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Abstract

Skeletal muscle atrophy in the aged causes loss in muscle mass and functions. Naturally occurring antioxidant flavonoid apigenin is able to
ameliorate obesity- and denervation-induced muscle atrophies, but its effects on age-related muscle atrophy remain unknown. We hypothesized
that apigenin can relieve muscle atrophy in aged mice, probably through special effects on reactive oxygen species and enzymes with antioxidant
functions. For the male mice of the study, apigenin showed significant dose-dependent effects in relieving aging-related muscle atrophy
according to results of frailty index as indicator of frailty associated with aging, grip strength, and running distance. Apigenin also improved
myofiber size and morphological features and increased mitochondria number and volume, as manifested by succinate dehydrogenase staining
and transmission electron microscopy. Our tests also suggested that apigenin promoted activities of enzymes such as superoxide dismutase
and glutathione peroxidase for antioxidation and those for aerobic respiration such as mitochondrial respiratory enzyme complexes I, II,
and IV, increased ATP, and enhanced expression of genes such as peroxisome proliferator-activated receptor-y coactivator 1a, mitochondrial
transcription factor A, nuclear respiratory factor-1, and ATP5B involved in mitochondrial biogenesis. The data also suggested that apigenin
inhibited Bcl-2/adenovirus E1B 19kD-interacting protein 3 and DNA fragmentation as indicators of mitophagy and apoptosis in aged mice
with skeletal muscle atrophy. Together, the results suggest that apigenin relieves age-related skeletal muscle atrophy through reducing oxidative
stress and inhibiting hyperactive autophagy and apoptosis.
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Population aging has raised great challenges to health policies and
services (1), and aging may pose multiple adverse influences on
people, increasing morbidity, disability, mortality, and length of hos-
pital stay (2). Skeletal muscle atrophy can be observed in the aged
people due to causes such as neuromuscular disorders, disuse, and
aging (3). For preventing and treating skeletal muscle atrophy
(sarcopenia) associated with aging, researchers have attempted to
explore the underlying mechanisms and develop strategies for pre-
vention and treatment.

© The Author(s) 2020. Published by Oxford University Press on behalf of The Gerontological Society of America.

Muscle atrophy is often manifested as loss of muscle mass and
functions, specifically as smaller myofiber sizes, reduced myofiber
mass, transition of myofiber types, and an imbalance between
synthesis and degradation of proteins in muscles (4). Muscular
protein synthesis and degradation can be regulated by signaling
pathways such as oxidative stress, ubiquitin-proteasome system,
proinflammatory cytokines, autophagy-lysosome systems, hor-
mones, and so on (5). Specifically, in the old mice with muscle
atrophy, oxidative stress markers such as nicotinamide adenine
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dinucleotide phosphate oxidase are increased, mitochondrial
markers such as peroxisome proliferator-activated receptor-y
coactivator la (PGC-la) are reduced, ubiquitin-proteasome
pathway genes are upregulated, and protein synthesis markers are
downregulated when compared with the young mice (6). Treatment
with kynurenine increases reactive oxygen species (ROS) and
muscle lipid peroxidation, and reduces muscle size and strength
in sarcopenia (7). Additionally, studies have suggested that fac-
tors such as tumor necrosis factor-a, myostatin, glucocorticoids,
and ROS are able to induce protein loss in muscle atrophy (4).
Myokine fibroblast growth factor 21 (FGF21) usually having very
low content in muscles is inducible by mitochondrial myopathies,
FGF21 overexpression in vivo is sufficient to induce autophagy
and muscle loss, and Bcl-2/adenovirus E1B 19kD-interacting
protein 3 (BNIP3, a mitophagy protein and apoptosis marker) in-
hibition protects against FGF21-dependent muscle atrophy (8).
Mitochondria may play key roles in myocyte loss during aging,
because they can induce apoptosis in myocyte (9). Chronic kidney
disease is associated with hyperactive autophagy and mitophagy,
with elevated mRNA and protein expression of BNIP3, light chain
3 (LC3), and p62 in the skeletal muscle and isolated mitochon-
dria of the chronic kidney disease group with muscle atrophy
(10). These studies suggested that oxidative stress, mitochondria
dysfunction, autophagy/mitophagy, and apoptosis are closely in-
volved in the age-related skeletal muscle atrophy.

Pharmaceutical and nonpharmaceutical ways have been proposed
to prevent and treat skeletal muscle atrophy (5,11). For example, bene-
ficial effect of butyrate on muscle mass during aging is suggested by
reduced markers of oxidative stress and apoptosis and improved anti-
oxidant enzyme activity (12). Kynurenine capable of increasing ROS
is generated by indoleamine 2,3-dioxygenase (IDO), and myofiber size
and muscle strength are increased by treatment with the IDO inhibitor
1-methyl-D-tryptophan in aged mice with sarcopenia (7). Among those
with potential for relieving muscle atrophy, apigenin (5,7-dihydroxy-
2-(4hydroxyphenyl)-4H-1-benzopyran-4-one) has drawn attention
recently (13,14). Apigenin has antioxidant, anti-inflammatory, anti-
microbial, antiviral, and antiparasitic functions, and can be used for
treating obesity, muscle atrophy, and cancer (13,15-17). Reportedly,
apigenin is able to ameliorate obesity-induced and denervation-
induced muscle atrophies (13,14), but whether apigenin can be used
to prevent and treat aging-related muscle atrophy and its possible
mechanisms and effective dose remain unknown.

Considering that aging adversely affects skeletal muscle, we
hypothesized that apigenin supplementation relieves such adverse
effects by enhancing antioxidant capacity and inhibiting hyper-
active mitophagy and apoptosis. Therefore, the aims of this study
were to selectively explore mechanisms of aging-associated muscle
atrophy in aspects of oxidative stress, mitophagy, and apoptosis
and evaluate the preventive effects of apigenin on muscle atrophy
in aged mice.

Materials and Methods

Animal Experiments

All animal experiments in this study were approved by the Welfare
and Ethical Committee for Experimental Animal Care of Guangzhou
University of Traditional Chinese Medicine (Registration No:
SYXK (Yue) 2018-0189). Sixty (60) male C57BL/6 mice were pur-
chased from Guangdong Medical Laboratory Animal Center in
China. Mice were aged until approximately 16 months for the Old
groups (n = 48) and then randomly assigned to 4 groups (12 mice

per group): Old (Old control), standard chow diet and distilled
water; Old + AP235, apigenin 25 mg-kg'-day! (low dose); Old +
APS50, apigenin 50 mg-kg!-day! (middle dose); and Old + AP100,
apigenin 100 mg-kg-'-day! (high dose). A group of young mice
(n = 12) were fed with standard chow diet and distilled water from
6 to 9 months, and served as young adult controls (Young).

All mice were housed in individual ventilated cages under spe-
cific pathogen-free conditions at 22 = 2°C on a 12-h light/dark cycle.
Old mice in the treatment groups were intragastrically administered
with apigenin at the dose of 25, 50, or 100 mg-kg-'-day~' (Sigma-
Aldrich, St Louis, MI) between 9 and 10 am for 9 months, because
there was no appropriate positive control drug to choose. Body
weights of all mice were measured twice weekly as bases for cal-
culating the amount of drugs. To assess the changes in food intake,
an equal amount of food (5 g/d) was given to each mouse at 10 am.
Within each cage, food pellets were stored in mesh hoppers to pre-
vent spillage. After each period of 24 hours, mice were removed from
their cages to assess the food intake. By the end of the study, 12 mice
in the Old groups (48 mice in total) died of natural causes.

Clinical Frailty Index Assessment, Grip Strength,

and Running Distance

A 31-item mouse clinical frailty index (FI) was adopted to as-
sess frailty as described in previous literature in a simplified and
noninvasive way (18), because frailty is prevalent in aged popula-
tion. Clinical assessment included evaluation of the integument, the
musculoskeletal system, the vestibulocochlear/auditory systems,
the ocular and nasal systems, the digestive system, the urogenital
system, the respiratory system, signs of discomfort, the body weight
(g), and body surface temperature (°C). Supplementary Table 1
lists clinical signs of deterioration/deficits evaluated in this study.
Briefly, mice were taken to a quiet room and assessed at approxi-
mately the same time. Each of these frailty assessments was scored
as absent (score of 0), mild (score of 0.25), mild to moderate (score
of 0.5), moderate (score of 0.75), or severe (score of 1). Values for
each deficit were then summed up and divided by the total number
of deficits measured to yield an FI score. Old mice were assessed
for frailty each month from 16 to 25 months of age according to
the needs of administration in a preventive mode, while young
mice were appraised with the same method separately at 6 and
9 months. To evaluate muscle functions of mice, grip strength and
running distance were measured as described in our previous pub-
lication (19).

Myofiber Cross-Sectional Area Measurement

and Myofiber-Type Shift Detection by Succinate
Dehydrogenase Staining

The frozen sections of the tibialis anterior (TA) muscle were
stained with succinate dehydrogenase for measurement of myofiber
cross-sectional area and classification of fibers into type I (slow oxi-
dative), Ila (fast oxidative glycolytic), or IIb (fast twitch glycolytic)
as we previously reported (20).

Transmission Electron Microscopy for Analysis of
Mitochondria

The detailed procedures of transmission electron microscopy for TA
muscles were reported previously (19). With a computer imaging ana-
lysis system (JEM-1400, JEOL Ltd, Tokyo, Japan), the area, number
of cross-section, perimeter, and long axis and short axis of mito-
chondria were measured. Based on the stereological principles for
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morphological study, mitochondrial number per unit area, average
diameter, and volume density were all further calculated (21).

Mitochondria Isolation and Determination of
Mitochondrial Membrane Potential (Aym)

Skeletal muscle mitochondria were isolated from the quadriceps
(QUAD) muscles by differential centrifugation using a mitochon-
dria crude isolation kit (Genemed Scientifics Inc., Shanghai, China)
as described (19). The Aym, an indicator of the inner and outer
membrane integrity, was measured using a JC-1 probe (Beyotime,
Shanghai, China). In short, the freshly isolated mitochondria were
suspended in JC-1 staining solution, and the fluorescence intensity
was measured using an Infinite M200 Microplate Reader (Tecan,
Mannedorf, Switzerland). Images were acquired by a Zeiss con-
focal laser scanning microscope, and further analysis of the fluor-
escence intensity was performed using Zeiss LSM Image Examiner
software. The Aym was represented by the ratio of red to green
fluorescence.

Measurement of Oxygen Consumption Rate

The basal oxygen consumption rate (State 4) was measured using the
Seahorse XF24 Extracellular Flux Analyzers (Seahorse Bioscience,
Billerica, MA), as we described previously (22). Briefly, 10 pg iso-
lated muscle mitochondria (3—-6 pL) were loaded into the XF24 cell
culture microplates (Seahorse Bioscience) on ice, and 50 puL of the
substrates (5 mM pyruvate plus § mM malate) and 440 pL of mito-
chondrial assay solution (70 mM sucrose, 220 mM mannitol, 5 mM
KH,PO,, S mM MgCl,, 2 mM HEPES, 1 mM EGTA, and 0.2% BSA,
pH 7.4) were carefully added on the top. All the chemicals loaded
in the Seahorse cartridge ports were diluted in mitochondrial assay
solution (pH 7.4).

Measurement of ElectronTransport Chain Enzyme
Activities and ATP Content

The electron transport chain enzyme activities in mitochondria
were measured based on specific donor-acceptor oxidoreductase
activities. All assays were performed at 30°C with a Shimadzu
UV-1601 spectrophotometer. The specific activities of complexes
I (#A089-1-1), II (#A089-2-1), and IV (#A089-4-1) were meas-
ured using the corresponding kits (Jiancheng Bioengineering Co.,
Nanjing, China). On the other hand, the ATP levels in gastro-
cnemius (GAS) muscles were measured with an ATP Assay Kit
(Beyotime).

Measurement of Oxidative Stress Indicator

Contents and Antioxidant Activities

The content of hydrogen peroxide (H,0,) as an indicator of
oxidative stress was measured using a hydrogen peroxide assay
kit (Jiancheng Biotech Inc., Nanjing, China) based on reaction
with molybdic acid. The malondialdehyde content, as a marker
of lipid peroxidation, was determined using an MDA Detection
Kit (Beyotime). Moreover, the carbonyl protein level as an indi-
cator of protein oxidative damage was measured using a Protein
Carbonyl Content Assay Kit. All of the above 3 measurements
were performed with gastrocnemius muscles and as we previ-
ously described (23). In addition, the mitochondrial superoxide
anion (O,
assay (Beyotime), which is an ethidium-based, redox-sensitive
fluorescent probe and will form 2-hydroxyethidium (2-OHE") if

) generation was determined by dihydroethidium

oxidized by O,". The fluorescence was measured at an excita-
tion wavelength of 500-530 nm and an emission wavelength of
590-620 nm using a fluorimeter (Tecan).

The total antioxidant capacity (T-AOC) and antioxidant enzym-
atic activities of superoxide dismutase and glutathione peroxidase
in gastrocnemius muscles were determined by use of corresponding
assay kits (Beyotime) according to the manufacturer’s instructions.

Determination of Mitochondrial DNA Copy Number
According to the manufacturer’s protocol, mitochondrial DNA
(mtDNA) was obtained using a Mito DNA Extraction Kit (Genmed
Scientifics, Inc., Delaware). Quantification of mtDNA was per-
formed by use of the ratio of a mitochondrial gene (16S RNA) to a
nuclear gene (UCP2) as described (24).

Western Blotting

Snap-frozen quadriceps muscle tissues were homogenized in lysis
buffer as reported (19). Cytosolic and mitochondrial proteins were
separated. After Western blotting of the samples, protein bands were
detected and analyzed using a ChemiDoc MP Imaging System (Bio-
Rad Laboratories, Hercules, CA). Voltage-dependent anion channel
protein (VDAC) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, a house keeping gene with relatively stable expression)
were used as the loading control for mitochondrial protein and cyto-
solic protein, respectively. Results were expressed as the integrated
optical density (IOD) relative to VDAC or GAPDH. VDAC (1:1000,
#4661) and BNIP3 (1:1000, #12396) antibodies were purchased
from Cell Signaling Technologies (Danvers, MA). Antibodies for
LC3-I/11 (1:1000, ab58610), ubiquitin-binding protein p62 (1:1000,
ab91526), and cytochrome C (Cyt-C, 1:1000, ab13575) were from
Abcam (Cambridge, United Kingdom). ATP5B antibody (1:1000,
ARP48185_T100) was from Aviva Systems Biology (San Diego, CA).
Mitochondrial transcription factor A (TFAM) (1:100, sc-376672)
and nuclear respiratory factor-1 (NRF-1) (1:100, sc-33771) anti-
bodies were from Santa Cruz Biotechnology (CA). PGC-1a antibody
(1:2000, NBP1-04676) was from Novus Biological (CO). GAPDH
antibody (1:1000, 60004-1-Ig) was from Proteintech (Chicago, IL).

Determination of Apoptosis Markers

The quantitative determination of cytoplasmic histone-associated
DNA fragments (mono- and oligonucleosomes) due to cell death
was measured using ELISA kit (Roche Diagnostics GmbH, ,
Mannheim, Germany) (22). Total poly(ADP-ribose) polymerase
(PARP) activity was analyzed in gastrocnemius muscle tissue lys-
ates using the Universal PARP Colorimetric Assay (Trevigen Inc.,
Gaithersburg, MD) (24). Caspase activity was evaluated with the
Caspase-3 Assay Kit (Colorimetric) (ab39401). Protein extracts
from quadriceps muscles were incubated with YVAD-pNA substrate
at 37°C for 2 hours. The pNA emission was quantified with a spec-
trophotometer at 400 nm (25).

Statistical Analysis

All data were shown as the mean = standard deviation (SD) or the
mean = standard error of mean (SEM). SPSS (version 25) statistical
software package (SPSS Inc., Chicago, IL) was used for statistical
analysis. Samples were considered to be normally distributed if p >
.05 in the Kolmogorov-Smirnov test. One-way ANOVA was used
for comparisons among groups. Heterogeneity of variance was
accepted if p < .05, and least significant difference method was
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used to perform appropriate multiple comparisons among groups.
Otherwise, the Tukey’s post hoc test was adopted. p < .05 was con-
sidered to be statistically significant.

Results

Apigenin Relieved Frailty and Improved Muscle
Function in Aged Mice

According to the FI assessment, and the measurement of grip
strength and running distance, all the old mice performed worse
than the Young control, and the old mice treated with apigenin
performed better than the Old control, wherein the group treated
with apigenin at middle dose performed the best in general
(Figure 1A-D). The results suggested that muscle functions deteri-
orate with aging and apigenin relieves the adverse effects on muscle.

Apigenin Attenuated Muscle Atrophy and Myofiber-
Type Shift in Aged Mice

Skeletal muscle atrophy leads to reduced weight and cross-sectional
area of muscles (26). Neither the food intake nor the body weight
differed significantly among the 5 groups (Supplementary Figure
1A and B). However, the TA, extensor digitorumlongus, and soleus
muscle weights and the muscle/body weight ratios of the Old control
reduced when compared with the Young control, and the supple-
mentation of apigenin at middle dose effectively relieved the muscle
loss (Figure 2A and B). Figure 2C shows images of the TA muscle
cross-sections obtained by succinate dehydrogenase staining, where
the muscle atrophy of old mice was attenuated in the 3 treatment
groups. Similar effects of apigenin on muscle atrophy were demon-
strated in the muscle cross-sectional area and muscle fiber frequency
distribution results (Figure 2D and E). The succinate dehydrogenase
staining showed that type I (slow oxidative) and Ila (fast oxidative
glycolytic) muscle fibers rich in mitochondria were significantly de-
creased, and type IIb (fast twitch glycolytic) fibers with relatively
fewer mitochondria were increased in the Old groups. Interestingly,
apigenin treatment at middle dose significantly reduced type IIb fi-
bers and increased type I and Ila fibers, suggesting inhibition of fiber-
type shift in the treated groups (Figure 2F).

Apigenin Improved Mitochondrial Respiratory
Function in Skeletal Muscle

This study found that apigenin at middle dose significantly increased
basal oxygen consumption rate in old mice (Figure 3B). Furthermore,
activity analysis of mitochondrial respiratory electron transport
chain complexes 1, II, and IV in gastrocnemius muscle showed that
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apigenin significantly increased the activities of these complexes
(Figure 3A). Stable Aym is essential for oxidative phosphorylation
and generation of ATP (27). In comparison to the Young control,
the fold change showed that apigenin at middle and high doses sig-
nificantly improved Aym in aged mice (Figure 3C). Concomitantly,
Figure 3D indicates that apigenin significantly improved ATP con-
tent. Taken together, these results suggested that apigenin improved
the muscular mitochondrial functions such as aerobic respiration
and ATP synthesis.

Apigenin Improved Aberrant Morphological

Features and Promoted Mitochondrial Biogenesis in
Skeletal Muscle of Aged Mice

To assess the effect of apigenin on morphological features, TA
muscles were observed under transmission electron microscopy. The
Old control had fewer mitochondria than the Young control, while
apigenin improved the overall morphological features (Figure 3E).
The quantitative analyses proved that the size (diameter), number,
and volume density of mitochondria were significantly improved by
apigenin at middle dose (Figure 3F-H).

Additionally, we examined mitochondrial biogenesis in
skeletal muscle. Apigenin improved the relative mtDNA copy
number (Figure 3I), indicating the mitochondrial expansion
in the treated mice. Finally, Western blotting with GAPDH
as loading control was used to evaluate protein expression
of key genes involved in mitochondrial biogenesis, including
PGC-1a, TFAM, NRF-1, and ATP5B, and apigenin at middle
and high doses improved their expression levels significantly
(Figure 3J-N). In summary, apigenin effectively improved mito-
chondrial features, increased mitochondrial number, and en-
hanced the expression of key genes to promote mitochondrial
biogenesis.

Apigenin Suppressed Oxidative Stress and
Enhanced Antioxidant Capacity
The experiment showed that apigenin reduced mitochondrial super-

oxide anion (O,™) as a component contributing to oxidative stress

2
(Figure 4A). Measurement of H,O, content as an indicator of oxi-
dative stress in proteins in skeletal muscle indicated that apigenin
effectively relieved the adverse effect of aging on skeletal muscle
(Figure 4B). Additionally, measurement showed that apigenin re-
duced malondialdehyde content, suggesting inhibition of lipid
peroxidation (Figure 4C). On the other hand, carbonyl protein
was measured as an indicator of protein oxidative damage, and
apigenin was proved to be able to alleviate the damage signifi-
cantly (Figure 4D). Furthermore, in exploration of mechanism for
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Figure 1. Apigenin treatment relieved frailty and improved muscle function in aged mice. (A) Mean frailty index (Fl) scores were evaluated in young mice and (B) in old
mice treated either with apigenin (AP) at dose of 25 mg-kg-'-day~' (Old + AP25, low dose), 50 mg-kg-'-day-' (Old + AP50, middle dose), or 100 mg-kg-"-day' (Old + AP100,
high dose), or without treatment as Old control mice.The muscle function was detected by (C) grip strength and (D) running distance. Data are presented as the mean =

SD (n=8-10). 'p < .05, versus 16 months (in the Old group); *p < .05, versus the Old group (25 months).

Full color version is available within the online issue.
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Figure 2. Apigenin attenuated muscle atrophy in aged mice. (A) Weights
of tibialis anterior (TA), extensor digitorum longus (EDL), and soleus (SOL)
muscles were normalized to tibia length. (B) Relative weights of TA, EDL, and
SOL normalized to body weight. (C) Succinate dehydrogenase (SDH) staining
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distribution of the SDH-stained TA muscle. (F) Numbers of types | (slow
oxidative), lla (fast oxidative glycolytic), and llIb (fast twitch glycolytic) muscle
fibers. Data are presented as the mean + SD (n = 8-10). *p < .05, versus the Old
group (25 months).  Full color version is available within the online issue.

oxidative stress suppression by apigenin, the T-AOC and activities of
superoxide dismutase and glutathione peroxidase in gastrocnemius
muscles were determined. The results showed that activities of these
2 enzymes involved in degradation of superoxide were enhanced
and the T-AOC was consequently improved in apigenin-treated aged
mice (Figure 4E-G).

Apigenin Inhibited Hyperactive Mitophagy and
Mitochondria-Dependent Apoptosis in Skeletal
Muscle of Aged Mice
Moderate mitophagy usually serves to remove the damaged or aged
mitochondria, and promotes reutilization of constitutional elements
(28). Interestingly, expression of BNIP3 as mitophagy marker was
enhanced by aging and attenuated by supplementation of apigenin
(Figure SA and B). Ubiquitin-binding protein p62 plays a critical role
in selective mitophagy and oxidative stress response (29). Its expres-
sion was promoted by aging and inhibited by apigenin (Figure 5A
and C). Increase of LC3-II/I ratio in aged mice indicated increase of
autophagy, and decrease of the ratio suggested inhibitive effect of
apigenin on autophagy (Figure SA and D). Finally, Figure SE-G sug-
gest that release of Cyt-C from mitochondria to the cytosol was in-
creased by aging and hindered by apigenin. Such release of Cyt-C is
considered as a sign of beginning of apoptosis, and happens before
the DNA fragmentation and activation of caspase 3 (30). Damaged
mitochondria may generate higher amounts of ROS, and tend to
trigger apoptosis (31).

DNA fragmentation is an indicator of apoptosis (32), and data
showed that DNA fragmentation was increased by aging but reduced
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Figure 3. Apigenin improved mitochondrial function and promoted
mitochondrial biogenesis in skeletal muscle of aged mice. (A) Activities of
mitochondrial complexes |, I, and IV. (B) Oxygen consumption rate (OCR).
(C) Mitochondrial membrane potential (MMP) Aym. (D) ATP content. (E)
Transmission electron microscopy micrographs (magnification: 12 000)
of tibialis anterior (TA) muscles. White arrows indicate mitochondria, black
arrows the Z-line, and brackets the I-bands. Scale bar: 2 pm. Quantitative
analysis of mitochondrial (F) size, (G) number, and (H) volume density. (I)
The relative mitochondrial DNA (mtDNA) copy number. (J) Representative
images and quantification (fold change from Young) of (K) PGC-1a, (L)
TFAM, (M) NRF-1, and (N) ATP5B were shown. Data are presented as
the mean = SD (n = 8-10). *p < .05, versus the Old group (25 months).

Full color version is available within the online issue.

by apigenin (Figure SH). Poly(ADP-ribose) polymerase helps to re-
pair DNA and is a substrate of caspase 3 (33), so we examined
their activities to explore the possible mechanism of apigenin.
Activities of PARP and caspase 3 were enhanced by DNA fragmen-
tation, while apigenin treatment was associated with inhibition of
their activities (Figure 5I and J), which may protect the cells from
hyperactive apoptosis. A previous study showed that inhibition of
apoptosis partially attenuated denervation-induced muscle atrophy
in a Bax knockout mouse model (34). It seems that oxidative stress,
hampered mitochondrial functions, and hyperactive mitophagy and
apoptosis have complicated roles in the atrophy process.

Discussion

Muscle atrophy leads to reduced muscle mass and impaired muscle
functions. Frailty is prevalent in aged population and FI can be used
to assess frailty associated with aging. Compared to the young, aged
mice in this study showed higher FI, reduced muscle cross-sectional
area and weight, weaker grip strength, and shortened running
distance, suggesting that aging-related atrophy happened in skeletal
muscles of the old mice. Consistent with reports of apigenin playing
preventive role in muscle atrophy in obese mice (13), we found that
apigenin relieved muscle atrophy in aged mice by inhibiting loss in
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Figure 4. Apigenin suppressed oxidative stress and enhanced antioxidant
capacity in skeletal muscle of aged mice. (A) Mitochondrial O, (mt O,™)
content. (B) H,0, levels. (C) Malondialdehyde (MDA) levels. (D) Carbonyl
protein content. Activities of (E) glutathione peroxidase (GPx) and (F)
superoxide dismutase (SOD). (G) Total antioxidative capability (T-AOC). Data
are presented as the mean + SD (n = 8-10). *p < .05, versus the Old group
(25 months). Full color version is available within the online issue.
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Figure 5. Apigenin inhibited autophagy and mitochondria-dependent
apoptosis in skeletal muscle of aged mice. (A) Representative images and
quantification (fold change from Young) were shown for (B) BNIP3, (C)
p62, and (D) LC3-ll/l. (E) Representative images and quantification (fold
change from Young) of cytochrome C in (F) cytosol and (G) mitochondria
fractions were shown, respectively. (H) The DNA fragmentation. Activities
of (I) PARP (fold change from Young), and (J) caspase 3. Data are presented
as the mean + SD (n = 8-10). *p < .05, versus the Old group (25 months).
Full color version is available within the online issue.

muscle mass and force. Similarly, previous studies showed the fast-
to-slow and slow-to-fast muscle fiber shift in atrophy, and type IIb
fibers can shift to type Ila fibers after resistance training (35,36),
while our results suggested that apigenin was effective in inhibiting
the myofiber-type shift. Sarcopenia is often observed in people with
frailty, and loss of muscle strength is very likely to lead to mobility
disability and mortality in the aged adults (37,38). As apigenin ef-
fectively relieved the relevant symptoms, it seems to be a promising
candidate reagent for the prevention of muscle atrophy in the aged.

It is known that mitochondria are crucial for providing energy to
muscle contraction, and dramatic reduction in total adenine nucleo-
tides (ATP, ADP, and AMP) is observed in atrophic skeletal muscle
(39). Normal mitochondrial membrane potential is prerequisite of
the normal functions such as oxidative phosphorylation and ATP
generation (27), and our study found that apigenin can help to main-
tain the membrane potential. Muscle strength is related to muscle
contraction involving ATP, and ATP can be replenished by use of
the phosphagen system, the glycolytic system, and the mitochon-
drial oxidative phosphorylation system (40). This study showed
apigenin increased the ATP content. Furthermore, the activities
of mitochondrial enzymatic complexes in the respiratory electron
transport chain for energy supply and the oxygen consumption were
improved by apigenin, partly leading to the ATP increase. In this

study, apigenin restored oxygen consumption rate to some extent in
old mice. In agreement with our findings, another study has shown
that the knockdown of optic atrophy protein 3 results in decreased
energy metabolism manifested by reduced oxygen consumption rate
and ATP, leading to inhibition of cell proliferation (41). In this study,
old mice had reduced energy metabolism and impaired mitochon-
drial functions, while apigenin supplementation improved the ATP
content, enzymatic activities, and mitochondrial membrane poten-
tial, effectively improving the mitochondrial functions. Furthermore,
the mitochondria size, number, volume density, and mtDNA copy
number were increased by apigenin as well. Overexpression of
PGC-1a, a principal regulator of energy metabolism, ameliorates
mitochondrial deficits (29). A recent study has found that testos-
terone induces the expression of NRF-1 and TFAM, suggesting its
role in mitochondrial transcription and biogenesis in muscle (42).
Interestingly, the protein expression levels of several key genes in-
volved in mitochondrial biogenesis, including PGC-1a, TFAM,
NRF-1, and ATP5B, were improved significantly by apigenin as well.

It is believed that protein synthesis and degradation in muscle
are regulated by signaling transduction related to oxidative stress,
autophagosome-lysosome systems, hormones, and so on (43).
Mitochondria are the aerobic energy production site, and ROS as
by-product of mitochondrial metabolism may cause mtDNA mu-
tations and dysfunction, destroy antioxidant defensing system, and
cause damage to tissues (28,44). The increased ROS levels can pro-
mote autophagy and apoptosis in myoblasts (45). The mechanism
may be that dysfunctional and depolarized mitochondria release
excessive ROS, the increased ROS results in apoptosis and subse-
quent mitochondrial depolarization, and the depolarization occurs
as defense before mitophagy (46). Therefore, a promising strategy
for treating skeletal muscle atrophy is to reduce ROS and relieve
oxidative stress. In a study on denervation-induced muscle atrophy,
salidroside alleviates the disease by inhibiting oxidative stress, inflam-
mation, expression of atrophic genes, and activation of mitophagy
(47). Our study showed that apigenin reduced biomarkers of oxida-
tive stress such as O, and H,0,, enhanced activities of antioxidant
enzymes such as superoxide dismutase and glutathione peroxidase,
and improved T-AOC, thereby protecting muscular proteins and
lipids from oxidative damage.

Our previous study has found that Astragalus polysaccharide in-
hibits the autophagy and apoptosis elicited by peroxide injury (48).
Another study on aging-related muscle atrophy reveals elevated ex-
pression of genes involved in cellular responses to inflammation and
apoptosis (49). In skeletal muscle in the aged, mitophagy protein
expression is enhanced possibly due to increased mitochondrial dys-
function, damage, and fission (29). Interestingly, pyrroloquinoline
quinone attenuated denervation-induced skeletal muscle atrophy,
mitophagy, and fiber-type transition (50). Cytochrome C normally in
mitochondria can be released into the cytosol by pro-apoptosis sub-
stances and is considered to be sign of beginning of apoptosis (30),
and our analysis showed that such release of Cyt-C was inhibited
by apigenin. We found that DNA fragmentation as a hallmark of
apoptosis, p62 involved in mitophagy and oxidative stress response,
LC3-II/I ratio as indicator of autophagy, and BNIP3 as an apoptosis
marker were increased in old mice, and apigenin protects the muscles
by interfering with the relevant bioprocesses. Concomitantly, inhib-
ition of activities of PARP and caspase 3 implied the protective effect
of apigenin on muscle from hyperactive apoptosis.

In summary, this study provided some evidences that antioxi-
dant apigenin relieves aging-related skeletal muscle atrophy, and
the mechanism may be tentatively described as below. Aging is
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associated with T-AOC reduction due to decreased activities of
peroxidases, and with oxidative stress increased by higher con-
tents of ROS, causing lipid and protein damages. The electron
transport chain enzyme complex activities are inhibited, and ATP
content decreases. Meanwhile, the Aym decreases (mitochon-
drial depolarization), leading to release of ROS and Cyt-C from
mitochondria to cytoplasm. Mitochondrial DNA is fragmented
and PARP is induced for DNA reparation. The above processes
may trigger hyperactive mitophagy, and the number and size of
mitochondria are reduced. The ROS release and mitophagy in-
duce apoptosis, leading to reduced number and size of myofibers.
As a result, muscle mass and power are reduced, and muscle at-
rophy is developed. Antioxidant apigenin helps to prevent the
aging-related muscle atrophy at the very beginning. Admittedly,
this study only reported the primary results obtained in various
selected muscle types in male mice, while female animals are suit-
able for mimicking postmenopausal women because estrogen de-
ficiency is considered to be a significant factor of muscle atrophy
(51). Due to technical, time, and financial limits, we found it not
realistic to carry out the above tests on each of the several muscle
types used. In the future, new studies can be designed to further
evaluate efficacy and side effects of apigenin in prevention and
treatment of aging-related muscle atrophy first with other animal
models such as female mice and then clinically.
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