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Abstract

Mitochondrial biogenesis and destruction in skeletal muscle are coordinated by distinct signaling 

pathways that are influenced by internal and exogenous variables including, but not limited to, 

muscle phenotype, physical activity, dietary composition, or drug administration. Previously we 

found that long-term resveratrol administration (up to 480 mg/day) ameliorates the slow-to-fast 

phenotypic shift in soleus muscles and promotes the expression in slow myosin heavy chain 

in the mixed plantaris muscle of non-human primates consuming a high fat/sugar (HFS) diet. 

Here, we expand on these earlier findings by examining whether mitochondrial content and the 

markers that dictate their biogenesis and mitophagy/autophagy are similarly affected by HFS 

and/or influenced by resveratrol while consuming this diet (HFSR). Compared to controls (n=9), 

there was a ~20–25% decrease in mitochondrial content in HFS (n=8) muscles as reflected in 

the COX2- and CYTB-to-GAPDH ratios using PCR analysis, which was blunted by resveratrol 

in HFSR (n=7) soleus and, to a lesser degree, in plantaris muscles. A ~1.5 and 3-fold increase 

in Rev-erb-α protein was detected in HFSR soleus and plantaris muscles compared to controls, 

respectively. Unlike in HFSR animals, HFS soleus and plantaris muscles exhibited a ~2-fold 

elevation in phosphor-AMPKα (Thr172). HFS soleus muscles had elevated phosphorylated-to-

total TANK binding protein-1 (TBK1) ratio suggesting an enhancement in mito/autophagic events. 

Taken together, resveratrol appears to blunt mitochondrial losses with a high fat / sugar diet by 

tempering mito/autophagy rather than promoting mitochondrial biogenesis, suggesting that the 

quantity of daily resveratrol supplement ingested and / or its long-term consumption are important 

considerations.
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Introduction

Skeletal muscle mitochondrial size, number, and location (i.e., subsarcolemmal, intra-

fibrillar, paravascular) define, in part, the characteristics of slow (aerobic) or fast (glycolytic) 

phenotypes through the oxidation of glucose and/or fatty acids (Chen et al., 2011; Glancy 

et al., 2015; Memme et al., 2019). Changes to muscle/fiber phenotype resulting from 

fluctuations in physical activity or nutritional balance are largely paralleled by changes 

in mitochondrial content (Baldwin et al., 1972), which ultimately influences total oxygen 

consumption (VO2) and the relative time to the onset of fatigue. Adaptation of the 

mitochondria within a muscle fiber, therefore, centers on the relative rate of mitochondrial 

biogenesis, which is coordinated through nuclear-mitochondrial crosstalk, versus their 

destruction (e.g., mitophagy) (Devarshi et al., 2017; Gureev et al., 2019; Memme et al., 

2019; Sparks et al., 2005).

Alterations in mitochondrial volume and function are dependent on dietary and temporal 

variables (Rasool et al., 2018). Formulated diets exclusively high in fat have been shown 

to augment mitochondrial content within weeks (Garcia-Roves et al., 2007; Hancock et 

al., 2008; Li et al., 2018) and sustained for months (Gómez-Pérez et al., 2012; Malik et 

al., 2019) following dietary shifts; yet, despite this increase, skeletal muscle mitochondria 

exhibit signs of dysfunction (Chanseaume et al., 2006; Jana et al, 2019; Johannsen and 

Ravussin, 2009; Kim et al., 2000; Mitotto et al., 2018; Ritov et al., 2005; Ritov et al., 2010). 

Diets high in fat and sugar (e.g., sucrose), however, decrease (Bonnard et al., 2008; Wang 

et al., 2014) or have no impact (Malik et al., 2019) on mitochondrial content in various 

tissues; interestingly, this reduction may not manifest for months, or up to a year, following 

diet interventions. Relative to lean individuals, obese or type 2 diabetic patients also show 

impaired mitochondrial content in sub-sarcolemmal regions of skeletal muscle (Ritov et 

al., 2005). Positive or negative changes in mitochondrial content are generally paralleled 

by concomitant shifts in markers associated with mitochondrial biogenesis (Bonnard et al., 

2008; Garcia-Roves et al., 2007; Gómez-Pérez et al., 2012; Hancock et al., 2008; Wang et 

al., 2014).

Resveratrol (RESV), a polyphenolic plant compound, has been employed as a long-term 

counter-strategy to high fat/sucrose consumption (Fiori et al., 2013; Hou et al., 2019; 

Hyatt et al., 2016; Jimenez-Gomez et al., 2013; Mattison et al., 2014). Although acute or 

single-dose RESV consumption appears to have to no impact on mitochondrial respiration 

(Williams et al., 2014), long-term supplementation is thought to enhance mitochondrial 

biogenesis through the deacetylation (e.g., activation) of peroxisome proliferator-activated 

receptor γ coactivator (PGC-1α) by phosphorylated Sirtuin-1 (SIRT1) (Gurd, 2011); 

an increase mitochondria enhances expression of oxidative phosphorylation (OXPHOS) 

proteins and, consequently, increases aerobic respiration (Lagouge et al, 2006). In the 

phenotypically fast tibialis anterior muscle, RESV restored expression of nuclear-encoded 
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mitochondrial genes that were blunted by an 8-week high-fat diet and improved β-oxidation 

in subsarcolemmal mitochondria (Chen et al., 2011); however, recent work noted that RESV 

does not impact the signals associated with mitophagy in the livers of mice fed a diet high 

in fat for 8 weeks (Meza-Torres et al., 2020). Given the strong positive relationship between 

phenotype and mitochondrial density and quality (Adhihetty et al., 2003; Memme et al., 

2019) and that a high fat/sugar diet and RESV can influence shifts in myosin heavy chain 

isoform expression, we hypothesized that a loss in mitochondria would parallel the slow-to-

fast shift in muscle phenotype that was observed in our earlier work (Hyatt et al., 2016). 

Specifically, we expected a decrease in mitochondrial content in HFS muscles attributed to 

blunted expression of markers of biogenesis, elevated markers of mito/autophagy, or both. 

We hypothesized that these responses would be normalized with RESV supplementation.

Methods

The experimental procedures, including the animals, diet, and resveratrol supplementation 

used for this project have been detailed previously (Bernier et al., 2016; Fiori et al., 2013; 

Hyatt et al., 2016; Jimenez-Gomez et al., 2013; Mattison et al., 2014). This and our earlier 

work (Hyatt et al., 2016) were a part of a project entitled “Effects of resveratrol with a 

high fat and sugar diet in monkeys” which aimed to elucidate the long-term impacts of 

resveratrol supplementation on overall health. The hypotheses tested in the present study 

were generated post hoc through collaboration.

Animals, diet, and resveratrol supplementation

Twenty-four adult (7–13 years old) male rhesus monkeys (Macaca mulatta) were housed 

continuously at the National Institutes of Health (NIH) Animal Center (Poolesville, MD). It 

should be noted that at the time of project was conceptualized, a cohort of male rhesus 

macaque monkeys was available and an age-matched cohort of females was not. All 

experimental and animal care procedures were approved by the Animal Care and Use 

Committee of the National Institute on Aging Intramural Research Program and are detailed 

elsewhere (Bernier et al., 2016; Fiori et al., 2013; Jimenez-Gomez et al., 2013; Mattison et 

al., 2014). Monkeys were randomized into one of three groups: a high fat/sucrose diet in 

combination with either placebo (HFS; n = 8) or resveratrol (HFSR; n = 7) and age-matched 

controls (CON) on a healthy standard diet (n = 4). Additional control samples (n=5) were 

obtained from historic controls that were not part of this longitudinal study.

The CON animals received a standard purified monkey chow consisting of 18.2, 13.1, and 

68.7% of kcal from protein, fat, carbohydrate, respectively; approximately 2.2% of this diet 

consisted of sucrose by weight (Diet #5038; Purina Mills, St. Louis, MO; Supplemental 

Table 1). During baseline periods, the HFS and HFSR animals received the control diet and 

were gradually moved to the HFS diet over a 3-week period; it consisted of 15.8, 42.3, 

41.9% of kcals from protein, fat, and carbohydrate, respectively, and 27% sucrose by weight 

(Teklad #TD.07802; Harlan, Indianapolis, IN; Supplemental Table 2). Monkeys received 

two meals per day at estimated ad libitum levels throughout the study. This controlled 

feeding regimen allowed for a closer control of food consumption and prevented obesity 

due to overeating, thus ensuring that experimental effects were due to the treatment and 
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not differences in food consumption. Food allotments were determined by calculating food 

consumption while monkeys had access to excess food. Water was available ad libitum. 

The average food consumption for weekly periods was the same for all three groups 

(Supplemental Table 3). Monkeys were monitored at least three times daily by trained 

animal care staff and, during baseline assessment, all monkeys were maintained on a 

commercially available closed formula monkey chow.

Resveratrol was supplied by DSM Nutritional Products North America (Parsippany, NJ). 

Dosages were determined based on earlier work denoting the protective dose (22 mg/kg) 

from a rodent model (Baur et al., 2006). Equivalent dosages for monkeys in the present 

study were calculated using an average monkey body weight of 12.1 kg. Dosages were 

derived by allometric scaling from rodents to monkeys and are specified in previous reports 

from this longitudinal study (Fiori et al., 2013; Jimenez-Gomez et al., 2013). For the first 

year, HFSR monkeys received a total dose of 80 mg/day (40 mg/meal); during the second 

year, 480 mg/day (240 mg/meal) was provided. The resveratrol was incorporated into a 

cherry-flavored primate treat (Bio-Serv, Frenchtown, NJ) that was given to the monkeys 

prior to each meal. Non-resveratrol CON and HFS animals received a cherry-flavored 

placebo treat (PRIMA-Treats® Bio-Serv).

Experiment termination and tissue collection

At 24 months from the start of the project, the monkeys were deeply anesthetized with 

a lethal dose of sodium pentobarbital (50 mg/kg, intraperitoneal). Once sedated, each 

monkey was perfused with cold lactated Ringer’s solution until death. The soleus (SOL) 

and plantaris (PLT) muscles were removed from the hindlimbs, trimmed and cleaned of 

excess connective tissue, weighed, and flash frozen in liquid nitrogen. Whole muscles were 

stored at −80° C until further analysis.

Mitochondrial DNA (mtDNA) copy number

Total DNA was extracted using a modified protocol detailed by Strauss (1998). 

Approximately 45–60 mg of 15 μm-thick cross-sectioned muscle samples were collected 

and digested at 40°C for 18 hours in buffer containing 1M NaCl, 0.1M Tris-HCl, 0.1M 

EDTA, 10% SDS, and fresh 0.1 mg/mL proteinase K. DNA was then extracted using 

standard phenol:chloroform:isoamyl alcohol methods (Strauss, 1998) and resuspended in 

1X Tris-EDTA buffer (pH 8.0). Semi-quantitative end-point PCR was performed using 

primers generated against the rhesus macaque nuclear and mitochondrial targets including 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), cytochrome c oxidase subunit II 

(COX2) and cytochrome b (CYTB) are shown in Table 2. Samples were prepared using 

2X master mix containing optimized concentrations of Taq polymerase, dNTPs, MgCl2 

(Promega, Madison, WI); 100 ng of DNA per reaction per sample was used. The cycling 

conditions consisted of one cycle at 94°C for 5 min, 27 cycles at 94°C for 30 sec, 27 cycles 

at 58°C for 45 sec, 27 cycles at 72°C for 45 sec, and a final extension at 72°C for 5 min 

(Benchmark, Edison, NJ). Amplicons were separated in a 0.8% agarose gel containing 1X 

GelGreen (Biotium, Freemont, CA) at 45V for 60 min, photographed and quantified using 

densitometry. The mitochondrial-to-nuclear gene ratio was then determined and statistically 

compared.
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Total protein isolation

To ensure homogenous total protein isolation, SOL and PLT muscle sample chunks from 

the approximate muscle belly were mounted on cork and cut cross-sectionally using a 

cryostat (CM1950; Leica, Buffalo Grove, IL). Approximately 30–80 15 μm-thick cross 

sections were acquired, which equated to ~50–100 mg sampled from each muscle. Samples 

were then bead homogenized for 2.5 min at 3,000 rpm in 10-volume ice-cold buffer 

(pH 7.8) containing 50 mM Tris-HCl, 2 mM EDTA, 2 mM EGTA, 10% glycerol, 1% 

Triton-X, and a 1% v/v final concentration of a protease and phosphatase inhibitor 

cocktail (PPC1010; Sigma, St. Louis, MO) containing 4-(2-Aminoethyl)benzenesulfonyl 

fluoride hydrochloride, aprotinin, bestatin hydrochloride, N-(trans-Epoxysuccinyl)-L-leucine 

4-guanidinobutylamide, leupeptin, pepstatin A, cantharidin, (−)-p-Bromolevamisole oxalate, 

and calyculin A. After homogenization, the samples were centrifuged at 12,000g for 10 min 

at 4°C, and the supernatant was transferred to clean tubes in a biological safety cabinet, and 

then frozen at −80°C.

Western analysis

Loading of total protein for immunoblotting ranged between 10–50 μg depending on the 

target (Table 1). Total protein was separated using either 10, 12, or 15% acrylamide 

tris-glycine gels. Samples were mixed in 2X sample buffer (0.2% SDS, 20% glycerol, 

25% 4X buffer, 5% β-mercaptoethanol, and 0.025% bromophenol blue) and heated to 

either 42.5°C when probing membranes with OXPHOS antibodies or 100°C for 3 min 

and electrophoresed at 80 V for 20 min and then 140 V for 60–70 min. The proteins 

were transferred to PVDF membranes for 3 h at 60V and the membranes were placed in 

a solution of Ponceau S (Sigma) to verify that the transfer was uniform and artifact-free. 

Ponceau-stained membranes were partially de-stained in ddH2O and then digitally scanned 

for sample loading control used in subsequent analyses and quantification. The membranes 

were then placed in 5% nonfat dry milk (NFM) dissolved in tris buffered saline with 0.05% 

Tween-20 (T-TBS) for a minimum of 0.5 hr. The membranes were incubated in primary 

antibody diluted in NFM for 1 hr at room temperature or overnight at 4°C (Table 1). A 

custom anti-rat rabbit polyclonal antibody was developed (Abcam Inc., Cambridge, MA) 

against the small peptide, mitochondrial ORF of the 12S rRNA type-c (MOTS-c) (Lee et al., 

2015). To confirm specificity, ~1 μg of antibody was spiked with 3 μg of peptide (GenScript, 

Piscataway NJ) for 1 hr at room temperature prior to incubation with a membrane containing 

samples from each group. Skeletal muscle MOTS-c was determined to be at ~14kDa, which 

is in agreement with others (T. Merry, University of Auckland, personal communication). 

This antibody also has demonstrated cross-reactivity against rat and mouse skeletal and 

cardiac muscle (data not shown). In addition, the antibody used against mitochondrial 

transcription factor A (Tfam) detected both pre-Tfam and the mature cleaved Tfam isoforms, 

which was confirmed based on their presence in cytosolic and mitochondrial locations, 

respectively (data not shown; Tryon et al., 2015). After primary antibody incubation, the 

membranes were washed 6 × 10 min in T-TBS and incubated for 1 h in a secondary 

antibody cocktail (Table 1) for 1 hr at room temperature. The membranes were developed 

using an ECL detection kit (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) per the 

manufacturer’s instructions. Densitometry and quantification were performed using ImageJ 

software (Rasband, 2020).
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Statistical Analyses

Values are presented as means ± SE. Animal age, body mass, and muscle masses were 

reported in our earlier work (Hyatt et al., 2016), which detected a significant difference in 

age for the control animals, termed CON-Y (n=5) and CON-O (n=4) for “young” and “old,” 

respectively. For all variables in the present study, we performed age comparisons between 

the CON-Y and CON-O animals using an unpaired, two-tailed t-test with equal variance 

and Mann Whitney tests to determine the presence of age effects. No differences were 

detected in expression levels for all analyses between CON-Y and CON-O animals; as such, 

the values between these age cohorts were combined into a single CON group. For group 

comparisons between CON, HFS, and HFSR, a one-way analysis of variance (ANOVA) 

determined overall differences between groups for all variables and a Tukey’s two-tailed test 

was used for post hoc comparisons. For all statistical analyses, SPSS (v24) was used and 

significance was set at p < 0.05.

Results

Mitochondrial content.

To evaluate the impact of long-term HFS and HFSR treatment on mitochondrial content, 

the mtDNA-to-nuclear DNA copy number was evaluated using PCR. Mitochondrial content 

was significantly lower in HFS soleus and plantaris muscles compared to CON (Fig. 1). In 

the soleus muscle, a significant difference in the CYTB:GAPDH ratio was detected between 

HFS and HFSR groups and a non-significant trend was observed for the COX2:GAPDH 
ratio between these groups (p = 0.1; Fig. 1). Compared to CON, COX2:GAPDH ratio 

was statistically lower in HFSR plantaris muscles, whereas both mtDNA-to-nuclear ratios 

trended higher in HFSR than in HFS (Fig. 1).

Upstream Signals.

Rev-Erb-α and AMPK are divergent signals that modulate numerous cellular actions, 

including mitochondrial biogenesis and autophagy. A general expression pattern emerged 

in HFS and HFSR soleus and plantaris muscles (Fig. 2). Rev-Erb-α protein was elevated ~3-

fold in HFSR plantaris muscles compared to CON and trended higher when compared HFS 

expression (p = 0.08). Rev-Erb-α protein expression trended higher in HFS than in CON 

plantaris muscles (p = 0.09). In the soleus muscle, Rev-Erb-α protein expression trended 

greater in HFSR compared to control animals (p = 0.08). Compared to CON, phospho-

AMPK (Thr172) was elevated >2-fold in both HFS soleus and plantaris muscles; conversely, 

expression in HFSR muscles was near CON levels and significantly different when 

compared to the HFS group. The phosphor-AMPK-to-total AMPK ratio was significantly 

elevated from CON and HFSR groups in both soleus and plantaris muscles.

Regulators of mitochondrial biogenesis.

There was a differential response for proteins associated with mitochondrial biogenesis in 

the soleus and plantaris muscles (Fig. 3). In the soleus muscle, no group differences were 

detected for any markers. Nuclear respiratory factors (NRF)-1 NRF-1 protein expression 

was ~25% lower in HFS and HFSR plantaris when compared to CON; NRF-2 protein was 
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lower in HFS vs. HFSR plantaris muscles (Fig. 3). There was lower expression of the 

cytosolic protein pre-Tfam in HFS animals compared to CON and HFSR groups (Fig. 3); 

the mature/cleaved Tfam protein, located in the mitochondria, trended lower in HFS versus 

CON.

Mitochondrial protein markers.

Mitochondrial OXPHOS complexes are aggregated protein assemblies expressed primarily 

from the nuclear genome and secondarily from the mitochondrial DNA. Given that 

proteins associated with mitochondrial biogenesis can promote the expression nuclear and 

mitochondrial genes and that changes in mtDNA expression may signal dysfunction (Malik 

and Czajka, 2013), we evaluated the expression of OXPHOS-related proteins from nuclear- 

and mitochondrial-encoded genes as well as two mitochondria-derived peptides, MOTS-c 

and humanin, that purportedly have local-acting and systemic impacts on glucose and 

metabolism (Gidlund et al., 2016; Gong et al., 2015; Kim et al., 2017; Lee et al., 2015; 

Lee et al., 2016; Muzumdar et al., 2009; Reynolds et al., 2021). The generation of a 

novel rabbit anti-rat polyclonal antibody showed specificity to MOTS-c in protein isolate 

from monkey skeletal muscle (Fig. 4). In HFSR soleus muscles, nuclear-encoded OXPHOS 

proteins UQCRC2 (Complex III), SDHB (Complex II), and NDUFB8 (Complex I) were 

generally higher than in CON and HFS animals (Fig. 4). In the plantaris muscle, no group 

differences were detected in OXPHOS proteins; humanin expression was ~25% lower in 

HFS than in CON and trended lower compared to HFSR plantaris muscles (Fig. 4).

Regulators of mitochondrial fission and fusion.

Mitochondrial size and health are, in part, coordinated by proteins associated with the 

expansion or reduction of this organelle. Mitofusion-2 (Mfn2), which modulates fusion 

events, was elevated ~50% above CON values in HFS and HFSR soleus muscles (Fig. 5). 

Conversely, mitochondrial fission 1 protein (FIS-1) trended lower in HFS than CON soleus 

muscles. In the plantaris, FIS-1 expression was significantly lower in HFS and HFSR than 

in CON samples. No differences in expression were detected for dynamin-1-like protein 

(DRP-1).

Regulators of mito/autophagy.

The events encompassing mitophagy / autophagy are orchestrated by a host of proteins 

and protein complexes that ultimately sequester and destroy damaged mitochondria (Fig. 

6). Given the relationship between a high fat/sugar diet and changes in mitochondrial 

morphology and function (Chanseaume et al., 2006; Chen et al., 2018; Mitotto et al., 2018; 

Ritov et al., 2005; Ritov et al., 2010), we assembled a general profile of the markers 

associated with this process in HFS muscles and ascertained whether resveratrol treatment 

impacted expression of these mito/autophagy-associated proteins. p62 expression in both 

HFS and HFSR soleus muscles was significantly elevated ~25% above CON and no group 

differences were observed in plantaris muscles (Fig. 6). PTEN-induced kinase 1 (PINK1) 

expression was unchanged in soleus muscles, whereas a significant decrease of ~50 and 

25% was detected in HFS and HFSR plantaris muscles, respectively. Parkin expression 

significantly increased in HFSR soleus muscles compared to CON. Phosphorylated and total 

TANK binding protein-1 (TBK1) significantly increased in HFS and HFSR soleus muscles; 
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however, the phospho-TBK1-to-total TBK1 ratio was elevated in HFS, but not HFSR soleus 

muscles. In plantaris muscles, phosphor-TBK1 and total TBK1 protein expression did not 

significantly differ from CON, although a higher expression of total TBK1 was found in 

HFSR compared to HFS plantaris muscles. Finally, the microtubule-associated protein 1 

light chain 3 (LC3) II:I ratio was significantly lower in HFS soleus compared to CON, and 

trended lower in the HFS plantaris muscle relative to CON expression values.

Discussion

The goal of this study was to determine the impact of a long-term (2 year) high fat/sucrose 

diet on mitochondrial content in skeletal muscle and the expression of proteins that regulate 

mitochondrial dynamics. Given that a HFS diet and RESV can influence shifts in myosin 

heavy chain isoform expression (Hyatt et al., 2016) and that there is a close relationship 

between muscle phenotype and mitochondrial volume, we expected that mitochondrial 

dynamics in slow (soleus) and mixed (plantaris) muscles would parallel the phenotypic 

shifts induced by HFS and/or RESV treatments. Generally, we found that the HFS diet 

decreased mitochondrial content ~20–25% and that RESV, when consumed with this diet, 

ameliorated mitochondrial loss in soleus and, to a lesser degree, in plantaris muscles. 

The reduction in mitochondria content within HFS soleus muscles is consistent with the 

slow-to-fast phenotypic shift shown earlier in this muscle (Hyatt et al., 2016) and appears 

to be the result a greater occurrence of mito/autophagy possibly through an AMPK-TBK-

mediated pathway (Mihaylova and Shaw, 2011; Seabright and Lai, 2020; Zhao et al., 2018). 

Our findings support the notion that RESV administration does not generally enhance 

mitochondrial biogenesis (Higashida et al., 2013), but influences mitochondrial losses in 

HFSR muscle by tempering mito/autophagy (Chang et al., 2018). Rev-erb-α influence on 

mito/autophagy has been shown previously in muscle (Mayeuf-Louchart et al., 2017; Woldt 

et al., 2013) and non-muscle cell lines (Sulli et al., 2018). The increase in Rev-erb-α 
expression in RESV muscle suggests that its actions may be associated with blunting mito/

autophagic pathways to preserve mitochondrial volume. In concert with our previous study 

(Hyatt et al., 2016), the soleus and plantaris muscles are responsive to RESV treatment 

when supplemented with a HFS diet, although the magnitude of the response as reflected 

in expression profiles of the markers throughout the mitochondrial life cycle is group- and 

muscle-specific.

Diet composition (high fat-only versus high fat/sucrose) and the duration of consumption are 

important considerations when assessing changes in skeletal muscle mitochondria (Bonnard 

et al., 2008; Malik et al., 2019; Wang et al., 2014). The presence of sucrose in a high-fat 

diet elicits a different mitochondrial response than a diet high in fat alone. The mechanism 

attributed to this difference is unknown, but not without controversy given that the type 

and amount of sugar consumed may or may not contribute to the development of insulin 

resistance, type 2 diabetes, and/or cardiovascular disease (Stanhope, 2016). For example, 

mitochondrial dysfunction could be the result of morphological, functional deficiencies, or 

both. Ylikallio et al. (2010) observed that skeletal muscle with abnormally high mtDNA 

in bitransgenic mice (overexpressing Twinkle and Tfam) exhibited nucleoid enlargement, 

impaired mtDNA transcription, accumulation of mtDNA deletions, and deficiencies in 

the electron transport chain. Others have reported dysfunction resulting from a reduction 
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in the capacity to catabolize lipids (Hulver et al., 2003; Kelley et al., 2002; Kim et 

al., 2000; Simoneau and Kelley, 1997). Chanseaume et al. (2006), who observed lower 

mitochondrial respiration and ATP production in soleus muscles of rats fed either a high 

fat or high sucrose diet, maintains that excess energy, irrespective of the dietary source, 

leads to impairment of skeletal muscle mitochondria. Although we found that RESV 

ameliorated losses in mitochondrial content, it is unclear whether this was accompanied 

by a functional restoration and requires additional investigation. At a minimum, a HFS-

induced mitochondrial loss in muscles that are important for posture and locomotion would 

ultimately impair whole-body aerobic capacity and lower the time to fatigue, which are 

possibly important practical considerations for individuals consuming such a diet.

RESV treatment upregulates Rev-erb-α protein suggesting a new RESV-mediated action 

on mitochondrial dynamics (Woldt et al., 2013). Our data also suggest that Rev-erb-α is 

associated more with a faster than a slower muscle phenotype based on the expression 

profiles revealed in the plantaris and soleus muscles, respectively. Rev-erb-α is closely 

linked with the circadian clock and has recently been shown to participate in myogenesis 

(Chatterjee et al, 2019), maintenance of adult muscle mass by inhibiting autophagy 

(Mayeuf-Louchart et al., 2017; Woldt et al., 2013), and impact mitochondrial health in 

skeletal muscle through the Lkb1-AMPK-Sirt1-PGC-1α pathway (Woldt et al., 2013). 

AMPK is well known for its role in energy sensing and activation of glucose/fatty acid 

metabolism; recently, phosphorylated AMPK has been shown to activate TBK byway of 

unc-51 like autophagy activating kinase 1 (ULK1) in adipose tissue (Zhao et al., 2018). 

The group-specific expression pattern of phospho-AMPK and -TBK1 in the present study, 

particularly in HFS muscles, lend credence to this pathway within skeletal muscle tissue 

(Seabright and Lai, 2020). Furthermore, our findings support those of Wang et al. (2018) 

who showed that RESV supplementation blunted the mito/autophagic markers in quadriceps 

muscles of diabetic mice. Taken together, the observed differences in mitochondrial content 

between HFS and HFSR muscles appears to be the manifestation of two pathways at play: 

a AMPK/TBK-mediated augmentation of mito/autophagy in HFS muscles and a Rev-erb-α-

mediated inhibition of mito/autophagy in HFSR muscles. It is clear, however, that RESV 

supplementation cannot completely counter the effects of a long-term HFS diet: in the mixed 

plantaris muscle, mitochondrial content was not restored to control levels as was observed in 

the slow soleus muscle.

Stephenson et al. (2012) reported that, unlike in the soleus muscle, the fast extensor 

digitorum longus muscle exhibited a slight (13–18%), but significant, increase in OXPHOS 

proteins following a 12-week high fat/sucrose (e.g., Western) diet. Here, no significant 

increases were observed in HFS muscles, although RESV treatment elicited a modest 

increase in proteins of complexes I, II, and III in HFSR soleus, but not plantaris, muscles. 

It is possible that without the additive stimulus of, for example, aerobic exercise, RESV 

supplementation has minimal impact on OXPHOS protein expression (Cheng et al., 2020; 

Higashida et al, 2013) and respiration (Beijers et al., 2020; Feillet-Coudray et al., 2009) 

particularly in a mixed muscle phenotype. Given the emerging role of humanin and MOTS-c 

in modulating glucose and/or lipid metabolism (Lee et al., 2015; Lee et al., 2016; Muzumdar 

et al., 2009; Reynolds et al., 2021), we expected expression to increase within HFS and 

HFSR muscles, but detected no changes in HFS or HFSR groups. It is possible that the 
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expression of these peptides are responsive to more acute perturbations in diet and/or 

muscle activity than lengthy interventions used in the present study (Reynolds et al., 

2021). Likewise, proteins associated with fusion/fission events of the mitochondria were not 

impacted in the presence of RESV treatment, although we cannot discount the occurrence of 

molecular habituation to chronic exposure to diet and RESV on gene expression or protein 

translation, which may differ from acute or short-term consumption (Martinez et al., 2018).

Limitations

The sample size in each group was small, which was partially due to the limitations of 

resources related to working with nonhuman primates as well as the length of the study. In 

addition, the present study and analyses was conceptualized post-hoc through collaborative 

efforts which did not allow for the option of isolating viable mitochondria for direct 

measures of, for example, functionality after a long-term high-fat diet. Furthermore, we 

assessed the expression of the markers / regulators of mitochondrial content or pathways, 

but we did not directly assess mitochondrial content / volume through, for example, electron 

microscopy. Lastly, the inclusion of a key group (normal diet with RESV) could help 

generalize our findings to a wider populous.

In conclusion, the slow-to-fast phenotypic change observed within the soleus muscle 

following a long-term high fat/sugar diet (Hyatt et al., 2016) is accompanied by a 20–25% 

reduction in mitochondrial content that was blunted by resveratrol supplementation. Similar 

mitochondrial losses in the mixed plantaris muscles were observed although RESV could 

not completely prevent a depletion in mitochondria to the level observed in soleus muscles. 

It is clear that the presence of sucrose and duration of high fat/sugar feeding (2 years) have 

deleterious impacts the mitochondria content and RESV is a viable counter-strategy to a 

long-term unhealthy diet.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mitochondrial DNA (mtDNA) copy number in rhesus macaque soleus (SOL) and plantaris 

(PLT) muscles. Values are shown as means (± S.E.M) relative to control (CON) conditions. 

HFS: high fat/sucrose diet; HFSR: high fat/sucrose diet with resveratrol supplementation; 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; COX2: cytochrome c oxidase subunit 

II; CYTB: cytochrome b. *: significantly different from CON (p < 0.05); †: significantly 

different from HFS (p < 0.05).
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Figure 2. 
Expression of upstream protein markers, Rev-erb-α and AMP kinase-α (AMPKα) in rhesus 

macaque soleus (SOL) and plantaris (PLT) muscles. Expression of total and phosphorylated 

(pAMPKα) AMPKα are shown and presented as a ratio. Representative blots for each 

marker are shown (right). Values are shown as means (± S.E.M) relative to control 

(CON) conditions. HFS: high fat/sucrose diet; HFSR: high fat/sucrose diet with resveratrol 

supplementation. *: significantly different from CON (p < 0.05); †: significantly different 

from HFS (p < 0.05)
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Figure 3. 
Expression of protein markers of mitochondrial biogenesis in rhesus macaque soleus (SOL) 

and plantaris (PLT) muscles. Expression of total and phosphorylated Sirtuin-I (pSIRT) are 

shown and presented as a ratio. Representative blots for each marker are shown (right). 
Values are shown as means (± S.E.M) relative to control (CON) conditions. HFS: high fat/

sucrose diet; HFSR: high fat/sucrose diet with resveratrol supplementation;*: significantly 

different from CON (p < 0.05); †: significantly different from HFS (p < 0.05)
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Figure 4. 
Expression of nuclear-encoded (nDNA) and mitochondrial-encoded (mtDNA) proteins 

associated with complexes of oxidative phosphorylation (OXPHOS) and metabolism in 

rhesus macaque soleus (SOL) and plantaris (PLT) muscles. Top: Specificity of a custom 

rabbit anti-rat MOTS-c polyclonal antibody was pre-tested in rhesus macaque skeletal 

muscle following 1 hr pre-incubation with a MOTS-c peptide; detection of MOTS-c 

occurred at 14 kDa. Representative blots for each marker are shown (right). Values are 

shown as means (± S.E.M) relative to control (CON) conditions. HFS: high fat/sucrose diet; 
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HFSR: high fat/sucrose diet with resveratrol supplementation. *: significantly different from 

CON (p < 0.05); †: significantly different from HFSR (p < 0.05).
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Figure 5. 
Expression of mitochondrial fusion and fission protein markers in rhesus macaque soleus 

(SOL) and plantaris (PLT) muscles. Representative blots for each marker are shown (right). 
Values are shown as means (± S.E.M) relative to control (CON) conditions. HFS: high fat/

sucrose diet; HFSR: high fat/sucrose diet with resveratrol supplementation. *: significantly 

different from CON (p < 0.05)
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Figure 6. 
Expression of protein markers associated with mitophagy / autophagy in rhesus macaque 

soleus (SOL) and plantaris (PLT) muscles. Expression of total and phosphorylated (pTBK1) 

TBK1 are shown and presented as a ratio. Representative blots for each marker are shown 

(right). Values are shown as means (± S.E.M) relative to control (CON) conditions. HFS: 

high fat/sucrose diet; HFSR: high fat/sucrose diet with resveratrol supplementation. *: 

significantly different from CON (p < 0.05); †: significantly different from HFS (p < 0.05)
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Table 1.

Antibodies and conditions.

Targets SDS-PAGE 
(μg / sample) Vendor Details

Conditions

1° Antibody 2° Antibody*

Rev-Erb-la 25 Abeam; Cat#: ab 174309; Species: 
rabbit

1:1,000; overnight @4°C+ 1 
hratRT 1:10,000; lhr@ RT

phospho AMPKa 
(Thrl72) 30 Cell Signaling; Cat#: 2535; Species: 

rabbit
1:1,000; overnight

@ 4°C 1:2,000; lhr@RT

total AMPKa 30 Cell Signaling; Cat#: 2532; Species: 
rabbit 1:1,000; overnight @4°C 1:2,000; lhr@RT

PGC-la 25 Abeam; Cat#: ab54481; Species: rabbit 1:2,000; 1 hr@RT 1:2,000; lhr@RT

phospho SIRT1 (Ser47) 50 Cell Signaling; Cat#: 2314; Species: 
rabbit 1:1,000; overnight @4°C 1:2,000; lhr@RT

S1RT1 30 Abeam; Cat#: abl 10304; Species: 
mouse 1:1,000; overnight @4°C 1:4,000; lhr@RT

NRF1 25 Abeam; Cat#: abl75932; Species: rabbit 1:1,750; 1 hr@RT 1:4,000; lhr@RT

NRF2 25 Abeam; Cat#: ab31163; Species: rabbit 1:1,000; 1 hr@RT 1:5,000; lhr@RT

Tfam & pre-Tfam 25 Abeam; Cat#: abl31607; Species: rabbit 1:1,000; 1 hr@RT 1:4,000; lhr@RT

OXPHOS

 Complex V - ATP5A
Complex IV - MTC01
Complex III - U0CRC2
Complex II - SDHB
Complex I - NDUFB8

10 Abeam; Cat#: abl 10413; Species: 
mouse 1:1,000; 1 hr@RT 1:10,000; lhr@ RT

MOTS-c 10 Abeam; Custom**; Species: rabbit 1:10,000; 1 hr@ RT 1:5,000; lhr@RT

Humanin 50 Sigma; Cat#: H2414; Species: rabbit 1:1,200; 1.5 hr @ RT 1:1,500; lhr@RT

Mfn2 10 Abeam; Cat#: abl24773; Species: rabbit 1:1,000; overnight @4°C 1:2,000; lhr@RT

FIS-1 15 Abeam; Cat#: ab96764; Species: rabbit 1:1,000; overnight @4°C 1:2,000; lhr@RT

DRP-1 7.5 Abeam; Cat#: ab56788; Species: mouse 1:2,500; overnight @4°C 1:4,000; lhr@RT

p62 10 Abeam; Cat#: ab56416; Species: rabbit 1:1,500; 1 hr@RT 1:4,000; lhr@RT

PINKl 50 Abeam; Cat#: ab23707; Species: rabbit 1:750; overnight @ 4°C 1:2,000; lhr@RT

Parkin 10 Abeam; Cat#: ab77924; Species: mouse 1:1,000; overnight @4°C 1:3,000; lhr@RT

phospho TBK1 (Scrl72) 30 Cell Signaling; Cat#: 5483; Species: 
rabbit 1:1,000; 1 hr@RT 1:2,000; lhr@RT

total TBK1 20 Cell Signaling; Cat#: 3504; Species: 
rabbit 1:1,000; 1 hr @ RT 1:2,000; lhr@RT

LC3 I/II 50 Abeam; Cat#: abl28025; Species: rabbit 1:2,000; 1 hr@RT 1:5,000; lhr@RT

RT: room temperature

*
Seconday antibodies: goat anti-mouse IgG-HRP; goat anti-rabbit IgG-HRP

**
Polyclonal anti-rat MOTS-c antibody raised against peptide sequence: MKRKEMGYIFF (Lee et al., 2015)
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Table 2.

Primer sequences used for PCR analysis

Target Primer sequences (5’→ 3’) Size (bp)

COX 2 CCTACAAGACGCCACATCCC
ATTTAGACGCCCAGGTACGG

forward
reverse 517

Cytochrome B TTTCCTACACATCGGTCGGG
AGTAGGTGCACGGTTGTGAG

forward
reverse 312

GAPDH TCAATGGAAGCCCCATCACC
CATTCCCCAGCTCTCATACCA

forward
reverse 638
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