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Purpose: The causative mechanisms triggering myofascial pain syndrome (MPS) are still in
debate. It is becoming evident that mitochondrial dysfunction may regulate pathways con-
trolling MPS. The aim of this study was to investigate whether AMPK-PGC-1a-SIRT3 axis
is associated with depression of mitochondrial function in the rat MPS model.

Methods: A total of 32 Sprague—Dawley rats were randomly divided into control group and
experimental group. The expression level of mRNA and protein of gastrocnemius medialis
(GM) was analyzed by Western blot and RT-PCR. The histopathological findings were
investigated through electron microscopes in GM of all groups.

Results: Our results showed that MPS induces continuous depression of mitochondrial biogen-
esis and function via down-regulation of PGC-1a-SIRT3 axis accompanying with ATP fuel crisis
as compared to control group. However, the expression level of SIRT3 mRNA did not change.
Additionally, a correlated reduction of the mRNA and protein expression level of NRF-1 and
TFAM, known as the downstream target of PGC-1a, suggesting further transcription of nuclear
genes encoding mitochondria functional proteins for promoting mitochondria proliferation,
oxidative phosphorylation and energy production is continuously depressed. Furthermore, phos-
phorylation extent of AMPK is also declined following MPS, and it is negatively correlated with
reduction of ATP generation, suggesting that the complex network involves different inhibition
in transcription, post-translational modification and a plethora of other effectors that mediate the
inhibition roles.

Conclusion: We here suggested that the down-regulation in AMPK-PGC-1a-SIRT3 axis net-
work may be the basis for the association between mitochondrial dysfunction and MPS, where
a vicious circle further aggravates the disease symptoms with ongoing ATP energy crisis.
Keywords: myofascial pain syndrome, mitochondrial biogenesis, myofascial trigger points,

PGC-1o, ATP crisis, gastrocnemius medialis muscle

Introduction

Myofascial pain syndrome (MPS) is one of the most prevalent pain cause in clinical
conditions, which is characterized by twitch response, spontaneous electromyo-
graphic activity and hyperirritable nodules in the taut bands (TBs), termed as
myofascial trigger points (MTrPs).! The concept of MTtPs is first put forward by
Travell and Simons, and the MTrPs is identified as the dominating factor for
functional limitations and pain in the corresponding neuromusculoskeletal
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system.! As a significant health problem, MPS is estimated
to affect as much as 85% of the general population.’
Although significant progress has been made in under-
standing histopathological nature of the MTrPs, using ani-
mal models,3 there is still limited information on the
etiology and exact pathogenesis of MTrPs.* Recently,
accumulating studies reported that MTrPs are caused by
chronic overload, overstretching, or by direct trauma of the
affected muscles.>®

Mitochondria, the energy-producing unit in skeletal
muscle, are the primary organelles responsible for ATP
energy-generating through respiration and oxidative phos-
phorylation. Importantly, great interest has focused on
understanding the correlation between mitochondrial bio-
genesis and skeletal muscle function following disease and
aging.” Moreover, some reports point out that changes in
the number and function of mitochondria can cause
changes in pain-related behavior, thereby contributing to
the pathogenesis of various kinds of pain.® Additionally,
using different pain model of mice, a recent study indicate
that the distribution of mitochondrial show a significant
change.’ Furthermore, mitochondrial dysfunction might
aggravate the symptoms of different models of pain.'
Clearly, mitochondrial biogenesis is dependent on the
coordinated actions of many different transcription factors
and co activators. Subsequently, this ultimate coordination
of the nuclear and mitochondrial genomes plays a key role
in regulating the stoichiometric production of cellular
energy and assembly of the corresponding proteins.''

Generally, the peroxisome proliferator-activated recep-
tor-gamma coactivator-la (PGC-1a) is proposed to play
main roles in modulating many biological programs
related to energy metabolism,'? and also act as mediators
cells.”

Moreover, reduction of PGC-1a expression level in skele-

in regulating mitochondrial content within
tal muscle is linked to defects in mitochondrial biogenesis
and overall impairment of cellular energy metabolism
besides reduced mitochondrial content and function.'*'?
Additionally, down-regulation expression of PGC-1a gene
and protein can activate catabolic events,'® and the regula-
tion of PGC-la is

capacity.'” As a result, the increase ratio in AMP/ATP

associated with ATP-generating

activates the “upstream” of PGC-1a, namely AMPK sig-

819 acting as cellular energy sensor.?’

naling pathway,
Moreover, as an upstream regulator, PGC-1a also regu-
lates gene expression level of the mitochondrial sirtuin 3,%'
which functions as the major regulator of mitochondrial

protein deacetylation.”> Furthermore, deacetylated PGC-

la induce the expression of nuclear genes encoding mito-
chondrial proteins, such as nuclear respiratory factor 1
(NRF-1). Subsequently, activated NRF-1 medicates the
expression of mitochondrial transcription  factor
A (Tfam), ultimately modulates directly replication and
transcription of mitochondrial DNA (mtDNA) encoded
genes.”>** Thus, the modulation process is responsible
for the link between external physiological stimuli and
regulation of the nuclear and mitochondrial genomes.'?
In the present study, we examine the effects of MTrPs in
experimental animals in inducing chronically histopatholo-
gical change of mitochondria accompanying with impaired
energy production (energy crisis) and decline AMPK activa-
tion. Furthermore, we examine whether and how MTrPs
could trigger the down-regulation of PGC-1a-SIRT3 axis
and downstream NRF-1/TFAM signaling pathway, and ulti-
mately resulting in inhibition of the mitochondrial biogen-

esis, whereby led to MPS aggravation for a long time.

Materials and Methods

Animals

A total of 32 Sprague—Dawley rats, weighing between
220g and 250g, were obtained from the Sino-British
SIPPR/BK Lab (Shanghai, China). Animals were caged
under controlled conditions with 12h-12h light-dark cycle,
temperature of 22 + 2°C, and 60-70% humidity. The rats
were allowed for free access to chow diet and tap water.
All animal experiments in this study were conducted in
accordance with the institutional guidelines and ethics for
the use and care of laboratory animals and approved by the
Animal Care and Use Committee in the Shanghai Jiao
Tong University of School of Medicine, Shanghai, China.

Experimental Grouping

Thirty-two rats were randomly divided into two groups,
that is a blank control group (n=8) and an experimental
group (n=24). Then, the rats in the experimental group
were further splitted into three subgroups with different
follow-up times of 3 weeks (n=8), 9 weeks (n=8) and 15
weeks (n=8) post treatment, respectively.

Modeling Intervention

The model was established with reference to previously
described method.>** In brief, the rats in the experimen-
tal group were anaesthetized with intraperitoneal (ip) 3%
Pentobarbital Sodium (0.1 mL/100 g bodyweight). After
the animals were anesthetized, the rats were fixed on
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a board and the left GM was marked by a pen. Then the
marked GM of the left hind limb in rats of experiment
group was hit by a homemade striking device with
a stick dropping from a height of 20 cm with a kinetic
energy of 2.352 J once a week. The rats were then made
to run for 90 min on a treadmill (DSPT-202, China) at
a —16° downward angle and speed of 16 m/min in the
following day. The interventions of all rats in experi-
mental group were repeated with the same procedure at
weekly intervals for a total of 8 weeks, while rats in control
group underwent no intervention. The rats were then allowed
to rest for 4 weeks. Then, rats in experimental group were
randomly divided into one of the three subgroups (3w post
treatment, 9w post treatment and 15w post treatment) with-
out further interventions.

The Location of MTrPs in Gastrocnemius

Muscle
After complete dissection of the skin and underlying fascia,
the GM of the left hind limb in each animal was surgically
exposed. Here, the flat palpation method described by Travell
et al was used to assess the presence or absence of taut band
(TB).! The muscle fiber was palpated by two well trained
trigger point acupuncturists with their fingertips. Then, the
fingertip slid across muscle fibers of GM to seek a small, hard
bundle-like texture of the TB. Any apparent taut bumps
found were marked and identified as possible TB.
Reproductively, the two investigators could palpate TB in
the experimental groups but not in the control groups.
Finally, the same investigator who was blinded to the ani-
mal’s treatments identified the location of TBs in all animals.
The location of MTtPs is based on the method previously
described by Huang et al.***® Briefly, the first needle was
inserted in the tail of the rat as a reference electrode; then,
the second needle was inserted into the marked TB. If a local
twitch responses (LTR) was elicited by needling, the TB was
considered as a possible MTrP. For further confirmation,
a third electrode was then inserted longitudinally into the
identified TB, and the distance away from the other electrode
is about 3- to 5 mm. The above three fine needles (0.3 mm in
diameter) were connected to an electromyography (EMG)
device (Z2J-NB-NCCO08, NuoCheng, Shanghai) to record
myoelectrical signals. When spontaneous electrical activity
(SEA) was detected, it suggested that the TB was considered
as a genuine (active) MTrP.

After the operation, the animals were executed at 10.00
h after 2 h without food by using cervical dislocation to

obtain gastrocnemius muscle at the site of the MTrPs in
the experimental group at 3, 9 and 15 week post treatment,
respectively. Normal gastrocnemius muscle was taken
from the control group. Then, muscles were immediately
frozen in liquid nitrogen and stored at —80°C.

Western Blot

The muscles samples were immediately homogenized in
a lysis buffer containing 20 mM Tris-HC1 (pH 7.4), 150
mM NaCl, 10% glycerol, 1% Triton X-100, 3 mM EDTA,
100 mM NaF, 2 mM PMSF supplemented with 1xprotease
inhibitor and phosphatase inhibitors (Sigma-Aldrich). The
homogenates were then centrifuged for 20 min at 18,000
g at 4°C to remove debris and insoluble material. Then, the
supernatants were equally divided and stored at —80°C until
ready to use. Equal amounts of samples were loaded on
gradient precast gels purchased from Bio-Rad (Bio-Rad
Laboratories (Shanghai) Co., Ltd). The protein samples
were then electro-transferred to polyvinylidene difluoride
(PVDF) membranes and non-specific staining was blocked
by using 5% nonfat dry milk in Tris-buffer containing 0.1%
Tween 20 (TBST), pH 7.4. Subsequently, the blocked mem-
branes were rinsed with TBST, incubated overnight with the
appropriate antibody (see below) at 4°C, rinsed with TBST
again, and incubated with horseradish peroxidase-conjugated
anti-rabbit IgG. The antibody-reactive band of each protein
was visualized used an enhanced chemiluminescence
method, and exposed immediately to autoradiography film.
The Western blot signals were then quantified by densitome-
try in each sample with Quantity software (Bio-Rad).

Gene Expression Analysis

Total RNA of skeletal samples was extracted by using
a TRizol reagent (Sigma-Aldrich). cDNA was synthesized
using a PrimeScript™ RT Reagent kit for RT-PCR
(TAKARA BIO INC, Japan). Quantitative real-time PCR
analysis was performed in the Real-time Detection System
(Roche LightCycler480 11, Switzerland) by
ChamQTMSYBR® gPCR Master Mix (Vazyme, Nanjing,
China) detection. Equal amounts of RNA (300 ng) were
used to prepare cDNA. Fluorescence was monitored during
PCR by an ABI7300 sequence detection system (Applied
Biosystems). All genes were amplified in the study using the
following conditions: denaturation at 95°C for 30 seconds,
annealing at 60°C for 20 seconds, and extension at 72°C for
10 seconds for 32 cycles with an additional 5-minute extension
time. Optimal cycle number was determined to obtain a PCR
product within the linear range. Afterwards, the specificity of
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the amplified target gene was verified through method of
melting curves analysis, and melting curves of amplified pro-
ducts were analyzed from 60°C to 95°C. The relative gene
expression value of each gene was calculated by the 244D
method, with GAPDH as internal controls. The forward (FP)
and reverse (RP) primers were synthesized by Sangon Biotech
(Shanghai, China) company and listed in Table 1.

Antibodies

Primary antibodies including anti-rabbit PGC-10, anti-rabbit
p-AMPK (thr 172); anti-rabbit AMPK (Cell Signaling
Technology, Inc., Danvers, MA, USA); Anti-SIRT3 antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); anti-
rabbit TFAM, anti-rabbit NRF-1 and anti-rabbit GAPDH
were obtained from Abcam Biotechnology (Cambridge,
MA, USA). Horse-radish peroxidase-conjugated anti-rabbit
IgG (Cell Signaling) and enhanced chemiluminescence
reagents (ECL and ECL plus) were obtained from
Amersham Biosciences (Buckinghamshire, UK). All other
reagents were obtained from Sigma (St. Louis, MO).

Ultrastructure Morphology of Skeletal

Muscle

The muscle filament arrangement and histopathological
nature of mitochondria in control and experimental group
(3w, 9w and 15weeks post treatment) were analyzed by
visualizing images of the muscle sections using a Philips
CM-120 transmission electron microscope (TEM) (Philips,
Holland). The tissues were fixed with 2% glutaraldehyde
in PBS for 2 hours at 4°C. After being washed by buffer,
they were post fixed with 1% osmium tetroxide for 2 hours
at 4°C, then the tissue was subjected to dehydration in
ethanol and embedded in an Epon-Araldite mixture. Thin
sections with 70nm in thickness were made with a LKB-V

ultramicrotome and stained with lead citrate.

Table | Primer Sequence for Gene Expression Analysis

Measurement of ATP Content in Skeletal

Muscle Mitochondrial
The firefly luciferase-based ATP assay kit (Beyotime,
China) was used to measure GM muscle ATP levels.
Following the manufacturer’s instructions, tissues were
lysed in lysis buffer, and centrifuged at 12,000 g for 5 min
at 4°C. The supernatant was used to detect the ATP level
using microplate reader (BioTek Synergy 2, VT, USA).
After samples or standard products were added into the
test tube, and mix them quickly by the micropipette.
Several seconds later, the RLU value was determined by
the luminometer (Bio-Rad Laboratories, Hercules, CA,
USA). The protein concentration was measured by BCA
protein assay kit. The ATP concentration in the sample is
calculated according to the standard curve.

Statistical Analysis

Data were expressed as mean * standard deviation (SD).
Analysis was performed using OriginPro 8 software
(Origin lab Corporation, USA). Differences were deter-
mined using a paired Student’s #-test between two groups.
Statistical significance of the differences between means in
multiple-group comparisons was determined by one-way
analysis of variance (ANOVA) analysis. A value of p<0.05
was considered as significant difference, and p<0.01 was
considered highly as significant difference.

Results

Key Proteins and mRNA Expression Level
Related to Mitochondrial Function in the
MPS Model

To define the adaptations of mitochondrial biogenesis and
function in the MPS model, we use RT-PCR and Western
blot analysis. To examine the effects of MTrPs on expression
of mitochondrial biogenesis-related genes, the mRNA

Gene Name Forward Primer Reverse Primer

Pgc-la ACCCCAGAGTCACCAAATGA CGAAGCCTTGAAAGGGTTATC

Sirt 3 CCCGCTGCCCTGTCTGT CTCCCCAAAGAACACAATGTCA
Nrf-1 ACGGCAGCTGAGGTAC TGAGTTCGGAAGCAACGGT

Tfam AGATTCCAAGAAGCTAAGGGTGATT TTTCAGAGTCAGACAGATTTTTCCA
Gapdh GACAACTTTGGCATCGTGAA TGAGTTCGGAAGCAACGGT

Notes: Primer was designed using Primer software (Primer Express, Applied Biosystems).
Abbreviations: Pgc-lo, peroxisome proliferator-activated receptor-gamma co-activator la; Sirt, sirtuin; Nrf-1, nuclear respiratory factor |;

Tfam, mitochondrial transcription factor A.
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transcript and protein level of PGC-1a, a central regulator in
mitochondrial biogenesis and structural/functional integrity
are studied. Figure 1A shows the ~76% decrease in PGC-1a
mRNA expression level at 3 weeks of MTrPs. Although the
expression level of PGC-1a. mRNA increased at 15 weeks
post treatment, the expression level is still lower than that in
control group (p<0.01). Figure 1E refers to the ~74%
decrease in PGC-1a protein expression level at 3 weeks of
MTiPs. The expression level of PGC-la increased at 15
weeks post treatment; however, the expression level is still
lower than that in control group (p<0.01). Additionally, the
SIRT3 protein expression level, the most studied and well
characterized sirtuin in mitochondria, is significantly
declined following a similar pattern with that in PGC-1a
(Figure 1F and I), in accordance with the concept that they
are controlled by PGC-la in the nucleus.*” However, the
expression level of SIRT3 mRNA was unchanged both at 3,

9 and 15 weeks of MTrPs (Figure 1B). Furthermore, the

1.5 A 15 B
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protein and mRNA expression level of NRF-1 and TFAM,
located in downstream of PGC-1a signaling pathway, shows
a remarkably similar decline pattern with PGC-1a expres-
sion level in comparison with that in control group (Figure
IC and D and 1G-H), supporting the expected down-
regulation function of PGC-1a.

Figure 1I shows the protein expression level of key
proteins displays declined at 3-week post treatment, and
then increased at 9-week post treatment; however, the
increasing amplitude is still lower in comparison with
that in control (p<0.05).

Moreover, to verify whether the ultrastructural pat-
tern of mitochondria changed in the MPS condition, the
transmission electron microscopy is used to visualize the
images of muscle sections. We found that the arrange-
ment of the sarcomeres is significantly disordered at 15
weeks groups post treatment, and their myofilaments

show the more electron-dense bands characterized by

15 C 15 D

-
o

0.5

NRF-1 mRNA level
*
*

TFAM mRNA level

o
oA
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TFAM protein level

c 3W-PT SW-PT 15W-PT (’)

Figure | Key proteins and mRNA expression related to mitochondrial biogenesis and function as well as ultrastructural pattern of muscle fibers. Level of (A) PGC-la
mRNA, (E) PGC-la protein, (B) SIRT3 mRNA, (F) SIRT3 protein, (C) NRF-I mRNA, (G) NRF-1 protein, (D) TFAM mRNA and (H) TFAM protein were determined in GM
muscle from control group and modelled rat. (I) indicates the result for Western blotting. In control group (J), visualized with TEM, large numbers of mitochondria with oval
shape (white arrows) accompanying with ridge-like structures inside and intact myofilaments in well-arranged and clean-cut sarcomeres were observed in longitudinal
section (J-a, J-b, J-c). At the I5W groups (K), the arrangement of sarcomeres was significantly abnormal, and the myofilaments showed more electron-dense bands with
staggered and disarranged characteristic in longitudinal section (K-a, K-b); in addition, vacuoles of the mitochondrial structure, distorted distribution, break and
disappearance of the mitochondrial cristae could be seen (white arrows) in longitudinal-section (K-c). The Z-line became thinner than that in control group, which
seems like a drifting wave-like line (arrowhead); moreover, the gap between the two Z-lines is enlarged (arrowhead) with irregular space distance. *Indicates there is
significantly different from C (3w-PT.vs Control); *¥Indicates there is significantly different from C (I5w-PT.vs Control); P<0.01, n=8 rats for each group. Data are presented
as means * SD. Magnification times of J-a and K-a, X3400; Magnification times of J-b and K-b, x13,500; Magnification times of J-c and K-c, X33,000.

Abbreviations: C, control; PT, post-treatment; w, week.
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twitch response; moreover, the myofilaments are stagger
and disarrange in longitudinal section (Figure 1K(a-b)),
compared with that in the control group (Figure 1J(a-c)).
Additionally, vacuoles of the mitochondrial structure,
distorted distribution, break and disappearance of the
mitochondrial cristac can be seen. Notably, they also
display heterogeneous disruption of inner and outer
membranes, variable swelling, and the Z-line in the
modelled group is wave-like in appearance (Figure
1K(b-c)).

ATP Energy Crisis and Down-Regulation
of Energy Sensor Molecular in the MPS
Model

To evaluate if the changes in ATP are associated or driven by
a condition of MPS, and if energy sensor AMPK, upstream
of PGC-1a, is regulated in concert with the PGC-1a-SIRT3
axis. To achieve this aim, ATP content of GM muscle is
analyzed in control and model groups at different phases.
Moreover, the p-AMPK™'7%/AMPK ratio is also assessed
by Western blot (Figure 2). AS shown in Figure 2A, at
3-week post-treatment, quantitative evaluation reveals that
the amount of ATP level declined about 73% compared with
that in the control (3w-PT. vs control, p<0.01). Intriguingly,
significant decrease was observed in the p-AMPK™!7%/
AMPK ratio at 3 weeks post treatment (about 53% decline)
(Figure 2B), as well as in the active (phosphorylated)
AMPK protein levels (data not shown), supporting the unex-
pected absence of AMPK activation. Subsequently, the
ration increased gradually after 3-week post treatment; how-
ever, the relative index of p-AMPKThr17/AMPK ratio, fol-
lowing a similar pattern with ATP production level, is still
lower than that in the control group (p<0.01).
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N
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J

g
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-
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o
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c 3W-PT
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15W-PT

Discussion

Similar with the result in vastus medialis (VM) muscle in
MPS model,’ the morphology characteristics of mitochon-
dria in GM of MPS model were also abnormal, as indi-
the
vacuolization and damaged crest in the mitochondria of

cated by disarranged myofilaments, swelling,
skeletal muscle at 15 weeks post treatment. In our study,
the MPS-based dysfunctions of skeletal muscle show the
crisis of generating ATP. These results indicated that mor-
phological abnormalities of mitochondria and energy
metabolism underlie the dysfunction of the mitochondrial
biogenesis in skeletal muscle of MPS model. Strikingly,
MPS is one of the factors that contribute to the AMPK
inhibition and its biological effects. In the present study,
we found that the PGC-1a/NRF-1/TFAM mRNA and pro-
tein expression levels declined in GM muscles induced by
MTrPs (Figure 1). Although the expression level of SIRT3
mRNA was unchanged, its protein levels were also down-
regulated. Taking into consideration that mitochondrial
biogenesis is depressed continuously in the MPS model
of rat. The present empirical study unveils new evidence
that enhances our understanding of the regulatory mechan-
isms by which AMPK-PGC-1a-SIRT3 axis and down-
stream NRF-1 and TFAM signaling pathway acts in
MTrPs development during the process of mitochondrial
biogenesis and energy crisis mediated by reductions in the
intracellular phosphorylation potential that accompany the
decline of generating ATP. These evidences -clearly
showed that the AMPK-PGC-1a-SIRT3 axis and down-
stream NRF-1 and TFAM signaling pathway are down-
regulated by MTrPs in rat GM muscle.

It has been well known that the energy status of the cell
is maintained in a homeostasis, which is a crucial factor in

1.5+ B
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£
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Figure 2 Alternations on level of ATP-generating energy and on ratio of p-AMPK/AMPK activity. Quantification of ATP level (A) and AMP kinase activity (B) by Western
blot measuring the ratio between the phosphorylated (p) and total forms (p-AMPK/AMPK) in rats GM in control and model groups at different time points. *Indicates there
is significantly different from C (3w-PT. vs Control); **indicates there is significantly different from C (I5w-PT. vs Control); P<0.01, n=8 rats for each group. Data are
presented as means * SD. Abbreviations: C, control; PT, post-treatment; w, week.
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all aspects of cell function. However, in the present study,
we observed that the ATP generation is declined at 3-week
post-treatment with concomitant decrease of p-~MPXThr172
AMPK ratio compared with that in the control group.
Although there is a weak increase at 9-week and 15-
week post treatment, the increased amplitude of generating
ATP still shows scarcity. Our results are in contrast to what
was observed in previous studies in different cell stress
events.”>”° Indeed, ultrastructural pathology from TEM
result indicated that mitochondria injury is still not to be
repaired at 15-week post treatment (Figure 1K), which
may suggest that efficiency of mitochondria biogenesis
maintains in a lower level. The mitochondrion is crucial
to cellular energy balance and metabolism, being the main
site of ATP generation in cells. Thus, the continuous
suppression in mitochondrial biogenesis and impaired
mitochondrial function could sustain ATP production in
a relatively lower level, which generates persistently
energy crisis, and then down-regulate the gene expression
level, finally start up a vicious circle. This might explain
why, following MTrPs, ATP production rate is still inhib-
ited. The present results further provide empirical evidence
for an integrated hypothesis of energy crisis for mechan-
ism of MTrPs formation proposed by Simons,' who
pointed out that sustained muscular contraction leads to
a localized ATP generation crisis.

AMPK, controlled by allosteric regulation by the [AMP]/
[ATP] ratio, is a key sensor of cellular energy balance in
mammalian cells, including skeletal myocyte.® Generally,
AMPK activity is recognized to be up-regulated by several
cell stress events resulting in energy impairment, including
exercise/muscle contractile activity.>’ On the contrary, sev-
eral studies indicated that AMPK could also be inhibited by
decreased phosphorylation by upstream kinases and increased
de-phosphorylation by protein phosphatases, such as inactive
states of Src activity through LKB1 independently of the
[AMP]/[ATP] ratio.”®*° Moreover, a most recent study sug-
gested that phosphorylation extent of AMPK did not change
after bed-rest and rehabilitation conditions.>® In the current
study, we also found that lower ATP generation is linked
with lower phosphorylation extent of AMPK, which brought
lower expression of mitochondrial biogenesis and function
related gene. These alternations in gene and protein expression
may be involved in the pathomechanism of MPS. Moreover,
the difference between our results and previous studies was
that different mechanism might address a different type of cell
stress challenge, although we did not do deep research on the
molecular mechanisms by which AMPK influences muscle

cell response to MTrPs. Additionally, owing to allosteric reg-
ulation of AMPK, it might be playing a key role in regulation
of AMPK activity. However, we cannot ignore that the allos-
teric regulatory effect of [AMP]/[ATP] cannot be measured
in vitro, and direct measure of AMPK activity only generally
reflects the phosphorylation state at the time of extraction, as
a previous study has shown.*! It is necessary to recognize its
limitation when an interpretation of the results in the present
study was put forward. Collectively, these results thus indicate

20,25,32 and

that the regulation of AMPK activity is complex,
multiple factors may contribute to energy-induced decrease in
AMPK in the MPS model.

It is reported that a switching off of AMPK leads to
impaired PGC-la activity and diminished mitochondrial
activity.'>** In the current study, we also found that the expres-
sion level of PGC-1a is down-regulated, and then modulate the
down-regulation expression of NRF-1 and TFAM, which cor-
related positively with inhibition level of AMPK. In recent
years, the report about the expression PGC-1a is contradictory.
Actually, higher,** lower”> and unchanged™® expression level
of PGC-1a have been reported. Thereby, we inferred that
AMPK regulates mitochondrial biogenesis in response to
energy deprivation via PGC-la, either by decreasing its
expression or its phosphorylation. In reverse, down-regulated
PGC-1a might play a negative feedback role in the modulation
function of AMPK, which deteriorates the expression of sev-
eral players in mitochondrial metabolism. Under no circum-
stances should we exclude the possibility that the regulation of
PGC-1a transcription in response to MPS, and its role in
modulating the mitochondrial biogenesis/remodeling,
observed in the current study were driven by mechanism(s)
not linked to AMPK. It also raises the probability that the
multiple signaling pathways may converge on regulation of
PGC-1a.>?" Given this, it is possible that a more complex
relationship exists between AMPK and PGC-1a function in
MPS. This is an interesting topic for further research.

Ferrer et al showed that the expression of PGC-1a corre-
lated positively with that of SIRT3 to induce the antioxidant
defenses,®® suggesting that PGC-1a functions as an upstream
regulator of SIRT3. In fact, PGC1a-SIRT3 signaling axis has
been testified as essential for the regulation of mitochondrial
oxidative stress and biogenesis from cell and animal
models.**** Meanwhile, PGC- 10 has been reported to function
as the critical downstream molecule of AMPK.'**"** Based
on our current findings that AMPK-PGC-1la signaling was
observably down-regulated in MPS; therefore, we hypothe-
sized that reduced AMPK-PGC-la signaling resulted in
decreased SIRT3 expression and fuel-generating crisis might
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weaken SIRT3 signaling via the suppression of AMPK-PGC
-1a.. Sure enough, the results reported here showed that inhibi-
tion of AMPK markedly down-regulated PGC-1a and SIRT3
signaling. Therefore, we come to the conclusion that MPS
deteriorates mitochondrial function by increasing mitochon-
drial oxidative damage and decreasing its biogenesis, thus
aggravating mitochondria injury. Another interesting finding
of this current study is that changes in SIRT3 mRNA expres-
sion are significantly not correlated with changes in PGC-1a
expression in experimental group. However, there is
a significant relationship between the change in PGC-1a and
SIRT3 protein content in response to MTrPs. As for the expres-
sion of SIRT?3, this is the first study that the mRNA and protein
expression levels were not correlating with each other in rela-
tion to MTrPs. Moreover, down-regulation expression of
SIRT3 aggravated inhibition of PGC-1a-mediated mitochon-
drial biogenesis probably by reduced transcription levels of
NRF-1 and mtTFA through the PGC-1a. Thus, it is likely that
the MTrPs-induced decrease in SIRT3 protein is independent
of a change in SIRT3 mRNA level. What is more, we cannot
rule out that PGC-1a could be important for promoting the
gene expression of SIRT3 in MPS, which further underscoring
the importance that AMPK-PGClo-SIRT3 axis plays
a fundamental role in this process.

During protein synthesis, ribosomes first bind to the
translated mRNA and thus form translationally compe-
tent structures, which is known as polysomes profiling.
Inhibition of translation initiation results in a decrease in
the proportion of ribosomal subunits in polysomes,*
which indicating that translation initiation is weakened
after muscle contractile activity. This mechanism might
be the possible factor for the MTrPs-induced decrease in
SIRT3 protein expression without the decrease in
mRNA level. In addition, the morphology of mitochon-
dria from histological result is still abnormal and ATP
synthesis also maintains in a lower level at 15 weeks
post treatment (Figures 1K and 2), indicating that SIRT3
may play a role in regulation of mitochondrial oxidative
stress,**  which shows effect
studies.**® Thus, an MTrPs-induced decrease in
SIRT3 may be difficult to reduce the production of
reactive oxygen species. We cannot exclude another

similar with other

possibility that MTrPs decreases mitochondrial biogen-
esis in skeletal muscles through the declined SIRT3
intrinsic activity but not through the declined expression
level. These possibilities described here need further

experimental exploration.

Conclusion

Taken together, according to the previous studies and our
current findings, we proposed that mitochondrial biogen-
esis is continually depressed in the rat model of MPS.
Electron microscopy result of mitochondria in GM is
similar to previous study in VM.> More importantly,
another novel finding of this study is that we proved
the importance of AMPK-PGC-10-SIRT3 signaling in
MPS. We found that MPS induces down-regulation of
AMPK-PGC-10-SIRT3 axis and its downstream NRF-
1-TRFM signaling pathway. In addition, ATP generation
is also inhibited and remains in a lower level associated
with decrease of p-AMPK/AMPK. These findings pro-
vide evidence that MPS induces continuous crisis for
energy production, and then induce decreased expression
of nuclear and mitochondrial genes associated with mito-
chondrial biogenesis. Thus, the stimulation or enhance-
ment of mitochondrial biogenesis may provide a novel
strategy in the future for the treatment of MPS.
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