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ARTICLE INFO ABSTRACT

Section Editor: Michal Masternak The natural polyphenol resveratrol (RSV) might counteract the skeletal muscle age-related loss of muscle mass
and strength/function partly acting on mitochondria. This work analysed the effects of a six-week administration
of RSV (50 mg/kg/day) in the oxidative Soleus (Sol) skeletal muscle of old rats (27 months old). RSV effects on
key mitochondrial biogenesis proteins led to un unchanged amount of SIRT1 protein and a marked decrease (60
%) in PGC-la protein. In addition, Peroxyredoxin 3 (PRXIII) protein decreased by 50 %, which on overall
suggested the absence of induction of mitochondrial biogenesis by RSV in old Sol. A novel direct correlation
between PGC-1a and PRXIII proteins was demonstrated by correlation analysis in RSV and ad-libitum (AL) rats,
supporting the reciprocally coordinated expression of the proteins. RSV supplementation led to an unexpected
50 % increase in the frequency of the oxidized base OH8dG in mtDNA. Furthermore, RSV supplementation
induced a 50 % increase in the DRP1 protein of mitochondrial dynamics. In both rat groups an inverse corre-
lation between PGC-1a and the frequency of OH8dG as well as an inverse correlation between PRXIII and the
frequency of OH8dG were also found, suggestive of a relationship between oxidative damage to mtDNA and
mitochondrial biogenesis activity. Such results may indicate that the antioxidant activity of RSV in aged Sol
impinged on the oxidative fiber-specific, ROS-mediated, retrograde communication, thereby affecting the
expression of SIRT1, PGC-1a and PRXIII, reducing the compensatory responses to the age-related mitochondrial
oxidative stress and decline.
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1. Introduction

Skeletal muscle (SM) is pivotal for movement, breathing, and cir-
culatory functions. Muscle fibers’ contraction requires ATP hydrolysis,
obtained through the myosin adenosine triphosphatase (ATPase) activ-
ity, which can be histochemically characterized, leading to the identi-
fication of three distinct fiber types known as fast-glycolytic (type Ila),
fast-oxidative glycolytic (type IIb), and slow-oxidative (type I) (Brooke
and Kaiser, 1970). The fast-glycolytic and fast-oxidative glycolytic fibers
are fast-twitch fibers, featuring fast myosin ATPase and sarcoplasmic
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reticulum Ca-ATPase activities. A mixture of both fast fiber types is
present in fast-twitch muscles (extensor digitorum longus, EDL;
gastrocnemius, G; vastus lateralis, VL; tibialis anterior, TA). On the other
side, the slow-oxidative fiber type possesses slow myosin ATPase and
sarcoplasmic reticulum Ca-ATPase activities, prolonged twitch duration
and is mostly present in slow muscles as the soleus (Sol). Aging affects
several functional features of SM as the percent distribution of the
various fiber types, the mass, the total fibers number, and the single-
fiber diameter (Larsson and Edstrom, 1986; Lexell et al., 1988). Other
age-related alterations, contributing to decrease muscle endurance,
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include reduction in capillary density and blood supply, impairment of
glucose transport and substrate availability, reduced rate of phospho-
creatine repletion, decrease in mitochondrial number and in activity of
oxidative enzymes. Such changes markedly impact on aerobic meta-
bolism, reducing fatty acid oxidation and metabolism of glucose and
lipids (Holloszy and Coyle, 1984). Therefore, the increase in muscle
fatigability occurring with age is likely due also to the decline in mito-
chondrial content and function, impairing muscle oxidative and
endurance capacity (Thompson, 2022). Dysfunctional mitochondria are
considered major contributors to muscle function decline since the or-
ganelles are the main cell source of energy. In particular, the suscepti-
bility of the slow twitch Sol muscle to aging had been clearly
demonstrated through the age-related decrease in the activity of the
mitochondrial enzymes citrate synthase and complex IV, passing from
young rats (7-10-month-old) to senescent animals (35-month-old). Such
enzyme decline was specific of Sol and fast oxidative regions of red
gastrocnemius (RG) muscle, with no change in the fast glycolytic region
of white gastrocnemius (WG), thus unveiling the sensitivity of Sol to
aging, which had been underscored before (Carter et al., 2010). Other
previous studies on the age-related mitochondrial alterations in rat Sol
reported different changes, affecting organelle structure and functions,
as a marked decrease in content of mitochondrial DNA (mtDNA) and of
the histone-like protein of mtDNA, mitochondrial transcription factor A
(TFAM) (Picca et al., 2014) as well as a reduction in mitochondrial
biogenesis (Pesce et al., 2010; Gadaleta et al., 1998). In recent years,
consciousness about the great promotion of healthy aging due to the
regular consumption of various nutrients present in fruits, vegetables
and other natural products has constantly and largely grown. In
particular, such products carry an additional value beside their nutri-
tional content that is their ability to be engaged in signaling pathways
leading to responses able to counteract different stresses affecting cells
and tissues. Several among such natural compounds have multifaceted
features, also including a clear geroprotective potential that makes them
favoured over other approaches aiming to delay aging and to prevent or
retard the overt onset of age-related pathologies (Musillo et al., 2021).
The natural polyphenol resveratrol (RSV), abundant in red grapes,
berries, and peanuts has gained a very large resonance because of its
pleiotropic actions (Schrauwen and Timmers, 2014). RSV’s multiple
therapeutic effects include antioxidant, antimicrobial, cardioprotective,
anti-tumour, anti-diabetes, anti-obesity and anti-aging activities
(Camins et al., 2009; Liuzzi et al., 2011; Zhang et al., 2021). In partic-
ular, although not all the various molecular mechanisms elicited by RSV
have yet been fully clarified, several positive effects of the molecule on
metabolic health resemble those induced by the up to now most effi-
cacious treatment for delaying aging namely calorie restriction. The
huge number of studies about RSV ability to preserve and/or restore
metabolic health endangered by aging processes has led to the identi-
fication of the molecule as one of the most promising calorie restriction
mimetic (Lam et al., 2013; Madeo et al., 2019). RSV is also very effi-
cacious in safeguarding skeletal muscle functionality since it can pro-
mote mitochondrial biogenesis, improve muscle fatigue resistance, and
reverse sarcopenia in older people (Qu et al., 2021). Mitochondria are
among the targets of RSV beneficial effects, since the natural compound
enhances mitochondrial function through different pathways. As for
rodent SM, RSV has been reported to induce an enhancement of mito-
chondrial oxidative capacity through increased expression of electron
transport chain components, driving to an improved energy utilization
in gastrocnemius (G) and Sol of adult mice (Price et al., 2012).
Furthermore, RSV has been shown to promote mitochondrial biogenesis
in adult rodent non oxidative fibers from G skeletal muscle through the
activation of the biogenesis master regulator peroxisome proliferator
activated receptor-gamma coactivator-la (PGC-1a). Such RSV-related
activation is obtained through the sirtuin 1 (SIRT1)-dependent deace-
tylation of PGC-1a and modulation of the expression of PGC-1u target
genes in the muscle, thus originating the SIRT1- PGC-1a axis (Lagouge
et al., 2006). Previous reports have led to the conclusion that RSV
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triggers tissue-specific effects (Lagouge et al., 2006; Handy et al., 2023)
and that, as for SM, the response might be different analyzing fast-twitch
muscles as TA (Niu et al., 2021) or whole G (Muhammad and Allam,
2018) versus the oxidative RG. In fact, in a previous study, the potential
efficacy of treating old rats (27 months old) with short-term (6 weeks),
RSV (50 mg/kg/day) was investigated in the glycolytic WG and oxida-
tive RG muscles, finding different results depending on the tested part of
the G muscle (Joseph et al., 2013). Furthermore, another issue that
deserves a thorough consideration deals with the efficacy of RSV treat-
ment in old subjects namely whether positive effects might be induced
by RSV administration begun late in life and for a short-term period. We
decided to administer RSV for the same short time and at the same
dosage used in (Joseph et al., 2013), which had been shown effective in
altering mitochondrial protein expression with long-term treatment, but
well below the threshold potentially leading to apoptosis (Jackson et al.,
2011) to old rats (27 months old). The aim of the study was to analyze
the oxidative fiber type-specific effects induced in mitochondrial
biogenesis, oxidative stress, quality control and dynamics in the oxida-
tive muscle Sol by RSV, administered to old rats for a short period, and to
compare the present results with those previously obtained in fast-
twitch muscles.

2. Materials and methods
2.1. Animals

A total of twelve 27-month-old male Fischer 344 x Brown Norway
Hybrid rats purchased from the National Institute on Aging were used in
this study. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee at the University of Florida
(Study#: 200902992) and performed in accordance with the National
Institutes of Health guidelines for the care and use of laboratory animals.
Experimental protocols were designed to minimize suffering and the
number of animals used in the study. The animals were acclimatized for
4 weeks before the start of intervention and singly housed in separate
cages in a temperature (18-22 °C) and light-controlled environment
with a 12 h light/dark cycle. The choice of single housing for each rat in
separate cages was due to the need to verify daily, by visual inspection,
that each animal completely consumed its feeding portion containing,
respectively, control or RSV-supplemented diet. The stress originated by
social Isolation of each rat and its possible consequences at mitochon-
drial functional and structural levels (Picard and McEwen, 2018) were
considered, but in order to perform a study mainly intended to be a
dietary one, the choice of single housing was obligatory. Furthermore,
literature about this issue describes effects of isolation by single cage
housing only on mitochondria from different areas of brain, whereas we
focused on Soleus skeletal muscle. Animals were randomly assigned to
one of two treatment groups: ad-libitum (AL) and resveratrol RSV (50
mg/kg/day; 6 weeks). All animals received a daily diet of food pellets
(Custom Animal Diets, Bangor, PA). Animals in the RSV-treated groups
received a daily dose of one bacon flavored RSV fortified tablet (50 mg/
kg/body weight), mixed in with their normal food pellets (Sigma
Chemical Co., St. Louis, MO). At the end of the 6 weeks of treatment, all
6 animals from each group were sacrificed, soleus muscle was isolated
and weighed, frozen in liquid nitrogen, and stored at —80 °C until
further analysis.

2.2. Western blot analysis

Frozen soleus muscle was used for the western blot analysis. Shortly,
about 50 mg of tissue were homogenized with a lysis buffer and
centrifuged at 13,000 xg for 25 min at 4 °C, from which supernatant was
obtained. Total protein content was determined using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Then, 30 pg of proteins were separated on a 4-12 % sodium
dodecyl sulphate-polyacrylamide gel for electrophoretic separation
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(SDS-PAGE) and transferred to a polyvinylidene difluoride membrane
(GE10600023 Amersham™ Hybond® P Western blotting membranes,
PVDF; Merck KGaA, Darmstadt, Germany). Blots were blocked with
TBS-Tween-20 containing 5 % bovine serum albumin (BSA) for 1 h and
incubated with primary antibodies overnight at 4 °C. The primary an-
tibodies used were anti-DRP1 (Abnova, Taipei City, Taiwan,
#H00010059-M01), anti-MFN2 (Cell Signaling Technology Inc., Dan-
vers, MA, USA #9482S), anti-SIRT1 (Cell Signaling Technology Inc.,
Danvers, MA, USA #8469S), anti-PGC-1la (Novus Biologicals, Minne-
apolis, MN, #NBP1-04676PCP), anti-TFAM (Cell Signaling Technology
Inc., Danvers, MA, USA #7495S), anti-SOD2 (MnSOD, Cell Signaling
Technology Inc., Danvers, MA, USA #13194S), anti-Peroxiredoxin 3,
PRXIII (Ab Frontier, Seoul, Korea, #LFPA0030), anti-f-actin (Sigma-
Aldrich, St.Louis, MO, USA #A2066). The next day, membranes were
incubated with a secondary antibody (Cell Signaling Technology Inc.,
Danvers, MA, USA anti-mouse #7076; anti-rabbit #7074) conjugated
with HRP (dilution 1:10,000) for 1 h and developed using the ECL
detection with the ChemiDoc System. Precision Plus Protein Dual Color
Standards (Bio-Rad, #1610374) was the marker used for molecular
weight estimation. The immunoreactive bands’ densitometric analysis
was performed by the Bio-Rad Image Lab SoftwareTM 6.0.1 and results
were normalized to p-actin and then showed as normalized to AL group
set to 1.

2.3. Determination of mtDNA relative content

Total DNA was extracted using commercially available kits. The
content of mtDNA relative to nuclear DNA was determined using 3 ng
total DNA as template in quantitative real time polymerase chain reac-
tion (QPCR) experiments. SYBR Green chemistry was used. A 83 bp long
mtDNA amplicon was obtained using the following primers: mtDNA For
5’GGTTCTTACTTCAGGGCCATCA3’ and mtDNA Rev. 5’TGATTA-
GACCCGTTACCATCGA3’ (nucleotide positions 15,785-15,806 and
15,868-15,847, respectively. Numbering is according to GenBankTM
accession number AY172581); a 85 bp long p-actin amplicon was ob-
tained using the following primers: p-actin For 5’ CCCAGCCATGTACG-
TAGCCA3’ and f-actin Rev. 5°CGTCTCCGGAGTCCATCAC3’ (nucleotide
positions 2181-2200 and 2266-2248, respectively. Numbering is ac-
cording to GenBankTM accession number V01217.1). qPCR conditions
were as in Chimienti et al., 2019.

2.4. Analysis of modified purines

The incidence of oxidized purines, mainly 8-oxo-deoxyguanosine
(OH8dG), in the D-loop region of mtDNA was determined using for-
mamidopyrimidine DNA glycosylase (Fpg) (New England Biolabs, Bev-
erly, MA, USA) digestion, as previously reported in Chimienti et al.,
2019. Briefly, 5 ng of total Fpg-treated and untreated total DNA were
used as template to obtain a 1000 bp amplicon from the mtDNA D-loop
region (primers: D-loop For 5’TCTGGTCTTGTAAACCAAAAATGAS3’ and
D-loop Rev. 5’TGGAATTTTCTGAGGGTAGGC3’; nucleotide positions
15,302-15,325 and 16,302-16,282, respectively. Numbering according
to GenBankTM accession number AY172581). Amplicons were visual-
ized by agarose gel electrophoresis. The intensity of the bands was
analysed using Image Lab Software (BioRad Laboratories Inc., Hercules,
CA, USA). The ratio between Fpg-treated and untreated samples was
calculated and expressed as % of the complement to 100.

2.5. Determination of GSH/GSSG

The GSH/GSSG ratio was measured by the method of Rahman et al.,
2006.

2.6. Statistical analysis

GraphPad Prism software v8.0.1 was used for statistical analyses.
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Due to the non-normal distribution of the data, nonparametric tests were
used, except for the parametric GSH/GSSH ratio that was analysed using
the unpaired t-test. Mann-Whitney test was used for comparisons be-
tween the two study groups and the Spearman r for the analysis of
correlations between variables under investigation. Statistical signifi-
cance was set at p < 0.05. All data represent the results of at least two
independent experiments and are expressed as mean + SEM (Standard
Error of Mean).

3. Results
3.1. Animal characteristics

Animals were given a daily RSV dose of 50 mg/kg body weight/day.
This dose has been previously shown to be within the range that induces
changes in mitochondrial protein expression pathways with long-term
treatment but well below the threshold that can potentially lead to
apoptosis (Jackson et al., 2011). Body weights indicated in Table 1 were
taken prior to and following 6 weeks of intervention, immediately
before the animals were sacrificed, whereas soleus weights were taken
after the sacrifice of the animals and also reported as a ratio to body
weight.

No significant differences were found between body weights pre- and
post-treatment in AL and RSV rats neither in Sol muscle weights post-
treatment.

3.2. Effects of RSV on mitochondrial biogenesis

According to previous studies, RSV triggers mitochondrial biogenesis
through activation of SIRT1 and PGC-1a (Lagouge et al., 2006). There-
fore, at the end of the RSV treatment the protein expression of SIRT1 and
PGC-1a between the AL group of animals and the RSV-treated coun-
terpart were compared by western blot experiments. While there was no
change in the SIRT1 protein amount (Fig. 1A), a highly significant (—60
%) decrease in the PGC-1a protein in the RSV rats with respects to the AL
controls was detected (p < 0.001) (Fig. 1B), suggestive of a marked
reduction in mitochondrial biogenesis, associated to the administration
of RSV.

To further analyze the effects of RSV on mitochondrial biogenesis,
the protein amount of TFAM and superoxide dismutase 2 (SOD2) were
determined, by western blot experiments, in the two animal groups.
There were no significant changes for both the examined proteins
(Fig. 2) and these data confirm the absence of stimulation of mito-
chondrial biogenesis by RSV in the Sol muscle.

3.3. Effects of RSV on mitochondrial oxidative stress

RSV is a very effective scavenger of a variety of oxidants as well as it
was shown to increase GSH content in several different conditions of
oxidative stress (Truong et al., 2018). Therefore, we evaluated the ef-
fects induced by RSV supplementation on the age-related oxidative
stress (Chimienti et al., 2021) through the determination of the GSH/
GSSG ratio that clearly indicated cell redox homeostasis.

The GSH/GSSG ratio presented a statistically significant increase

Table 1
Weights of animals and soleus muscle.
AL RSV
(n=16) n=6)
Body weight (pre) (g) 571 +£10.2 568 + 8.6
Body weight (post) (g) 586 + 15.3 581 + 14.4
Soleus muscle wet weight (g) 0.16 + 0.004 0.16 + 0.006
Soleus muscle wet weight/BW (mg/g) 0.27 £+ 0.005 0.28 + 0.008

AL, ad-libitum; RSV, Resveratrol (50 mg/kg/day; 6 weeks). Data are means +
SEM.
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Fig. 1. Western blot analysis of SIRT1 (A) and PGC-1a (B) proteins in soleus muscle samples from AL and RSV rats. Histograms indicate the quantification of the
intensity of the bands of SIRT1 (A) and of PGC-1a (B) normalized to p-actin intensity. The insets show immunobands representative of two rats from each of the

analysed groups. Data represent the results from triplicate western blot experiments and were analysed using the Mann-Whitney test. Bars represent the mean values
+ SEM (n = 6 per group) for the two experimental groups. Data were normalized against the value of the AL rat group, fixed as 1. Statistical significance: ***

< 0.001.
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Fig. 2. Western blot analysis of TFAM (A) and SOD2 (B) proteins in soleus muscle samples from AL and RSV rats. Histograms indicate the quantification of the
intensity of the bands of TFAM (A) and of SOD2 (B) normalized to p-actin intensity. The insets show immunobands representative of two rats from each of the
analysed groups. Data represent the results from triplicate western blot experiments and were analysed using the Mann-Whitney test. Bars represent the mean values
+ SEM (n = 6 per group) for the two experimental groups. Data were normalized against the value of the AL rat group, fixed as 1.

following RSV supplementation to old rats (p = 0.0075) (Fig. 3) and this
demonstrated the antioxidant action by RSV. The next step was the
assessment of the presence of an oxidative stress inside mitochondria
and of its possible susceptibility to RSV, through the determination of a
mitochondrial marker sensitive to this condition. The protein amount of
peroxiredoxin III (PRXIII) was determined in both rat groups, by western
blot experiments. This protein is a mitochondrial scavenger of ROS,

whose expression is regulated by both mitochondrial biogenesis and
ROS presence (Picca et al., 2013). The results showed a significant
decrease in the protein amount in the RSV rats (—50 %) in comparison to
the AL counterpart (p < 0.001) (Fig. 4A).

A correlation analysis between PGC-1a and PRXIII protein amounts
in all assessed rats was performed to explore the relationships between
PRXIII expression and mitochondrial biogenesis. A significant
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Fig. 3. Analysis of glutathione redox status in soleus muscle samples from AL
and RSV rats through the determination of the redox ratio (GSH/GSSG). Bars

represent the value of the GSH/GSSG ratio. Data were normalized against the
value of the AL rat group, fixed as 1. Statistical significance: **p < 0.01.

AL

correlation (p = 0.0055, correlation coefficient r: 0.7622) between the
tested variables was found (Fig. 4B).

It is evident that the points corresponding to the AL rats were char-
acterized by high values of both PGC-1a and PRXIII protein amounts,
whereas those representing the RSV animals were all featuring small
values, suggestive of a different outcome of the coordinated regulation
of the assessed proteins, depending on the animal group. The mtDNA
relative content, whose amount has been shown to vary across age and
oxidative stress (Chimienti et al., 2019; Orlando et al., 2019), has also
been measured. The results of q-PCR analysis, in both groups of rats, are
reported in Fig. 5A.

The frequency of oxidatively modified bases, mainly 8-hydroxydeox-
yguanosine (OH8dG), in a specific region of mtDNA, namely the control
region, spanning over the D-loop of mtDNA and crucial for replication
and transcription of mtDNA (Picca et al., 2013) was also detected. The
unexpected results of such analysis, carried out through digestion with
the OH8dG-sensitive enzyme Fpg of the D-loop amplified region are
shown in Fig. 5B.

Although no change was found in the mtDNA relative content be-
tween the AL and the RSV groups (Fig. 5A), the frequency of the oxidized
base OH8dG in the analysed mtDNA specific region from the RSV group
showed a significant (+50 %) increase in comparison to the AL group
counterpart (p = 0.0152) (Fig. 5B). This indicated the existence of a
heavy oxidative stress inside the organelles, resulting in a marked
damage to mtDNA molecules, which might affect mitochondrial
biogenesis through the extent of retrograde communication to the
nucleus.

A correlation analysis was performed in all assessed rats to explore
the relationships between mitochondrial biogenesis proteins and extent
of oxidative damage, finding a significant correlation (p = 0.0489,
correlation coefficient r: 0.5874) between PGC-la protein and Fpg-
sensitive damage (Fig. 6A) as well as a significant correlation (p =
0.0390, correlation coefficient r: 0.6084) between PRXIII protein and
Fpg-sensitive damage (Fig. 6B).

The results show that AL rats featured high amounts of both proteins
involved in biogenesis and low levels of mtDNA oxidative damage, while
rats from the RSV group presented a reciprocal situation with low
amounts of PGC-1a as well as PRXIII protein and high levels of oxidative
damage. The last mitochondrial activity analysed in both groups of rats
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Fig. 4. Western blot analysis of PRXIII protein in soleus muscle samples from
AL and RSV rats (A) and analysis of the correlation between PGC-1a and PRXIII
proteins amounts in all assessed animals (B). (A) The histogram above indicates
the quantification of the intensity of the bands of PRXIII normalized to p-actin
intensity. The inset shows immunobands representative of two rats from each of
the analysed groups. Data represent the results from triplicate western blot
experiments and were analysed using the Mann-Whitney test. Bars represent the
mean values + SEM (n = 6 per group) for the two experimental groups. Data
were normalized against the value of the AL rat group, fixed as 1. Statistical
significance: ***p < 0.001. (B) r, p = Spearman r correlation test.

was dynamics.

3.4. Effects of RSV on mitochondrial dynamics

The effects induced by RSV on mitochondrial dynamics were verified
through the determination of the protein amount of dynamin-related
protein 1 (DRP1) and mitofusin 2 (MFN2), by western blot experi-
ments, and the sequential calculation of the Fusion Index (F.L) as the
MFN2/DRP1 ratio in both rat groups under analysis. The DRP1 protein
amount, indicative of fission activities, was significantly increased (+50
%) in the RSV group (p = 0.0249) (Fig. 7A), whereas the MFN2 protein
amount, indicative of fusion activities, did not show any change be-
tween groups (Fig. 7B), as fusion was not sensitive at all to RSV’s
administration.

Histograms indicate the quantification of the intensity of the bands of
DRP1 (A) and of MFN2 (B) normalized to f-actin intensity. The insets
show immunobands representative of two rats from each of the analysed
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due to their strong activation of fission, was identified (Fig. 7C).
4. Discussion

Among the multiple responses, elicited by RSV administration and
contributing to healthy aging, a special attention has to be dedicated to
the compound’s effects in skeletal muscle where it has been demon-
strated to offset disuse atrophy (Petrocelli and Drummond, 2020) and
skeletal muscle atrophy presented by several pathological conditions
(Wang et al., 2018; Huang et al., 2019). Also the age-related progressive
loss of muscle mass and strength, known as sarcopenia, has been shown
to positively resent RSV treatment (Liao et al., 2017). However, a dif-
ferential sarcopenic effect of aging has been demonstrated, dependent
on muscle fiber types (preferentially affecting fast glycolytic fibers
versus slow oxidative ones) (McKiernan et al., 2004; Picard et al., 2011;
Hosoda et al., 2023). Since data about RSV effects in the slow oxidative
Sol muscle are lacking, it was very interesting for us to deepen the
eventual induction of fiber type-specific responses by RSV in this muscle.
In fact, previous studies have largely reported the ability of RSV, in fast
twitch muscles, to cause a shift towards more oxidative fibers, driving to
increased mitochondrial content in glycolytic fibers compared to
oxidative fibers (Lagouge et al., 2006; Price et al., 2012; Ljubicic et al.,
2014). In the present work RSV dosage (50 mg/kg/day) and length of
treatment (6 weeks supplementation to aged rats) were the same applied
in a previous study that analysed separately the white glycolytic part of
gastrocnemius (WG) and the red oxidative part of gastrocnemius (RG)
(Joseph et al., 2013). The results of that paper have been used for
comparisons with our findings from Sol muscle to detect eventual fiber
type-specific differences in the evoked responses. In particular, in the
present study the effects, induced at level of mitochondrial biogenesis,
oxidative stress, quality control and dynamics, by RSV supplementation,
have been thoroughly examined to widen knowledge about the efficacy
of RSV administration to aged subjects for short periods. The results of
Table 1 indicated that RSV did not affect body weight nor Sol weight in
comparison with the AL counterpart, thus ruling out any eventual ac-
tivity of RSV to increase muscle’s protein mass. Furthermore, the first
expected response, related to the CR-mimetic activity of RSV (Muham-
mad and Allam, 2018; Iside et al., 2020) namely the induction of SIRT1
expression, was not found in the RSV group as if RSV supplementation
was not activating one of the molecule’s beneficial cell pathways in the
Sol oxidative fibers. However, in the comparable study on RSV’s effects
in WG and RG, RSV increased SIRT1 expression in the glycolytic WG, but
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correlation test. (A) Analysis of the correlation between PGC-1a and Fpg-sensitive damage. (B) Analysis of the correlation between PRXIII and Fpg-sensitive damage.
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A

Fig. 7. Western blot analysis of DRP1 (A) and MFN2 (B) proteins and Fusion
Index (F.I.) (C) in soleus muscle samples from AL and RSV rats.
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not in the mixed glycolytic-oxidative RG as if RSV was inducing a pro-
gressive negative response for SIRT1 expression, in comparison to the AL
rat counterpart, passing from the glycolytic WG, to the mixed glycolytic-
oxidative RG (Joseph et al., 2013) to the oxidative Sol. Furthermore, it is
well proven that some beneficial effects of RSV on metabolism are due to
an increase in mitochondrial biogenesis, obtained through SIRT1 ac-
tivity (Price et al., 2012) and the SIRT1-dependent increase in expres-
sion and activity of PGC-1a (Nemoto et al., 2005; Lagouge et al., 2006;
Muhammad and Allam, 2018; Niu et al., 2021). In the present study a
statistically significant, relevant (—60 %) decrease in PGC-1a amount in
RSV rats Sol muscle was found, whereas in the comparable work RSV did
not affect PGC-1a amount in WG as well as in RG (Joseph et al., 2013). A
reasonable explanation of such results is that RSV was inducing a
growing inhibitory effect on mitochondrial biogenesis in SM passing
from the glycolytic WG, to the mixed glycolytic-oxidative RG to the
oxidative Sol, in comparison to the AL rats. To deepen this issue, we
measured the protein expression of two genes regulated by mitochon-
drial biogenesis namely TFAM and SOD2 (Picca et al., 2013; Kitada
et al., 2020), finding no significant change in their respective protein
amounts in the RSV rat group. Also, in the comparable paper there was
no change of SOD2 expression in both WG and RG (Joseph et al., 2013),
whereas a recent report demonstrated that RSV treatment led to the
upregulation of SOD2 in the heart through mediation by SIRT1 (Li et al.,
2020). These data supported the absence of stimulation of mitochondrial
biogenesis by RSV in the oxidative fibers of Sol. Expression of SOD2 has
been reported to be induced also by release of mitochondrial ROS (Storz
et al., 2005) and, therefore, the cell redox homeostasis was assessed in
both groups of rats through the determination of the GSH/GSSG ratio.
RSV was shown to increase GSH content in several different conditions
of oxidative stress (Truong et al., 2018) and in the present study RSV
supplementation increased GSH/GSSG ratio in Sol as whether RSV very
effective scavenging activity could counteract the age-related oxidative
stress (Chimienti et al., 2021). The determination of the protein amount
of PRXIII in both rat groups verified also the antioxidant RSV action at
mitochondrial level. In fact, the expression of the PRXIII mitochondrial
scavenger of Reactive Oxygen Species (ROS) is regulated by both
mitochondrial biogenesis (Huh et al., 2012; Picca et al., 2013) and ROS
(Hwang et al., 2010; Wang et al., 2020). The results showed a very
relevant, statistically significant decrease in the protein amount in the
RSV rats (—50 %) in comparison to the AL counterpart, which was
consistent with the PGC-1a reduction in the same group of rats. The
correlation analysis between PGC-1a and PRXIII protein amounts, car-
ried out in all assessed rats, demonstrated a highly significant correla-
tion between the tested variables. This was a novel result of the present
study because it demonstrated the coordinated modulation of PGC-1a
and PRXIII expression in different conditions, while, previously,
expression of PRXIII has been shown to be physiologically regulated by
FoxO3a through the involvement of the latter in a complex with PGC-1a,
controlled by SIRT1 (Olmos et al., 2013). As for the effect of RSV sup-
plementation on PRXIII expression in SM, no previous data are available,
whereas a recent work focused on PRXIII acetylation level, regulated by
the RSV-sensitive mitochondrial sirtuin SIRT3, activated by SIRT1 in the
porcine intestinal epithelial cell line IPEC-J2 (Chen et al., 2021). This
report also deepened the other crucial activity of RSV that is the com-
pound’s antioxidant effect on cell and mitochondrial redox homeostasis.
In fact, RSV supplementation has been shown to inhibit, via a SIRT1-
directed pathway, a HyO2-induced mitochondrial ROS accumulation
leading to increased OH8dG level and decreased content of mtDNA in
the same IPEC-J2 cells (Chen et al., 2021). According to this study,
SIRT1 should be crucial in RSV’s ability to counteract mitochondrial
oxidative stress and its functional consequences through promotion of
mitochondrial biogenesis and antioxidant capacity. In the present study
the expected RSV ability to support mitochondrial biogenesis and anti-
oxidant activity, through SIRT1 increased expression and activity, was
totally lacking in the oxidative fibers of Sol. A very intriguing result of
this work is the 50 %-increased frequency of oxidatively modified bases,
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mainly OH8dG, in the assayed mtDNA region only from the RSV group.
A possible explanation for such unexpected result might be the presence
of a severe age-related oxidative stress inside mitochondria of both
groups, which in organelles from the RSV group Sol led to the mtDNA
oxidative damage accumulation, but not to a loss of mtDNA content,
suggestive of a SM-specific “tolerance” towards mtDNA oxidative dam-
age as proposed in a very recent study (Aimaretti et al., 2023). The
present RSV results support the idea of a high threshold of oxidative
damage to mtDNA in the oxidative Sol, which could be tolerated without
marked consequences for mtDNA content, but was associated to a
decrease in both mitochondrial biogenesis and antioxidant activity,
revealed by the inverse correlation, respectively, between PGC-la
amount and Fpg-sensitive damage and between PRXIII amount and Fpg-
sensitive damage. It can be envisioned that, in the RSV rats, RSV anti-
oxidant activity prevented the retrograde communication of the existing
age-related mitochondrial oxidative stress to the nucleus and the in-
duction of some compensatory mechanisms promoting mitochondrial
biogenesis and antioxidant activities as well as counteracting the accu-
mulation of oxidized mtDNA. The likely suppression/alteration of
retrograde communication passed an erroneous message, not leading to
the repair of oxidized mtDNA molecules, but preserving the overall
quantity of heavily damaged mtDNA. Contrary to what found in RSV
rats, the above-mentioned correlations between PGC-1a or PRXIII pro-
tein amounts and Fpg-sensitive damage demonstrated in AL rats the
presence of reduced mtDNA damage associated to induced mitochon-
drial biogenesis and antioxidant activity, likely obtained through an
efficient retrograde communication. To appraise the hypothesis of RSV’s
influence on retrograde communication, the balance of mitochondrial
dynamics was also analysed, through the determination of the protein
amount of DRP1 and MFN2 and the sequential calculation of the F.I. in
both rat groups. A significant and relevant increase (+50 %) in DRP1
amount, indicative of fission activities, was found in the RSV group,
whereas the MFN2 amount, indicative of fusion activities, did not show
any change between both groups, as fusion was not sensitive to RSV’s
administration. Such changes led to a marked decrease in the F.I. in the
RSV-treated rats due to their strong activation of fission. As for the ef-
fects of aging on SM mitochondrial dynamics, literature reported
different results dependent on the predominant fiber type of the assayed
muscle. In fact, an increase in DRP1 protein (pro-fission) was described
in the oxidative Sol versus a concomitant increase in the expression of
both pro-fusion and pro-fission proteins in the glycolytic WG of old AL
rats (Faitg et al., 2019). As for RSV effects on mitochondrial dynamics,
previous reports described a positive action by the molecule through
promotion of fusion and reduction of fission leading to an improvement
in mitochondrial function in tissues different from SM (Yu et al., 2023)
and RSV was also shown to inhibit the overexpression of DRP1, induced
by an oxidative stress condition (Lei et al., 2022). In the present results
from Sol of RSV-treated rats, the age-related overexpression of DRP1
(Faitg et al., 2019) was even enhanced by RSV supplementation in
comparison with the value from AL rats. Therefore, RSV was not able to
decrease DRP1 overexpression in the Sol because the compound did not
cause SIRT1 and PGC-1a induction/activation. On overall, the present
experimental results clearly demonstrate the lack of positive effects on
mitochondrial functionality, after RSV supplementation to old rats, in
the oxidative muscle Sol and this can be explained by a novel hypothesis
about RSV impingement on retrograde communication from mito-
chondria to nucleus. The retrograde communication may be induced by
different stimuli, including ROS, in a dose-dependent manner (Walker
and Moraes, 2022). It might be suggested that RSV in old Sol, neutral-
izing all ROS directed to the nucleus, might have prevented their
signaling activity, required to regulate skeletal muscle function and
adaptation, resulting deleterious. In fact, it is fully acknowledged the
dual function of mitochondrial ROS to both promote cell damage and
promote cell adaptation. Therefore, being mitochondrial ROS needed for
normal physiological processes, an increase in antioxidant capacity, as
occurring with RSV supplementation to old rats, likely prevented normal
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adaptation to stress and turned out to be detrimental rather than
beneficial. In particular, inhibition of mitochondrial ROS by RSV and
other antioxidants has an unpredictable outcome on cell function
because mitochondrial ROS effects change according to different envi-
ronmental conditions (Sena and Chandel, 2012). Present results suggest
that in the oxidative fibers of Sol from old rats the age-related oxidative
stress might have induced compensatory responses through a ROS-
mediated retrograde communication. The increased antioxidant activ-
ity, obtained by RSV supplementation, should have prevented an effi-
cient signaling to the nucleus and led to a decrease in mitochondrial
biogenesis in spite of the accumulated oxidative damage to mtDNA. This
defective response is fiber-type specific and pinpoints the need that all
analyses about the effects of nutritional or lifestyle interventions, ge-
netic manipulations or treatments on skeletal muscle, focused on mito-
chondria, have to be carried out in both glycolytic and oxidative muscles
to reach, through comparison of the respective results, complete and
reliable conclusions because the impact of aging and anti-aging strate-
gies appears fiber type-specific.

5. Limitations

Our study has some limitations, in fact, due to the very small size of
Sol samples, we had to limit our present analysis to a little number of
markers especially as for mitochondrial dynamics, assessed only through
the determination of DRP1 and MFN2, without having the possibility of
testing other relevant markers involved in fusion as MARCHS, OMAL,
PARL and in fission as CDK1, Calcineurin, MAPL (Li et al., 2021).
Furthermore, for the same limitation of samples size, we could not
analyze at all mitophagy, which is deeply involved in the mitochondrial
quality control processes (Li et al., 2021) and that will certainly be
investigated in a future study about the other effects induced by RSV
supplementation to old rats Soleus muscle. The present study, indeed,
focused on some mitochondrial molecular markers, which were ana-
lysed aiming to verify if RSV supplementation to old rats was able to
promote mitochondrial biogenesis in the oxidative Sol muscle as already
demonstrated in the glycolytic muscles TA (Hosoda et al., 2023) and G
(Muhammad and Allam, 2018). Another limitation of the present study
is the absence of a functional analysis evaluating the eventual RSV-
related changes in physical performance by means of grip strength or
rotarod tests, which will be certainly included in future studies on this
subject.

6. Conclusions

The take-home message that can be derived from the present study is
that the administration of RSV to aged rats did not induce in the
oxidative Sol SM responses able to counteract the age-related decline of
mitochondrial functions, whereas likely impinged on retrograde
communication affecting expression of SIRT1, PGC-la and PRXIII in
comparison with AL animals. Our interpretation of present data is that
RSV suppressed ROS important for cell signaling and thus abolished the
retrograde communication, which would have otherwise led to changes
in expression of proteins involved in mitochondrial biogenesis (SIRT1,
PGC-1a, TFAM), antioxidant induction (SOD2, PRXIII) and dynamics
(DRP1, MFN2), effective in counteracting the mitochondrial decline.
The comparison with a previous parallel paper on glycolytic SM, treated
with the same RSV protocol, revealed different fiber type-specific re-
sponses. Therefore, future studies should test the effects of RSV in both
oxidative and glycolytic SM to evaluate in a very comprehensive way the
potential differential responses induced by the compound and to allow a
more reliable foresight as for translatable applications to humans.
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