
 

www.aging-us.com 9461 AGING 

www.aging-us.com AGING 2020, Vol. 12, No. 10 

Research Paper 

Regulation of PGC-1α mediated by acetylation and phosphorylation in 
MPP+ induced cell model of Parkinson’s disease 
 

Fei Fan1,2,6,*, Songlin Li1,3,*, Zhipeng Wen1,4,*, Qiaoyue Ye5, Xiaochun Chen1,6, Qinyong Ye1,6 
 
1Department of Neurology, Fujian Institute of Geriatrics, Fujian Medical University Union Hospital, Fuzhou, Fujian, 
China 
2Fujian Health College, Fuzhou, Fujian, China 
3Affiliated Sichuan Provincial Rehabilitation Hospital of Chengdu University of TCM, Sichuan Bayi Rehabilitation 
Center, Chengdu, Sichuan, China 
4Affiliated Hospital of Putian University, Putian, Fujian, China 
5Fuzhou No. 8 High School, Fuzhou, Fujian, China 
6Institute or Neuroscience, Fujian Key Laboratory of Molecular Neurology, Fujian Medical University, Fuzhou, 
Fujian, China 
*Equal contribution and co-first authors 
 

Correspondence to: Qinyong Ye; email: unionqyye@163.com 
Keywords: Parkinson’s disease, GCN5, p38MAPK, AMPK, PGC-1α 
Received: February 1, 2020 Accepted: March 31, 2020  Published: May 26, 2020 
 

Copyright: Fan et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. 
 

ABSTRACT 
 

Background: Parkinson’s disease (PD) is one of the most common neurodegenerative diseases with complex 
etiology in sporadic cases. Accumulating evidence suggests that oxidative stress and defects in mitochondrial 
dynamics are associated with the pathogenesis of PD. The oxidative stress and mitochondrial dynamics are 
regulated strictly by peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α). We investigated 
whether acetylation and phosphorylation of PGC-1α contribute to protecting neuronal cell against oxidative 
stress. 
Results: We found that acetylation and phosphorylation mediated the nuclear translocation of PGC-1α protects 
against oxidative damage. In contrast to the increased nuclear PGC-1α, the cytosolic PGC-1α was decreased 
upon inhibition of GCN5 acetyltransferase. Similarly to the inhibition of GCN5 acetyltransferase, the increased 
nuclear PGC-1α and the decreased cytosolic PGC-1α were observed upon p38MAPK and AMPK activation. 
Briefly, the significantly increased nuclear PGC-1α is regulated either by inhibiting the acetylation of PGC-1α or 
by the phosphorylating PGC-1α, which results in a reduction in ROS. 
Conclusion: PGC-1α protects neuronal cells against MPP+-induced toxicity partially through the acetylation of 
PGC-1α mediated by GCN5, and mostly through the phosphorylation PGC-1α mediated by p38MAPK or AMPK. 
Therapeutic reagents activating PGC-1α may be valuable for preventing mitochondrial dysfunction in PD by 
against oxidative damage. 
Methods: With established the 1-methyl-4-phenylpyridinium (MPP+)-induced cell model of PD, the effects of 
MPP+ and experimental reagents on the cell viability was investigated. The expression of PGC-1α, general 
control of nucleotide synthesis 5 (GCN5), p38 mitogen-activated protein kinase (p38MAPK) and adenosine 
monophosphate activated protein kinase (AMPK) were detected by Western blotting and quantitative real-time 
PCR. The level of reactive oxygen species (ROS) was measured by flow cytometry. All statistical analyses were 
carried out using one-way ANOVA. 
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INTRODUCTION 
 

Parkinson’s disease (PD) is one of the most common 

neurodegenerative disorders with the loss of dopaminergic 

neurons in the substantia nigra pars compacta causing a 

plethora of motor symptoms. Both environmental and 

genetic factors are involved in the pathogenesis of PD. 

Massively parallel analysis of messenger RNA transcripts 

has demonstrated that there is a global change in genes 

related to PD, of which approximately 10 genes in 

control of cellular bioenergetics associated with PD are 

modulated by the peroxisome proliferator-activated 

receptor γ coactivator-1α (PGC-1α) [1]. As a co-

transcriptional regulator, PGC-1α regulates the 

expression of genes involved in mitochondrial respiratory, 

the mitochondrial dynamics and biogenesis as well as the 

oxidative metabolism [2]. Furthermore, increasing lines 

of evidence suggest that the PGC-1α abrogation is 

correlated with PD [3–5]. 

 

PGC-1α protects dopaminergic neuron from loss induced 

by mutated α-synuclein or the pesticide rotenone [1] and 

prevents cell death and axonopathy by regulation of 

mitochondrial biogenesis, reactive oxygen species (ROS) 

and detoxification [6, 7]. In addition, the transgenic mice 

overexpressing PGC-1α in dopaminergic neurons are 

resistant against cellular degeneration and dopamine loss 

induced by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), a prodrug to the neurotoxin 

1-methyl-4-phenylpyridinium (MPP+) causing permanent 

symptoms of PD [8]. Deletion of PGC-1α gene leads to 

the degeneration of dopaminergic neurons in the 

substantia nigra and a concomitant decrease in striatal 

dopamine [9]. Taken together, PGC-1α plays a key role 

in protecting cells by the regulation of mitochondrial 

biogenesis and oxidative stress. However, the mechanism 

by which how PGC-1α plays its role in PD has not yet 

been elucidated. 

 

The activity of PGC-1α is affected by multiple post-

transcriptional modifications, such as acetylation, 

phosphorylation and methylation [10–13]. The 

transcriptional activity of PGC-1α is inhibited upon its 

acetylation by an acetyltransferase, general control of 

nucleotide synthesis 5 (GCN5) [14], whilst the re-

activation of PGC-1α by deacetylation via suppression of 

GCN5 protects neurons against huntingtin-induced 

degeneration through increasing mitochondrial density 

[15]. Moreover, the transcriptional activity of PGC-1α is 

able to be enhanced upon its phosphorylation by p38 

Mitogen-activated protein kinase (p38MAPK) [16–18] or 

extracellular signal-regulated kinase1/2 (ERK1/2) [19]. 

 

However, the mechanism by which these multiple post-

transcriptional modifications regulate PGC-1α function, 

especially in the dopaminergic neurons, remains largely 

unknown. In our previous reports, overexpressing PGC-

1α or silencing PGC-1α is involved in the mitochondrial 

protection in MPP+-induced cell model of PD [20, 21], 

and expressing PGC-1α in dopaminergic neurons 

reverses the effects of MPTP-induced mitochondrial 

dysfunction in C57BL mice [22]. Thus, the aim of this 

current study is to further dedicate whether acetylation 

or phosphorylation of PGC-1α in a cell model of PD 

can maintain mitochondrial homeostasis to protect 

neuronal cell under stresses. 

 

RESULTS 
 

Establishment of a cell model of PD 
 

To evaluate the viability of SH-SY5Y cells after 

treatment with MPP+, SH-SY5Y cells were treated with 

MPP+ at different concentrations (250–2000 μM) for 24 

h. The survival result clearly showed that MPP+ 

inhibited cell survival in a dose-dependent manner 

(Figure 1A). According to our result (Figure 1A) and 

the previous observation [23], the cells exposed to 1000 

μM MPP+ as an optimal concentration were selected to 

establish a cell model of PD for subsequent experiments 

[20]. Next, to determine optimal concentrations of 

compounds to be used for this study, the cell viability 

was measured by MTT assay. Based on the MTT assay, 

the appropriate concentration of reagents were used  

for subsequent experiments: MB-3 (50 μM), SRC-3 

(100 ng/mL), SB203580 (10 µM), isoproterenol  

(10 µM), Compound C (10 µM), AICAR (500 µM) 

(Figure 1B–1G). 

 

Cytosolic rather than nuclear PGC-1α distribution 

was regulated by GCN5 

 

To determine whether acetylation of PGC-1α was 

mediated by GCN5 in the MPP+-mediated cell model, 

we first tested whether inhibition of GCN5 by MB-3 or 

activation of GCN5 by SRC-3 would affect the levels of 

mRNA and protein of GCN5 and PGC-1α. After 

cocultured with MB-3, a GCN5 inhibitor or SRC-3, a 

GCN5 activator [24, 25] for 48 h, the cells were treated 

with MPP+ (1000 μM) for another 24 h. As shown in 

Figure 2, upon MPP+ treatment, the mRNA levels of 

GCN5 and PGC-1α were significantly elevated 

compared with control. Upon MB-3 treatment, the 

mRNA level of GCN5 was decreased by 39.31% and the 

mRNA level of PGC-1α was increased by 32.16%, 

compared to MPP+ control, while upon SRC-3 

treatment, the mRNA level of GCN5 was increased by 

26.02% and the mRNA level of PGC-1α was decreased 

by 36.50%, compared to MPP+ control (Figure 2D). In 

agreement with the changes of mRNA levels, the protein 

levels of both GCN5 and PGC-1α were upregulated by 

19.59% and by 15.09%, respectively, after only MPP+ 



 

www.aging-us.com 9463 AGING 

 
 

Figure 1. Evaluation of compounds on cell viability (A) cell viability after MPP+ treatment; (B) cell viability after MB-3 treatment; (C) cell 
viability after SRC-3 treatment; (D) cell viability after SB203580 treatment; (E) cell viability after isoproterenol treatment; (F) cell viability after 
Compound C treatment; (G) cell viability after AICAR treatment. * P < 0.05, ** P < 0.01. 
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Figure 2. The cytosolic rather than the nuclear distribution of PGC-1α regulated by GCN5 in an MPP+-treated cell model.  
(A) The protein levels of GCN5 and PGC-1α; (B, C) The cytosolic levels of PGC-1α (B) and the nuclear levels of PGC-1α (C); (D) The relative 
transcriptional levels of GCN5 and PGC-1α normalized to GAPDH; (E) Semi-quantification of total GCN5 and PGC-1α proteins relative to β-
actin; (F, H) Semi-quantification of the cytosolic (F) and the nuclear (H) PGC-1α proteins relative to β-actin; (G, I) The normalized cytosolic  
(G) and nuclear (I) proteins relative to the total protein; n=6, per group. * P <0.05, vs. Control; # P <0.05, vs. MPP+. 
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treatment compared with control. Consistent with the 

changes of mRNA levels, upon MB-3 treatment, the 

protein level of GCN5 was decreased by 27.17% and the 

protein level of PGC-1α was increased by 23.35%, 

compared to MPP+ control, while upon SRC-3 

treatment, the protein level of GCN5 was increased by 

65.51% and the protein level of PGC-1α was decreased 

by 23.22%, compared to MPP+ control (Figure 2A, 2E). 

These data demonstrated that the expression of PGC-1α 

was correlated with GCN5 activity. 

 

Next, we determined whether the distribution of PGC-1α 

is associated with GCN5 activity. As shown in  

Figure 2B, 2C, 2F, 2H, the nuclear PGC-1α was 

significantly increased in response to MPP+ treatment 

compared with control (P <0.05). In addition, after 

MPP+ plus MB-3 treatment, the nuclear PGC-1α was 

increased by 18.01% compared with MPP+ (P <0.05), 

while the cytosolic PGC-1α was decreased by 42.04% (P 
<0.05). In contrast, after MPP+ plus SRC-3 treatment, 

the nuclear PGC-1α was decreased by 28.94% compared 

with MPP+ (P <0.05), while the cytosolic protein level of 

PGC-1α was increased by 72.52%. To precisely evaluate 

the nuclear and the cytosolic distribution of PGC-1α, the 

nuclear and the cytosolic PGC-1α were normalized to 

the total protein. The normalized data showed that the 

cytosolic PGC-1α but not the nuclear PGC-1α was 

affected by GCN5 activity (Figure 2G, 2I). 

 

The GCN5-mediated nuclear translocation of PGC-

1α reduced ROS levels in MPP+ induced cell model 

of PD 
 

PGC-1α plays an important role in reactive oxygen 

species (ROS) generation [26]. Therefore, we sought to 

determine whether manipulation of GCN5 activity with 

inhibitor MB-3 and activator SRC-3 would affect ROS 

production in MPP+-mediated neuronal cell toxicity 

model. First, we tested the direct effect of MPP+ on 

ROS production in SH-SY5Y cells. There was an 

increase of 30.3% in ROS-positive cells when treated 

by MPP+ compared with control (Figure 3). Given that 

PGC-1α protein is translocated into the nucleus in an 

early response to oxidative stress, which could attenuate 

the ROS formation [27] and inhibition of GCN5 by 

MB-3 causes translocation of PGC-1α from the 

cytoplasm into the nucleus, we therefore speculated that 

the number of ROS-positive cells would decrease upon 

MPP+ (1000 μM) pretreatment following MB-3 (50 μM) 

treatment. Indeed, a significant decrease in ROS-

positive cells (57.2%) was observed in a combined 

treatment with MPP+ and MB-3 compared with MPP+ 

treatment only (Figure 3). In contrast, a significant 

increase in ROS-positive cells (4%) was observed upon 

MPP+ (1000 μM) pretreatment plus SRC-3 compared to 

MPP+ treatment only. Taken together, our data indicated 

that GCN5 activity directly affects ROS levels in SH-

SY5Y cells and the ROS production is possibly 

regulated by the nuclear translocation of PGC-1α. 

 

Phosphorylation of PGC-1α was mediated by 

p38MAPK and AMPK 
 

Previous studies have demonstrated that the 

phosphorylation of PGC-1α by p38MAPK leads to the 

nuclear translocation of PGC-1α [18]. To determine 

whether p38MAPK or AMPK activity would affect the 

nuclear translocation PGC-1α in MPP+-mediated SH-

SY5Y cell toxicity model, the cells were pretreated with 

p38MAPK inhibitor SB203580 (10 µM), or p38MAPK 

activator isoproterenol (10 µM), or AMPK inhibitor 

Compound C (10 µM), or AMPK activator AICAR (500 

µM), followed by MPP+ treatment. First, the mRNA and 

protein levels of p38MAPK and AMPK were checked 

by real-time PCR and Western blotting analyses. In 

contrast to an increase in the mRNA and protein levels 

of both p38MAPK and AMPK upon activation of 

p38MAPK and AMPK, the inactivation of p38MAPK 

and AMPK led to a decrease in mRNA and protein 

levels of both p38MAPK and AMPK (Figure 4). 
 

Next, the nuclear and the cytosolic PGC-1α were 

measured by Western blotting. As shown in Figure 4, 

compared with MPP+ treatment alone, pretreatment with 

p38MAPK activator isoproterenol or AMPK activator 

AICAR resulted in an increase of 85.59% or 25.94%  

in the total level of PGC-1α protein, respectively  

(Figure 4A, 4D, P<0.05) as well as an increase of  

78.9% or 215.9% in the nuclear PGC-1α, respectively  

(Figure 4C, 4G, P<0.05) in contrast to a decrease of 

27.66% or 22.6% in the cytosolic PGC-1α, respectively 

(Figure 4B, 4E, P < 0.05). In contrast, the pretreatment 

with p38MAPK inhibitor SB203580 led to a decrease in 

the total, the cytosolic and the nuclear levels of PGC-1α, 

whereas the pretreatment with AMPK inhibitor 

Compound C only caused a decrease in the total and the 

cytosolic levels of PGC-1α but not the nuclear levels.  

Of note, the normalized data demonstrated that the 

nuclear and the cytosolic levels of PGC-1α changed  

in opposite directions in response to the treatment  

with different compounds (Figure 4F, 4H, P<0.05). 

Together, these data indicated that phosphorylation  

of PGC-1α by p38MAPK or AMPK directed the 

redistribution of PGC-1α. 

 

DISCUSSION 
 

Given that mitochondria is vital in the cellular energy 

metabolism, it is not surprising that mitochondrial 

dysfunction contributes to the pathogenesis of PD.  

PGC-1α has emerged as a major player in regulation  

of mitochondrial biogenesis, leading to increased 
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Figure 3. ROS production was regulated by GCN5 in MPP+-treated cell model. (A) Relative levels of ROS in control group;  
(B) Relative levels of ROS in cells treated with MPP+ (1000 μM), (C) Relative levels of ROS in cells treated with MPP+ (1000 μM) and MB-3  
(50 μM); (D) Relative levels of ROS in cells treated with MPP+ (1000 μM) and SRC-3 (100 ng/mL). (E) Bar graph of relative levels of ROS; n=6, 
per group. *P < 0.05 vs. control group; # P < 0.05 vs. MPP+ group. 
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Figure 4. Redistribution of PGC-1α was regulated by p38MAPK and AMPK in MPP+-treated cell model. (A) Protein levels of 
p38MAPK, AMPK, and PGC-1α. (B, C) Cytosolic (B) and nuclear (C) protein levels of PGC-1α. (D) Semi-quantification of total protein levels of 
p38MAPK, AMPK, and PGC-1α relative to GAPDH; (E, G) Semi-quantification of cytosolic (E) and nuclear (G) protein levels of PGC-1α relative 
to GAPDH or H3; (F, H) Normalized cytosolic (F) and nuclear (H) proteins to the total proteins. (I, J) Transcriptional levels of p38MAPK (I) and 
AMPK(J) relative to GAPDH; n=6, per group. *P < 0.05, vs. Control group; # P < 0.05, vs.MPP+ group. 
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mitochondrial mass, enhanced mitochondrial respiratory 

function and upregulated antioxidant defense status, 

which shed light on the protective roles of PGC-1α in 

pathogenesis of PD. In support of that notion, it has been 

evident that the stabilized full length PGC-1α by Necdin 

(a melanoma antigen family protein) promotes mito-

chondrial biogenesis to exert neuroprotection against 

mitochondrial insults in PD model [28–31]. In neurons, 

PGC-1α is normally located in both the nucleus and the 

cytoplasm. Neuronal depolarization induces a significant 

increase in PGC-1α expression in the cytoplasm 

facilitating the translocation of PGC-1α into the nucleus 

for downstream genes activation [32]. Therefore, the 

subcellular distribution of PGC-1α may also play an 

important role in mitochondrial function and in 

pathogenesis of PD. 

 

Indeed, posttranslational modification of proteins plays 

an essential role in protein translocation. The growing 

evidence suggests that the acetylation and the 

phosphorylation of PGC-1α can destine its subcellular 

distribution to undergo its mitochondrial function. A 

recent study has confirmed that the acetylation of PGC-

1α by acetyltransferase GCN5 can regulates hepatic 

glucose metabolism [33], by which GCN5 is recruited to 

its co-activator SRC-3 [34] to facilitate the acetylation of 

PGC-1α [35]. In this study, we further confirmed that 

SRC-3 enhances the expression of GCN5 in the 

dopaminergic neurons, which can be inhibited by MB-3 

in turn to affect the acetylation of GCN5-regulated 

proteins [36]. On the other hand, our study also 

demonstrated that MB-3 can significantly inhibit the 

expression of GCN5 by blocking GCN5 activity, 

indicating that MB-3 can be potentially used as a 

specific inhibitor of GCN5 to reduce both mRNA and 

protein levels of GNC5. Since the translocation of PGC-

1α to nucleus can be regulated by GNC5-mediated 

acetylation, upon MPP+treatment, we postulated that the 

increased PGC-1α protein plays a protective role against 

oxidative stress through the nuclear redistribution of 

PGC-1α to activate survival genes. Here, we 

demonstrated an increase in the total and the nuclear 

PGC-1α, in contrast to the cytosolic one in cells treated 

with MPP+ and MB-3 compared to MPP+ treatment 

alone. However, there is a decrease of 42.2% in the 

cytosolic PGC-1α, albeit no change in the nuclear PGC-

1α after normalization of the nuclear and the cytosolic 

PGC-1α to the total protein. Taken together, our data 

indicate that the increase in the nuclear PGC-1α is not 

only due to de novo synthesis, but partially also due to 

the redistribution of PGC-1α from the cytoplasm after 

inhibition of GCN5. Accordingly, the redistribution of 

PGC-1α to nucleus underlying the activation on survival 

genes plays a critical role in protecting cells against 

death. Notwithstanding that the acetylation of PGC-1α 

by GCN5 has been stated to play an important role in 

maintaining mitochondrial homeostasis, its precise 

mechanisms need to be further explored completely in 

the future because of no antibody specific for acetylated 

PGC-1α. 

 

Taking into account the fact that both PGC-1α and GCN5 

play an important role in regulation of ROS [26, 37, 38] 

and GCN5 can regulate the redistribution of PGC-1α, it is 

likely that the GCN5/PGC-1α pathway plays an 

important role in maintaining ROS homeostasis. 

Consistently, our data support that GCN5-mediated PGC-

1α acetylation affects ROS level in cells treated with 

MPP+, by which ROS stress triggers PGC-1α expression 

to protect cells from oxidative stress and cell death. 

However, MPP+-induced cellular stress also activates 

GCN5 expression, which plays a negative role in PGC-

1α activation. How does cell determine its fate in the 

MPP+ induced cell model of PD? It possibly depends on 

whether activated PGC-1α could overcome the GCN5 

effect. Actually, our previous study has unveiled that the 

increased redistribution of PGC-1α into nucleus 

significantly ameliorates the anti-oxidative stress ability 

of PGC-1α by inhibition of GCN5 acetylation activity. 

Therefore, GCN5/ PGC-1α pathway plays a regulatory 

role in protecting dopaminergic neurons from oxidative 

stress. The recent study showed that over-expression of 

SIRT1, which leads to an increase in its deacetylase 

activity, protects SH-SY5Y cells through [39] 

upregulation of PGC-1α transcriptional activity [40]. 

However, it still remains to be determined in the future 

whether the deacetylation of PGC-1α through SIRT1 is 

required for the redistribution of PGC-1α. 

 

P38MAPK dysregulation is associated with multiple 

pathophysiological processes, such as inflammation, 

cellular stress, and cellular apoptosis [41, 42]. Our data 

revealed that manipulating p38MAPK activity 

significantly affects PGC-1α subcellular distribution. 

Meanwhile, AMPK widely regulates various cellular 

processes and have broad neuroprotective effects [43]. 

Activation of AMPK by its activator AICAR leads to an 

increase in PGC-1α protein levels [44]. On the contrary, 

inactivation of AMPK by compound C results in a 

decrease in PGC-1α protein levels [45]. Somewhat 

differently, but consistent with previous studies, our 

data showed a significant decrease in the cytosolic 

PGC-1α in contrast to an increase in the total PGC-1α 

and in the nuclear PGC-1α upon MPP+ pretreatment 

following Isoproterenol or AICAR treatment compared 

to MPP+ treatment alone after normalized PGC-1α to 

the total protein, indicating that the nuclear PGC-1α is 

mostly translocated from cytoplasm after activation of 

AMPK or p38MAPK. Recently, Ng et al. reported that 

AMPK-mediated neuroprotection appears to require 

PGC-1α in a Parkin null drosophila model [46], in 

which AMPK directly phosphorylates PGC-1α at 
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Threonine-177 and Serine-538 [11]. On the other hand, 

the phosphorylation of PGC-1α at Threonine 262, Serine 

265, and Threonine 298 by p38MAPK activates PGC-1α 

[17], in combination with our data on p38MAPK-

mediated redistribution of PGC-1α, suggesting that the 

phosphorylation of PGC-1α by p38MAPK not only 

stabilizes but also redistributes PGC-1α to activate 

neuroprotective genes. Furthermore, p38MAPK also 

upregulates PGC-1α gene expression via phosphorylation 

of ATF-2 at Threonine 71, subsequently, ATF-2 binds to 

the cAMP-response element-binding protein site on the 

PGC-1α promoter to induce PGC-1α transcription [18, 

47]. In addition, crosstalk between AMPK and 

p38MAPK plays an important role in mitochondrial 

functions regulated by PGC-1α [48]. Accordingly, it is 

interesting to study the roles of different phosphorylation 

sites of PGC-1α in PD in the future. 

 

CONCLUSIONS 
 

Our findings elucidated that GCN5 and AMPK/ 

p38MAPK regulate the acetylation and the 

phosphorylation of PGC-1α. It is likely that the 

phosphorylation of PGC-1α may play a more important 

role than acetylation of PGC-1α, by which the 

transcriptional activity of PGC-1α is tightly controlled in 

MPP+-induced cell toxicity model. Therefore, other 

pathways associated with deacetylation should be studied 

in the future to clarify whether deacetylation of PGC-1α 

is critical for neuronal protection. Nevertheless, the 

regulatory pathways of PGC-1α, identified in this study, 

suggest that therapeutic reagents activating PGC-1α may 

be valuable for repurposing to treat PD. 

 

MATERIALS AND METHODS 
 

Reagents 
 

Cell culture reagents (DMEM/F12, fetal bovine serum, 

penicillin, and streptomycin) were purchased from 

HyClone (Logan, UT, USA). MPP+(No. D048), MTT 

(No. M2128), SB203580 (No. S8307), isoproterenol (No. 

I5627), Compound C (No. P5499), and AICAR (No. 

A9978) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). GCN5 inhibitor, MB-3 (No. ab141255) and 

GCN5 activator, SRC-3 (No. ab4915) were purchased 

from Abcam Company (Abcam, Cambridge, MA,  

USA). These reagents were dissolved in dimethyl 

sulfoxide, and finally diluted with DMEM/F12 to defined 

concentrations. Primary antibody for PGC-1α (No. 

ST1202-1SETCN) was purchased from Millipore (EMD 

Millipore, Billerica, MA, USA). Primary antibodies for 

H3 (No. ab8896), GCN5 (No. ab181068), p38MAPK 

(No. ab197348), and AMPK (No. ab3759) were 

purchased from Abcam (Abcam, Cambridge, MA, USA). 

Antibodies for Actin and GAPDH, goat anti-rabbit IgG, 

and goat anti-mouse IgG were purchased from Beyotime 

Institute of Biotechnology, Jiangsu of China. All other 

reagents were purchased from Beyotime Company of 

Biotechnology, Jiangsu of China. 

 

Cell culture 

 

The human SH-SY5Y neuronal cell line was obtained 

from the Chinese Academy of Sciences Committee 

Type Culture Collection cell bank and cultured in 

Dulbecco’s modified Eagle’s (DMEM)/F12 medium 

supplemented with 10% fetal bovine serum, 100 mg/mL 

streptomycin, and 100 units/mL penicillin, in a 

humidified incubator at 37°C (Forma Scientific, OH, 

USA; model No. 3130), containing 5% CO2. Cells at 

60%-70% confluency were pretreated with either 

inhibitors or activators in DMEM/F12 medium for 48 h, 

and then treated with MPP+ for 24 h. Control cells were 

only treated with 1%DMSO (vehicle). 

 

MTT assay 
 

SH-SY5Y cells were seeded on 96-well plates at a 

density of 1×104 cells/well, cultured for 24 h, and treated 

with different concentrations of MPP+, Butyrolactone 3 

(MB-3), SRC-3, SB203580, isoproterenol, Compound C, 

or AICAR. A total of 20 μL of MTT (0.5 mg/mL) was 

added to the media (200 μL) in each well. The plates 

were incubated for 4 h at 37 °C, the MTT-media solution 

(220 μL) was removed, and 150 μL of dimethyl sulfoxide 

was added to each well. Reduced MTT was measured on 

an ELISA reader (Bio-Rad, USA) at a wavelength of 570 

nm. Values for each treatment group are expressed as a 

percentage of the control. 

 

Measurements of ROS levels 
 

Cells were seeded on 25 cm2 culture flasks for 24 h and 

treated with different reagents. Intracellular ROS levels 

were determined with DCFH-DA (Beyotime Institute of 

Biotechnology, China). For a negative control, cells 

were incubated with PBS alone. For a positive control, 

cells were incubated with PBS, 1 mL DCFH-DA (10 

μM), and 2 μL ROS-UP. After a 20-min incubation, 

cells were trypsinized, washed, and resuspended in 

PBS. The levels of fluorescence were immediately 

detected using fluorescence-activated cell sorter Aria 

(Becton Dickinson, USA). 

 

Quantitative real-time PCR analysis 
 

Total RNA from SH-SY5Y cells was isolated according 

to the manufacturer’s protocol using Trizol reagent 

(Invitrogen, Carlsbad, CA, USA). Total RNA purity and 

integrity was confirmed using the ND-1000 NanoDrop 

(NanoDrop Technologies) and 2100 Bioanalyzer 
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(Agilent, Santa Clara, CA, USA). RNA (1 μg) was 

reverse-transcribed to complementary DNA (cDNA) in 

a total volume of 20 μL using the RevertAidTM First 

Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, 

Germany). The cDNA (2 μL) was amplified with a 

sequence detection system (ABI PRISM 7500) in a total 

volume of 20 μL containing 10 μL of the FastStart 

Universal SYBR Green Master Mix (ROX) (Roche, 

Germany). Forward and reverse primers were designed 

to eliminate the possibility of amplifying genomic DNA 

and the primer sequences are: 

 

PGC-1α (Forward, 5′-ACACAGTCGCAGTCACAAC 

AC-3′ and Reverse, 5′-GCAGTTCCAGAGAGTTCCA 

CA-3′); GCN5 (Forward, 5′-TGGAGAGCGTTCCTGG 

CATTC-3′ and Reverse, 5′-GGAAGCGGATGACCTC 

GTAGTAGT-3′); AMPK (Forward, 5′-ATTCGGAGC 

CTTGATGTG-3′; Reverse, 5′-CCAGCCTTCCATTCT 

TACAG-3′); p38MAPK (Forward, 5′-ACCTACAGAG 

AACTGCGGTTAC-3′and Reverse, 5′-TGAGATGGG 

TCACCAGATACAC-3′); GAPDH (Forward, 5′-AGA 

AGGCTGGGGCTCATTTG-3′ and Reverse, 5′-AGGG 

GCCATCCACAGTCTTC-3′). Quantitative real-time 

PCR was performed using the ABI PRISM7500 HT 

sequence detection system (Applied Biosystems, Foster 

City, CA) based on the 59-nuclease assay for the 

various genes indicated and the housekeeping gene 

GAPDH. Relative expression was calculated using the 

ΔΔCt method, after passing the validation experiment. 

Results are expressed as an average of triplicate samples 

of at least three independent experiments for control and 

treated cells. 

 

Western blotting analysis 
 

After treated with different reagents, cells were washed 

and, harvested in Radio Immuno Precipitation Assay 

(RIPA) buffer containing Phenylmethanesulfonyl 

fluoride (PMSF) (Beyotime Institute of Biotechnology, 

China), incubated for 10 min on ice, centrifuged at 

12,000×g for 10 min at 4°C, and supernatant was 

collected. Equal amounts of protein (45 μg) were 

separated by 8% sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS -PAGE), then 

transferred electrophoretically onto polyvinylidene 

fluoride (PVDF) membrane (Millipore, Ireland). The 

blots were blocked by incubation in 5% (w/v) non-fat 

dry milk in PBS with 0.1% Tween 20 (PBS-T) for 3 h. 

After incubation with various primary antibodies, anti-

PGC-1α (1:1000), or anti-GCN5 (1:2000), or anti-

p38MAPK (1:1000), or anti-AMPK (1:1000), or β-actin 

(1:2000), or anti-H3 (1:1000), or GAPDH (1:1500)  

in PBS-T at 4°C overnight, the PVDF membranes  

were washed three times in PBS-T for 10 min. 

Subsequently, the membranes were incubated for 1.5 

hour in PBS-T containing secondary antibody 

conjugated to horseradish peroxidase (anti-mouse  

IgG (1:2000) or anti-rabbit IgG (1:2000)). The 

immunoreactive bands were visualized and quantified 

using the Luminata ForteWestern HRP substrate 

(Millipore, USA). Protein levels were normalized to the 

housekeeping protein β-actin or GAPDH to adjust for 

variability of protein loading and expressed as a 

percentage of the vehicle control (as 100%). Cytosolic 

and nuclear protein was collected, following the 

manufacturer’s protocol in the Cytosolic and Nuclear 

protein extraction kit (Beyotime Institute of 

Biotechnology, Jiangsu, China). Briefly, to separate 

nuclear and cytosolic proteins, cells were washed and 

collected in PBS, centrifuged, resuspended in 200 μL of 

cytosolic protein extraction reagent A (containing 2 μL 

of PMSF), vortexed for 5 seconds, and incubated on ice 

for 15 min. Next, 10 μL of cytosolic protein extraction 

reagent B was added, and samples were vortexed for 5 

seconds, incubated on ice for 1 min, and vortexed for 5 

seconds. The supernatant, containing cytosolic proteins, 

was collected by centrifugation. The pellet was 

resuspended in nuclear extraction reagent (containing 2 

μL of PMSF), vortexed for 30 seconds, incubated on ice 

for 30 min, and vortexed for 5 seconds every 1 to 2 min. 

The supernatant, containing nuclear proteins, was 

collected by centrifugation. 
 

Statistical analysis 
 

All statistical analyses were performed using one-way 

ANOVA with repeated measures followed by Scheffe’s 

post hoc tests. Data were presented as mean ± standard 

error of the mean. A P value less than 0.05 was 

considered statistically significant. 

 

Abbreviations 
 

PGC-1α: Peroxisome proliferator-activated receptor-γ 

coactivator-1 α; MPP+: N-methyl-4-phenylpyridinium 

ion; GCN5: General control of nucleotide synthesis 5; 

MAPK: mitogen-activated protein kinase; AMPK: 

adenosine monophosphate activated protein kinase; 

MTT: 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di- 

phenytetrazoliumromide. 

 

AUTHOR CONTRIBUTIONS 
 

Qinyong Ye conceived and supervised the study. Fei 

Fan, Songlin Li and Zhipeng Wen completed the 

experiments and writing. Qiaoyue Ye helped with the 

PCR data analysis. Operation of experiment was 

supervised by Xiaochun Chen. 
 

CONFLICTS OF INTEREST 
 

The authors have no conflicts of interest. 



 

www.aging-us.com 9471 AGING 

FUNDING 
 

This work was supported by the National Natural 

Science Fund of China (General Program No.81671265 

and No. 81271414); Joint Funds for the innovation of 

Science and Technology, Fujian Province (Grant 

number 2017Y9010). 

 

REFERENCES 
 

1. Zheng B, Liao Z, Locascio JJ, Lesniak KA, Roderick SS, 
Watt ML, Eklund AC, Zhang-James Y, Kim PD, Hauser 
MA, Grünblatt E, Moran LB, Mandel SA, et al, and 
Global PD Gene Expression (GPEX) Consortium. PGC-
1α, a potential therapeutic target for early intervention 
in parkinson’s disease. Sci Transl Med. 2010; 2:52ra73. 

 https://doi.org/10.1126/scitranslmed.3001059 
 PMID:20926834 

2. Lin J, Handschin C, Spiegelman BM. Metabolic control 
through the PGC-1 family of transcription coactivators. 
Cell Metab. 2005; 1:361–70. 

 https://doi.org/10.1016/j.cmet.2005.05.004 
 PMID:16054085 

3. Corona JC, Duchen MR. PPARγ and PGC-1α as 
therapeutic targets in parkinson’s. Neurochem Res. 
2015; 40:308–16. 

 https://doi.org/10.1007/s11064-014-1377-0 
 PMID:25007880 

4. Siddiqui A, Rane A, Rajagopalan S, Chinta SJ, Andersen 
JK. Detrimental effects of oxidative losses in parkin 
activity in a model of sporadic parkinson’s disease are 
attenuated by restoration of PGC1alpha. Neurobiol Dis. 
2016; 93:115–20. 

 https://doi.org/10.1016/j.nbd.2016.05.009 
 PMID:27185595 

5. Lee Y, Stevens DA, Kang SU, Jiang H, Lee YI, Ko HS, 
Scarffe LA, Umanah GE, Kang H, Ham S, Kam TI, Allen K, 
Brahmachari S, et al. PINK1 primes parkin-mediated 
ubiquitination of PARIS in dopaminergic neuronal 
survival. Cell Rep. 2017; 18:918–32. 

 https://doi.org/10.1016/j.celrep.2016.12.090 
 PMID:28122242 

6. Besse-Patin A, Léveillé M, Oropeza D, Nguyen BN, Prat 
A, Estall JL. Estrogen signals through peroxisome 
proliferator-activated receptor-γ coactivator 1α to 
reduce oxidative damage associated with diet-induced 
fatty liver disease. Gastroenterology. 2017; 152:243–56. 

 https://doi.org/10.1053/j.gastro.2016.09.017 
 PMID:27658772 

7. O’Donnell KC, Lulla A, Stahl MC, Wheat ND, Bronstein 
JM, Sagasti A. Axon degeneration and PGC-1α-
mediated protection in a zebrafish model of α-
synuclein toxicity. Dis Model Mech. 2014; 7:571–82. 

 https://doi.org/10.1242/dmm.013185 
 PMID:24626988 

8. Mudò G, Mäkelä J, Di Liberto V, Tselykh TV, Olivieri M, 
Piepponen P, Eriksson O, Mälkiä A, Bonomo A, Kairisalo 
M, Aguirre JA, Korhonen L, Belluardo N, Lindholm D. 
Transgenic expression and activation of PGC-1α 
protect dopaminergic neurons in the MPTP mouse 
model of parkinson’s disease. Cell Mol Life Sci. 2012; 
69:1153–65. 

 https://doi.org/10.1007/s00018-011-0850-z 
 PMID:21984601 

9. Jiang H, Kang SU, Zhang S, Karuppagounder S, Xu J, Lee 
YK, Kang BG, Lee Y, Zhang J, Pletnikova O, Troncoso JC, 
Pirooznia S, Andrabi SA, et al. Adult conditional 
knockout of PGC-1α leads to loss of dopamine 
neurons. eNeuro. 2016; 3. 

 https://doi.org/10.1523/ENEURO.0183-16.2016 
 PMID:27622213 

10. Tian X, Zhao F, Cheng Z, Zhou M, Zhi X, Li J, Hu K. GCN5 
acetyltransferase inhibits PGC1α-induced hepatitis B 
virus biosynthesis. Virol Sin. 2013; 28:216–22. 

 https://doi.org/10.1007/s12250-013-3344-3 
 PMID:23913178 

11. Jäger S, Handschin C, St-Pierre J, Spiegelman BM. AMP-
activated protein kinase (AMPK) action in skeletal 
muscle via direct phosphorylation of PGC-1alpha. Proc 
Natl Acad Sci USA. 2007; 104:12017–22. 

 https://doi.org/10.1073/pnas.0705070104 
 PMID:17609368 

12. Eldor R, Norton L, Fourcaudot M, Galindo C, DeFronzo 
RA, Abdul-Ghani M. Increased lipid availability for 
three days reduces whole body glucose uptake, 
impairs muscle mitochondrial function and  
initiates opposing effects on PGC-1α promoter 
methylation in healthy subjects. PLoS One. 2017; 
12:e0188208. 

 https://doi.org/10.1371/journal.pone.0188208 
 PMID:29261667 

13. Jiang Y, Xia W, Yang J, Zhu Y, Chang H, Liu J, Huo W, Xu 
B, Chen X, Li Y, Xu S. BPA-induced DNA 
hypermethylation of the master mitochondrial gene 
PGC-1α contributes to cardiomyopathy in male rats. 
Toxicology. 2015; 329:21–31. 

 https://doi.org/10.1016/j.tox.2015.01.001 
 PMID:25572651 

14. Lerin C, Rodgers JT, Kalume DE, Kim SH, Pandey A, 
Puigserver P. GCN5 acetyltransferase complex controls 
glucose metabolism through transcriptional repression 
of PGC-1α. Cell Metab. 2006; 3:429–38. 

 PMID:16753578 

15. Wareski P, Vaarmann A, Choubey V, Safiulina D, Liiv J, 
Kuum M, Kaasik A. PGC-1{alpha} and PGC-1{beta} 

https://doi.org/10.1126/scitranslmed.3001059
https://pubmed.ncbi.nlm.nih.gov/20926834
https://doi.org/10.1016/j.cmet.2005.05.004
https://pubmed.ncbi.nlm.nih.gov/16054085
https://doi.org/10.1007/s11064-014-1377-0
https://pubmed.ncbi.nlm.nih.gov/25007880
https://doi.org/10.1016/j.nbd.2016.05.009
https://pubmed.ncbi.nlm.nih.gov/27185595
https://doi.org/10.1016/j.celrep.2016.12.090
https://pubmed.ncbi.nlm.nih.gov/28122242
https://doi.org/10.1053/j.gastro.2016.09.017
https://pubmed.ncbi.nlm.nih.gov/27658772
https://doi.org/10.1242/dmm.013185
https://pubmed.ncbi.nlm.nih.gov/24626988
https://doi.org/10.1007/s00018-011-0850-z
https://pubmed.ncbi.nlm.nih.gov/21984601
https://doi.org/10.1523/ENEURO.0183-16.2016
https://pubmed.ncbi.nlm.nih.gov/27622213
https://doi.org/10.1007/s12250-013-3344-3
https://pubmed.ncbi.nlm.nih.gov/23913178
https://doi.org/10.1073/pnas.0705070104
https://pubmed.ncbi.nlm.nih.gov/17609368
https://doi.org/10.1371/journal.pone.0188208
https://pubmed.ncbi.nlm.nih.gov/29261667
https://doi.org/10.1016/j.tox.2015.01.001
https://pubmed.ncbi.nlm.nih.gov/25572651
https://pubmed.ncbi.nlm.nih.gov/16753578


 

www.aging-us.com 9472 AGING 

regulate mitochondrial density in neurons. J Biol Chem. 
2009; 284:21379–85. 

 https://doi.org/10.1074/jbc.M109.018911 
 PMID:19542216 

16. Knutti D, Kressler D, Kralli A. Regulation of the 
transcriptional coactivator PGC-1 via MAPK-sensitive 
interaction with a repressor. Proc Natl Acad Sci USA. 
2001; 98:9713–18. 

 https://doi.org/10.1073/pnas.171184698 
 PMID:11481440 

17. Puigserver P, Rhee J, Lin J, Wu Z, Yoon JC, Zhang CY, 
Krauss S, Mootha VK, Lowell BB, Spiegelman BM. 
Cytokine stimulation of energy expenditure through 
p38 MAP kinase activation of PPARgamma coactivator-
1. Mol Cell. 2001; 8:971–82. 

 https://doi.org/10.1016/s1097-2765(01)00390-2 
 PMID:11741533 

18. Wright DC, Han DH, Garcia-Roves PM, Geiger PC, Jones 
TE, Holloszy JO. Exercise-induced mitochondrial 
biogenesis begins before the increase in muscle PGC-
1alpha expression. J Biol Chem. 2007; 282:194–99. 

 https://doi.org/10.1074/jbc.M606116200 
 PMID:17099248 

19. Zhao X, Liu F, Jin H, Li R, Wang Y, Zhang W, Wang H, 
Chen W. Involvement of PKCα and ERK1/2 signaling 
pathways in EGCG’s protection against stress-induced 
neural injuries in wistar rats. Neuroscience. 2017; 
346:226–37. 

 https://doi.org/10.1016/j.neuroscience.2017.01.025 
 PMID:28131624 

20. Ye Q, Huang W, Li D, Si E, Wang J, Wang Y, Chen C, 
Chen X. Overexpression of PGC-1α influences 
mitochondrial signal transduction of dopaminergic 
neurons. Mol Neurobiol. 2016; 53:3756–70. 

 https://doi.org/10.1007/s12035-015-9299-7 
 PMID:26141122 

21. Ye Q, Chen C, Si E, Cai Y, Wang J, Huang W, Li D, Wang 
Y, Chen X. Mitochondrial effects of PGC-1alpha 
silencing in MPP+ treated human SH-SY5Y 
neuroblastoma cells. Front Mol Neurosci. 2017; 
10:164. 

 https://doi.org/10.3389/fnmol.2017.00164 
 PMID:28611589 

22. Wang Y, Chen C, Huang W, Huang M, Wang J, Chen X, 
Ye Q. Beneficial effects of PGC-1α in the substantia 
nigra of a mouse model of MPTP-induced 
dopaminergic neurotoxicity. Aging (Albany NY). 2019; 
11:8937–50. 

 https://doi.org/10.18632/aging.102357 
 PMID:31634150 

23. Khwanraj K, Phruksaniyom C, Madlah S, Dharmasaroja 
P. Differential expression of tyrosine hydroxylase 

protein and apoptosis-related genes in differentiated 
and undifferentiated SH-SY5Y neuroblastoma cells 
treated with MPP(.). Neurol Res Int. 2015; 
2015:734703. 

 https://doi.org/10.1155/2015/734703 PMID:26634154 

24. Kuhn AN, van Santen MA, Schwienhorst A, Urlaub H, 
Lührmann R. Stalling of spliceosome assembly at 
distinct stages by small-molecule inhibitors of protein 
acetylation and deacetylation. RNA. 2009; 15:153–75. 

 https://doi.org/10.1261/rna.1332609 
 PMID:19029308 

25. Biel M, Kretsovali A, Karatzali E, Papamatheakis J, 
Giannis A. Design, synthesis, and biological evaluation 
of a small-molecule inhibitor of the histone 
acetyltransferase Gcn5. Angew Chem Int Ed Engl. 2004; 
43:3974–76. 

 https://doi.org/10.1002/anie.200453879 
 PMID:15274229 

26. Baldelli S, Aquilano K, Ciriolo MR. PGC-1α buffers ROS-
mediated removal of mitochondria during myogenesis. 
Cell Death Dis. 2014; 5:e1515. 

 https://doi.org/10.1038/cddis.2014.458 
 PMID:25375380 

27. Anderson RM, Barger JL, Edwards MG, Braun KH, 
O’Connor CE, Prolla TA, Weindruch R. Dynamic 
regulation of PGC-1alpha localization and turnover 
implicates mitochondrial adaptation in calorie 
restriction and the stress response. Aging Cell. 2008; 
7:101–11. 

 https://doi.org/10.1111/j.1474-9726.2007.00357.x 
 PMID:18031569 

28. Martínez-Redondo V, Pettersson AT, Ruas JL. The 
hitchhiker’s guide to PGC-1α isoform structure and 
biological functions. Diabetologia. 2015; 58:1969–77. 

 https://doi.org/10.1007/s00125-015-3671-z 
 PMID:26109214 

29. Popov DV, Lysenko EA, Kuzmin IV, Vinogradova V, 
Grigoriev AI. Regulation of PGC-1α isoform expression 
in skeletal muscles. Acta Naturae. 2015; 7:48–59. 

 PMID:25927001 

30. Hasegawa K, Yasuda T, Shiraishi C, Fujiwara K, 
Przedborski S, Mochizuki H, Yoshikawa K. Promotion of 
mitochondrial biogenesis by necdin protects neurons 
against mitochondrial insults. Nat Commun. 2016; 
7:10943. 

 https://doi.org/10.1038/ncomms10943 
 PMID:26971449 

31. Choong CJ, Mochizuki H. Gene therapy targeting 
mitochondrial pathway in parkinson’s disease. J Neural 
Transm (Vienna). 2017; 124:193–207. 

 https://doi.org/10.1007/s00702-016-1616-4 
 PMID:27638713 

https://doi.org/10.1074/jbc.M109.018911
https://pubmed.ncbi.nlm.nih.gov/19542216
https://doi.org/10.1073/pnas.171184698
https://pubmed.ncbi.nlm.nih.gov/11481440
https://doi.org/10.1016/s1097-2765(01)00390-2
https://pubmed.ncbi.nlm.nih.gov/11741533
https://doi.org/10.1074/jbc.M606116200
https://pubmed.ncbi.nlm.nih.gov/17099248
https://doi.org/10.1016/j.neuroscience.2017.01.025
https://pubmed.ncbi.nlm.nih.gov/28131624
https://doi.org/10.1007/s12035-015-9299-7
https://pubmed.ncbi.nlm.nih.gov/26141122
https://doi.org/10.3389/fnmol.2017.00164
https://pubmed.ncbi.nlm.nih.gov/28611589
https://doi.org/10.18632/aging.102357
https://pubmed.ncbi.nlm.nih.gov/31634150
https://doi.org/10.1155/2015/734703
https://pubmed.ncbi.nlm.nih.gov/26634154
https://doi.org/10.1261/rna.1332609
https://pubmed.ncbi.nlm.nih.gov/19029308
https://doi.org/10.1002/anie.200453879
https://pubmed.ncbi.nlm.nih.gov/15274229
https://doi.org/10.1038/cddis.2014.458
https://pubmed.ncbi.nlm.nih.gov/25375380
https://doi.org/10.1111/j.1474-9726.2007.00357.x
https://pubmed.ncbi.nlm.nih.gov/18031569
https://doi.org/10.1007/s00125-015-3671-z
https://pubmed.ncbi.nlm.nih.gov/26109214
https://pubmed.ncbi.nlm.nih.gov/25927001
https://doi.org/10.1038/ncomms10943
https://pubmed.ncbi.nlm.nih.gov/26971449
https://doi.org/10.1007/s00702-016-1616-4
https://pubmed.ncbi.nlm.nih.gov/27638713


 

www.aging-us.com 9473 AGING 

32. Meng H, Liang HL, Wong-Riley M. Quantitative 
immuno-electron microscopic analysis of 
depolarization-induced expression of PGC-1alpha in 
cultured rat visual cortical neurons. Brain Res. 2007; 
1175:10–16. 

 https://doi.org/10.1016/j.brainres.2007.07.063 
 PMID:17870059 

33. Tavares CD, Sharabi K, Dominy JE, Lee Y, Isasa M, 
Orozco JM, Jedrychowski MP, Kamenecka TM, Griffin 
PR, Gygi SP, Puigserver P. The methionine 
transamination pathway controls hepatic glucose 
metabolism through regulation of the GCN5 
acetyltransferase and the PGC-1α transcriptional 
coactivator. J Biol Chem. 2016; 291:10635–45. 

 https://doi.org/10.1074/jbc.M115.706200 
 PMID:27022023 

34. Brown K, Chen Y, Underhill TM, Mymryk JS, Torchia J. 
The coactivator p/CIP/SRC-3 facilitates retinoic acid 
receptor signaling via recruitment of GCN5. J Biol 
Chem. 2003; 278:39402–12. 

 https://doi.org/10.1074/jbc.M307832200 
 PMID:12885766 

35. Coste A, Louet JF, Lagouge M, Lerin C, Antal MC, 
Meziane H, Schoonjans K, Puigserver P, O’Malley BW, 
Auwerx J. The genetic ablation of SRC-3 protects 
against obesity and improves insulin sensitivity by 
reducing the acetylation of PGC-1{alpha}. Proc Natl 
Acad Sci USA. 2008; 105:17187–92. 

 https://doi.org/10.1073/pnas.0808207105 
 PMID:18957541 

36. Holmlund T, Lindberg MJ, Grander D, Wallberg AE. 
GCN5 acetylates and regulates the stability of the 
oncoprotein E2A-PBX1 in acute lymphoblastic 
leukemia. Leukemia. 2013; 27:578–85. 

 https://doi.org/10.1038/leu.2012.265 
 PMID:23044487 

37. St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jäger 
S, Handschin C, Zheng K, Lin J, Yang W, Simon DK, 
Bachoo R, Spiegelman BM. Suppression of reactive 
oxygen species and neurodegeneration by the PGC-1 
transcriptional coactivators. Cell. 2006; 127:397–408. 

 https://doi.org/10.1016/j.cell.2006.09.024 
 PMID:17055439 

38. Gaupel AC, Begley TJ, Tenniswood M. Gcn5 modulates 
the cellular response to oxidative stress and histone 
deacetylase inhibition. J Cell Biochem. 2015; 
116:1982–92. 

 https://doi.org/10.1002/jcb.25153 
 PMID:25755069 

39. Singh P, Hanson PS, Morris CM. SIRT1 ameliorates 
oxidative stress induced neural cell death and is down-
regulated in parkinson’s disease. BMC Neurosci. 2017; 
18:46. 

 https://doi.org/10.1186/s12868-017-0364-1 
 PMID:28578695 

40. Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, 
Puigserver P. Nutrient control of glucose homeostasis 
through a complex of PGC-1alpha and SIRT1. Nature. 
2005; 434:113–18. 

 https://doi.org/10.1038/nature03354 
 PMID:15744310 

41. Kim AR, Lee B, Joung EJ, Gwon WG, Utsuki T, Kim NG, 
Kim HR. 6,6’-bieckol suppresses inflammatory 
responses by down-regulating nuclear factor-κB 
activation via Akt, JNK, and p38 MAPK in LPS-
stimulated microglial cells. Immunopharmacol 
Immunotoxicol. 2016; 38:244–52. 

 https://doi.org/10.3109/08923973.2016.1173060 
 PMID:27121731 

42. Roux PP, Blenis J. ERK and p38 MAPK-activated protein 
kinases: a family of protein kinases with diverse 
biological functions. Microbiol Mol Biol Rev. 2004; 
68:320–44. 

 https://doi.org/10.1128/MMBR.68.2.320-344.2004 
 PMID:15187187 

43. Curry DW, Stutz B, Andrews ZB, Elsworth JD. 
Targeting AMPK signaling as a neuroprotective 
strategy in parkinson’s disease. J Parkinsons Dis. 
2018; 8:161–81. 

 https://doi.org/10.3233/JPD-171296 
 PMID:29614701 

44. Irrcher I, Adhihetty PJ, Sheehan T, Joseph AM, Hood 
DA. PPARgamma coactivator-1alpha expression during 
thyroid hormone- and contractile activity-induced 
mitochondrial adaptations. Am J Physiol Cell Physiol. 
2003; 284:C1669–77. 

 https://doi.org/10.1152/ajpcell.00409.2002 
 PMID:12734114 

45. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, 
Wu M, Ventre J, Doebber T, Fujii N, Musi N, Hirshman 
MF, Goodyear LJ, Moller DE. Role of AMP-activated 
protein kinase in mechanism of metformin action. J 
Clin Invest. 2001; 108:1167–74. 

 https://doi.org/10.1172/JCI13505  
PMID:11602624 

46. Ng CH, Basil AH, Hang L, Tan R, Goh KL, O’Neill S, Zhang 
X, Yu F, Lim KL. Genetic or pharmacological activation 
of the drosophila PGC-1α ortholog spargel rescues the 
disease phenotypes of genetic models of parkinson’s 
disease. Neurobiol Aging. 2017; 55:33–37. 

 https://doi.org/10.1016/j.neurobiolaging.2017.03.017 
 PMID:28407521 

47. Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, 
Rosenberg PB, Williams RS, Yan Z. Exercise stimulates 
pgc-1alpha transcription in skeletal muscle through 

https://doi.org/10.1016/j.brainres.2007.07.063
https://pubmed.ncbi.nlm.nih.gov/17870059
https://doi.org/10.1074/jbc.M115.706200
https://pubmed.ncbi.nlm.nih.gov/27022023
https://doi.org/10.1074/jbc.M307832200
https://pubmed.ncbi.nlm.nih.gov/12885766
https://doi.org/10.1073/pnas.0808207105
https://pubmed.ncbi.nlm.nih.gov/18957541
https://doi.org/10.1038/leu.2012.265
https://pubmed.ncbi.nlm.nih.gov/23044487
https://doi.org/10.1016/j.cell.2006.09.024
https://pubmed.ncbi.nlm.nih.gov/17055439
https://doi.org/10.1002/jcb.25153
https://pubmed.ncbi.nlm.nih.gov/25755069
https://doi.org/10.1186/s12868-017-0364-1
https://pubmed.ncbi.nlm.nih.gov/28578695
https://doi.org/10.1038/nature03354
https://pubmed.ncbi.nlm.nih.gov/15744310
https://doi.org/10.3109/08923973.2016.1173060
https://pubmed.ncbi.nlm.nih.gov/27121731
https://doi.org/10.1128/MMBR.68.2.320-344.2004
https://pubmed.ncbi.nlm.nih.gov/15187187
https://doi.org/10.3233/JPD-171296
https://pubmed.ncbi.nlm.nih.gov/29614701
https://doi.org/10.1152/ajpcell.00409.2002
https://pubmed.ncbi.nlm.nih.gov/12734114
https://doi.org/10.1172/JCI13505
https://pubmed.ncbi.nlm.nih.gov/11602624
https://doi.org/10.1016/j.neurobiolaging.2017.03.017
https://pubmed.ncbi.nlm.nih.gov/28407521


 

www.aging-us.com 9474 AGING 

activation of the p38 MAPK pathway. J Biol Chem. 
2005; 280:19587–93. 

 https://doi.org/10.1074/jbc.M408862200 
 PMID:15767263 

48. Chaube B, Malvi P, Singh SV, Mohammad N, Viollet B, 
Bhat MK. AMPK maintains energy homeostasis and 

survival in cancer cells via regulating p38/PGC-1α-
mediated mitochondrial biogenesis. Cell Death Discov. 
2015; 1:15063. 

 https://doi.org/10.1038/cddiscovery.2015.63 
 PMID:27551487 

https://doi.org/10.1074/jbc.M408862200
https://pubmed.ncbi.nlm.nih.gov/15767263
https://doi.org/10.1038/cddiscovery.2015.63
https://pubmed.ncbi.nlm.nih.gov/27551487

