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Abstract. Nuclear respiratory factor‑2α (NRF‑2α) is an 
important transcription factor that regulates mitochondrial 
oxidative phosphorylation and regeneration. NRF‑2α regulates 
mitochondrial transcription factors (mTF)A and B, and mito-
chondrial DNA by indirectly regulating the mitochondrial 
respiratory enzyme chain subunit. In addition, NRF‑2α is 
involved in the mitochondrial energy metabolism. Peroxisome 
proliferator‑activated receptor γ coactivator 1α (PGC‑1α), is 
an important transcription coactivator of NRF‑2α. Adenosine 
monophosphate‑activated protein kinase (AMPK) is consid-
ered an important effector in the regulation of the energy 
metabolism balance of nervous system microenvironments. 
However, the signaling mechanism underlying the energy 
coupling of PGC‑1α and NRF‑2α in visual cortical neurons 
remains to be elucidated. The present study used a primary 
culture system of rat visual cortical neurons in order to inves-
tigate whether AMPK is involved in the regulation of NRF‑2α 
and PGC‑1α expression in cortical neurons. The results of 
the present study indicated that KCl depolarization rapidly 
activated AMPK, and significantly increased the expression 
levels of PGC‑1α, NRF‑2α and mtTFA, as well as adenosine 
triphosphate production in cultured neurons. Similarly, the 
AMPK agonists 5‑aminoimidazole‑4‑carboxamide riboside 
and resveratrol significantly increased the mRNA expression 
levels of PGC‑1α and NRF‑2α in cultured neurons. These 
responses were blocked by compound C, an AMPK inhibitor. 
In conclusion, AMPK is an important transcriptional regulator 
of the neuronal excitation response, and exerts its regulatory 
effects via the PGC‑1α/NRF‑2α signaling pathway.

Introduction

The brain is an organ with a high metabolic activity, and the 
normal functioning of neurons relies on a constant energy 
supply to the brain. Neurons are highly dependent on the mito-
chondrial oxidative system (OXPHOS) to produce adenosine 
triphosphate (ATP) (1). The structure, function and synapses of 
the neurons in the visual cortex change depending on environ-
mental factors, a phenomenon know as experience‑dependent 
plasticity. A previous study demonstrated that mitochondrial 
dysfunction may be an important factor in the inhibition 
of cortical neurons in visual disorders (2). In recent years, 
research on the mechanisms underlying visual disorders, such 
as amblyopia, and on the visual cortex have made significant 
progress. The mechanisms underlying the signal transduction 
pathways of the visual cortex are currently under investiga-
tion (3). Thus far, the signaling mechanisms underlying the 
neuronal activity responsible for energy coupling remains to 
be elucidated.

Nuclear respiratory factors (NRFs) are important 
transcription factors that regulate mitochondrial oxidative 
phosphorylation and regeneration (4). NRFs directly regulate 
mitochondrial respiration via the transcriptional regulation 
of respiratory enzyme chain subunit nuclear DNA (nDNA), 
and via the regulation of mitochondrial transcription factors 
(mTF)A and B, and mitochondrial DNA (mtDNA), thereby 
indirectly regulating the mitochondrial respiratory enzyme 
chain subunit (5). A previous study demonstrated that NRF‑2 
is involved in the mitochondrial energy coupling of visual 
cortical neurons (6). The mRNA and protein expression levels 
of NRF‑2 were positively correlated with neuronal excitability, 
and concordant with cytochrome coxidase (COX) activity (6). 
In addition, peroxisome proliferator‑activated receptor γ coacti-
vator 1α (PGC‑1α) is an important transcriptional coactivator, 
which is involved in the mitochondrial synthesis of ATP. A 
previous study demonstrated that PGC‑1α is able to induce NRF 
gene expression, thereby affecting OXPHOS expression (7). 
PGC‑1α is able to promote the transcription of NRFs genes, 
thereby changing mitochondrial respiratory chain function (8). 
However, the signaling mechanisms underlying the association 
between PGC‑1α and NRFs in the energy coupling process of 
visual cortical neurons remain to be investigated.

Nuclear respiratory factor‑2α and adenosine triphosphate synapses  
in rat primary cortical neuron cultures: The key role of 

adenosine monophosphate‑activated protein kinase
XIANG CHEN1,  XIAO ZHAO2,  MAONIAN ZHANG1  and  SHIHUI WEI1

1Department of Ophthalmology, The Chinese PLA General Hospital, Beijing 100853;  
2Department of Medical Affairs, Affiliated Hospital of The Chinese PLA General Hospital, Beijing 100048, P.R. China

Received October 11, 2014;  Accepted June 26, 2015

DOI: 10.3892/mmr.2015.4140

Correspondence to: Dr Xiao Zhao, Department of Medical Affairs,  
Affiliated Hospital of The Chinese PLA General Hospital,  
51 Fucheng Road, Beijing 100048, P.R. China
E‑mail: dr.zx@163.com

Key words: adenosine monophosphate‑activated protein kinase, 
energy metabolism, mitochondria, neurons, nuclear respiratory 
factor‑2α, visual cortex

https://www.spandidos-publications.com/10.3892/mmr.2015.4140


CHEN et al:  AMPK MEDIATES NRF-2α EXPRESSION IN MITOCHONDRIAL ENERGY METABOLISM6324

Evidence from animal experiments and clinical observa-
tions indicates that adenosine monophosphate‑activated 
protein kinase (AMPK) is an important effector in the 
regulation of the energy metabolism of nervous system 
microenvironments (9,10). AMPK is an important regulator of 
mitochondrial and cell energy metabolism, and is associated 
with PGC‑1α (11). In addition, AMPK may be an important 
upstream signaling‑activated molecule of the NRF transduc-
tion pathway. However, the role of AMPK in visual cortical 
neurons has yet to be elucidated. The present study hypothe-
sized that the AMPK signaling pathway may have an important 
role in the energy coupling of visual cortical neurons.

The present study investigated the effects of neuronal 
activity on AMPK and its association with PGC‑1α, NRF‑2α, 
and mtTFA expression, as well as the role of mitochondria in 
a primary neuron culture system. The present study aimed 
to determine whether AMPK is involved in regulating the 
expression of NRF‑2α and PGC‑1α in primary visual cortical 
nerouns.

Materials and methods

Primary culture of visual cortical neurons. The present study 
was approved by the ethics committee of the Chinese PLA 
General Hospital (Beijing, China; no. 2012045). One day‑old 
Sprague‑Dawley rat pups (Experimental Animal Center, 
Chinese PLA General Hospital) were sacrificed by decapitation 
under CO2 anesthesia (10% chloral hydrate; Sigma‑Aldrich, 
St. Louis, MO, USA; 0.3 ml/100 g; i.p.). The meninges were 
subsequently removed. The primary visual cortex (V1, 
area 17) was dissected under a Zeiss Axio Examiner micro-
scope (Zeiss, Oberkochen, Germany). The tissue samples 
were then incubated for 10 min in trypsin/EDTA [0.05/0.02%, 
w/v in phosphate‑buffered saline (PBS)] (Sigma‑Aldrich) 
at 37˚C, and triturated in order to cause the dissociation of 
individual cells. The cells were plated onto 30‑mm plastic 
dishes coated with poly‑L‑lysine (Sigma‑Aldrich) at a density 
of 5x105 cells/ml, in Dulbecco's modified Eagle's medium 
(Gibco Life Technologies, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (GE Healthcare Life Sciences, 
Logan, UT, USA) for 3 h. The liquid medium was carefully 
discarded and replaced with a neurobasal medium (Gibco 
Life Technologies) supplemented with B27 solution (Gibco 
Life Technologies) and 0.5 mM L‑glutamine (Sigma‑Aldrich), 
and cultured for 24 h. A total of 2.5 µM cytosine arabinoside 
(Sigma‑Aldrich) was then added to the cultures to inhibit 
the replication of non‑neuronal cells. The cultures were kept 
in cultivating medium at 37˚C in an atmosphere containing 
5% CO2 for 5‑6 days. The purity of the cultured neurons was 
>95%.

Membrane depolarization was conducted as previ-
ously described  (12), and 25  mM KCl was added to the 
visual cortical neurons at days 5‑6  of culture. PGC‑1α, 
NRF‑2α, mtTFA and AMPK detection was performed after  
2, 4, 6, 8 and 12  h. To assess the effects of the various 
treatments, the neuron cultures were pretreated with either 
1 mM AMPK activator 5‑aminoimidazole‑4‑carboxamide 
riboside (AICAR) (Sigma‑Aldrich) or 50  µM resveratrol 
(Sigma‑Aldrich) for 60 min. In order to conduct the inhibi-
tory experiments, the neurons were pretreated with a final 

concentration of 10  µM AMPK antagonist compound  C 
(Sigma‑Aldrich) for 30  min, prior to the depolarization 
experiments.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Total RNA was extracted from 
the neurons using TRIzol® (Invitrogen Life Technologies, 
Carlsbad, CA, USA), and DRR037S (Takara Biotechnology, 
Co., Ltd, Dalian, China) was used for reverse transcription 
according to the manufacturer's instructions. The RT‑qPCR 
reaction was performed using a Mastercycler Gradient PCR 
system (Eppendorf, Hamburg, Germany). The PCR cycling 
conditions were as follows: Pre‑denaturation at 94˚C for 
3 min, followed by 30 cycles of denaturation at 95˚C for 2 sec, 
annealing at the appropriate temperature (NRF‑2α, 57˚C; 
PGC‑1α, 58˚C; mTFA, 56˚C; 18S, 60˚C) for 15 sec, extension 
at 72˚C for 10 sec; and a final extension step at 72˚C for 7 min.

The following primers were used: PGC‑1α forward, 
5'‑AGTGTGCTGCTCTGGTTGGTG‑3', and reverse, 5'‑GGA 
GGGTCATCGTTTGTGGTC‑3'; NRF‑2α forward, 5'‑AGG 
TGACGAGATGGGCTGC‑3', and reverse, 5'‑CGTTGTCCC 
CATTTTTGCG‑3'; mtTFA forward, 5'‑GAAAGCACAAAT 
CAAGAGGAG‑3', and reverse, 5'‑CTGCTTTTCATCATG 
AGACAG‑3'; AMPK forward, 5'‑ATGCAGCTTCGCAATC 
GAT‑3', and reverse, 5'‑GACAGCCAGCCACTCTGGTT‑3'; 
and acetyl‑coenzyme  A carboxylase (ACC) forward, 
5'‑AGGAGGGAAGGGAATCAGAA‑3', and reverse, 
5'‑TGTGCTGCAGGAAGATTGAC‑3'. The RT‑qPCR reac-
tion used 18S rRNA to normalize the data (forward, 
5'‑CGGCTACCACATCCAAGGAA‑3',  and reverse, 
5'‑GCTGGAATTACCGCGGCT‑3'). The PCR products were 
then separated by 1% agarose gel electrophoresis, at 100 V for 
30 min, and the results were analyzed using a Gel Imaging 
system (Media Cybernetics, Inc., Rockville, MD, USA). The 
values were normalized to 18S rRNA.

AMPK detection. The following conditions were used at 
various time points prior to KCl depolarization: 1 h prior to 
experimentation, the neurons were treated with a final concen-
tration of 1 mM AMPK activator AICAR or 50 µM resveratrol, 
and 0.5 h prior to KCl depolarization, a final concentration of 
10 µM AMPK inhibitor compound C was added to the cultured 
cells, and the AMPK‑induced changes in the visual cortical 
neurons were observed in vitro by RT‑qPCR and luminometer.

Measurement of mitochondrial ATP content. The cultured 
cells were washed with cold PBS (pH 7.4), incubated in somatic 
cell ATP‑releasing reagent (Sigma‑Aldrich) for 5 min, and 
harvested using a cell scraper. ATP was used at a 1:100 dilution 
in order to conduct the ATP detection of working fluid. A total 
of 100 µl ATP detection reagent (Sigma‑Aldrich) was added 
to the harvested cells, and light emission was determined 
using a BioSpectrometer luminometer (Eppendorf, Hamburg, 
Germany). The data were compared using an ATP standard 
curve to calculate the total ATP concentration of each sample.

Statistical analysis. Data are expressed as the mean ± stan-
dard error of the mean from three independent experiments, 
each repeated in duplicate. Statistically significant differences 
between the experimental and control groups were deter-
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mined using unpaired Student's t‑test, and one‑way analysis 
of variance. P<0.05 was considered to indicate a statistically 
significant difference.

Results

mRNA expression levels of PGC‑1α, NRF‑2α and mtTFA, 
and the ATP content in mitochondria. RT‑qPCR analysis 
demonstrated that, as compared with the control group, 2 h 
after depolarization, the mRNA expression levels of PGC‑1α, 
NRF‑2α and mtTFA increased significantly in the rat cortical 
neurons (P<0.05). After 4 h, the expression levels remained 
elevated in a time‑dependent manner (P<0.01), with a peak 
after 12 h (P<0.01; Fig. 1A).

These experiments suggest that neuronal excitability of the 
visual cortex upregulates mitochondrial transcription factors 
PGC‑1α and NRF‑2α mRNA. To directly observe the associa-
tion between the neurons in the visual cortex in the excited 
and metabolic states, the intracellular levels of ATP content 
in excited visual cortical neurons were measured. Following 
depolarization for 10 min, the levels of ATP in the cultured 
neurons increased significantly (P<0.01). After 20‑60 min, the 
levels of ATP in the cells continued to rise, and after 80 min 
of stimulation the elevated ATP levels were maintained, as 
compared with the control group (P<0.01; Fig. 1B). These 
results suggest that neuronal excitability in the visual cortex 
is able to increase the intracellular levels of ATP, and may 
regulate energy coupling. 

mRNA expression levels of AMPK and ACC. Due to the 
important role of AMPK in neuronal energy metabolism, the 
present study investigated the mRNA expression levels of 
AMPK and ACC in the various treatment groups. RT‑qPCR 
analysis revealed that, following 2 h of depolarization, the 

mRNA expression levels of AMPK were significantly elevated 
(P<0.05). Similar results were observed in the mRNA expres-
sion levels of AMPK kinase downstream component ACC 
(P<0.05), suggesting that neurons are able to rapidly activate 
AMPK protein kinase activity. After 4‑8 h, the mRNA expres-
sion levels of AMPK and ACC continued to increase (P<0.01), 
and after 12 h this increase in expression was maintained 
(P<0.01) (Fig. 2). These results suggest that visual cortical 
neurons are also able to activate AMPK kinase by excitation.

mRNA expression levels of PGC‑1α, NRF‑2α and mtTFA, and 
ATP content in mitochondria following pretreatment with 
compound C. To investigate whether AMPK is involved in 
PGC‑1α, NRF‑2α and mtTFA excitation‑dependent regulation 
in visual cortical neurons, the neurons were pretreated for 
30 min with the AMPK antagonist compound C (10 µM), prior 
to being treated with 25 mM KCl in order to induce depo-
larization. RT‑qPCR analysis demonstrated that no significant 
changes in the mRNA expression levels of PGC‑1α, NRF‑2α 
and mtTFA occurred following KCl treatment for 2, 4, 6, 8 and 
12 h, as compared with the control group (P>0.05; Fig. 3A). 
These results suggest that the AMPK antagonist compound C 
inhibited the depolarization‑induced upregulation of PGC‑1α, 
NRF‑2α, and mtTFA mRNA. Furthermore, no significant 
changes in the mRNA expression levels of AMPK and ACC 
were observed (P>0.05; Fig. 3B). These results suggest that in 
visual cortical neurons, the upregulation of PGC‑1α, NRF‑2α 
and mtTFA are regulated by AMPK‑induced excitation.

The measurement of the levels of ATP after 5 h of KCl 
treatment revealed that the intracellular ATP levels in visual 
cortical neurons are significantly upregulated, as compared 
with the control group (P<0.01). Furthermore, pretreatment 
with AMPK antagonist compound C was able to completely 
block the upregulation of ATP in rat visual cortical neurons 

Figure 1. KCl depolarization upregulates the mRNA expression levels of peroxisome proliferator‑activated receptor γ coactivator 1α (PGC‑1α), nuclear 
respiratory factor‑2α (NRF‑2α), and mitochondrial transcription factor A (mtTFA) in rat visual cortical neurons. (A) KCl‑induced membrane depolarization 
upregulated the mRNA expression levels of PGC‑1α, NRF‑2α and mtTFA. (B) KCl‑induced depolarization increased cellular ATP levels in primary visual 
cortical neurons. *P<0.05 and **P<0.01, vs. the control neurons.

  A   B
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(P>0.05 as compared with the control group, and P<0.01 as 
compared with the KCl group; Fig. 3C). These results suggest 
that AMPK is an important regulator of energy excitation 
coupling in visual cortical neurons.

mRNA expression levels of PGC‑1α, NRF‑2α and mtTFA, 
and the levels of ATP mitochondria treated with AICAR and 
resveratrol. The results of the present study demonstrated 
that AMPK is an important regulator of visual cortical 
neuron excitation energy coupling, and may mediate visual 
cortical neuron NRF‑2α excitation‑dependent regulation. 
To further investigate the association between AMPK and 
NRF‑2α, the effects of the AMPK agonist AICAR and resve-
ratrol on the expression levels of NRF‑2α in visual cortical 
neurons were observed. As compared with the control group, 
treatment with 1 mM AICAR for 2 h (Fig. 4A) or 20 µM 
resveratrol for 2  h (Fig.  4B) significantly increased the 

mRNA expression levels of AMPK, ACC and NRF‑2α in 
the neurons (P<0.01). These results suggest that the activity 
levels of AMPK are regulated by AICAR and resveratrol. 
Furthermore, the neuronal excitation induced by resveratrol 
was inhibited by the AMPK antagonist compound C (10 µM), 
and the activation of NRF‑2α mRNA expression was also 
inhibited (Fig. 4C). These results suggest that the regulatory 
effects of resveratrol on the activation of NRF‑2α in neurons 
is dependent on AMPK activation. Therefore, activation of 
AMPK is able to effectively regulate the NRF‑2α expression 
in cortical neurons.

To investigate the effects of AMPK on visual cortical 
neurons, the present study examined neuronal ATP levels. 
Treatment with 1 mM AICAR and 20 µM resveratrol signifi-
cantly increased neuronal ATP levels (P<0.01). Furthermore, 
pretreatment with the AMPK antagonist compound C was 
able to inhibit resveratrol‑induced upregulation of ATP 

Figure 3. Inhibition of adenosine monophosphate‑activated protein kinase (AMPK) by compound C (CC) suppresses the KCl‑induced mRNA expression 
levels of peroxisome proliferator‑activated receptor γ coactivator 1α (PGC‑1α), nuclear respiratory factor‑2α (NRF‑2α) and mitochondrial transcription 
factor A (mtTFA). (A) Compound C suppressed KCl‑induced PGC‑1α, NRF‑2α and mtTFA expression. (B) Compound C suppressed KCl‑induced AMPK 
and acetyl‑coenzyme A carboxylase (ACC) expression. (C) KCl‑induced ATP production was inhibited by compound C. **P<0.01, vs. the control neurons and 
##P<0.01, vs. the KCl‑treated neurons.

Figure 2. KCl depolarization upregulates adenosine monophosphate‑activated protein kinase (AMPK) and acetyl‑coenzyme A carboxylase (ACC) mRNA 
expression. *P<0.05 and **P<0.01, vs. the control neurons.

  A   B   C



MOLECULAR MEDICINE REPORTS  12:  6323-6329,  2015 6327

compared (P>0.005, as compared with the control group, 
and P<0.01, as compared with the resveratrol group; Fig. 4D). 
These results indicate that activation of AMPK is able to 
adjust the energy levels in visual cortical neurons.

Discussion

Energy metabolism is an important source of life, and the 
central nervous system consumes a large amount of energy. 
The brain accounts for only 2% of the total body weight, 
but consumes 20% of its total glucose  (13). Little energy 
is stored within the central nervous system, and a balance 
between energy supply and consumption is maintained. The 
appropriate energy balance regulation of such a high energy 
consuming and low energy storage system is essential (14).

The role of visual cortical neurons is largely dependent on 
the energy provided by the ATP produced by the oxidation 
of glucose. The high energy demand of the central nervous 
system derives from two processes: The basic process of 
nurturing (such as the maintenance of cellular membrane 
integrity and protein synthesis), and physiological function 
(such as the electrical activity of neurons). The majority of 
the visual cortical neuron energy expenditure is utilized to 
maintain visual stimulation.

Plasticity of the neuronal energy metabolism and neuronal 
excitability are tightly coupled processes. Neurons are highly 
dependent on OXPHOS to produce ATP (15). For visual cortical 
neurons, the neuronal excitation energy coupling mechanism 
is particularly important. Due to the fact that visual cortex 
plasticity depends on visual experience, the role of normal 

Figure 4. 5‑Aminoimidazole‑4‑carboxamide riboside (AICAR) and resveratrol upregulate adenosine monophosphate‑activated protein kinase (AMPK), 
acetyl‑coenzyme A carboxylase (ACC) and nuclear respiratory factor‑2α (NRF‑2α) mRNA expression in rat visual cortical neurons. (A) Treatment with 
AICAR increased the mRNA expression levels of AMPK, ACC and NRF‑2α. (B) Treatment with resveratrol (Resv) increased the mRNA expression levels of 
AMPK, ACC and NRF‑2α. (C) AMPK inhibitor compound C suppressed resveratrol‑induced AMPK, ACC and NRF‑2α expression. (D) Cellular ATP levels 
were increased following treatment with AICAR and resveratrol, and resveratrol‑induced ATP levels were inhibited by compound C. *P<0.05, vs. the control 
neurons and #P<0.05, vs. the resveratrol‑treated neurons.

  A   B

  C

  D
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visual stimulus‑induced neuronal excitability in maintaining 
neuronal physiological function in the visual cortex is of great 
significance (16). Research conducted in the primate animal 
model, and clinical observations of amblyopia demonstrated 
that mitochondrial biogenesis and dysfunction are important 
factors in optic atrophy, amblyopia, and other visual pathway 
diseases. These results suggested that mitochondrial dysfunc-
tion is an important factor in visual deprivation and visual 
functional changes in cortical neurons, and the maintenance 
the mitochondrial energy balance may be important for the 
correct functioning of cortical neurons (17).

Visual stimulation and experience are important factors in 
the development of visual cortical neurons. The composition, 
function, and synaptic transmission and distribution of neurons 
in the visual cortex vary according to visual environment and 
experience, a process termed experience‑dependent plasticity 
of visual development (18). Inhibition of the input of visual 
information negatively affects the development of the visual 
cortex. In addition, energy metabolism may regulate visual 
cortical neuron activity levels (19), with altered gene expression 
resulting in changes in neuronal plasticity. These neuronal plas-
ticity changes, including mitochondrial dysfunction, in visual 
cortical neurons are a central mechanism underlying visual 
deprivation‑induced amblyopia (20).

OXPHOS takes place in the mitochondria  (21). The 
process of OXPHOS is highly dependent on NRFs (22). The 
NRF family includes NRF‑1 and NRF‑2. The main function 
of NRFs is to regulate the expression of respiratory chain and 
mitochondrial RNA endonuclease and mtTFA. NRF‑2 consists 
of two subunits, NRF‑2α and NRF‑2β. The primary func-
tion of NRF‑2α is the regulation of genes associated with the 
mitochondrial energy metabolism. The functional binding sites 
of NRF‑2α include a COX subunit promoter, ATP synthase β, 
mtTFA, and mtTFB (23). NRF‑2α regulates the activity levels 
of the COX gene in the brain, when the energy demand of the 
cells change (6). Notably, NRF‑2α has a role in the regulation of 
cellular respiratory function (24).

mtTFA and mtTFB, encoded by nDNA, are transcrip-
tion factors that regulate the transcription and replication of 
mtDNA (25). mtTFA regulates transcriptional activity, which 
also depends on the synergistic effects of NRF‑2α. COX is the 
rate limiting enzyme in the production of ATP, and is the only 
molecule able to transfer electrons to cytochrome c (26). The 
formation of COX is dependent on the coordinated function of 
mtDNA and nDNA. NRF‑2α is involved in this important and 
complex process. The expression of COX is directly regulated 
by NRF‑2α. In addition, NRF‑2α is able to activate mtTFA and 
mtTFB in an indirect manner, in order to regulate transcription.

PGC‑1α is an important coregulator of mitochondrial hyper-
plasia. One of the primary functions of PGC‑1α is to promote 
the transcription of NRF‑1 and NRF‑2, and to coordinate the 
function of the mitochondrial respiratory chain in order to meet 
the requirements of the various cellular energy states (27). These 
effects may be further promoted by the expression of OXPHOS 
components, such as mtTFA, mtTFB, and COX II and IV (11).

The results of the present study demonstrated that in 
response to KCl depolarization, visual cortical neurons 
upregulate PGC‑1α, NRF‑2α and mtTFA expression. This in 
turn enhanced the ability of mitochondria to produce ATP. 
Additionally, the results suggested that the PGC‑1α, NRF‑2α 

and mtTFA signaling pathways are associated with neuronal 
activity in rat visual cortical neurons.

Compared with a previous study (12), the expression levels 
of NRF‑2α increased later than those of NRF‑1. This may 
suggest that in the visual cortex, NRFs have a different pattern 
of response.

AMPK is a widely distributed serine/threonine protein 
kinase in eukaryotic cells. It is activated when cellular energy 
is insufficient, promotes the oxidation of fatty acids and 
glucose transport, and increases intracellular ATP levels. In 
addition, AMPK inhibits the synthesis of glycogen, fat, and 
cholesterol and reduces the consumption of ATP (28).

AMPK has a multi‑level role in neuronal energy 
metabolism. Changes in the activity levels of AMPK in 
hypothalamic neurons may regulate individual appetite and 
feeding behavior, in order to control the energy balance via 
intake and consumption. An AMPKα2 knockout mouse 
model demonstrated that sympathetic nervous system AMPK 
is involved in the regulation of insulin sensitivity in periph-
eral tissues (29). Activation of AMPK in the brain protects 
against neuronal injury induced by energy deprivation (30) 
and AMPK mutations may cause a broad spectrum of 
neurodegenerative changes at the cellular level (31). AMPK 
regulation is sensitive to the ratio of intracellular adenosine 
mono‑phosphate and ATP; when the intracellular levels of 
ATP decrease, AMPK rapidly activates the regulation of the 
intracellular energy metabolism. Changes in intracellular 
Ca2+ concentration may also activate AMPK. AMPK is an 
important factor in the regulation of the energy balance of the 
nervous system. A previous study demonstrated that AMPK 
is able to activate NRFs and change the levels of excitation in 
mitochondrial synthesis (32).

KCl‑induced membrane depolarization significantly 
stimulated neuronal AMPK, and the expression of its 
downstream kinase, ACC. These results suggest that AMPK 
is activated in neurons by neuronal activity. Furthermore, 
the depolarization of visual cortical neurons resulted in 
significant increases in neuronal ATP levels. The associa-
tion between neuronal excitability and energy response was 
inhibited by the AMPK inhibitor compound C. These results 
suggested that AMPK has an important role in visual cortical 
neuron energy coupling. Using the AMPK agonist AICAR 
to activate AMPK resulted in significant upregulation of 
PGC‑1α and NRF‑2α expression in visual cortical neurons. 
In addition, previous studies have demonstrated that resvera-
trol is an effective activator of AMPK (33‑35). Similarly, the 
results of the present study indicated that resveratrol is able 
to activate AMPK kinase activity in visual cortical neurons, 
and the upregulation of neuronal PGC‑1α by resveratrol 
suggests a dependence on NRF‑2α expression levels. These 
effects were suppressed by the AMPK inhibitor compound C. 
These results demonstrate that resveratrol significantly 
increased the expression levels of PGC‑1α and NRF‑2α in 
visual cortical neurons via the AMPK signaling pathway. 
The activation of AMPK led to the upregulation of PGC‑1α 
and NRF‑2α expression, and eventually to a neuronal energy 
response and a significant increase in the intracellular levels 
of ATP.

In conclusion, the results of the present study demonstrate 
that AMPK participates in the energy metabolism of visual 
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cortical neurons. In addition, AMPK is an important transcrip-
tional regulator of the neuronal energy excitation response, 
which is mediated by the PGC‑1α and NRF‑2α signaling 
pathway.
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