0.01,
p < 0.01, respectively). Additionally, the level of TNF-α,
IL-1β, IL-6, IL-4, and HIF-1αwas further elevated after in-
ducing IL-6R overexpression in the PD+T2DM group (p<
0.001, p< 0.001, p< 0.001, p< 0.001, p< 0.001, respec-
tively). In comparison, the levels of TNF-α, IL-1β, IL-6,
and HIF-1α were notably lower following administration
of IL-6R-shRNA in the PD+T2DM group (p < 0.01, p <

0.05, p < 0.001, p < 0.05, separately) (Fig. 8A–E).
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Fig. 7. Effects of IL-6R expression on the IL-6/STAT3/HIF-1α Signaling Pathway in the SN of mice in each group. (A) Expression
of IL-6, IL-6R, p-STAT3 (Tyr705), STAT3, and HIF-1α in the SN. (B–E) Analysis of IL-6, IL-6R, p-STAT3 (Tyr705)/STAT3, and HIF-
1α protein expression (Number of parallel experiments, n = 3.) *p < 0.05, **p < 0.01, ***p < 0.001. STAT3, signal transducer and
activator of transcription 3.

Discussion

Researchers are increasingly focusing on common in-
flammatory mechanisms between these two conditions ow-
ing to the rising incidence of PD and T2DM. In their
study, Lee et al. [12] demonstrated that usnic acid hin-
dered MPTP-induced dopaminergic neuronal loss and mo-
tor dysfunction by blocking NF-κB pathway activation in a
PD mouse model. Peripheral and cerebral insulin-resistant
mice fed an HFD showed disturbed IRS-1 phosphorylation
and an elevated inflammatory response [13]. Hypoxia can
aggravate inflammation, and emerging evidence suggests
that hypoxia has a central impact on the pathological mech-
anisms associated with diabetes [14] and PD [15]. A key
regulator of the hypoxia signaling pathway in inflammation
is the HIF-1 factor. HIF-1 is a dimer which is consisted of
two subunits (HIF-1α and HIF-1β). Based on conditions of
normal oxygenation, HIF-1α has an extremely short half-
life because it is continuously synthesized and degraded by
the ubiquitin-proteasome system de novo. Based on hy-
poxic conditions, the proteasomal degradation and hydrox-
ylation of the transcription factor HIF-1α were abrogated,
protein expression of HIF-1α was elevated, and it translo-
cates into the nucleus. Peng et al. [16] found that hypoxia
could increase the level of the pro-inflammatory cytokines
IL-1β, IL-6, and TNF-α, and the level of HIF-1α and NF-
κBprotein in BV2microglia. Zhao et al. [17] demonstrated

high glucose and hypoxia-induced HIF-1α up-regulation
in human umbilical vein endothelial cells, whereas down-
regulation of HIF-1α reduced inflammation and oxidative
stress.

IL-6 refers to a multifunctional cytokine belonging to
a subfamily of cytokines and is one of the main factors
engaged in chronic subclinical inflammation. Physiologi-
cally, IL-6 is expressed in the macrophages, microglia, and
neurons [18]. IL-6 receptors (IL-6R) are localized to mi-
croglia but not to oligodendrocytes or astrocytes [18]. IL-6
and IL-6R can accelerate chronic inflammation in the cen-
tral nervous system, leading to PD progression [19]. Ad-
ditionally, disruption of the BBB may result in the infiltra-
tion of inflammatory cells. IL-6 modulates BBB proper-
ties [19]. During signal transduction, IL-6 can first bind to
the IL-6 receptor (IL-6R) subunit α. The IL-6/IL-6R com-
plex is subsequently related to the transmembrane signal-
transducing IL-6 receptor subunit β (gp130) and triggers
gp130 dimerization [20]. IL-6 signaling induces the phos-
phorylation and nuclear localization of signal transducer
and STAT3 by Janus kinase 2 (JAK2) [21]. Yang et al.
[8] reported that echinacoside exerts neurotrophic and anti-
inflammatory effects in MPTP-induced PD mice through
regulation of the IL-6/JAK2/STAT3 pathway and phospho-
rylation of STAT3. Numerous studies have concentrated
on evaluating the level of IL-6, STAT3, and HIF-1α in
the inflammatory response of PD and T2DM. However, it
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Fig. 8. Alteration of TNF-α, IL-1β, IL-6, IL-4 and HIF-1α in the SN of mice. Relative mRNA levels of (A) TNF-α, (B) IL-1β, (C)
IL-6, (D) IL-4 and (E) HIF-1α in the SN of different groups (Number of parallel experiments, n = 3.) *p < 0.05, **p < 0.01, ***p <

0.001.

is unclear how the IL6/STAT3/HIF-1α signaling pathway
functions in individuals undergoing PD with type 2 dia-
betes as a co-morbidity. In this work, we have constructed
a mouse model of diabetes and Parkinson’s disease as a
co-morbidity and investigated whether IL-6R overexpres-
sion or the IL-6R-shRNA target gene silencing can mediate
neuroinflammatory responses via the regulation of the IL-
6/STAT3/HIF-1α signaling pathway.

Previously, it has been previously indicated that the
incidence of abnormal glucose tolerance in PD patients can
be as high as 50%–80% [22]. For a long time, insulin
resistance has been a critical feature of T2DM. Recently,
Hong et al. [3] demonstrated that insulin resistance can
be found in the brains of patients undergoing PD. In our
study, FBS levels in PD mice were slightly higher when
compared with those in normal mice, with no statistical dif-
ference. This may be due to impaired glucose tolerance.
The fasting serum insulin level in PD mice was notably
higher than that in normalmice, indicating that insulin resis-
tance may exist in PD mice. These results conform to those
of the aforementioned studies. Although co-morbidity ap-
peared to enhance motor defects in the pole test when com-
pared to PD mice, the results of statistical analysis exhib-
ited no obvious difference between the PD and PD+T2DM

groups, suggesting that hyperglycemia did not affect the
severity of PD. By contrast, Pérez et al. [23] found that di-
abetes aggravated oxidative stress in the striatum, altered
dopamine neurotransmission, and enhanced the suscepti-
bility to neurodegenerative injuries that cause movement
disorders. This may be explained by the fact that in our
model, MPTP severely aggravated motor dysfunction and
may have masked the impact of high glucose levels on mo-
tor function.

Wang et al. [24] indicated increased expression of
pro-inflammatory cytokines TNF-α, IL-6, and IL-1β in
MPTP-treated db/db mice. This result is consistent with
the findings of this study, which suggests that T2DM can
accelerate neuroinflammation in PD.Yang et al. [8] demon-
strated that activation of the IL-6/JAK2/STAT3 pathway
could activate the microglia, damage DA neurons, and ele-
vate the levels of inflammatory cytokines TNF-α, IL-1β,
and IL-6 in PD mice. This was similar to our findings.
In addition, we found that in PD with T2DM co-morbid
mice, these changes were further aggravated. Yang et al.
[8] also showed that with the IL-6/JAK2/STAT3 pathway
being inhibited, the number of damaged dopamine neurons
increased and the expression of inflammatory markers de-
creased. Lin et al. [25] reported that the inhibition of
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the JAK2/STAT3/HIF-1α signaling pathway resulted in re-
duced transcription of HIF-1α in SH-SY5Y neuroblastoma
cells co-cultured with pathological α-Synuclein-induced
humanmicroglial clone 3 (HMC3) cells. The significant re-
duction in pro-inflammatory cytokines found in this study
may result due to inhibition of the IL-6/STAT3/HIF-1α
signaling pathway. Furthermore, injection of the IL-6R-
shRNA target gene in the SN in the PD with T2DM co-
morbid mice lowered the expression of IL-6, p-STAT3,
HIF-1α, and the microglia activation marker IBA-1, and in-
creased the expression of dopamine neuron-specific marker
TH. However, inhibition of the IL-6/STAT3/HIF-1α path-
way may not influence the activation of astrocytes. Qin et
al. [26] showed that no significant changes in the expres-
sion of Glial fibrillary acidic protein (GFAP), an astrocyte
marker, were observed when the JAK/STAT pathway was
inhibited.

This work is the first attempt to explore the inflam-
matory mechanism underlying the development of PD with
T2DM as a co-morbidity via the IL-6/STAT3/HIF-1α sig-
naling pathway. Nevertheless, the present study has a
few limitations. First, we did not set up a separate group
for T2DM. The effects of IL-6R expression on the IL-
6/STAT3/HIF-1α signaling pathway in diabetic mice were
not observed. Second, we did not perform the pole test on
all mice. The return time was unchanged by the shRNA. A
larger sample size such as 12 or 15 mice per group would
be required in future studies, to check if shRNA treatment
shortens the return time. Additionally, the hypothesis that
blocking IL-6 signaling may act as a rational treatment for
neuroinflammatory and metabolic inflammatory diseases
may require further testing. Tocilizumab, a monoclonal an-
tibody against IL-6R, binds to membrane-bound and solu-
ble IL-6R, thereby blocking the binding of IL-6 [18]. Al-
though the application of tocilizumab in treating Parkin-
son’s disease is rarely reported, tocilizumab has been shown
to protect against diabetic kidney injury by improving in-
sulin resistance and inhibiting the inflammasome in db/db
mice [27].

Conclusions

To conclude, our study provides solid evidence that
PD comorbid with T2DM progression can be boosted by
AAV-mediated IL-6R overexpression, which upregulates
the IL-6/STAT3/HIF-1α pathway. In contrast, AAV IL-6R-
shRNA treatment suppresses the IL-6/STAT3/HIF-1α path-
way, reduces neuroinflammation, and protects dopamine
neurons, thus weakening the development of PD comorbid
with T2DM. Thus, IL-6R inhibition may serve as an un-
derlying molecular target for targeting PD with T2DM as a
co-morbidity.
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