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dopaminergic neuron loss in Parkinson models

Bing Li,1,4 Yinuo Yang,1,4 YuejunWang,1 Jing Zhang,1 Jie Ding,1 Xiaoyu Liu,1 Yan Jin,2 Bolin Lian,2,* Yong Ling,3,*

and Cheng Sun1,5,*
SUMMARY

It has been shown that histone deacetylase (HDAC) inhibitors hold considerable
therapeutic potentials for treating neurodegeneration-related diseases including
Parkinson disease (PD). Here, we synthesized an HDAC inhibitor named as HGC
and examined its neuroprotective roles in PD models. Our results showed that
HGC protects dopaminergic neurons from 1-methyl-4-phenylpyridinium (MPP+)-
induced insults. Furthermore, in 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
(MPTP)-induced PDmodel mice, HGC application rectifies behavioral defects, im-
proves tyrosine hydroxylase-positive neurons in the midbrain, and maintains
mitochondrial integrity and functions. Mechanistically, mass spectrometry data
revealed that HGC stimulates acetylation modification at lysine 28 of NDUFV1.
Inhibition of HDAC6 byHGC is responsible for this acetylationmodification. Func-
tional tests showed that, as well as HGC, NDUFV1 exhibits beneficial roles
against MPP+ injuries. Moreover, knockdown of NDUFV1 abolishes the neuro-
protective roles of HGC. Taken together, our data indicate that HGC has a great
therapeutic potential for treating PD and NDUFV1 might be a target for devel-
oping drugs against PD.
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INTRODUCTION

Parkinson disease (PD), the secondmost common neurodegenerative disorder, affected 6.2 million people

in 2015 and resulted in about 117,400 deaths globally (Kalia and Lang, 2015). The most obvious symptoms

at early stages of the disease are shaking, rigidity, slowness of movement, and difficulty with walking (Abe-

liovich and Gitler, 2016). Along with the progression of PD, nonmotor symptoms including loss of smell,

rapid eye movement sleep behavior disorder, urinary dysfunction, orthostatic hypotension, constipation,

and depression will be diagnosed (Armstrong and Okun, 2020). Moreover, cognitive impairment also is

one of the most disabling features of PD at late stages (Armstrong and Okun, 2020). Dopaminergic neuron

loss is a hallmark of this neurodegenerative disease (Kalia and Lang, 2015). Dopamine replacement thera-

pies including drugs L-Dopa, apomorphine, pergolide, entacapone, and selegiline are developed and

considered as efficient ways for partially controlling motor symptoms of PD (Armstrong and Okun, 2020).

In addition, monoamine oxidase (MAO-B) inhibitors are also useful for rectifying motor symptoms at early

stages of PD (Armstrong and Okun, 2020). However, recent clinical survey data revealed that these drugs

have side effects such as impulse control disorders and dyskinesia when used long term (Armstrong and

Okun, 2020; Buck and Ferger, 2010; Poewe et al., 2010). In addition to these chemical drugs, physical inter-

vention such as deep brain stimulation is another way for the treatment of PD (Foltynie and Hariz, 2010).

However, none of these strategies can protect dopaminergic neurons from death for long term; and

none of the current drug therapies can treat the nonmotor symptoms which greatly affect quality of life

of patients with PD. Hence, discovery of new classes of chemicals against PD holds great potentials for

providing better therapeutics for PD treatment.

It has been shown that histone acetylation is closely correlated with gene expression. Two kinds of enzymes

named as histone acetyltransferases (HATs) and histone deacetylases (HDACs) are responsible for histone

acetylation and deacetylation. In general, HATs catalyze the acetylation of lysine residues in histone tails, lead-

ing to chromatin relaxation and transcriptional activation; on the contrary, HDACs promote deacetylation,
iScience 24, 102302, April 23, 2021 ª 2021 The Author(s).
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Figure 1. Synthesis of HGC and HDAC inhibition activity assay

(A) Procedures for preparation of HGC.

(B) The purity of HGC was analyzed by HPLC.

(C) HDAC inhibition activity tests. HDAC activity was assayed by using recombinant HDACs and their substrates. The

detailed procedures were described in transparent methods. Error bars are Gstandard error of mean.
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which results in a more condensed chromatin state and transcriptional repression (Narlikar et al., 2002). At this

regard, by acting as epigenetic regulators, HDAC inhibitors improve histone acetylation to favor gene expres-

sion,many of whichwill be essential for neuronal survival (Jin et al., 2014; Sharmaet al., 2019). Therefore, HDAC

inhibitors have great potential capacities against PD by improving neuronal survival, especially dopaminergic

neurons (Hegarty et al., 2016; Sharma et al., 2019). Indeed, recent evidence has shown that several kinds of

HDAC inhibitors play beneficial roles for alleviating PD symptoms (Choong et al., 2016; Di Fruscia et al.,

2015; Harrison et al., 2015; Pinho et al., 2016; Sharma et al., 2015; Suo et al., 2015).

In the present study, we synthesized an HDAC inhibitor, N-(4-(hydroxycarbamoyl)benzyl)-1-(3,4,5-trime-

thoxyphenyl)-9H-pyrido[3,4-b]indole-3-carboxamide (HGC), and examined its potential roles for dealing

with PD both in vitro and in vivo. Our results showed that HGC protects dopaminergic neurons from

1-methyl-4-phenylpyridinium (MPP+)-induced insults and thus ameliorates PD symptoms. Moreover, we

found that these beneficial roles of HGC are dependent upon acetylation modification of NDUFV1, an

enzyme in the electron transport chain (ETC) complex I.
RESULTS

HGC synthesis and HDAC inhibition activity assays

As shown in Figure 1A, N-(4-(hydroxycarbamoyl)benzyl)-1-(3,4,5-trimethoxyphenyl)-9H-pyrido[3,4-b]

indole-3-carboxamide (7, HGC) was synthesized. Briefly, 5 (0.20 g, 1.2 mmol) was added to a solution of

4 (0.45 g, 1.2 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) (0.27 g,

1.44 mmol) and 4-dimethylaminopyridine (DMAP) (17 mg, 0.14 mmol) in 10 mL anhydrous CH2Cl2, was
2 iScience 24, 102302, April 23, 2021



Figure 2. HGC improves cell viability of SH-SY5Y cells

(A) Effects of MPP+ at different concentrations on cell viability. SH-SY5Y cells were treated with MPP+ at different

concentrations as indicated for 24 hr. Cell viability was assayed by MTT.

(B) MTT assay showing the increase in cell viability induced by HGC. SH-SY5Y cells were pretreated with HGC at different

concentrations as indicated for 6 hr. Then, cells were subject to 500 mM of MPP+ for additional 24 hr.

(C) The LDH release was attenuated by HGC in the MPP+-injured cells. Cell treatments were described in (B).

(D) Cell morphology showing the protective roles of HGC in the MPP+-treated cells. SH-SY5Y cells were pre-treated with

0.5 mMof HGC for 12 hr, and then, cells were exposed to 500 mMof MPP+ for additional 24 hr. Cell images were taken with

a microscope. Scale bar, 50 mm.

(E) JC-1 staining showing the mitochondrial membrane potential was improved by HGC. Cell treatments were described

in (D). Scale bar, 50 mm.

(F) HGC decreases oxidative stress in the mitochondria. Cells were transfected with the plasmid of pMito Timer. Twelve

hours after transfection, cells were treated with HGC and MPP+ as described in (D). Scale bar, 50 mm.
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Figure 2. Continued

Fluorescence intensity was quantified by using ImageJ software. Error bars areGstandard error of mean. *p < 0.05, ***p <

0.001 vs the control cells. #p < 0.05, ###p < 0.001 vs the cells treated withMPP+ alone. Statistical significance was tested by

two-tailed unpaired Student’s t-test (A) or two-tailed one-way analysis of variance test (B, C, E, F).
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added 5 (0.20 g, 1.2 mmol). The mixture was stirred at room temperature overnight. Then, 20 mL of CH2Cl2
was added, and the mixture was washed with water (30 mL 3 3) and brine. The organic phase was dried

over anhydrous sodium sulfate, filtered, and evaporated in vacuo, and the crude product was purified by

column chromatography to give 6. Intermediate 6 was then dissolved in 3 mL anhydrous methanol and

poured into a solution of NH2OK (0.09 g, 4 mmol) in 3 mL of anhydrous methanol. The mixture was stirred

for 10-15 hr, and the solvent was evaporated in vacuo. The residue was diluted with saturated NH4Cl

aqueous solution and then extracted with ethyl acetate (6mL3 5). The organic layers were combined, dried

over anhydrous Na2SO4, and evaporated. The resulting residue was purified by column chromatography

(eluting with ethyl acetate (EA) followed by 20:1 CHCl3/MeOH followed by 10:1 CHCl3/MeOH) on silica

gel to afford 7 as a pale-yellow solid with a yield of 63%. Purity = 98.6% by high performance liquid chro-

matography (HPLC). Analytical data from nuclear magnetic resonance for 7: MS (ESI)m/z = 527 [M + H]+; 1H

NMR (DMSO-d6, 400 MHz): d 11.88 (s, 1H, NH), 11.17 (s, 1H, NH), 9.34 (m, 1H, Ar-H), 8.99 (s, 1H, NH), 8.85 (s,

1H, Ar-H), 8.43 (m, 1H, Ar-H), 7.67–7.73 (m, 3H, Ar-H), 7.45 (d, 2H, J = 8.0 Hz, Ar-H), 7.30–7.34 (m, 3H, Ar-H),

4.66 (d, 2H, J = 6.4 Hz, NCH2), 3.96 (s, 6H, OCH3) 3.79 (s, 3H, OCH3); HRMS (ESI): m/z calcd for C29H27N4O6:

526.1931; found: 527.1942 [M + H]+. The purity of HGC was assayed by HPLC. Its retention time is around

9.9 min and the purity amounts to 96.8% (Figure 1B). Furthermore, we analyzed its HDAC inhibition activity,

and our results showed that, as compared with suberoylanilide hydroxamic acid (SAHA), HGC exhibited

more potent activity for HDAC1 and HDAC6 (Figure 1C).
HGC improves cell viability in SH-SY5Y cells

To investigate whether HGC has protective roles in dopaminergic neurons, SH-SY5Y cells were pre-treated

with HGC and then subjected to neurotoxinMPP+. According to the 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-

phenytetrazoliumromide (MTT) assay results, the exposure to MPP+ greatly impaired cell viability, whereas

HGC treatment increased the cell viability (Figure 2A and 2B). Furthermore, we also analyzed lactate dehy-

drogenase (LDH) release to ascertain the observed protective roles of HGC against MPP+ injury. As shown

in Figure 2C, the LDH release was markedly increased in the presence of MPP+. As expected, the treatment

of HGC reduced the LDH release induced by MPP+. The cell morphology showed that MPP+ insult largely

decreases cell viability as evidenced by shrunk cell shapes (Figure 2D). The pretreatment of HGC greatly

prevented this decline. MPP+ is a potent neurotoxin, which can induce mitochondrial dysfunction. There-

fore, we analyzedmitochondrial function in the following experiments. First, JC-1 staining was employed to

evaluate mitochondrial membrane potential (MMP). JC-1 dye exhibits potential-dependent accumulation

in mitochondria, indicated by a green fluorescence for themonomeric form of the probe, which shifts to red

with a concentration-dependent formation of red fluorescence J-aggregates (Reers et al., 1991). Conse-

quently, mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity

ratio. The results showed that the MMP was dramatically reduced by MPP+; and the presence of HGC

almost completely restored the MMP in SH-SY5Y cells (Figure 2E). Next, we transfected the cells with

the plasmid of pMito Timer to detect oxidative stress in mitochondria (Laker et al., 2014). MitoTimer en-

codes a mitochondria-targeted green fluorescent protein when newly synthesized, which shifts irreversibly

to red fluorescence when oxidized. The results showed that MPP+ induced a remarkable fluorescence shift

toward red, indicating enhanced oxidative stress in mitochondria. HGC treatment resulted in a significant

fluorescence shift toward green (Figure 2F). The above data clearly show that HGC, a newly synthesized

histone deacetylase inhibitor, protects SH-SY5Y cells from MPP+-induced insults.
HGC improves cell viability in primary dopaminergic neurons

Next, we sought to recapitulate the observed protective roles of HGC in rat primary dopaminergic neu-

rons (Figure S1). The cell viability in primary dopaminergic neurons was gradually reduced by the

increasing concentrations of MPP+ (Figure 3A). As well as in SH-SY5Y cells, the presence of HGC

improved cell viability and reduced LDH activity in primary dopaminergic neurons treated with MPP+

(Figures 3B and 3C). Cell morphology further confirmed the protective roles of HGC (Figure 3D). The

MMP was decreased markedly in MPP+-treated primary dopaminergic neurons, whereas HGC treatment

partially recovered the MMP (Figure 3E). These data further confirm the protective roles of HGC in dopa-

minergic neurons.
4 iScience 24, 102302, April 23, 2021



Figure 3. HGC improves cell viability of primary dopaminergic neurons

(A) Effects of MPP+ at different concentrations on cell viability. Primary dopaminergic neurons were treated with MPP+ at

different concentrations as indicated for 24 hr. Cell viability was assayed by MTT.

(B) MTT assay showing the cell viability was improved by HGC. Primary dopaminergic neurons were pretreated with HGC

at different concentrations as indicated for 6 hr. Then, neurons were subjected to 50 mM of MPP+ for additional 24 hr.

(C) The LDH release was decreased by HGC. Cell treatments were described in (B).

(D) Cell morphology. Primary dopaminergic neurons were pre-treated with 0.5 mM of HGC for 12 hr, and then, neurons

were exposed to 50 mM of MPP+ for additional 24 hr. Cell images were taken with a microscope. Scale bar, 50 mm.

(E) JC-1 staining showing the mitochondrial membrane potential was improved by HGC. Cell treatments were described

in (D). Scale bar, 50 mm.

Error bars are Gstandard error of mean. ***p < 0.001 vs the control cells. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs the

cells treated with MPP+ alone. Statistical significance was tested by two-tailed unpaired Student’s t-test (A) or two-tailed

one-way analysis of variance test (B, C, E).
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HGC rectifies behavioral defects in PD model mice

The observed neuroprotective roles of HGC prompt us to examine its therapeutic potentials for dealing

with dopaminergic neuron loss-associated diseases such as PD. Thus, 1-methyl-4-phenyl-1, 2, 3, 6-tetra-

hydropyridine (MPTP)-induced PD model mice were employed for this aim. The whole experimental

scheme is illustrated in Figure 4A. Motor dysfunction is a main characteristic of PD, and therefore, we

analyzed behavioral performances. The results showed that MPTP treatment induced behavioral defects

in rotarod, pole, and traction tests (Figures 4B–4D). As expected, HGC intervention largely rectified these

behavioral defects (Figures 4B–4D). Moreover, olfactory tests revealed that HGC treatment shortened
iScience 24, 102302, April 23, 2021 5



Figure 4. HGC improves behavioral performance in Parkinson model mice

(A) Timeline of the experiments.

(B) Rotarod test.

(C) Pole test.

(D) Tail suspension test.

(E) Olfactory test.

Error bars areGstandard error of mean. n = 5. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control mice in the vehicle

group. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the mice treated with MPTP in the vehicle group. Statistical

significance was tested by two-tailed unpaired Student’s t-test.
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the time to find hidden food (Figure 4E). Meanwhile, we also compared the anti-PD roles of HGC with

other two well-known HDAC inhibitors, SAHA and phenylbutyrate (PBA). As well as HGC, both SAHA

and PBA exhibited beneficial roles against PD as evidenced by improved behavioral performances (Fig-

ures 4B–4E). The anti-PD roles of these chemicals are comparable at the dosage of 50 mg/kg/day for

7 days; however, due to high molecular weight of HGC (HGC: 526.19; SAHA: 264.32; PBA: 186.18), we

speculate that HGC may have better efficacy for treating PD. These results clearly indicate that HGC

plays a beneficial role for dealing with motor dysfunctions in PD mice.

HGC prevents TH loss in the SNpc in PD model mice

Dopaminergic neurons loss in the SNpc is closely related with PD progression. Hence, we next analyzed

dopaminergic neurons in the SNpc. First, we analyzed the total neurons in the midbrain by Nissl staining.
6 iScience 24, 102302, April 23, 2021



Figure 5. HGC prevents TH loss in the SNpc in PD model mice

(A) Nissl staining. Scale bar, 200 mm.

(B) Immunochemical analysis of TH expression in the SNpc. Scale bar, 200 mm.

(C) Western blot analysis of the protein levels of TH in the SNpc. Actin was used as a loading control.

Error bars areGstandard error of mean. n = 5. **p < 0.01, ***p < 0.001 vs the vehicle-treated mice. ##p < 0.01 vs the mice

treated with MPTP alone. Statistical significance was tested two-tailed one-way analysis of variance test.
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The results showed that MPTP treatment induced a reduction in total neurons and HGC prevented this

trend (Figure 5A). Following immunohistochemical data showed that tyrosine hydroxylase (TH)-positive

neurons were dramatically decreased in the SNpc in PD model mice and HGC treatment counteracted

this decline (Figure 5B). Furthermore, Western blot data also showed similar changes in TH expression,

i.e., HGC prevented the reductions in TH expression in the SNpc induced by MPTP (Figure 5C). Addition-

ally, we also examined TH expression in the striatum. Both immunohistochemical and Western blot data

showed that TH expression in the striatum was decreased by MPTP, while HGC treatment largely pre-

vented this decrease (Figures 6A and 6B). These data indicate that HGC prevents TH-positive neuron

loss in PD model mice.

HGC improves mitochondrial integrity in PD models

Our above results showed that HGC improves mitochondrial functions in dopaminergic neurons treated

with MPP+. To further confirm this notion, we analyzed ultra-structure of mitochondria by using electron

microscopy. As shown in Figure 7A, the mitochondrial integrity was destroyed, and the cristae were

smeared in SH-SY5Y cells treated with MPP+. These defects in mitochondrial structures were ameliorated

in the presence of HGC. In the midbrain of mice, the mitochondria showed elaborate and compactly
iScience 24, 102302, April 23, 2021 7



Figure 6. HGC prevents TH loss in the striatum in PD model mice

(A) Immunochemical analysis of TH expression in the striatum. Relative density of TH-positive neuronal fibers in the striatum was quantified. Scale bar,

200 mm.

(B) Western blot analysis of the protein levels of TH in the striatum. Actin was used as a loading control. Error bars areGstandard error of mean. n = 5. ***p <

0.001 vs the vehicle-treated mice. #p < 0.05, ###p < 0.001 vs the mice treated with MPTP alone. Statistical significance was tested by two-tailed one-way

analysis of variance test.
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packed cristae in the mice treated with vehicle or HGC (Figure 7B). In MPTP-treated mice, the cristae

structures in the mitochondria were severely destroyed; however, the application of HGC improved

the mitochondrial structures in mice treated with MPTP (Figure 7B). Accordingly, the mitochondrial

DNA copy number was decreased by MPTP, and HGC prevented this decline (Figure 7C). In line with

increased mitochondrial content, HGC treatment enhanced the expression of enzymes involved in oxida-

tive phosphorylation, including PHB1, VDHC, SDHA, Cox IV, and HSP60 (Figures 7D and 7E). These data

further confirm that HGC improves mitochondrial structures and functions in MPP+-induced PD models.

HGC induces acetylation in NDUFV1 at lysine 28

The above data showed that HGC plays beneficial roles for protecting dopaminergic neurons from

MPP+-induced insults. In the following experiments, we tried to reveal the underlying molecular mech-

anisms. To this aim, we treated SH-SY5Y cells with HGC and prepared the total protein lysates for

mass spectrometry analysis. Since HGC is an inhibitor of HDACs, we focused our interest on acetylation

modification. The mass data indicated that 91 proteins were acetylated at lysine residues (Table S1. Mass

spectrometry data. Related to Figure 8.). Of these, one protein named as NDUFV1 got our attention due

to its critical roles in mitochondrial functions. The mass results showed that lysine 28 in NDUFV1 was

acetylated in cells treated with HGC (Figure 8A). This residue was conserved across several species (Fig-

ure 8B). To further confirm the acetylation site in NDUFV1, we treated SH-SY5Y cells with HGC and per-

formed immunoprecipitation and the resulting immuno-complex was subjected to Western blot analysis.

Indeed, acetylated NDUFV1 was increased by HGC in a dose-dependent manner (Figure 8C). Further-

more, we constructed a mutated form of NDUFV1 in which lysine 28 was mutated into arginine
8 iScience 24, 102302, April 23, 2021



Figure 7. HGC improves mitochondrial function in PD model cells and mice

(A) HGC maintains mitochondria morphology in SH-SY5Y cells. SH-SY5Y cells were pre-treated with 0.5 mM of HGC for

12 hr, and then, cells were exposed to 500 mM of MPP+ for additional 24 hr. Mitochondria images were monitored with an

electron microscope. Scale bar, 1 mm.

(B) HGC improvesmitochondrial integrity in the SNpc. PDmodel mice induced byMPTPwere injected with HGC at the dosage

of 50 mg/kg/day for consecutive 7 days. Mitochondria images were monitored with an electron microscope. Scale bar, 1 mm.

(C) HGC enhanced mitochondrial DNA copy number in the midbrain of mice treated with MPTP. Mitochondrial DNA

quantification was evaluated by Nd1/Ppia (Nd1 is a mitochondrial gene and Ppia is a nuclear gene).

(D) Analysis of electron transport chain protein expression. Samples were prepared from the midbrain, and protein levels

were analyzed by Western blot. Actin was used as a loading control.

(E) Quantification analysis for Western blot data as shown in (D).

Error bars areGstandard error of mean. n = 5. *p < 0.05, ***p < 0.001 vs the vehicle-treatedmice. ##p < 0.01, ###p < 0.001

vs the mice treated with MPTP alone. Statistical significance was tested by two-tailed one-way analysis of variance test.
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(K28A). Unlike wild-type NDUFV1, which was acetylated in the presence of HGC, NDUFV1 K28A was not

acetylated by HGC (Figure 8D). MPP+ treatment induced a decrease in acetylated NDUFV1, while HGC

could prevent this trend (Figure 8E). These results indicate that HGC stimulates acetylation modification

of NDUFV1 at lysine 28, implying NDUFV1 might be a target of HGC for mediating its neuroprotective

roles.

HGC-induced acetylation of NDUFV1 at lysine 28 is mediated by HDAC6

Next, we planned to explore which HDAC mediates the acetylation modification of NDUFV1 at lysine 28

induced by HGC. Therefore, co-immunoprecipitation was employed for analyzing the potential HDAC(s).
iScience 24, 102302, April 23, 2021 9



Figure 8. HGC stimulates NDUFV1 acetylation at K28

(A) Identification of acetylation site in NDUFV1 by tandem mass spectrometry. SH-SY5Y cells were treated with 1.0 mM of

HGC for 24 hr. Total protein lysates were prepared for mass spectrometry analysis.

(B) Sequence alignment of the putative acetylation site of K28 in NDUFV1 from different species.

(C) HGC increases acetylated NDUFV1. SH-SY5Y cells were transfected with the plasmid expressing NDUFV1. Twelve

hours after transfection, cells were incubated with HGC (0.25, 0.50, or 1.0 mM) for additional 24 hr. Total cell lysates were

subjected to immunoprecipitation and Western blot analysis.

(D) HGC has no effect on acetylated NDUFV1 in mutated NDUFV1 (NDUFV1 K28R). SH-SY5Y cells were transfected with

wild-type NDUFV1 or mutated NDUFV1. Twelve hours after transfection, cells were treated with 1.0 mM of HGC as

indicated for additional 24 hr. Total cell lysates were prepared for immunoprecipitation using anti-NDUFV1, and immuno-

complex was analyzed by Western blot.

(E) HGC prevents the decreased acetylated NDUFV1 in the cells treated with MPP+. SH-SY5Y cells were treated with

500 mM of MPP+ and 1.0 mM of HGC as indicated for 24 hr. Total protein lysates were prepared and subjected to

immunoprecipitation using anti-NDUFV1 antibody. The resulting immuno-complex was analyzed by Western blot.

Ac-K, acetylated lysine; IP, immunoprecipitation; IB, immunoblot.
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NDUFV1 is a nuclear gene coding protein, which should be synthesized in the cytoplasm and then trans-

located into mitochondria. Therefore, several cytoplasmic HDACs including HDAC4, 5, 6, 7, 9, and 10

were selected for immunoblot assays. As shown in Figure 9A, HDAC4 and HDAC6 were detected in the

immuno-complex, indicating these two HDACs are likely to mediate the acetylation modification of

NDUFV1 at lysine 28 induced by HGC. To test which HDAC is responsible for this function, we performed

immunoprecipitation experiments using anti-NDUFV1 antibody. As expected, Ac-K was increased by HGC

in the immuno-complex. HDAC4 had no effect on HGC-induced Ac-K (Figure 9B). Unlike HDAC4, HDAC6

largely diminished the increased acetylated NDUFV1 induced by HGC, whereas deacetylase-deficient

HDAC6 (HDAC6-DC) had no such an effect (Figure 9C). Furthermore, increased expression of HDAC6

almost completely abolished the protective roles of HGC inMPP+-treated SH-SY5Y cells (Figure 9D). Mean-

while, HDAC4 had no effect on cell viability induced by HGC (Figure 9E). Taken together, these data

indicate that HDAC6 deacetylates NDUFV1 at lysine 28; and in the presence of HGC, HDAC6 activity is in-

hibited, which eventually results in enhanced acetylated NDUFV1.
10 iScience 24, 102302, April 23, 2021



Figure 9. HDAC6 is responsible for HGC-induced acetylation of NDUFV1 at K28

(A) Co-immunoprecipitation analysis. SH-SY5Y cells were transfected with a plasmid expressing NDUFV1. Twenty-four

hours after transfection, cells were harvested and subjected to co-immunoprecipitation by using an anti-NDUFV1

antibody. The resulting immune complex was analyzed by Western blot. IgG was used as a negative control.

(B) HDAC4 is not required for HGC-induced acetylation of NDUFV1. SH-SY5Y cells were transfected with plasmids

expressing HDAC4 or NDUFV1 as indicated. Twelve hours after transfection, cells were incubated with or without 1.0 mM

of HGC as indicated for additional 12 hr. Cells were harvested for immunoprecipitation by using an anti-NDUFV1

antibody, and the immune complex was analyzed by Western blot.

(C) Inhibition of HDAC6 by HGC increases acetylated NDUFV1. SH-SY5Y cells were transfected with plasmids expressing

HDAC6, HDAC6-DC, or NDUFV1 as indicated. Twelve hours after transfection, cells were incubated with or without

1.0 mMof HGC for additional 12 hr. Cells were harvested for immunoprecipitation by using an anti-NDUFV1 antibody, and

the immune complex was analyzed by Western blot.

(D) Over-expression of HDAC6 mitigates enhanced cell viability induced by HGC. SH-SY5Y cells were transfected with a

plasmid expressing HDAC6. Twelve hours after transfection, cells were incubated with 500 mM of MPP+ and 1.0 mM of

HGC as indicated for 24 hr. Cell viability was analyzed by the method of MTT.

(E) HDAC4 has no effect on cell viability induced by HGC. The treatments were similar to the procedures as described in

(D) except HDAC4 was instead of HDAC6. IP, immunoprecipitation; IB, immunoblot; HDAC6-DC, HDAC6 deacetylase-

deficient. Error bars are Gstandard error of mean. **p < 0.01 and ***p < 0.001. ns means no significance. Statistical

significance was tested by two-tailed one-way analysis of variance test.
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HGC improves cell viability by stimulating NDUFV1 acetylation in SH-SY5Y cells

To test whether NDUFV1 is a target for mediating neuroprotective roles of HGC, we first examined the po-

tential roles of NDUFV1 on cell viability. To test this hypothesis, we increased NDUFV1 in SH-SY5Y cells by

transfection with the plasmid expressingNdufv1. Our results showed that NDUFV1 was markedly increased

by the transfection (Figure 10A). Cell viability assays showed that NDUFV1 increased cell viability in the cells

treated with or without MPP+ (Figure 10B). JC-1 staining showed that the MMP was decreased by MPP+,

and NDUFV1 largely counteracted this trend (Figure 10C). The increased oxidative stress in MPP+-treated
iScience 24, 102302, April 23, 2021 11



Figure 10. NDUFV1 attenuates cell injuries induced by MPP+

(A) Increased expression of NDUFV1 by the transfection. SH-SY5Y cells were transfected with the plasmid bearingNdufv1.

Twenty-four hours after transfection, cell lysates were prepared and subjected to Western blot analysis. Actin was used a

loading control.

(B) NDUFV1 improves cell viability. SH-SY5Y cells were transfected with the plasmid expressing Ndufv1. Twelve hours

after transfection, cells were treated with 500 mM of MPP+ for additional 24 hr. Cell viability was assayed by the method of

MTT.

(C) JC-1 staining. SH-SY5Y cells were treated as mentioned above, and mitochondrial function was analyzed by JC-1

staining. Fluorescence intensity was measured by using ImageJ software. Scale bar, 50 mm.

(D) Analysis of oxidative stress in the mitochondria. SH-SY5Y cells were co-transfected with the plasmids expressing

Ndufv1 and pMitoTimer. Twelve hours after transfection, cells were treated with 500 mM of MPP+ for additional 24 hr.

Oxidative stress in the mitochondria was analyzed by the shift from green color to red color with a fluorescence

microscopy. Fluorescence intensity was quantified by using ImageJ software. Scale bar, 50 mm.

(E) The mitochondria complex I activity was improved by NDUFV1. SH-SY5Y cells were transfected with the plasmid

expressing Ndufv1. Twelve hours after transfection, cells were treated with 500 mM of MPP+ for additional 24 hr.

Mitochondria were isolated and subjected to the complex I activity assay. Error bars are Gstandard error of mean. *p <

0.05, **p < 0.01, and ***p < 0.001. Statistical significance was tested by two-tailed one-way analysis of variance test.
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cells was reduced markedly by HGC (Figure 10D). Furthermore, the mitochondria complex I activity was

improved by NDUFV1 (Figure 10E). These data strongly indicate that NDUFV1 has a capacity for protecting

dopaminergic neurons from MPP+-induced insults.

Next, we downregulated NDUFV1 expression by siRNAs and examined whether the observed neuropro-

tective roles of HGC are dependent upon NDUFV1. The results showed that NDUFV1 expression was

dramatically reduced by its siRNAs; of these siRNAs, siRNA-2# exhibited the best knockdown efficiency

(Figures 11A and 11B); therefore, it was chosen for the following experiments. Knockdown of NDUFV1 abol-

ished HGC-mediated improved cell viability in cells treated withMPP+ (Figure 11C). Mitochondrial function

assays also revealed that NDUFV1 knockdown largely weakened the neuroprotective roles of HGC in
12 iScience 24, 102302, April 23, 2021



Figure 11. Knockdown of NDUFV1 abolishes the neuroprotective roles of HGC

(A) siRNAs mediated knockdown in NDUFV1. SH-SY5Y cells were transfected with siRNAs against Ndufv1. Seventy-two

hours after transfection, cells were harvested for total RNA extraction and quantitative real-time PCR analysis. 18S was

used as a house-keeping gene.

(B) Effects of siRNAs on NDUFV1 protein levels. Cell treatments were described in (A). At the end of treatments, total cell

lysates were prepared for Western blot analysis. Actin was used as a loading control.

(C) NDUFV1 knockdown abolishes the improved cell viability induced by HGC. SH-SY5Y cells were transfected with

Ndufv1 siRNA-2#. Forty-eight hours after transfection, cells were treated with 1.0 mM of HGC and 500 mM MPP+ as

indicated for additional 24 hr. Cell viability was assayed by MTT.

(D) JC-1 staining. Cell treatments were described in (C). Mitochondrial function was analyzed by JC-1 staining.

Fluorescence intensity was measured by using ImageJ software. Scale bar, 50 mm.

(E) Analysis of oxidative stress in the mitochondria. SH-SY5Y cells were transfected withNdufv1 siRNA-2#. Thirty-six hours

after transfection, cells were transfected with the plasmid of pMito Timer for 12 hr, and then, cells were treated with 1.0 mM

of HGC and 500 mM of MPP+ as indicated for additional 24 hr. Oxidative stress in the mitochondria was analyzed by the

shift from green color to red color with a fluorescence microscopy. Fluorescence intensity was measured by using ImageJ

software. Scale bar, 50 mm. Error bars are Gstandard error of mean. *p < 0.05, **p < 0.01, and ***p < 0.001. ns, no

significance. Statistical significance was tested by two-tailed unpaired Student’s t-test (A) or two-tailed one-way analysis

of variance test (C–E).
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MPP+-treated cells (Figures 11D and 11E). Together, the above data clearly show that the neuroprotective

roles of HGC in dopaminergic neurons are dependent upon acetylation of NDUFV1.
DISCUSSION

A growing amount of evidence indicates that HDAC inhibitors are potent candidates for developing drugs

for dealing with PD (Chen et al., 2012; Choong et al., 2016; Di Fruscia et al., 2015; Harrison et al., 2015, 2019;

Kidd and Schneider, 2011; Rane et al., 2012; Sharma et al., 2015). In the present study, we synthesized a
iScience 24, 102302, April 23, 2021 13
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compound named as HGC and examined its anti-PD capacity both in vitro and in vivo. Our data showed

that HGC protects cultured dopaminergic neurons from MPP+-induced apoptosis. Moreover, in MPTP-

induced PD model mice, HGC application shows multiple beneficial roles including rectifying behavioral

defects, maintaining TH expression in the SNpc and striatum, and improvingmitochondrial function. Mech-

anistically, NDUFV1, an enzyme belonging to complex I of the mitochondrial ETC, was found to be

acetylated at lysine 28 in the presence of HGC, and HDAC6 is a mediator for this modification. Following

experiments revealed that elevated expression of NDUFV1 attenuates cell injuries induced byMPP+; on the

contrary, NDUFV1 knockdown further aggravatesMPP+-induced insults. Most importantly, NDUFV1 knock-

down almost completely abolishes the neuroprotective effects of HGC, indicating NDUFV1 is a target of

HGC for mediating its neuroprotective roles in dopaminergic neurons.

Based on function and DNA sequence similarity, HDAC proteins are grouped into four classes, i.e., class I,

II, III, and IV. Of these, class I, II, and IV are considered as classical HDACs whose activities are inhibited by

trichostatin A (TSA) and have zinc-dependent active sites (Narlikar et al., 2002). Known as sirtuins, class III

HDAC activities are in an NAD-dependent manner and are not affected by TSA (Narlikar et al., 2002). By

deacetylating lysine residues in histone or non-histone proteins, HDAC proteins exhibit multiple funda-

mental roles in neurodegenerative disorders including Alzheimer disease (AD), polyglutamine disorders,

and PD (Saha and Pahan, 2006; Thomas and D’Mello, 2018). In general, inhibition of HDACs elicits hyper-

acetylation of histone or non-histone proteins and thus shows beneficial roles against neurodegenerative

disorders (Cook et al., 2014). Accordingly, the research and development of HDAC inhibitors has gained

much attention and is considered as a potential therapeutic strategy for treating these diseases (Hegarty

et al., 2016).

Indeed, HDAC inhibitors have been shown to be effective in numerous different mouse models of neuro-

degenerative diseases. As for PD, several kinds of HDAC inhibitors including sodium butyrate (SB), valproic

acid (VPA), and suberoylanilide hydroxamic acid (SAHA) increase cell viability and enhance the number of

TH-positive cells under MPP+ or 6-hydrodopamine treatment (Chen et al., 2012; Kidd and Schneider, 2011;

Rane et al., 2012). In line with these results, we also found that HGC, a newly synthesized inhibitor of HDACs,

rectifies behavioral defects and increases TH-positive neurons in PD model mice induced by MPTP. On the

contrary, a recent study has shown that nicotinamide, a potent inhibitor of HDAC class III, exacerbates neu-

rodegeneration in the lactacystin rat model of PD (Harrison et al., 2019). In accordance, SIRT3, a member of

HDAC class III, was found to be capable of increasing cell viability in cultured PD model cells (Zhang et al.,

2018); and deletion of Sirt3 promotes oxidative stress and reduces the mitochondrial function in dopami-

nergic neurons (Shi et al., 2017). Therefore, the potential roles of HDACs in neurodegenerative disorders

are not consistent, i.e. they play neuroprotective or neurotoxic effects, whichmay dependent upon the sub-

types of HDACs (Thomas and D’Mello, 2018).

With comparison to other HDAC inhibitors such as SB, VPA, and SAHA, the newly synthesized HDAC inhib-

itor HGC was derived from harmine. It has been shown that harmine possesses multiple neuroprotective

roles including anti-inflammation, anti-oxidative stress, and stimulation brain-derived neurotrophic factor

expression (Dos Santos and Hallak, 2017; Piechowska et al., 2019; Zhong et al., 2015). At this regard, there-

fore, HGCmay hold better benefits than other HDAC inhibitors in neurodegenerative disorders. In the pre-

sent study, we also compared the anti-PD effects of several HDAC inhibitors such as HGC, SAHA, and PBA.

Although their efficacies are comparable at the same dosage (50 mg/kg/day), however considering their

respective molecular weight (HGC, 526.19; SAHA, 264.32; PBA, 186.18), HGC has the best efficacy for

dealing with PD. Another issue regarding the dosage of MPP+ in cultured cells or neurons should be clar-

ified. To choose an appropriate dosage of MPP+ in in vitro models, a series of MPP+ at different concen-

trations were used. Based upon our results, we chose 500 mM and 50 mM of MPP+ to treat SH-SY5Y cells

and primary dopaminergic neurons, respectively. In a previous report, 5 mM of MPP+ was used to treat pri-

mary dopaminergic neurons, which is quite lower as compared with the current dosage (Collins et al., 2015).

This discrepancy may result from different cell culture conditions.

HDAC6 is a cytoplasmic protein and it has two catalytic domains (Gregoretti et al., 2004). Earlier studies

suggest that HDAC6 is a specific a-tubulin deacetylase (Zhang et al., 2008). Following investigations re-

vealed that HDAC6 can deacetylate many other substrates including tau, HSP90, b-catenin, the tumor sup-

pressor macrophage stimulating 1, cortactin, and Miro1 (Cook et al., 2014; Kalinski et al., 2019; Kekatpure

et al., 2009; Li et al., 2008, 2016; Zhang et al., 2007). In the present study, we found that NDUFV1 also is a
14 iScience 24, 102302, April 23, 2021
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substrate of HDAC6. NDUFV1 is an enzyme in the ETC complex I. As one of the entry enzymes of the ETC,

complex I plays an essential role in cellular respiration or oxidative phosphorylation in mitochondria. It has

been shown that complex I defects are presented in cells and tissues from patients with PD (Schapira et al.,

1989). Since then, a growing number of evidence has been shown that mitochondrial dysfunction and

cellular energy stress are key factors for PD pathology (Jansen et al., 2017; Wallace, 2005). In accordance,

the improvements of mitochondrial biogenesis and energy metabolism play beneficial effects against

neurodegenerative disorders (Rajman et al., 2018; Schondorf et al., 2018). In line with these findings, we

observed that NDUFV1 is capable of increasing mitochondrial function and cell viability in MPP+-treated

cells. Moreover, HGC lost its neuroprotective roles in Ndufv1 knockdown cells, indicating NDUFV1 is a

target for mediating the neuroprotective effects of HGC in dopaminergic neurons. It is worthy to note

that, HGC application-induced acetylation of NDUFV1 at lysine 28 is likely via HDAC6, i.e. HDAC6 deace-

tylates NDUFV1 at lysine 28; however, this deacetylation modification is inhibited in the presence of HGC

since HGC is a potent inhibitor of HDAC6. Till now, there is no direct evidence showing NDUFV1 is corre-

lated with pathology of PD. However, one bioinformatics analysis has shown that it might be involved in the

pathogenesis of AD, another aging-related neurodegenerative disorder (Zhang et al., 2015). Furthermore,

we also observed that NDUFV1 promotes proliferation of SH-SY5Y cells. All these findings suggest that

HDAC6, together with NDUFV1, might be drug targets for developing agents to attenuate neurodegener-

ation in PD or potentially other neurodegenerative disorders with mitochondrial dysfunction.

Most recently, one study has shown that inhibition of HDAC6 activity protects dopaminergic neurons

from a-synuclein toxicity in rats (Francelle et al., 2020), which further supports our conclusions.
Limitations of the study

In the present study, we synthesized a compound named as HGCwith great inhibition efficacies for HDACs,

especially for HDAC1 and HDAC6. Following experiments revealed that HGC improves dopaminergic

neuron viability and attenuates behavioral defects in PDmodeled cells and animals. However, the biocom-

patibility and biosafety of HGC are still unclear, together with unknown pharmacokinetics, which impede its

pharmaceutical applications in the future. Moreover, we also concerned that whether these observed anti-

PD effects of HGC in this study could be recapitulated in humans.
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Supplemental Information 

 

Figure S1. Related to Figure 3. Characterization of primary dopaminergic neurons. Primary 

dopaminergic neurons were analyzed by immunofluorescence staining using anti-TH antibody. 

Nuclei were identified by Hoechst. Scale bar = 50 μm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Transparent Methods 

Preparation of HGC 

L-tryptophan (Purity ≥ 98%), 4-methoxybenzaldehyde (Purity ≥ 98%), harmine (Purity ≥ 98%), 

vorinostat (SAHA, Purity ≥ 99%), and compounds 1, 2, 5 (Purity ≥ 98%) were purchased from 

Aladdin Technologies Inc. (Shanghai, China). Compounds 3 and 4 were synthesized according 

to the procedures described elsewhere (Ling et al., 2018). 1H NMR spectra were recorded with 

a Bruker Advance 400 MHz spectrometer at 300 K, using TMS as an internal standard. MS 

spectra were recorded on a Mariner Mass Spectrum (ESI). High resolution mass spectra 

(HRMS) were recorded using an Agilent Technologies LC/MSD TOF. All compounds were 

routinely checked by TLC and 1H NMR. TLCs and preparative thin-layer chromatography were 

performed on silica gel GF/UV 254, and the chromatograms were conducted on silica gel (200-

300 mesh, Merck) and visualized under UV light at 254 and 365 nm. All solvents were reagent 

grade and, when necessary, were purified and dried by standard methods. Solutions after 

reactions and extractions were concentrated using a rotary evaporator operating at a reduced 

pressure of ca. 20 Torr. Organic solutions were dried over anhydrous sodium sulfate. All 

compounds were of >95% purity determined by HPLC.  

 

The purity of HGC 

High-performance liquid chromatography (HPLC) analysis methods: column: Shimadzu C18 

(150 mm × 4.6 mm × 5 μm); mobile phase: methanol: water = 75:25; wavelength: 254 nm; flow 

rate: 1 ml/min.  

 

HDAC activity assay 

The procedures for HDAC activity assay were described elsewhere (Thakur et al., 2020). Briefly, 

HGC and SAHA (Sigma-Aldrich; SML0061) were dissolved in DMSO to specific concentration, 

which were then prepared into serial dilutions. Recombinant HDAC proteins including HDAC1 

(Active Motif; Catalog: #31504), HDAC2 (Active Motif; Catalog: #31505), HDAC4 (Active Motif; 

Catalog: #31364), HDAC6 (Active Motif; Catalog#: 31543), and HDAC8 (Active Motif; Catalog: 

#31536) were added into HDAC reaction buffer (50 mM Tris-HCl, pH 8.0, 2.7 mM KCl, 137 mM 

NaCl, 1.0 mM MgCl2, 1 mg/ml BSA). Testing compounds were delivered into enzyme mixture. 



Substrate for HDAC 1/2/6/8 (Sigma-Aldrich; Catalog: #SRP0306) or HDAC 4 (Sigma-Aldrich; 

Catalog: #SRP0303) was added to initiate deacetylation reaction with 1 h-incubation at 30°C. 

At the end of reaction, the developer solution containing Trichostatin A (BPS Bioscience; 

Catalog: #50030) was added to stop the reaction. Fluorescence was recorded in a microplate 

reader (BioTek, USA) with excitation at 360 nm and emission at 460 nm. IC50 values were 

calculated using the GraphPad (Prism 4) software.  

 

Plasmids 

pMito Timer was a gift from Zhen Yan (Addgene; plasmid: #52659; 

http://n2t.net/addgene:52659; RRID: Addgene_52659) (Laker et al., 2014). The coding 

sequence of Ndufv1 was synthesized and incorporated into pcDNA3.1 vector by using 

restriction enzyme sites of Hind Ⅲ and BamH I. NDUFV1 K28R was generated by a PCR-

based mutagenesis kit (Stratagene, La Jolla, CA) using pcDNA3.1-NDUFV1 as a template. 

The primer sequences are: 5’-ACGACAGCACCCAGGAAAACCTCATTTGGCTCAC-3’ 

(forward) and 5’-CCAAATGAGGTTTTCCTGGGTGCTGTCGTGCC-3’ (reverse). All the 

plasmids were verified by sequencing.  

 

Ndufv1 knockdown 

Three pairs of siRNAs targeting Ndufv1 were synthesized at Ribobio (Guangzhou, China). The 

sequences of siRNAs were: GGTGACTGGTACAAGACAA (siRNA-1#); 

CGCGCTGCCTATATCTACA (siRNA-2#); CAAGGACCGGGAGATCTTA (siRNA-3#). For 

gene knockdown, the siRNAs against Ndufv1 were transfected into SH-SY5Y cells for 72 h. 

Total RNA and cell lysates were prepared respectively for evaluating knockdown efficiency by 

using qRT-PCR and western blot.  

 

Cell culture and treatments 

SH-SY5Y cells were obtained from ATCC (Manassas, VA, USA). Cells were cultured in DMEM 

supplemented with 10% fetal bovine serum (FBS), and incubated at 37°C in a humidified 

atmosphere with 5% CO2. Primary rat dopaminergic neurons were prepared according the 

methods described elsewhere (Peng et al., 2018). Briefly, neurons were cultured in neurobasal 



medium supplemented with 2% B27. The maturation of mesencephalic neurons required 7-8 

days with medium changes every 2 days. Cells were pretreated with HGC at different dosages 

(0.25, 0.5 and 1.0 μM). After 6 h-pretreatment, primary dopaminergic neurons and SH-SY5Y 

Cells were treated with 50 μM and 500 μM of MPP+ for 24 h, respectively.  

 

Cell viability assay 

MTT assay was employed for cell viability assay. Briefly, cells were seeded in 96-well plates at 

1 × 104 cells per well. At the end of treatments, cell culture medium was removed and a final 

concentration of 500 μg/ml of MTT was added to each well. After 4 h-incubation at 37°C, cells 

were harvested in 10% SDS and cell lysates were incubated at 37°C for 20 h. Absorbance at 

570 nm was measured with a microplate reader (BioTek, USA).  

 

LDH assay 

LDH activity was measured by a commercial kit according to the manufacturer’s instructions. 

Briefly, at the end of treatments, cell culture medium was harvested and then incubated with 

the LDH-assay reaction mixture. The incubation was performed for 30 min at room temperature 

in dark. The absorbance at 490 nm was detected with a microplate reader (BioTek, USA). Cell 

death ratio was calculated by the formula: The cell death ratio (%) = (Asample – Ablank)/(Amax – 

Ablank) × 100.  

 

Mitochondrial membrane potential assay 

Mitochondrial membrane potential (MMP) was analyzed with a JC-1 staining kit according the 

manufacturer’s instructions. Briefly, 5 μg/ml of JC-1 was added into each well and incubation 

was conducted at 37°C for 20 min in dark. After incubation, cells were washed with cold PBS 

buffer for three times. Absorbance at 590 nm represents high membrane potential (red color), 

and absorbance at 530 nm represents low membrane potential (green color). Images were 

collected using a fluorescence microscope (IX73, Olympus, Japan). The fluorescence intensity 

was quantified by the Image J software. The average fluorescence intensity was calculated 

from 10 regularly distributed areas in each image.  

 



Mitochondrial function analysis 

SH-SY5Y cells were cultured on glass coverslips in DMEM with high glucose containing 10% 

FBS and maintained at 37°C with 5% CO2. The procedures for mitochondrial function analysis 

were described elsewhere (Laker et al., 2014). In brief, cells were transfected with pMito Timer 

(Addgene; Plasmid: #52659) using Lipofectamine (Invitrogen; Catalog: #11668019). 12 h-post 

transfection, cells were subjected to the treatments with HGC and MPP+ as indicated in each 

Figure legend. After the treatments, cells were washed with PBS twice and fixed with 4% 

paraformaldehyde for 15 min on ice. Images were acquired by a confocal microscopy (Zeiss, 

LSM880) for both green (excitation/emission 488/518 nm) and red channels 

(excitation/emission 543/572 nm). The fluorescence intensity was quantified using the Image J 

software.  

 

Co-immunoprecipitation 

Cells were lysed in RIPA buffer containing 50 mM Tris (pH7.4), 150 mM NaCl, 0.5% NP-40, 0.5% 

sodium deoxycholate, 1 mM EDTA, 1 mM Na3VO4, 10 μg/ml Leupeptin, 10 μg/ml Aprotinin and 

2 mM PMSF. Lysates were centrifuged at 12,000 rpm for 20 min at 4°C. The supernatant was 

subjected for protein concentration analysis by using Protein Assay Kit (Bio-Rad). Lysates 

containing 1 mg total protein were incubated with 1 μg of anti-NDUFV1 antibody for 10 h at 4°C. 

After incubation, protein A agarose beads (Millipore; Catalog: #16-156) were added and 

incubated for additional 2 h. Agarose beads were precipitated after centrifugation and 

supernatants were discarded. After thoroughly washing, 2X loading buffer was added to the 

resulting beads and boiled at 100°C for 5 min. The immuno-complex samples were analyzed 

by western blot.  

 

Animals 

To generate Parkinson’s disease model mice, 8-week-old male C57BL/6J mice were treated 

with MPTP (20 mg/kg) via intraperitoneal injection (i.p.) at 24-h interval, for 7 consecutive days. 

The control mice were injected with saline. The saline group and MPTP group were randomly 

divided into two groups (n = 5 for each group). HGC was delivered to mice (i.p.) at the dosage 

of 50 mg/kg/day for 7 days. The dosage of HGC was selected based on previous reports, in 



which other HDAC inhibitors were administered to mice to treat central nervous system 

disorders (Chopra et al., 2016; Guan et al., 2009; Sharma and Taliyan, 2016). All the animal 

protocols were approved by the Committee of Nantong University and the Administration 

Committee of Experimental Animals, Jiangsu Province, China (Approval ID: SYXK [SU] 2017-

0046).  

 

Behavioral tests 

Rotarod test was performed using an accelerating rotarod apparatus (model LE8500; Panlab) 

(Choi et al., 2013). The mice were trained for 2 consecutive days before MPTP injections in an 

acceleration mode (4-40 rpm) over 5 min. The training was repeated with a constant speed (16 

rpm) until the mice were able to stay on the rod for at least 300 s. For the formal test, mice were 

placed on a rotating drum, accelerated from 4 to 40 rpm over a 5 min period. Time spent moving 

on the rod was recorded before falling was measured. Pole test was conducted with the method 

described elsewhere (Choi et al., 2013). Briefly, mice were held on the top of a pole (diameter 

16 mm; height 60 cm) with a rough surface. Mice were habituated to the task 1 d before testing. 

On the test day, the total time taken to descend was measured and considered as locomotion 

activity. For tail suspension test, mice were suspended by the tail for 10 min so that the 

hindlimbs were elevated and forelimbs were allowed to touch the floor of the cage. Immobility 

was scored as total time spent in a behavioral state devoid of head and limb movement. 

Episodes of immobility were counted toward the total if they occurred after the first minute of 

tail suspension and lasted for 5 s or longer. The data were recorded by SMART Video Tracking 

System (RWD, Shenzhen, China) and analyzed by the accompanied software (Smart V3.0). 

For olfactory test, mice were fed with cheese pellets before olfactory test to make sure they are 

familiar with the pellet odor. Mice were fasted for 20 h prior to the test. One cheese pellet was 

buried 1.0 cm below the bedding on a corner of cage. In each test, mouse was placed at the 

center of cage at the beginning. The time was recorded when the cheese pellet was detected 

and eaten by mice. If mouse failed to find the pellets within 5 min, the test stopped and a score 

of 300 s was awarded.  

 

Tissue collection and preparation 



Mice were perfused transcardially with ice-cold PBS (0.1 M, pH7.4) after deep anesthesia with 

isoflurane. The brains were immediately extracted and cut sagittally into hemispheres. For 

immunofluorescence and immunohistochemistry analysis, one hemisphere was fixed overnight 

in 4% PFA and then dehydrated in 10% and 30% sucrose in PBS at 4°C. The other hemisphere 

was further dissected into the SNpc and striatum under stereomicroscopy according to mouse 

brain atlas. For gene expression analysis, the collected SNpc and striatum were immediately 

frozen in liquid nitrogen and kept at -80°C freezer until use.  

 

Immunohistochemistry, Nissl staining and stereological estimation 

The coronal sections at approximately 3.28 mm behind (-2.54  -4.04 mm) the bregma were 

used for analyzing dopaminergic neurons in the SNpc (Paxinos, 2001). The sections at 

approximately 0.62 mm ahead (0.98  0.50 mm) of the bregma were sampled for assessing 

density of striatal TH-positive nerve fibers (Paxinos, 2001). The fourth and fifth 30 μm-thick 

sections were used for analyzing TH-positive cell numbers in the SNpc. Tissues were fixed in 

phosphate-buffered 4% paraformaldehyde, pH 7.4, at 4°C. Fixed tissue sections were then 

incubated overnight with mouse anti-tyrosine hydroxylase (TH) at 4°C. They were then 

incubated with biotinylated anti-mouse IgG for 1 h followed by 1 h-incubation in ABC solution 

at 37°C. The peroxidase activity was visualized with DAB in 50 mM tris-buffered saline (pH 7.6). 

For Nissl staining, paraffin sections were deparaffinized and hydrated, stained with methylene 

blue buffer for 10 min and then immersed into acetic acid buffer for 2 min. Pictures were taken 

using a light microscopy (Leica, DM2500 LED). The total numbers of TH- and Nissl-positive 

cells were counted by unbiased stereology method as described elsewhere (Alam et al., 2017; 

Nam et al., 2015). TH immunoreactivity in the striatum was analyzed by measuring density of 

TH signal using ImageJ software (National Institutes of Health, Bethesda, MD, USA).  

 

Transmission electron microscope analysis 

The SNpc samples were fixed in cacodylate buffer (0.1 M, pH 7.4) containing 2.5% 

glutaraldehyde and 2.5% paraformaldehyde. Post-fixation, the samples were immersed in 1% 

osmium tetraoxide at 4°C for 1 h, and then samples were dehydrated using graded alcohol (50, 

70, 90 and 100%). Ultrathin sections were cut at 70 nm and contrasted with uranyl acetate and 



lead citrate, and examined at 80 kv with a transmission electron microscope (JEO Ltd., Tokyo, 

Japan) at various magnifications by a blinded investigator.  

 

RNA extraction and quantitative real time PCR (qRT-PCR) 

Total RNA was extracted from cells using Trizol reagent (Invitrogen) and transcribed into cDNA 

using cDNA synthesis kit (Bio-Rad). Gene expression analysis was performed with iQ5 

Multicolor Real-Time PCR Detection System (Bio-Rad) with SYBR Green Supermix (Bio-Rad). 

The mRNA level was calculated by the 2-△△CT method and normalized to the expression of 18S. 

The primer sequences used were: Ndufv1, 5'-TTT CTC GGC GGG TTG GTT C-3' (forward) 

and 5'-GGT TGG TAA AGA TCC GGT CTT C-3' (reverse); 18S, 5'- AGT CCC TGC CCT TTG 

TAC ACA-3' (forward) and 5'- CGT TCC GAG GGC CTC ACT-3' (reverse); Nd1, 5'-GTT GGT 

CCA TAC GGC ATT TT-3' (forward); 5'-TGG GTG TGG TAT TGG TAG GG-3' (reverse); Ppia, 

5'-GCA TAC GGG TCC TGG CAT CTT GTC C-3' (forward); 5'-ATG GTG ATC TTC TTG CTG 

GTC TTG C-3' (reverse).  

 

Protein extraction and western blot analysis 

Tissue protein extraction was described elsewhere (Liu et al., 2016). Briefly, tissues were 

homogenized with a bench-top homogenizer (Polytron, PT2100) in ice-cold tissue lysis buffer 

(25 mM Tris-HCl, pH 7.4; 100 mM NaF; 50 mM Na4P2O7; 10 mM Na3VO4; 10 mM EGTA; 10 

mM EDTA; 1% NP-40; 10 μg/ml Leupeptin; 10 μg/ml Aprotinin; 2 mM PMSF and 20 nM Okadaic 

acid). After homogenization, lysates were subjected to centrifugation at 12,000 rpm for 20 min 

at 4°C. Protein concentration was quantified by using Protein Assay Kit (Bio-Rad). The lysates 

were cooled to room temperature for western blot analysis (Sun et al., 2014). Samples were 

resolved by SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membrane. After 

1 h blocking at room temperature using 10% blocking reagent (Roche), membrane was 

incubated overnight with primary antibody (1:1000 dilution) in Tris-buffered saline 

solution/Tween (TBST) containing 10% blocking reagent at 4°C. Membrane was then washed 

three times in TBST and incubated with the secondary antibody (1:10,000 dilution) for 1 h at 

room temperature. After three-time washing in TBST, membrane was developed using a 

chemiluminescence assay system (Roche) and exposed to Kodak films. Blots were quantified 



by the Image J program.  

 

ETC complex I activity assay 

Mitochondria were isolated from SH-SY5Y cells by using a mitochondria isolation kit (Sigma-

Aldrich, MITOISO2). ETC complex I activity was assayed with a mitochondrial Complex I 

activity assay kit (Sigma-Aldrich, MAK359) according to the manufacturer’s protocol. Briefly, 2 

μl of mitochondrial samples (1-5 μg) were added to wells containing sample mix, in which 57 μl 

of Complex I assay buffer, 2 μl of decylubiquinone and 9 μl of Complex I dye were included. 30 

μl of 1X NADH working solution was added to each well and then the plate was read 

immediately at 600 nm for 5 min with a microplate reader (BioTek, USA) at room temperature. 

One unit of Complex I is the amount of enzyme that will cause reduction of 1.0 μmol of the dye 

per minute at pH7.4 at room temperature.  

 

Statistical analysis 

Data are presented as means  SEM. All experiments were undertaken in triplicates. Statistical 

significance was calculated with one-way ANOVA with Bonferroni's post hoc test. Significance 

was accepted at the level of P < 0.05.  
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