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Abstract Patients with diabetes mellitus have a higher risk

of developing Parkinson’s disease (PD). However, the

molecular links between PD and diabetes remain unclear.

In this study, we investigated the roles of thioredoxin-

interacting protein (TXNIP) in Parkin/PINK1-mediated

mitophagy in dopaminergic (DA) cells under high-glucose

(HG) conditions. In streptozotocin-induced diabetic mice,

TXNIP was upregulated and autophagy was inhibited in the

midbrain, while the loss of DA neurons was accelerated by

hyperglycemia. In cultured PC12 cells under HG, TXNIP

expression was upregulated and the intracellular reactive

oxygen species (ROS) levels increased, leading to cell

death. Autophagic flux was further blocked and PINK1

expression was decreased under HG conditions. Parkin

expression in the mitochondrial fraction and carbonyl

cyanide 3-chlorophenylhydrazone (CCCP)-induced co-lo-

calization of COX IV (marker for mitochondria) and

LAMP1 (marker for lysosomes) were also significantly

decreased by HG. Overexpression of TXNIP was sufficient

to decrease the expression of both PINK1 and Parkin in

PC12 cells, while knockdown of the expression of TXNIP

by siRNA decreased intracellular ROS and attenuated

cellular injury under HG. Moreover, inhibition of TXNIP

improved the CCCP-induced co-localization of COX IV

and LAMP1 in PC12 cells under HG. Together, these

results suggest that TXNIP regulates Parkin/PINK1-medi-

ated mitophagy under HG conditions, and targeting TXNIP

may be a promising therapeutic strategy for reducing the

risk of PD under hyperglycemic conditions.
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Introduction

Diabetes mellitus is primarily characterized by hyper-

glycemia, which leads to secondary pathological changes

in multiple organs, especially the central nervous system

[1, 2]. Patients with type-2 diabetes mellitus have a higher

risk of developing Parkinson’s disease (PD) [3]. Hyper-

glycemia induces the overproduction of reactive oxygen

species (ROS) [4] and the resulting oxidative stress is a

core mechanism in diabetic complications [5]. However,

the mechanism underlying the neuronal injury induced by

hyperglycemia is not clear.

Thioredoxin-interacting protein (TXNIP) is the endoge-

nous inhibitor protein for ROS elimination. Overexpression

of TXNIP causes oxidative stress and promotes apoptosis

[6]. TXNIP is upregulated under high-glucose (HG)

conditions in several cell-types, such as endothelial and

renal tubular cells [7, 8], and the overexpression of TXNIP

results in the loss of dopaminergic (DA) neurons [9].

However, the effect of HG conditions on TXNIP in

neurons has rarely been reported.
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Mitochondrial dysfunction, which disturbs energy

metabolism and depletes ATP, has been implicated in the

pathogenesis of PD [10, 11]. Normally, the damage to

mitochondria caused by exposure to mitochondrial toxins,

environmental pesticides, or other forms of mitochondrial

stress associated with the pathogenesis of PD, is mainly

removed via the macroautophagy pathway (mitophagy)

[12, 13]. Mitophagy is important for maintaining mito-

chondrial quality by coordinating mitochondrial dynamics,

biogenesis, fission, and fusion. In mammals, there are both

Parkin-dependent and Parkin-independent pathways of

mitophagy [14, 15]. Here, we focused on Parkin-dependent

mitophagy. A decrease in mitochondrial membrane poten-

tial caused by damage leads to the stabilization of PTEN-

induced kinase 1 (PINK1) on the outer mitochondrial

membrane. Then PINK1 phosphorylates ubiquitin, activat-

ing Parkin’s E3 ubiquitin ligase, leading to the recruitment

of Parkin to the impaired mitochondria. Subsequently,

activated Parkin polyubiquitinates mitochondrial outer

membrane proteins, leading to their association with the

ubiquitin-binding domains of autophagy receptors and the

formation of autophagosomes. Next, the autophagosomes

fuse with lysosomes to form autolysosomes, leading to

degradation of the damaged mitochondria [16, 17]. Dys-

functional mitophagy is closely linked to PD. Mutations of

Parkin and PINK1 lead to an autosomal recessive form of

PD [18, 19]. Mitophagy is disturbed in diabetic nephropa-

thy under hyperglycemic conditions [20]. However, the

effect of HG on mitophagy in neurons has rarely been

reported. This study was designed to investigate the

relationship between TXNIP and mitophagy in DA neurons

under HG conditions.

Materials and Methods

Reagents and Antibodies

The reagents/antibodies used were: Dulbecco’s modified

Eagle’s medium (DMEM; Hyclone, Logan, UT), fetal

bovine serum (FBS, BI, Israel), 6-OHDA (6-hydroxy-

dopamine) and glucose (Aladdin, Shanghai, China), Parkin,

LC3, and p62 antibodies (Cell Signaling Technology,

Danvers, MA), tyrosine hydroxylase (TH; Millipore,

Waltham, MA), PINK1 and TXNIP (Abcam, Cambridge,

MA), GAPDH, goat anti-rabbit, and goat anti-mouse IgG

horseradish peroxidase (HRP)-conjugated secondary anti-

bodies (Santa Cruz, Dallas, TX), and dihydroethidium

(DHE, Sigma, St Louis, MO).

Induction of Experimental Diabetes and PD models

C57BL/6 mice (23 g–25 g) were purchased from SLAC

Laboratory Animal Co., Ltd. (Shanghai, China). All

procedures involving animals were approved by the

Committee on Animal Care of Soochow University and

were conducted in accordance with the Guidelines for

Animal Use and Care of the National Institutes of Health.

The mice were fasted for 12 h before streptozotocin (STZ)

injection. A single intraperitoneal injection of STZ (100

mg/kg; Sigma) dissolved in citrate buffer (0.1 mol/L, pH

4.2) was administered. Control animals were injected with

vehicle only. The development of diabetes was confirmed

by measuring the fasting plasma glucose concentration

([16.7 mmol/L). Seven days later, the mice were randomly

assigned into saline-treated, STZ-treated, MPTP (1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine)-treated, and MPTP ?

STZ-treated groups. The mice in the latter two groups

received 20 mg/kg MPTP and 250 mg/kg probenecid daily

for 5 days to generate the PD model.

Behavioral Test

The mice performed the ‘‘pole test’’ to assess motor

coordination 1 day prior to MPTP injection and on days 1,

3, 5 and 12 after injection. Mice were trained for 3 days

before MPTP injection. The pole test consisted of a gauze-

taped pole (50 cm high, 1 cm diameter) with a small cork

ball at the top. Mice were placed with their head facing

upwards immediately below the ball. The time to turn (T-

turn) and the time to the floor (T-total) were recorded. The

test was performed 3 times at 10-min intervals, and the

average time was recorded.

Detection of ROS In Vivo

Based on a previous publication [21], we used DHE to

investigate the in situ production of ROS. DHE (200 lg in

200 lL saline) was injected via tail vein in anesthetized

mice. Three hours after DHE injection, the mice were

transcardially perfused with fixative (4% paraformalde-

hyde, 0.1% glutaraldehyde, and 15% picric acid in PBS).

Brains were removed and postfixed overnight in 4%

paraformaldehyde. To observe ROS in SNc dopaminergic

cells, sections were incubated overnight with TH antibody

(1:800; Millipore). Sections were incubated with the

fluorescent secondary antibody (anti-rabbit IgG Alexa fluor

488, 1:500; Cell Signaling Technology) to visualize TH-

positive cells. The images of DHE and TH fluorescence

were recorded by fluorescence 275 microscopy (Axio

Scope A1, Zeiss, Jena, Germany).
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Immunohistochemistry

After fixation, brain samples were postfixed in 4%

paraformaldehyde at 4�C overnight and then transferred

to 15% and 30% sucrose in PBS for 2 days. The samples

were sectioned at 30 lm. Briefly, the sections were

permeabilized in PBST (PBS containing 0.3% Triton

X-100) for 1 h and blocked with 5% BSA in PBS for 1 h

at room temperature. Then, they were incubated with

primary antibody (anti-TH, 1:800; Millipore) at 4�C
overnight and the appropriate anti-rabbit secondary anti-

body for 1 h at room temperature. Immunostaining was

visualized by immersion in DAB (3,30-diaminobenzidine)

solution for 10 min. For quantification in in vivo studies,

the numbers of TH-positive cells in the substantia nigra

pars compacta (SNc) were assessed using an optical

fractionator (Stereo Investigator 7, MBF Bioscience,

Williston, VT). This method has been described in a

previous publication [22]. Briefly, the region of the SNc in

midbrain sections was outlined at low magnification (409).

The counting frame size was 50 lm 9 50 lm and the

sampling grid size was 100 lm 9 100 lm. All stereological

analyses were performed at 2009 magnification under an

Olympus BX52 microscope (Olympus America Inc.,

Melville, NY).

Dopamine and DOPAC Determination

in the Striatum

Dopamine and its metabolite dihydroxyphenylacetic acid

(DOPAC) in mouse striatum were determined using liquid

chromatography with tandem mass spectrometry (LC-MS/

MS). Dissected striatal tissue was homogenized in ice-cold

70% acetonitrile (10 lL/mg tissue) and centrifuged at

20,000 rpm for 25 min. Then, the supernatant was injected

into the LC-MS/MS. Sample separations were carried out

at 25�C on a C18 column (Hypersil GOLD C18, 10092.1

mm, 3 lm, Thermo Scientific, Waltham, MA). The mobile

phase was a mixture of 5 mmol/L ammonium formate in

MilliQ water (30%) and 0.1% formic acid in acetonitrile

(70%). The flow rate was 0.3 mL/min. The MS detection

system consisted of Q-Exactive (Thermo Savant, Waltham,

MA) with electrospray ionization (ESI) in positive ion

mode for dopamine, and negative ion mode for DOPAC.

Cell Culture

PC12 cells were cultured in DMEM supplemented with

10% FBS. Cells were cultured as a monolayer under 5%

CO2 in a humidified incubator at 37�C.

Assay of MTT Conversion

The PC12 cells were seeded into 96-well plates at 104 cells/

well in 200 lL culture medium. PC12 cells were exposed

to 50 mmol/L glucose for 24 h followed by 100 mmol/L

6-OHDA for another 24 h. After treatment, the medium

was replaced with 200 lL DMEM containing 0.5 mg/mL

MTT and incubated at 37�C for 4 h. Afterwards, the

supernatant was aspirated and the cells were lysed in 200

lL dimethylsulfoxide for 20 min at 37�C. The optical

density values were measured at 490 nm using a plate

reader. The values are presented as fold of the control

group.

Quantitative Real-time Polymerase Chain Reaction

(PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,

Carlsbad, CA) according to the protocol supplied by the

manufacturer. Reverse transcription of 0.5 lg total RNA

for synthesizing cDNA was performed using the RevertAid

First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,

Waltham, MA). Real-time PCR was conducted using

SYBR Green PCR Master Mix (Selleck, Shanghai, China)

on an Opticon real-time PCR Detection System (7500;

Applied Biosystems, Grand Island, NY). Relative fold

differences in expression were calculated using the 2(-

Delta Delta C(t)) method after normalization to GAPDH

expression. The following primers for mouse were synthe-

sized by Genewiz (Suzhou, China): GAPDH forward: 50-
CAAGTTCAACGGCACAGTCA-30; reverse: 50-CACCC-

CATTTGATGTTAGCG-30; PINK1 forward: 50-GGTGT

CAGGCTGGGGCAA-30; reverse: 50-TGGCTTCATACA-

CAGCGGC-30.

Plasmids and Transfection

The plasmids expressing TXNIP and TXNIP siRNA were

from Gene Pharma (Suzhou, China). PC12 cells were

cultured in 6-well plates (59105 cells/well). PC12 cells at

70%–80% confluence were transfected with TXNIP cDNA

(2 lg) using Lipofectamine 3000 for 48 h. To inhibit

TXNIP expression, TXNIP siRNA (50-CAU CCU UCG

AGU UGA AUA UTT-30) or negative control siRNA (120

pmol per 6-well plate) was transfected using Lipofectamine

3000. The cells were transfected with siRNAs for 48 h.

Mitochondrial Fraction

Cells cultured in 10-cm dishes were suspended in 5 mL

cytosol buffer, and lysed by passage through a 25-gauge

needle 20 times. Then, the buffer was centrifuged at 13,000

rpm for 10 min at 4�C. Then, the supernatant was
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centrifuged at 80,000 rpm for 15 min at 4�C. The pellet,

corresponding to the mitochondrial fraction, was lysed in

ice-cold NP-40 lysis buffer on ice for 30 min, then

centrifuged at 13,0009g for 20 min. Formulation of

cytosol buffer (in mmol/L): 20 HEPES, 10 KCl, 1.5

MgCl2, 1 EDTA, 1 EGTA, and 1 dithiothreitol. Formula-

tion of NP-40 lysis buffer: 50 mmol/L Tris-HCl (pH 7.5),

150 mmol/L NaCl, 1% Nonidet P-40, 0.5% sodium

deoxycholate, 0.1% sodium dodecyl sulfate, and 1 mmol/

L dithiothreitol. Finally, protease inhibitor reagent (Sel-

leck, China) was added to each buffer before use.

Western Blot Analysis

The cells were washed thrice with ice-cold PBS and lysed

in RIPA containing phenylmethylsulfonyl fluoride on ice

for 30 min. Meanwhile, brain tissues were homogenized in

RIPA (10 lL/mg tissue) by a homogenizer for 30 s, and

lysed on ice for 30 min. The samples were centrifuged for

25 min at 12,000 rpm at 4�C, and the supernatants were

collected. The protein (60 lg for each extract) was resolved

by 10% SDS-PAGE, electroblotted to PVDF membrane,

and blocked in 5% non-fat milk at room temperature. The

membranes were incubated with primary antibodies over-

night at 4�C, then washed with TBST and probed with

HRP-conjugated anti-rabbit or anti-goat IgG.

Measurement of Intracellular ROS

The intracellular ROS were measured using the fluorescent

marker 2,7-dichlorodihydrofluorescein diacetate

(H2DCFDA) (Sigma-Aldrich, St Louis, MO) according to

the manufacturer’s instructions. The medium was replaced

with 1 mL H2DCFDA (25 lmol/L) and the cells were

incubated at 37�C for 30 min. Then, the cells were washed

thrice with cold PBS and suspended in 500 lL PBS for

flow cytometry (FC500; Beckman Coulter, Brea, CA).

Immunofluorescence

Cells were fixed in ice-cold methanol for 15 min at –20�C,

followed by 395 min washes in PBS. Then, they were

fixed in 4% paraformaldehyde for 15 min at room

temperature (RT) and permeabilized in 0.3% Triton-X for

30 min at RT. Blocking was carried out for 1 h at RT in 5%

BSA-PBST. The cells were incubated in goat anti-mouse

cytochrome c oxidase IV (COX IV, 1:200; Cell Signaling

Technology) and goat anti-rabbit LAMP1 (1:400; Abcam)

for 18 h at 4�C. Secondary antibodies were incubated for 1

h at RT. The images were recorded by fluorescence

microscopy (Axio Scope A1, Zeiss, Jena, Germany).

Statistical Analysis

Data are presented as the mean ± SEM. Statistical

comparisons were conducted using one-way ANOVA and

Student’s t test in SPSS 16.0 (SPSS Inc., Chicago, IL). P\
0.05 was considered to be statistically significant.

Results

TXNIP is Increased in the Brains of Diabetic Mice

Seven days after STZ injection, blood glucose was

determined after fasting overnight and was significantly

higher in the STZ-treated mice than in the control mice

(22.9 ± 1.8 mmol/L in STZ-treated mice versus 8.2 ± 0.5

mmol/L in controls). DHE was used to measure the ROS

production in TH cells in vivo. Three hours after DHE

injection, the number of red fluorescent puncta in TH

neurons was significantly higher in diabetic mice than in

controls (8 ± 2.3 puncta per cell in diabetic mice vs 3.7 ±

1.1 puncta per cell in controls; Fig. 1A). TXNIP is a key

regulator of intracellular ROS production, so we deter-

mined the TXNIP levels in the striatum and midbrain by

Western blot analysis. TXNIP was significantly increased

by 3-fold in the midbrain and 2.5-fold in the striatum (P =

0.019 in midbrain, P = 0.024 in striatum; Fig. 1B).

Autophagy is Inhibited in the Midbrain of Diabetic

Mice

We then explored the change in autophagy in the midbrain

of diabetic mice. LC3-II, a marker of autophagosomes, was

increased by *1.7-fold (P = 0.04), and p62, a substrate of

autophagy, was also increased (P = 0.03) (Fig. 1C). It has

been reported that dysfunctional mitochondria are mainly

eliminated via the PINK1–Parkin-mediated autophagic

pathway [14]. We found that PINK1 was decreased by

50% in the midbrain of diabetic mice compared with

controls (P = 0.04; Fig. 1D). However, Parkin did not

change in diabetic mice. These results indicated that

autophagic flux is blocked in the midbrain of diabetic mice.

MPTP-induced Loss of TH1 Neurons is Accelerated

in Diabetic Mice

Seven days after STZ administration, the mice were

intraperitoneally injected with MPTP daily for 5 days to

create the PD model. The DA neurons in the SNc and

ventral tegmental area were stained with TH antibody

(Fig. 2A). MPTP injection induced a 41% loss of TH-

positive cells in the SNc in normal mice (P = 0.002, vs

controls), and a 57% loss in diabetic mice (P = 0.020 vs
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MPTP-injected mice; Fig. 2A). No difference was found in

TH expression in the midbrain between the control and

diabetic mice before MPTP injection (Fig. 2B). However,

TH was decreased by *68% in diabetic mice (P = 0.003),

whereas it was only decreased by 55% in normal mice after

MPTP injection (P = 0.001) (Fig. 2B). TH in the dorsal

striatum can be used to evaluate the nigrostriatal DA

pathway. The TH-positive fiber density in the dorsal

striatum decreased after MPTP injection both in normal

and diabetic mice (P = 0.031; Fig. 2C). In addition, DA

decreased to 0.38 ± 0.07 lg/g tissue in diabetic mice after

MPTP injection, while it only decreased to 0.48 ± 0.08 lg/

g tissue in normal mice after MPTP injection (Fig. 2D).

Similarly, DOPAC, a metabolite of DA, also showed a

further decline in diabetic mice compared to normal mice

after MPTP injection (P = 0.013; Fig. 2D). In addition, we

used the pole test to assess the motor activity, and to

determine whether the MPTP-induced PD model displayed

bradykinesia. The T-total increased on days 1, 3, and 5

after MPTP injection (Fig. 2E). Meanwhile, STZ further

aggravated the MPTP-induced bradykinesia on days 1, 3,

and 5 after MPTP injection (P \ 0.05; Fig. 2E). These

results suggest that DA neurons are more vulnerable to

damage under the hyperglycemic conditions in diabetes.

Effect of HG on PC12 Cell Viability

The MTT assay was used to measure the effect of HG on

neuronal cell death. PC12 cells were treated with various

concentrations of glucose from 5 to 500 mmol/L for 48 h.

HG significantly decreased the viability of PC12 cells

compared with controls (Fig. 3A), and the IC50 was 75.06

mmol/L (Fig. 3B). Glucose at 50 mmol/L was selected for

HG treatment, and 5 mmol/L for the control in further

studies. In addition, HG/6-OHDA co-treatment further

increased the death of PC12 cells compared with those

exposed to 6-OHDA alone (P \ 0.001; Fig. 3C). These

data suggest that DA neurons are damaged under HG

conditions. Moreover, HG may be a risk factor in the

pathological conditions of PD.

Fig. 1 ROS and TXNIP are increased in TH? neurons in diabetic

mice. A Photomicrographs of in situ ROS as assessed by DHE (red,

arrowheads); dopaminergic neurons are stained by TH antibody

(green). B Western blots and analysis of TXNIP. Autophagy is

inhibited in the midbrain of diabetic mice. C, D Western blots and

analyses of LC3, p62, PINK1, and Parkin in diabetic (STZ) and

control (Con) mice (*P\ 0.05 vs controls; n = 4; scale bar, 20 lm).
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TXNIP is Upregulated in PC12 Cells after HG

Treatment

We used H2DCFDA to assess the intracellular ROS and

found that, it was significantly increased by 1.5-fold in HG-

treated PC12 cells compared with controls (P = 0.006;

Fig. 4A, B). While several studies have reported that

TXNIP is induced by HG treatment, the effect of HG on

TXNIP expression in neurons was not clear. To determine

the expression of TXNIP, we performed Western blot

experiments using PC12 cells incubated at low (5 mmol/L)

or high (100 mmol/L) glucose concentrations for 6, 12, and

24 h. We found that HG significantly increased TXNIP

expression by 1.8-fold at 24 h compared with controls (P =

0.006; Fig. 4D). This finding indicates that TXNIP is

involved in the injury of PC12 cells induced by HG

treatment.

HG Results in Autophagy Dysfunction

We next explored the effect of HG on autophagy. The

results showed that LC3-II was increased by *3.5-fold in

Fig. 2 Hyperglycemia accelerates the loss of TH? neurons induced

by MPTP, and aggravates MPTP-induced bradykinesia. A Represen-

tative images and analyses for DA neurons assessed by TH

immunohistochemistry (scale bar, 200 lm). B Western blots and

analysis for TH expression in the midbrain. C TH-positive fibers in

the dorsal striatum assessed by TH immunohistochemistry. D DA and

DOPAC in the striatum analyzed using LC-MS/MS. E Motor activity

as assessed by the pole test. ***P\ 0.001,**P\ 0.01, *P\ 0.05 vs

controls; #P\0.05 vs MPTP-treated mice; n = 4; &P\0.05 vs STZ-

treated mice; n = 6–8 for the pole test.

123

C.-J. Su et al.: TXNIP Regulates Mitophagy in DA Neurons 351



PC12 cells that were incubated in HG for 48 h (P\0.001;

Fig. 5A). This indicated that autophagosomes were

induced in PC12 cells under HG. However, p62, a marker

of autophagic degradation, accumulated in HG-treated cells

(P = 0.002; Fig. 5A). Furthermore, PINK1 declined by

*25% in whole-cell homogenates of HG-treated PC12

cells (P = 0.033; Fig. 5B). However, Parkin, another

important regulator in mitophagy, did not change in whole-

cell homogenates after HG treatment (P = 0.903). To assess

whether PINK1 transcription is also regulated by HG, we

assessed PINK1 mRNA in PC12 cells treated with HG for

48 h or CCCP (20 lmol//L, a widely used inducer of

mitophagy) for 6 h. PINK1 mRNA was increased by CCCP

treatment (P = 0.012; Fig. 5C). However, PINK1 mRNA

did not change following HG treatment. These data

indicate that the decrease in PINK1 protein expression

following HG treatment is not driven by a decrease in

PINK1 transcription.

There is evidence that Parkin is recruited to damaged

mitochondria, and mitophagy is dependent on the accu-

mulation of Parkin in the outer mitochondrial membrane.

So, next we measured Parkin in the mitochondrial fraction.

First, the purity of the isolated mitochondrial fractions was

confirmed by the absence of the cytosolic protein a-tubulin

and the presence of the mitochondrial protein COX IV

(Fig. 5D). HG treatment decreased the Parkin level in the

Fig. 3 HG treatment induces PC12 cell death. A Bright-field images

of cell morphology at different glucose concentrations (scale bar, 200

lm). B Survival curve of PC12 cells after exposure to different

concentrations of glucose for 48 h (IC50 = 75.06 mmol/L). C PC12

cell viability determined by MTT assays. PC12 cells were exposed to

50 mmol/L glucose for 24 h followed by 100 lmol/L 6-OHDA for

another 24 h (**P\0.01, ***P\0.001 vs controls; ###P\0.001 vs

6-OHDA-treated group; n = 3).

Fig. 4 Intracellular ROS and

TXNIP are notably increased in

PC12 cells after 50 mmol/L HG

treatment compared with con-

trols (5 mmol/L glucose).

A Flow cytometry for intracel-

lular ROS stained by

H2DCDFA. B Quantification of

ROS (**P\ 0.01 vs controls;

n = 3). C, D Western blots and

analysis for TXNIP (*P\ 0.05

vs 0 h group; n = 3).
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mitochondrial fraction (P = 0.020; Fig. 5E), but CCCP led

to an increased Parkin level in the mitochondrial fraction

(P = 0.020; Fig. 5E) as previously described [23, 24].

Furthermore, p62 accumulated in the mitochondrial frac-

tion after HG treatment (P = 0.016; Fig. 5E), but was

downregulated after CCCP treatment (P \ 0.001) as

previously described [23]. p62 is a known target for

autophagic degradation. Taken together, these results point

out that HG treatment blocks the autophagic flux in PC12

cells.

HG Blocks Mitophagy

To confirm that the inhibition of mitophagy resulted from

HG, we measured the co-localization of mitochondria and

lysosomes in PC12 cells. As noted above, mitophagy is a

selective degradation pathway for damaged mitochondria

through double-membrane autophagosomes, which then

fuse with lysosomes to form autolysosomes in which

mitochondria are degraded. LAMP1 is a lysosomal P-type

transport ATPase, and is considered to be a lysosome

marker. COX IV and LAMP1 immunofluorescence

Fig. 5 HG blocks autophagic flux and inhibits Parkin/PINK1-medi-

ated mitophagy in PC12 cells. A, B Western blots and analyses for

LC3, p62, PINK1, and Parkin after HG treatment for 48 h. C qPCR

analysis of PINK1 mRNA. D Western blots of the cytosolic protein a-

tubulin and mitochondrial protein COX IV cytosolic (Cyto) and

mitochondrial (Mito) fractions. E Western blots and analyses for

Parkin and p62 in the mitochondrial fraction. COX IV served as a

loading control for mitochondrial protein. *P \ 0.05, **P \ 0.01,

***P\ 0.001 vs controls; #P\ 0.05 vs HG group; n = 3.
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staining was used to observe mitochondria and lysosomes,

respectively. Under normal conditions, little co-staining of

COX IV and LAMP1 was observed (Fig. 6). CCCP

induced co-localization of mitochondrial COX IV and

lysosomal LAMP1, indicating mitophagy (Fig. 6). How-

ever, pretreatment with HG for 48 h inhibited the co-

localization of COX IV and LAMP1 induced by CCCP

(Fig. 6). Taken together, these results demonstrate that

mitophagy is inhibited in PC12 cells under HG conditions.

TXNIP Inhibits Mitophagy

Our previous study reported that overexpression of TXNIP

inhibits autophagic flux [9]. In the present study, we

transfected TXNIP plasmid into PC12 cells to explore the

effect of TXNIP on mitophagy. First, TXNIP was signif-

icantly increased in PC12 cells after transfection (P =

0.041; Fig. 7A). Then, we assessed Parkin and PINK1 by

Western blot analysis. Consistent with the results of HG

treatment, PINK1 was lower in TXNIP-overexpressing

cells than in controls (P = 0.005), as was Parkin (P = 0.025)

(Fig. 7A). Mitophagy is important for maintaining mito-

chondrial quality and the intracellular ROS level, so we

assessed intracellular ROS using H2DCFDA. The results

showed that ROS was increased in TXNIP-overexpressing

cells (P = 0.036; Fig. 7B). Furthermore, the co-localization

of COX IV and LAMP1 induced by CCCP was inhibited in

PC12 cells under HG conditions (Fig. 7C).

Next, we transfected siRNA into PC12 cells to inhibit

TXNIP expression and this decreased TXNIP expression

by 70% compared with controls (P = 0.009; Fig. 8A).

Moreover, the inhibition of TXNIP decreased the intracel-

lular ROS induced by HG (P = 0.025; Fig. 8B). We used

MTT assays to determine the cellular viability and found

that the inhibition of TXNIP in PC12 cells relieved the cell

injury induced by HG (P = 0.041; Fig. 8C). As noted

above, co-localization of COX IV with LAMP1 was rare in

PC12 cells under HG?CCCP conditions. However, when

TXNIP was inhibited by siRNA transfection, more co-

localization occurred between COX IV and LAMP1 under

these conditions (Fig. 8D, E). These findings indicate that

TXNIP is involved in the mitophagy dysfunction induced

by HG.

Fig. 6 HG inhibits the mito-

phagy induced by CCCP. Rep-

resentative images and analysis

of co-localization of the mito-

chondrial protein COX IV

(green) and the lysosomal pro-

tein LAMP1 (red) in PC12 cells

incubated in low (5 mmol/L) or

high (25 mmol/L) glucose

medium for 48 h, then treated

with CCCP (20 lmol/L) for

another 6 h (**P\ 0.01 vs

controls; #P\ 0.05 vs CCCP

group; scale bar, 20 lm; three

independent experiments were

carried out in each group).
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Discussion

Our results showed that TXNIP was increased and

autophagy was inhibited in the midbrain of diabetic mice.

Moreover, hyperglycemia accelerated the DA neuron loss

induced by MPTP in vivo, and HG induced PC12 cell death

in vitro. In addition, HG increased ROS production and

upregulated TXNIP in PC12 cells. Furthermore, autophagic

flux was blocked and mitophagy was inhibited in PC12

cells under HG conditions. Moreover, Parkin and PINK1

decreased in PC12 cells transfected with TXNIP cDNA.

These findings indicate that hyperglycemia induces mito-

phagy dysfunction and results in DA neuronal injury in

diabetes mellitus.

Blood glucose is commonly increased in diabetes

mellitus, and chronic hyperglycemia damages brain cells

through increased production of ROS [25]. Diabetes

mellitus is associated with worsened motor symptoms

and greater striatal DA deficits in the early stage of PD

[26], and patients with type 2 diabetes have a higher risk of

developing PD [27]. In fact, several dysregulated path-

ways, such as oxidative stress and inflammation, are

common underlying processes that cause PD and diabetes

[5, 28–31]. In the present study, we selected PC12 cells, a

commonly-used cell line in PD studies in vitro, to

investigate the effect of HG on DA cells. Similar to other

reports [32], we found that HG significantly induced PC12

cell death. Different concentrations of glucose were used in

HG-induced injury in PC12 cells, ranging from 25 to 100

mmol/L, and we selected 50 mmol/L glucose to induce

PC12 cell injury based on the survival curve [33, 34].

Moreover, we found that HG further promotes cell death

when cells were co-treated with HG and 6-OHDA. In

experimental models, the DA neuronal degeneration

induced by MPTP is exacerbated in mice with type 2

diabetes [35]. These findings suggest that HG or hyper-

glycemia is a risk factor for DA neuron death in PD.

Chronic hyperglycemia damages brain cells through

increased production of ROS. An elevated level of cellular

ROS is a key mediator of glucose-induced neurotoxicity

Fig. 7 Overexpression of TXNIP inhibits mitophagy and inhibition

of TXNIP decreases intracellular ROS induced by HG. A Western

blots and analysis of TXNIP, Parkin and PINK1 in PC12 cells after

transfection with TXNIP cDNA for 48 h. B Intracellular ROS was

stained by H2DCDFA and determined by flow cytometry after

transfection of TXNIP cDNA. C Co-localization analysis of mito-

chondrial protein COX IV (green) and lysosomal protein LAMP1

(red) to assess mitophagy. *P\0.05 vs vector group; n = 3; scale bar,

20 lm; three independent immunofluorescence experiments were

carried out in each group.
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[36, 37]. We found that ROS was notably increased in

PC12 cells after HG treatment. TXNIP promotes oxidative

stress by binding to thioredoxin [6] and TXNIP increases

under oxidative stress conditions. In addition, it is strongly

induced by glucose and increased in diabetes, while it

promotes b-cell apoptosis [38] and diabetic retinopathy

[39] and nephropathy[20]. However, few studies have

reported whether HG induces TXNIP expression in DA

cells. We found that TXNIP was significantly upregulated

in PC12 cells incubated with HG, indicating that TXNIP is

involved in the DA cell injury induced by HG treatment.

Since mitochondria are considered to be the main source

of intracellular ROS, we explored the effect of HG on

mitophagy in PC12 cells. Mitochondrial dysfunction has

been reported both in diabetes or diabetic complications

(such as diabetic retinopathy and cardiomyopathy) [40] and

in PD [41–43]. TXNIP induces mitochondrial dysfunction

through the p38/MAPK pathway in diabetic retinopathy

[8], while TXNIP inhibits autophagic flux and induces a-

synuclein accumulation under pathological PD conditions

[9]. Under normal conditions, dysfunctional mitochondria

are removed through mitophagy, which maintains the

mitochondrial number to match metabolic demand and

exerts mitochondrial quality control [44]. PINK1-

dependent activation of Parkin is a major route of

mitophagy. Under basal conditions, PINK1 is imported

into mitochondria through the translocases of the outer and

inner membrane complexes. Usually, PINK1 is integrated

into the outer membrane but is rapidly cleaved by

proteases, generating a cleaved form of PINK1 [45], which

is released into the cytosol, where it is degraded by the

ubiquitin proteasome system. However, PINK1 turnover is

disrupted when mitochondria are damaged by toxins. Full-

length PINK1 is stabilized on the damaged mitochondrial

membrane [46] and phosphorylates Parkin, which is

recruited to the damaged mitochondria. Then, the activated

Parkin polyubiquitinates mitochondrial outer membrane

proteins to initiate mitophagy. Full-length PINK1 is

essential for mitophagy to remove impaired mitochondria

[47]. A decrease in full-length PINK1 has been reported

under conditions of mitophagy inhibition in human induced

pluripotent stem cell-based PD models [48]. In the present

study, full-length PINK1 accumulated significantly in the

mitochondrial fraction after treatment with CCCP, a

mitochondrial depolarizing agent, and this result is consis-

tent with published studies [48, 49]. However, full-length

PINK1 was decreased in HG-treated or TXNIP-transfected

cells. There was no significant change of PINK1 mRNA

Fig. 8 Inhibition of TXNIP relieves the PC12 cell injury induced by

HG, and restores mitophagy induced by CCCP under HG conditions.

A Western blots and analysis for TXNIP after transfection with

TXNIP siRNA for 48 h. B Flow cytometry and analysis for

intracellular ROS stained by H2DCDFA after transfection with

TXNIP siRNA. C MTT assays of cellular viability. D Images of co-

localization of the mitochondrial protein COX IV (green) and the

lysosomal protein LAMP1 (red) to assess mitophagy. E Co-localiza-

tion analysis of mitochondrial protein COX IV and lysosomal protein

LAMP1. *P\0.05, **P\0.01 vs controls; #P\0.05 vs HG group;

n = 3; scale bar, 20 lm; three independent immunofluorescence

experiments were carried out in each group.
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levels under HG conditions, indicating that the decreased

PINK1 protein expression following HG treatment is not

driven by a decrease in PINK1 transcription. PINK1 is

activated by PTEN [50], which is inhibited by TXNIP [51].

This mechanism may account for the decreased full-length

PINK1 in PC12 cells under HG conditions. Failure of

mitophagy results in the accumulation of damaged mito-

chondria and oxidative stress induced by ROS [44]. The

inhibition of TXNIP reduces intracellular ROS, which we

assessed with H2DCFDA. ROS detected by H2DCFDA is

not selective for mitochondrial ROS – MitoSOX is more

appropriate for evaluating mitochondria ROS. It has been

reported that downregulation of TXNIP reverses the

inhibition of mitophagy induced by HG in HK2 cells

[52]. In our study, PINK1 was significantly inhibited in

PC12 cells after HG treatment. Meanwhile, both PINK1

and Parkin were notably decreased in cells overexpressing

TXNIP. Moreover, when TXNIP was inhibited by siRNA

transfection in PC12 cells, more co-localization occurred

between COX IV and LAMP1 under HG?CCCP condi-

tions. These results suggest that HG causes mitophagy

dysfunction via the upregulation of TXNIP. It has recently

been reported that ROS is necessary for PINK1-mediated

mitophagy [53]. This seems to contradict our results, in

which a decrease of TXNIP inhibited the intracellular ROS

level. We speculate that TXNIP can regulate PINK1/

Parkin-mediated mitophagy via a mechanism other than

ROS. For instance, TXNIP may interact with PINK1, and

prevent the translocation of PINK1 to mitochondria.

There are still shortcomings in the present study. We do

not know the exact role of TXNIP in the regulation of

PINK1/Parkin-mediated mitophagy, and this deserves

further study. Moreover, we plan to explore the effect of

HG on Parkin-independent mitophagy, which was not

evaluated in this paper.

In summary, HG increased the expression of TXNIP, an

endogenous protein promoting oxidative stress, resulting in

Parkin/PINK1-mediated mitophagy dysfunction in DA

cells. All these results suggested that TXNIP is involved

in the Parkin/PINK1-mediated mitophagy dysfunction

induced by HG, and that TXNIP is a promising therapeutic

target for reducing the risk of PD under hyperglycemic

conditions.
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