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Abstract: Obesity and aging promote chronic low-grade systemic inflammation. The aim of the study
was to analyze the effects of long-term physical exercise and/or omega-3 fatty acid Docosahexaenoic
acid (DHA) supplementation on genes or proteins related to muscle metabolism, inflammation,
muscle damage/regeneration and myokine expression in aged and obese mice. Two-month-old
C57BL/6J female mice received a control or a high-fat diet for 4 months. Then, the diet-induced obese
(DIO) mice were distributed into four groups: DIO, DIO + DHA, DIO + EX (treadmill training) and
DIO + DHA + EX up to 18 months. Mice fed a control diet were sacrificed at 2, 6 and 18 months.
Aging increased the mRNA expression of Tnf-α and decreased the expression of genes related to
glucose uptake (Glut1, Glut4), muscle atrophy (Murf1, Atrogin-1, Cas-9) and myokines (Metrnl, Il-6). In
aged DIO mice, exercise restored several of these changes. It increased the expression of genes related
to glucose uptake (Glut1, Glut4), fatty acid oxidation (Cpt1b, Acox), myokine expression (Fndc5, Il-6)
and protein turnover, decreased Tnf-α expression and increased p-AKT/AKT ratio. No additional
effects were observed when combining exercise and DHA. These data suggest the effectiveness of
long-term training to prevent the deleterious effects of aging and obesity on muscle dysfunction.

Keywords: myokines; DHA; exercise; aging; inflammation; muscle; inflammaging

1. Introduction

The world population is becoming older and more obese and as a consequence the
prevalence of chronic non-communicable diseases, such as cardiovascular disease, cancer
and diabetes is also increasing, being the leading causes of death in the world [1]. Obesity
is considered a pandemic worldwide. According to the World Health Organization, 39%
of the population was overweight and 13% was obese in 2016 [2] and 1 billion adults are
expected to be obese by 2025 [3]. In parallel, life expectancy has increased significantly
worldwide over the last century. Several developed countries have life expectancies above
80 years old [4] and the number of people over 80 is expected to triple from 2019 to 2050 [5].
Albeit undoubtedly positive, the increase in life expectancy is not without complications:
aging promotes chronic inflammation and is associated with the loss of muscle mass and
with body fat accumulation, mainly visceral [6].

Inflammation is a physiological process that has the role of resolving the issue or
damage and returning the body to homeostasis [7]. Nonetheless, when inflammation is not
resolved, low-grade systemic inflammation becomes a chronic condition, causing systemic
damage and altering the function of the organs. Both obesity and aging promote chronic
low-grade systemic inflammation, which can increase the risk of developing metabolic
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disturbances [8,9] and may be one of the main risk factors for the increase in several
non-communicable diseases [10].

Skeletal muscle is a plastic and a highly dynamic organ with an important role in
regard to inflammation. Two decades ago [11], it was discovered that it can secrete bioactive
molecules during exercise, called myokines [12,13]. These molecules are considered one
of the main drivers of the health benefits observed with physical exercise [12], such as
counteracting the effects of the pro-inflammatory cytokines produced by dysfunctional
white adipose tissue (WAT) in obesity [14], or inducing the change of WAT to a more
thermogenic (beige) phenotype [15,16]. However, several situations can negatively impact
this tissue. A significant amount of skeletal muscle mass and strength are lost with aging
(sarcopenia) [17] and obesity can potentiate this process [18]. Therefore, both situations can
increase the rate of muscle loss and deterioration, altering myokine production, promoting
low-grade systemic inflammation and affecting overall health and life quality. Notably, due
to estrogen deficiency, sarcopenia and obesity seem to be accelerated in postmenopausal
women [19].

While a relevant number of studies have analyzed the effects of aging and obesity
on sarcopenia in humans [20–24], the studies analyzing the mechanisms involved in the
alterations induced by the combined effects of aging in an obesogenic environment and
potential therapies on the expression levels of genes/proteins related to muscle metabolism
and function in mice models are scarce [18]. Therefore, the search for effective strategies
and the understanding of the mechanisms involved to improve or restore skeletal muscle
mass and/or function and promoting a healthy aging are crucial.

Physical exercise and omega-3 fatty acids have been studied extensively as potential
treatments for preventing or reverting chronic inflammation [25,26]. It has been observed
that exercise can reduce adiposity and several markers of inflammation [27] and improve
skeletal muscle mass and function in healthy elderly people [28], while omega-3 polyunsat-
urated fatty acids (n-3 PUFA) have been shown to have several health benefits, especially
in relation to their anti-inflammatory properties [29,30]. Nevertheless, few studies to date
have addressed the potential beneficial effects of long-term consumption of n-3 PUFA
coupled with physical exercise in the context of aging and obesity [31–34]. In addition,
most of the studies analyzing the effects of n-3 PUFA or exercise on sarcopenia have been
conducted in male mice [35–37]. In this respect, we have recently reported that a 16-week re-
sistance training (RT) program (alone or in combination with Docosahexaenoic acid (DHA))
improved the lower and upper limb muscle strength and quality in overweight/obese
postmenopausal women [38]. Moreover, recent studies of our group in aged and obese mice
have shown that DHA and/or treadmill training can delay the progression of non-alcoholic
fatty liver disease and inflammation [39] and that long-term DHA supplementation was
able to reduce inflammation in the dysfunctional brown adipose tissue (BAT), as well as
the alteration in lipid metabolism biomarkers (total and LDL-cholesterol) that characterizes
aging and obesity in mice [40].

Therefore, the aim of the present study was to investigate the effects of aging on
the expression of genes and some proteins related to inflammation, muscle damage and
regeneration, muscle glucose uptake, fatty acid oxidation and myokine expression, in
skeletal muscle of female mice. Moreover, we aimed to determine the potential beneficial
effects of long-term dietary supplementation with DHA, regular physical exercise and a
combination of both, on the aforementioned genes and proteins, in diet-induced obese and
aged female mice.

2. Materials and Methods
2.1. Animals and Treatments

Seven-week-old female C57BL/6J mice were purchased from Harlan Laboratories
(Barcelona, Spain). The animals were housed at the animal facilities of the University of
Navarra under controlled conditions (22 ± 2 ◦C, with a 12 h light–dark cycle, relative
humidity, 55 ± 10%). All experiments were performed according to National animal
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care guidelines and with the approval of the Ethics Committee for Animal Experimenta-
tion of the University of Navarra (Protocol 113–15), in accordance with the EU Directive
2010/63/EU. After acclimation, a group of animals (n = 26) was fed a normal control
diet containing as energy: 20% proteins, 67% carbohydrates and 13% lipids (2014 diet,
Harlan Teklad Global Diets, Harlan Laboratories, Indianapolis, IN, USA). These mice
were grown and sacrificed at different ages: 2-month-old (n = 10), 6-month-old (n = 7)
and 18-month-old (n = 9). Another group of mice was fed ad libitum a high saturated
fat diet (HFD) (n = 33) containing as energy: 20% proteins, 35% carbohydrates and 45%
lipids (5.5% soybean, 39.5% lard; Research Diets Inc., New Brunswick, IN, USA). Ani-
mals were fed the HFD for 4 months to induce obesity (from 2 to 6 months old). Next,
mice were divided into 4 experimental groups: (1) Obese (DIO) group (n = 10) that con-
tinued with the HFD up to 18 months; (2) Obese + DHA-rich n-3 PUFA (DIO + DHA)
group (n = 6), fed with the HFD supplemented with a DHA-rich fish oil concentrate, re-
placing 15% wt/wt of dietary lipids (Research Diets Inc., New Brunswick, USA), up to
18 months; (3) Obese + Exercise (DIO + EX) group (n = 8), fed the same HFD as the obese
group in combination with a regular treadmill exercise training, up to 18 months; and
(4) Obese + DHA-rich n-3 PUFA + Exercise (DIO + DHA + EX) group (n = 9), fed the HFD
supplemented with DHA-rich fish oil concentrate, in combination with a regular aerobic
physical exercise training (treadmill exercise), up to 18 months. The DHA-rich n-3 PUFA
concentrate (SOLUTEX0063TG, Solutex, Spain) contained 683.4 mg DHA/g and 46.7 mg
EPA/g, with a total content of n-3 PUFA of 838.9 mg/g as TG. Given that the DHA-rich n-3
PUFA concentrate contained mixed tocopherols (2 mg/g of Covi-ox® T-79EU) to prevent
oxidation, the HFD of the DIO and DIO + EX groups was supplemented with the same
amount of tocopherol mix. The different HFDs (prepared by Research Diets, Inc., New
Brunswick, NJ, USA) were vacuum-sealed in 2.5 kg plastic bags and kept frozen (−20 ◦C)
until used to avoid rancidity. The detailed composition of the diets can be found in the
Supplementary Materials of a previous article of our group [39].

Before the sacrifice, whole-animal lean mass was measured by magnetic resonance
(EchoMRI-100-700; Echo Medical Systems, Houston, TX, USA), as previously described [41].
Mice were sacrificed with an average of 30 hours after the last bout of training and after
overnight fasting and gastrocnemius and soleus muscles were collected, weighed and
placed in liquid nitrogen before being stored at −80 ◦C.

2.2. Training Protocol

The DIO + EX and DIO + DHA + EX groups were subjected to a treadmill training
program (LE8710M, Panlab, Barcelona, Spain) from 6 until 18-month-old. Before the
beginning of the treadmill training, mice were allowed to adapt to the treadmill by running
for 10 min on 2 consecutive days (first day at 3 m/min; second day at 4.8 m/min). From
months 6 to 10, mice were subjected to the following training program (3 m/min for 5 min,
increased to 4.8 m/min for 5 min and then reaching a maximum of 7.2 m/min for 20 min at
0% slope) for 3 alternate days/week. At 10 months of age, the number of sessions and the
speed of the training were increased to 5 days per week during 5 weeks with the following
protocol: speed and running time were started at 5 m/min for 5 min, increased to 8 m/min
for 5 min and then reached a maximum of 12 m/min for 20 min at 0% slope. During
the next 7 months, the exercise protocol was maintained, but the number of sessions was
reduced from 5 to 3 days a week. The mice in the non-exercise groups were left on the
treadmill, without running, for the same period of time as the exercise groups. The exercise
bouts started during the last hours of their light cycle (late light/rest phase), in order to
cause a minimum impact on the rest phase of the mice.

2.3. mRNA Expression (Real-Time PCR)

Total RNA was extracted from mice gastrocnemius muscle using TRIzol® reagent
(Invitrogen, CA, USA) according to the manufacturer’s instructions and then reverse tran-
scribed to cDNA as previously described [42]. RNA concentrations and quality were
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measured by Nanodrop Spectrophotometer 1000 (Nanodrop Technologies, Inc. Wilming-
ton, NC, USA). RNA was then incubated with DNase I (RapidOut DNA Removal kit,
Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at 37 ◦C and reverse transcribed
to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Thermo Fisher Scientific) according to the manufacturer’s instructions. Real-time PCR
was performed using the Touch Real-Time PCR System (CFX384, BIO-RAD, Hercules,
CA, USA). Tumor necrosis factor alpha (Tnf-α), Interleukin 6 (Il-6), Interleukin 10 (Il-10),
Caspase-3 (Cas3), Caspase-8 (Cas8), Caspase-9 (Cas9), Muscle-specific RING finger pro-
tein 1 (Murf1/Trim63), Muscle atrophy F-Box (Atrogin-1/Mafbx), Myogenic factor 5 (Myf5),
Myogenic differentiation 1 (Myod/Myod1), Myogenin/Myogenic factor 4 (Myog), Glucose
transporter 1 (Slc2a1/Glut1), Glucose transporter 4 (Slc2a4/Glut4), Acetyl-CoA Oxidase 1
(Acox), Carnitine palmitoyltransferase 1B (Cpt1b), Myostatin (Mstn), Meteorin-like (Metrnl),
Adiponectin (Adipoq) and Fibronectin type III domain containing 5 (Fndc5) were analyzed
using Power SYBR Green PCR (Bio-Rad, München, Germany). Ribosomal Protein Lateral
Stalk Subunit P0 (Rplp0/36b4) was used as housekeeping gene. Relative expression of the
specific genes was determined using the 2−∆∆Ct method [43]. Sequences of the mouse
forward and reverse primers are shown in Table 1.

Table 1. Mouse primers sequences for SYBR GREEN RT-PCR.

Gene Forward Primer Sequence Reverse Primer Sequence

Acox CTATGGGATCAGCCAGAAAG AGTCAAAGGCATCCACCAA

Adiponectin CGAGGATTCTCTGGAACTGC GGTCGCTTCTTCAAGGTCTG

Atrogin-1 CTTTCAACAGACTGGACTTCTCGA CAGCTCCAACAGCCTTACTACGT

Caspase-3 CCTCAGAGAGACATTCATGG GCAGTAGTCGCCTCTGAAGA

Caspase-8 ACCGAGATCCTGTGAATGGAACC TAAGAATGTCATCTCCTTGAGGA

Caspase-9 AGTTCCCGGGTGCTGTCTAT GCCATGGTCTTTCTGCTCAC

Cpt1b CGAGGATTCTCTGGAACTGC GGTCGCTTCTTCAAGGTCTG

Fndc5 GGTGCTGATCATTGTTGTGG CGCTCTTGGTTTTCTCCTTG

Glut1 TCAACACGGCCTTCACTG CACGATGCTCAGATAGGAC

Glut4 AAAAGTGCCTGAAACCAGAG TCACCTCCTGCTCTAAAAGG

Il-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA

Il-10 AAGGCAGTGGAGCAGGTGAA CCAGCAGACTCAATACACAC

Metrnl AAGCCTTTCAGGGACTCCTC CCCTGGTCGTACTCCACACT

Myf5 CACCAACCCTAACCAGAGACTCCC GCTGTTACATTCAGGCATGCCG

Myod CGCGCTCCAACTGCTCTGATGG CTCGACACAGCCGCACTCTTCC

Myog GACCCTACAGACGCCCACAATC ACACCCAGCCTGACAGACAATC

Myostatin TGCAAAATTGGCTCAAACAG GCAGTCAAGCCCAAAGTCTC

Murf1 GCTGGTGGAAAACATCATTGACAT CATCGGGTGGCTGCCTTT

Tnf-α CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

36b4 CACTGGTCTAGGACCCGAGAAG GGTGCCTCTGGAGATTTTCG

Primers were specific for mouse (Mus musculus). Acox: acetyl-CoA Oxidase 1, Atrogin-1: muscle atrophy
F-Box, Cpt1b: carnitine palmitoyl-transferase 1B, Fndc5: fibronectin type III domain containing 5, Glut1: glucose
transporter 1, Glut4: glucose transporter 4, Il-6: interleukin 6, Il-10: interleukin 10, Metrnl: meteorin-like, Myf5:
myogenic factor 5, Myod: myogenic differentiation 1, Myog: myogenin, Murf1 muscle-specific RING finger protein
1, Tnf-α: tumor necrosis factor alpha, 36b4: ribosomal protein lateral stalk subunit p0.

2.4. Protein Extraction and Western Blot Analysis

Gastrocnemius muscle samples were homogenized with lysis buffer (8 mmol/L
NaH2PO4, 42 mmol/L Na2HPO4, 1% sodium dodecyl sulfate (SDS), 0.1 mol/L NaCl,
0.1% NP40, 1 mmol/L NaF, 10 mmol/L sodium orthovanadate, 2 mmol/L phenyl-methyl-
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sulphonylfluoride (PMSF), 10 mM ethylenediaminetetraacetic acid (EDTA) and 1% protease
inhibitor cocktail 1 (MilliporeSigma, Darmstadt, Germany)) and centrifuged at 13,000 rpm
for 15 min to obtain the supernatant fraction containing the proteins. Protein extracts were
quantified with the BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) to
determine their concentration. Protein extracts (25 µg) were separated by electrophoresis on
10% sodium dodecyl sulfate–polyacrylamide gel. Then, proteins were electroblotted from
the gel to nitrocellulose membranes (AmershamTM ProtranTM, GE Healthcare Life Science).
Efficient protein transfer was monitored by Ponceau S stain. Next, membranes were blocked
(5% bovine serum album) for 1 h at room temperature and incubated overnight at 4 ◦C with
specific primary antibodies at 1:1000 against: Phospho-AKT (p-AKT) (rabbit, Ser473), AKT
(rabbit), Phospho-Acetyl-CoA Carboxylase (p-ACC) (rabbit, Ser79), Acetyl-CoA Carboxy-
lase (ACC) (rabbit) (Cell Signaling Technology, Danvers, MA, USA) and β-Actin (mouse,
Sigma-Aldrich). After the incubation, corresponding peroxidase conjugated secondary
antibodies (anti-rabbit and anti-mouse, Cell Signaling Technology, Danvers, MA, USA)
were used at 1:5000 for 1 h at room temperature. Finally, proteins were detected using the
C-DiGit chemiluminescent digital scanner and quantitated by densitometry analysis using
the Image Studio Lite software (both from LI-COR Biosciences, Lincoln, NE, USA). The
results are expressed in relation to the corresponding control value, which was set to 1.

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 8.00 for Windows
(GraphPad Software, La Jolla, CA, USA) and STATA 17 (Stata, College Station, TX, USA).
All the results are expressed as mean (SD). Normality of residuals was studied with the
Shapiro-Wilk test. Depending on the normality, the effects of aging on lean mass, protein
expression and gene expression at 2, 6 and 18 months were analyzed by either one-way
ANOVA followed by Tukey’s multiple comparisons test or by Kruskal-Wallis test followed
by Dunn’s multiple comparisons test. Due to the factorial design of the study, the effects of
DHA supplementation and treadmill training on 18-month-old DIO mice were analyzed
by either two-way ANOVA or by permutation test [44], depending on the normality. If a
significant interaction was found between the two main factors (Exercise x DHA), either
contrast analyses or Mann-Whitney U tests were performed depending on the normality, in
order to differentiate the group effects. With the aim of measuring the effect size of aging
and of the treatments, Cohen’s d were calculated. Statistical significance was set at p < 0.05.

3. Results
3.1. Effects of Aging on Skeletal Muscle
3.1.1. Effects on Whole Body Lean Mass and Muscle Relative Weights

Body weight (BW) increased significantly with age, as described in a previous study of
our group [45]. Absolute lean mass also increased significantly from young (2-month-old)
to adult (6-month-old) mice (p < 0.001, d = 3.48) and from adult to old (18-month-old) mice
(p = 0.036, d = 1.29). When lean mass was expressed as a percentage of BW, old mice had
25.8% and 24.5% less lean mass than young and adult mice (p < 0.001), respectively. As
reported in a previous study of our group [45], the absolute weight of the gastrocnemius
muscle increased with age, while the relative weight tended to decrease (not significant).
Although the absolute weight of the soleus muscle did not change with age (data not
shown), the relative weight of this muscle was significantly lower in adult (p = 0.030,
d = −1.35) and old mice (p = 0.007, d = −1.72) compared with young mice (Table 2). When
comparing the old lean mice to old obese (DIO) mice, the DIO mice had significantly more
lean mass (p < 0.001) but less relative lean mass (p < 0.001) and less relative weight of the
gastrocnemius and soleus muscle (p < 0.001) (Figure S1A,B).
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Table 2. Whole-body lean mass and gastrocnemius and soleus relative weights in young (2 months),
adult (6 months) and old (18 months) mice.

Parameter 2 Months (n = 10) 6 Months (n = 7) 18 Months (n = 9)

Lean mass (g) 13.85 (0.55) 15.96 (0.50) *** 16.74 (0.74) *** #

Lean mass (%) 77.84 (2.63) 76.49 (2.74) 57.76 (9.78) *** ###

Gastrocnemius (%BW) 0.50 (0.06) 0.47 (0.06) 0.44 (0.05)
Soleus (%BW) 0.04 (0.02) 0.03 (0.01) * 0.03 (0.00) **

Data presented as mean (SD). BW: Body weight. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 2-month-old mice; # p < 0.05,
### p < 0.001 vs. 6-month-old mice.

3.1.2. Effects on mRNA Expression of Genes Related to Inflammation, Muscle Damage and
Muscle Regeneration

TNF-α is a highly pro-inflammatory cytokine associated with several pathological
conditions [46]. As shown in Figure 1A, significant increases in Tnf-α mRNA were detected
in the gastrocnemius muscle of old mice compared with young ones (p < 0.001, d = 4.10).

On the contrary, IL-10 is a cytokine with important anti-inflammatory properties [47].
Interestingly, Il-10 mRNA expression increased in both aged (p < 0.001, d = 5.58) and adult
mice (p < 0.001, d = 6.74).

Adiponectin also has anti-inflammatory properties. It is mainly secreted by adipose
tissue, but also produced in other tissues, such as skeletal muscle [48]. In skeletal muscle
specifically, Adiponectin has been shown to increase oxidative capacity [49] and to pro-
mote muscle function, development, maintenance and growth [26]. Our data show that
Adiponectin mRNA expression decreased in adult and old mice compared with young mice
(p = 0.002, d = −2.02 and p < 0.001, d = −2.95, respectively) (Figure 1A).

With regard to muscle damage, we analyzed markers of atrophy and markers of
apoptosis. One of the various pathways regulating muscle protein breakdown is the
ubiquitin proteasome pathway, which ultimately activates the muscle-specific E3 ubiquitin
ligases (Atrogin-1 and Murf1), which role is to target protein for proteolysis [50]. Therefore,
they are considered markers of muscle atrophy [51]. Both atrophy markers Atrogin-1 and
Murf1 showed a noticeable decrease in mRNA expression in old mice compared with young
mice (p < 0.001, d = −3.21 and p < 0.001, d = −5.51, respectively). The decrease was already
statistically significant in adult mice for Murf1 (p = 0.003, d = −1.85) (Figure 1B).

Caspases are a family of genes involved in apoptosis and inflammation [52]. We
analyzed the expression of Caspase-8 and Caspase-9 (initiators of apoptosis) and of Caspase-3
(executioner of apoptosis). The mRNA expression of Caspase-8 increased significantly in
adult mice (p = 0.009, d = 1.66). At 18 months, the expression of Caspase-3 and -8 was
significantly lower compared with adult mice (p = 0.002, d = −1.98 and p < 0.001, d = −2.32,
respectively), while Caspase-9 mRNA expression was significantly reduced compared with
young mice (p = 0.045, d = −1.21).

Muscle regeneration genes were also studied. We selected Myod, Myog and Myf5,
which are genes involved in myogenesis regulation, muscle cell differentiation and muscle
regeneration [53]. As Figure 1C shows, no changes were detected in Myf5 mRNA expression.
On the other hand, the expressions of Myod and Myog decreased in adult mice compared
with young ones (p = 0.049, d = −1.51 and p < 0.001, d = −8.47, respectively).

We also compared the expression of these muscle genes between 18-month-old lean
and DIO mice. Tnf-α, Adiponectin, Caspase-3 and Myod mRNA expression was significantly
higher in the old DIO group compared with old lean mice (p < 0.001, p < 0.001, p = 0.020
and p = 0.002, respectively), while the expression of Myf5 and Myog was lower (p = 0.049
and p < 0.001) in the DIO group compared to the 18-month-old lean mice. There were no
other significant differences between old and DIO mice in the other genes analyzed related
to inflammation, muscle damage and muscle regeneration (Figure S2A–C).
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mation (A), muscle damage (B), muscle regeneration (C), glucose uptake and fatty acid oxidation
(D) and myokine expression (E) on the gastrocnemius muscle of C57BL/6J female mice fed a standard
diet. Data presented as mean (SD); n = 7–10. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 2-month-old mice;
## p < 0.01, ### p < 0.001 vs. 6-month-old mice.

3.1.3. Effects on Genes and Proteins Related to Muscle Metabolism

GLUTs are a family of transmembrane proteins involved in the transport of glucose
across cellular membranes. As shown in Figure 1D, the mRNA expression of glucose
transporters Glut1 and Glut4 decreased significantly in adult mice (p < 0.001, d = −2.33
and p = 0.01, d = −7.07, respectively) and in old mice (p < 0.001, d = −5.63 and p < 0.001,
d = −7.60, respectively), compared with young mice. Skeletal muscle insulin signaling is a
major determinant of muscle growth and glucose homeostasis. AKT is a Serine/Threonine
protein kinase activated by the phosphorylation of Ser473, that plays a key role in mediating
insulin signaling and glucose uptake [54]. The analysis of the p-AKT/AKT ratio revealed
no significant changes induced by aging in the gastrocnemius muscle (Figure 2).
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The beta-oxidation pathway is the main source of fatty acid oxidation (FAO), which
mainly occurs in the mitochondria [55]. Since long-chain FAs cannot cross the mitochondrial
membrane through simple diffusion, they must be converted to acetyl-CoA and then
transported into the mitochondrial matrix by the CPT system, CPT1b being the isoform
found in skeletal muscle [56]. On the other hand, very long FAs are oxidized in peroxisomes,
the ACOX enzyme being the first one in the peroxisomal beta-oxidation pathway [57].
A decrease in the mRNA expression of Cpt1b was observed in adult mice in comparison
with young ones (p = 0.022, d = −1.51). However, its expression experimented a significant
increase in old mice compared with young ones (p = 0.004, d = 1.74). Acox experimented
similar changes: a decrease was observed in adult mice (p = 0.024, d = −1.80), which was
reversed in old mice (p < 0.001, d = 1.96) (Figure 1D). One of the major controllers of FAO
is Acetyl-CoA Carboxylase (ACC), which converts Acetyl-CoA to malonyl-CoA, which is
the first step in the synthesis of FAs, but also acts as a CPT1 inhibitor. ACC is inactivated
by phosphorylation [58]. As shown in Figure 2B, no statistically significant changes were
detected due to aging in p-ACC/ACC ratio.

In the comparison between old lean and old DIO mice, the expression of Glut4 mRNA
was significantly higher in the DIO group (p < 0.001), while the p-AKT/AKT ratio was
significantly lower (p = 0.025) in that group. No other significant differences were found in
other genes and proteins related to glucose uptake and FAO (Figure S2D,F).

3.1.4. Effects on mRNA Expression of Genes Related to Myokines

The expression of genes encoding muscle myokines is presented in Figure 1E. The
FNDC5 gene encodes the adipomyokine Irisin [59]. Its main roles include the browning of
WAT and the activation of genes related to thermogenesis [15]. Furthermore, plasma Irisin
levels have been shown to predict telomere length in humans [60]. Our data show that the
mRNA expression of Fndc5 experimented a significant increase in adult mice (p = 0.024,
d = 1.40), but that increase was reversed in old mice (p < 0.001, d = −2.50).

Meteorin-like (Metrnl) promotes the expression of anti-inflammatory cytokines, is
involved in the adaptations to cold exposure and WAT browning [16], acts as a neurotrophic
factor [61] and has insulin sensitizing effects [62,63]. Metrnl mRNA expression was almost
completely suppressed in old mice (p < 0.001, d = −7.43).

Interleukin-6 (IL-6) is a ubiquitous cytokine, which effects could vary depending on
where and why it is secreted [64]. Figure 1E shows that Il-6 mRNA expression was signif-



Nutrients 2022, 14, 4240 9 of 22

icantly reduced in the muscle of adult and old mice compared to young mice (p < 0.001,
d = −2.77 and p = 0.003, d = −1.72, respectively).

Myostatin, also known as growth differentiation factor-8, is a myokine part of the
transforming growth factor-β family that serves as a negative regulator of skeletal muscle
growth [65,66]. In the present study, no significant changes were observed in the mRNA
expression of Myostatin due to aging.

Concerning the differences between 18-month-old lean and DIO mice, a significant
upregulation of Fndc5 (p < 0.001) and Metrnl (p < 0.001) mRNA expression was found in
the DIO group, with no significant changes in Il-6 or Myostatin (Figure S2E).

3.2. Effects of Long-Term DHA Supplementation and/or Treadmill Training on Muscle in DIO
Old Mice
3.2.1. Effects on Whole Body Lean Mass and Muscle Relative Weights

As described in previous studies of our group, no significant changes were observed
in BW or fat mass after long-term DHA supplementation and/or physical exercise [39,40].
In addition, no significant differences were observed between groups regarding absolute
and relative lean mass. Furthermore, gastrocnemius and soleus absolute weights (data not
shown) and relative mass were not modified either by DHA or exercise (Table 3).

Table 3. Effects of long-term DHA supplementation and/or exercise on whole body lean mass and
on gastrocnemius and soleus muscle relative mass in old DIO mice.

Parameter
DIO

(n = 10)
DIO + DHA

(n = 6)
DIO + EX

(n = 8)
DIO + DHA + EX

(n = 9)

2 × 2 ANOVA

DHA EX DHAxEX
p p p

Lean mass (g) 20.30 (1.66) 18.85 (0.67) 19.84 (1.68) 20.27 (0.95) 0.293 0.324 0.052
Lean mass (%) 38.27 (4.44) 37.48 (2.86) 37.18 (1.65) 39.05 (3.61) 0.647 0.834 0.265

Gas (%BW) 0.25 (0.04) 0.27 (0.05) 0.27 (0.04) 0.26 (0.04) 0.687 0.687 0.232
Soleus (%BW) 0.02 (0.00) 0.02 (0.00) 0.02 (0.00) 0.02 (0.00) 0.971 0.754 0.71

Data presented as mean (SD). BW: Body weight, DIO: Diet-induced obese, EX: Treadmill training,
Gas: Gastrocnemius.

3.2.2. Effects on mRNA Expression of Pro-Inflammatory, Muscle Damage- and Muscle
Regeneration-Related Genes

An interaction was detected between DHA and treadmill training in Tnf-α mRNA
expression (p < 0.001). The contrast analysis showed significant decreases in the exercise and
in the DHA group compared to the DIO group (both p < 0.001, d = −4.01 and d = −3.79,
respectively). The two-way ANOVA also revealed that the treatments decreased Il-10
mRNA expression (p = 0.001 for DHA-supplemented vs. non-supplemented groups;
p < 0.001 for exercise-trained vs. non-trained groups), while only DHA reduced the mRNA
expression of Adiponectin (p = 0.029) (Figure 3A).

With regard to Atrogin-1, another interaction between DHA and exercise was observed
(p < 0.001). The contrast analysis revealed a significant increase (p < 0.001, d = 5.88)
in Atrogin-1 mRNA expression in the exercise group compared to the DIO group, with
no changes in the group receiving DHA alone. Interestingly, the increase in Atrogin-1
expression caused by exercise was ameliorated in the presence of DHA (p < 0.001, d = 2.46).
Moreover, exercise induced significant increases in Murf1 and Caspase-9 mRNA expression,
independently of DHA (p = 0.022 and p = 0.011, respectively). No significant changes were
observed on Caspase-3 and -8 due to the treatments (Figure 3B).
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Figure 3. Effects of long-term DHA supplementation and/or exercise training on genes related
to inflammation (A), muscle damage (B), muscle regeneration (C), glucose uptake and fatty acid
oxidation (D) and myokine expression (E) in the gastrocnemius muscle of 18-month-old DIO female
mice. Data presented as mean (SD); n = 6–10. DIO: Diet-induced obese; EX: Treadmill training.
For two-way ANOVA, when an interaction was found, contrast analysis was performed. The p
values for the main factors, DHA supplementation (DHA), exercise (EX) and the interaction between
both (DHAxEX) are shown in the corresponding rows of the tables below the figures. Statistically
significant p values are marked in bold. Significant differences between groups are shown above the
corresponding comparisons: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3C shows the expression of genes related to muscle regeneration. No changes
were detected in Myf5 expression due to the treatments, but significant interactions
(p < 0.001) between DHA and exercise were found for Myod and Myog. Compared to
the DIO group, Myod expression was significantly reduced in the DHA group (p < 0.001,
d = −3.02). However, that decreased expression was reversed in the group that combined
DHA and exercise, compared to the DHA alone group (p < 0.001, d = 3.30). As for Myog,
reduced expressions were found in the DHA group (p = 0.003, d = −2.50) and in the
exercise group (p = 0.003, d = −3.64), compared to the DIO group, while in the presence
of exercise, DHA increased Myog expression compared to exercise alone (p = 0.010,
d = 1.85).

3.2.3. Effects on Genes and Proteins Related to Muscle Metabolism

The two-way ANOVA revealed a significant interaction between DHA and exercise
in Glut1 mRNA expression (p = 0.007), with the contrast analysis showing a significant
increase in the exercise group compared with the DIO group (p < 0.001, d = 5.59). In the
presence of DHA, exercise further increased Glut1 expression compared to exercise alone
(p = 0.029, d = 1.12). Glut4 mRNA expression increased in the trained groups vs. the
non-trained groups (p < 0.001) (Figure 3D). In parallel, a significant increase was found
in p-AKT/AKT ratio in the exercise groups (p = 0.045, 3.5-fold and 3.8-fold for DIO + EX
and DIO + DHA + EX, respectively) compared with the DIO group (Figure 4A). Exercise
also increased the mRNA expressions of Cpt1b (p = 0.020) and Acox (p < 0.001), while DHA
supplementation alone did not cause any significant changes in the expression of genes
involved in fatty acid oxidation (Figure 3D). On the other hand, no significant changes
were detected in p-ACC/ACC ratio by any of the treatments (Figure 4B).
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Figure 4. Representative Western blot and densitometry analysis of the effects of long-term DHA
supplementation and/or exercise training on phosphorylated AKT and total AKT (A) and phospho-
rylated ACC and total ACC (B) in the gastrocnemius muscle of 18-month-old DIO female mice. Band
densities of phosphorylated AKT and phosphorylated ACC were normalized by total AKT and total
ACC, respectively. Data presented as mean (SD); n = 3–4. The p values for the main factors, DHA
supplementation (DHA), exercise (EX) and the interaction between both (DHAxEX) are shown in
the corresponding rows of the tables below the figures. Statistically significant p values are marked
in bold.
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3.2.4. Effects on mRNA Expression of Genes Related to Myokines

Figure 3E shows an interaction between treatments in Fndc5 mRNA expression
(p = 0.025). The contrast analysis revealed that its expression increased in the exercise
group in comparison with the DIO group (p = 0.003, d = 1.50), while DHA alone signifi-
cantly reduced it (p = 0.002, d = −1.75). Fndc5 expression increased in the group combining
DHA and exercise, compared with DHA alone (p < 0.001, d = 3.17). In the case of Metrnl,
an interaction was also found (p = 0.003). As observed with the expression of Fndc5, Metrnl
mRNA expression decreased in the DHA group (p = 0.002, d = −1.76) and it increased again
in the group combining exercise and DHA, compared to DHA alone (p < 0.001, d = 2.34).
Moreover, exercise exerted a significant increase in muscle Il-6 mRNA expression regardless
of DHA supplementation (p = 0.002). Lastly, another interaction between treatments was
detected for Myostatin (p = 0.029). The contrast analysis revealed a significant increase
in Myostatin mRNA expression in the DHA + EX group compared to the DHA group
(p = 0.004, d = 1.61) and compared to the exercise alone group (p = 0.028, d = 1.12).

4. Discussion

Aging is typically associated with an altered regulation of the inflammatory response,
characterized by increased levels of inflammatory cytokines and an impaired glucose
metabolism [7,67]. In agreement with previous studies, our current data show an increase in
the mRNA expression of the pro-inflammatory Tnf-α in old (18-month-old) mice compared
with young (2-month-old) mice [68,69]. Likewise, increases in Tnf-α mRNA expression
in obese mice have been widely reported in the literature [70,71]. In our study, the aged
obese mice had the highest expression of this cytokine, suggesting an increased muscle
inflammatory status when aging and obesity concurred. In parallel, a decreased muscle
mRNA expression of Adiponectin was found over time. Adiponectin has anti-inflammatory
and insulin-sensitizing properties [72] and TNF-α has been shown to inversely modulate
Adiponectin expression [73], further supporting the increased inflammation in the skeletal
muscle of aged mice. However, its expression increased in the aged obese mice, contrary
to what is generally observed in obesity [26]. Surprisingly, the expression of the anti-
inflammatory Il-10 increased with aging. This increase has already been described in
skeletal muscle [68] and in a previous study of our group conducted in BAT [40].

We also observed marked changes in genes related to glucose uptake and FAO. A pro-
gressive downregulation in the mRNA expression of Glut1 and Glut4 was observed with
aging: the expression of both genes decreased in adult mice, with a further decline in Glut1
expression in old mice. A study of our group that analyzed the same tissues found no
significant changes in GLUT4 protein expression with aging [45]; however, previous studies
have found progressive declines in GLUT4 protein and Glut4 mRNA expression [74–76].
Unexpectedly, the mRNA expression of Glut4 increased in the aged and obese mice, while
decreases or no changes are usually reported [77,78]. Then, we studied p-AKT/AKT pro-
tein expression, but no significant changes were found due to aging, while previous rodent
studies have reported unclouding results [69,79–81]. Importantly, in agreement with previ-
ous literature [82,83], a significant decrease in the p-AKT/AKT ratio was found in the aged
obese mice. On the other hand, the expression of Cpt1b increased significantly in old mice
compared with young mice, while no changes were found in neither Acox mRNA expres-
sion nor in p-ACC/ACC ratio. In the literature, decreases in p-ACC due to aging [76,84], as
well as no changes [80], have been reported. In this sense, the changes in mRNA expression
might suggest a switch from a glycolytic to a more oxidative metabolism in order to sustain
skeletal muscle energy supply, which might reflect a potential switch in fiber type, with
decreases in the glycolytic type II fibers and the resulting relative increases in the more
oxidative type I fibers [85]. However, we have to be cautious with this hypothesis, as
no significant changes were observed at the protein level, and therefore further research
is needed in order to elucidate this hypothesis, although it could be further supported
by the increase in Tnf-α mRNA expression that we observed with aging, since TNF-α is
linked to IR [86,87]. Lastly, aging coupled with obesity seemed to further increase muscle
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inflammatory status and worsen glucose metabolism, as supported by the increase in Tnf-α
mRNA expression and the decreased p-AKT/AKT ratio found in the aged obese mice.

In relation to myokine production, an initial increase in Fndc5 mRNA expression was
found in adult mice, but at 18 months the expression was similar to that of young mice.
However, obesity increased Fndc5 expression compared with the aged lean mice. Studies
show conflicting results [88–90] and, to our knowledge, no studies to date have analyzed
muscle Fndc5 expression in aging mice. Considering Irisin’s ability to predict telomere
length (a reliable marker of aging) [60] and Irisin overall associations with positive health
outcomes [91], the observed results were unforeseen. Likewise, changes in Metrnl mRNA
expression in skeletal muscle due to aging have not been reported, to our knowledge.
We found a decreased Metrnl mRNA expression in adult mice (50%) and it was almost
suppressed in old mice. Similarly, significant decreases were found in Il-6 mRNA expression
in adult and in old mice compared with young ones. Taking into account that IL-6 has been
proposed as an energy sensor within muscles (especially for muscle glucose uptake) [64],
that Metrnl promotes an anti-inflammatory environment, improves glucose metabolism and
reduces insulin resistance (IR) [62,63]; and considering that in our mice aging decreased the
mRNA expressions of Glut1 and Glut4 and increased the expression of Tnf-α, the decreases
observed in the expression of these myokines seems coherent. Lastly, glucose serum levels
in the old mice were significantly higher in the old mice than in the young, as reported in a
previous study of our group [40], supporting the idea of an unhealthier glucose metabolism
control. With regards to Myostatin mRNA expression, no significant changes were observed
due to aging, while previous rodent studies have shown mixed results [92,93].

Aging is also associated with the loss of muscle mass. In our study, the relative lean
mass was significantly lower in old mice compared with adult and young ones. Moreover,
we observed a marked decrease in the mRNA expression of the muscle-specific E3 ubiquitin
ligases (Atrogin-1 and Murf1) in old mice, in agreement with previous studies [51,94]. Nev-
ertheless, increases in the expression of Atrogin-1 and Murf1 have also been reported [69].
The discrepancies may be explained by the use of different animal models and muscles.
Importantly, it has been suggested that accurately measuring the expression of these genes
over time is difficult [95]. However, muscle atrophy can be caused by other factors such as
apoptosis, which is activated by Caspases. We found a significant decrease in the mRNA
expression of Caspase-9 in old mice compared with young ones, in agreement with a pre-
vious study in rats that also analyzed the gastrocnemius muscle [96]. Obesity did not
cause changes in markers of muscle damage, with the sole exception of an increase in the
mRNA expression of Caspase-3 compared with the lean aged mice. In view of the decreased
expression of atrophy markers in old mice (which had approximately 25% less relative lean
mass), markers of muscle regeneration were studied. We only found decreased mRNA
expressions of the myogenic factors Myod and Myog in adult mice. A similar pattern in
the expression of these genes due to aging has been reported previously [97]. However,
Myf5 expression did not change in our mice with aging, as observed in a previous study in
mice [98]. Obesity in the aged mice seemed to alter this pattern, with a decreased mRNA
expression of Myf5 and Myog, and increased Myod expression compared with the aged lean
mice. These findings could imply a reduced protein turnover in the skeletal muscle of aged
mice, but more research is needed.

Exercise, on the other hand, opposes most of the effects associated with aging and
obesity. For instance, exercise has been shown to reduce Tnf-α overexpression in mice [99].
Indeed, we found a decreased Tnf-α expression in the exercise group. Similarly, DHA
alone was also able to reduce Tnf-α expression. This has been reported in previous
studies [100–103]. Concerning Il-10, the decreased mRNA expression induced by both
interventions could imply a lower need for Il-10 anti-inflammatory properties. This is
supported by the reduced inflammatory state expected in mice performing exercise [104]
and by DHA anti-inflammatory properties observed in skeletal muscle [105]. Furthermore,
compensatory increases in Il-10 levels have been reported as a consequence of acute exercise
bouts [106], which increase inflammation, contrary to chronic exercise. Taking everything
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into account, the decreases in Il-10 expression observed in mice receiving DHA and/or
performing chronic exercise, as well as the increases previously observed with aging, seem
reasonable. For Adiponectin, a lower mRNA expression was observed in the DHA groups,
while exercise did not cause significant changes. DHA has been reported to increase
Adiponectin mRNA expression and Adiponectin levels [107–109]. Thus, our findings might
be partially explained by the “Adiponectin paradox” [110], in which Adiponectin is elevated
in aged people with obesity and IR. In this context, reductions in Adiponectin expression
could indicate a positive result. In fact, in our study Adiponectin mRNA expression was
significantly higher in the obese aged group than in the aged lean mice. Moreover, muscle
Adiponectin expression has been positively associated with intramuscular triglycerides
(IMTG) [48] and IMTG reductions caused by DHA have been reported [105,111], which
might also explain the reduced Adiponectin expression observed.

In addition, exercise increases energy demands and glucose uptake in skeletal mus-
cle [112]. We found increases in the mRNA expressions of Glut1 and Glut4 in the exercise
groups, while DHA alone did not have an effect. Similar increases have been reported
in rodents and myotubes [113–116]. It is also well established that FAO increases with
exercise, as energy demands increase compared to rest [117–119]. We observed an up-
regulated expression of Cpt1b and Acox (genes related to mitochondrial and peroxisomal
FAO, respectively) in all exercise-performing mice. Similarly, previous studies have shown
that exercise increases ACOX1 and CPT1 levels in adipose tissue [120] and CPT1 protein
expression in skeletal muscle [121]. Our protein analysis did not detect significant changes
in p-ACC/ACC ratio, in agreement with previous studies in aged rats [79], but we did
find an almost four-fold increase in p-AKT/AKT ratio in the exercise-performing mice, as
supported by previous studies [122–124]. Although we have not measured the expression
of GLUT4 in the plasma membrane, the increased phosphorylation of AKT suggests an
activation of the PI3K/AKT pathway, which is involved in the insulin-stimulated transloca-
tion of GLUT4 from cytoplasmatic vesicles to the plasma membrane [54]. Altogether, our
findings suggest that exercise was able to improve muscle glucose metabolism and insulin
sensitivity in old and obese mice.

Besides, several myokines are secreted during exercise. Exercise is associated with
changes in Irisin levels [89], but the extensive literature on Irisin and exercise shows some
contradictory results [15,125]. We found a significant increase in the expression of Fndc5
in the exercise group, coherent with part of the literature, while DHA alone seemed to
reduce its expression. Interestingly, exercise in combination with DHA was able to reverse
the decreased expression observed in the DHA alone group. Exercise also induces Metrnl
expression in skeletal muscle [16] and studies in exercise-performing mice have found
increases in muscle Metrnl protein, serum levels and/or Metrnl mRNA [16,120,126,127].
However, we found no significant changes in Metrnl expression due to exercise in compari-
son with the DIO mice. Nevertheless, it is relevant to consider that our study is carried out
in aged obese mice, which could have affected the muscle capability to produce Metrnl in
response to exercise. Notably, in contrast to all the commented studies, we used females,
which could also account for a differential response. As previously observed with Fndc5,
DHA alone significantly decreased Metrnl mRNA expression compared with the other
groups, but when it was combined with exercise the decrease was reversed. It has been
widely demonstrated that exercise can upregulate Il-6 mRNA expression in active skeletal
muscle [128–130], in agreement with our results.

Lastly, we observed several changes caused by the treatments in the expression of
genes related to muscle damage and muscle regeneration. Exercise increased the mRNA
expressions of Atrogin-1 and Murf1. Similar results have been observed in rats [131]. Exer-
cise has also been described to upregulate apoptotic pathways within the muscle [132,133].
Indeed, we observed that exercise significantly increased the mRNA expression of Caspase-9.
Equivalent results have been previously reported [134,135]. Since exercise-performing mice
had an increased expression of some atrophy markers while having the same lean mass
as sedentary mice, a compensatory increase in the expression of myogenic factors (Myf5,
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Myod and Myog) could be expected [136]. Nevertheless, we did not observe a compen-
satory increase. In fact, Myog mRNA expression decreased in the exercise group compared
with the DIO mice, while the expressions of Myod and Myf5 were not affected by exercise.
Considering that no differences in total and relative lean mass were found between treated
groups, the increases observed in atrophy markers could suggest that exercise might in-
crease the rate of muscle protein turnover. When looking at DHA alone on markers of
muscle damage, no significant changes were found, but DHA alone decreased the mRNA
expression of the myogenic factors Myod and Myog. Moreover, several interactions were
found between DHA and exercise: Atrogin-1 expression increased in the exercise groups,
but the increase was significantly ameliorated in the group that also included DHA. Similar
outcomes have been observed in myotubes [137]. Likewise, the decreased expression of
Myod observed in the DHA group was reversed in the DHA and exercise group. These data
highlight the complexity of the regulation of genes related to muscle damage and muscle
regeneration during aging and obesity in response to exercise or dietary composition.

Regarding the changes observed in the mice supplemented with DHA, it should be
also considered that the effects found might have also been related to the consequent
decrease in the ratio of omega-6 to omega-3 fatty acids (n-6/n-3 ratio) and not only caused
by the increase in DHA per se. Several studies have shown the relevance of the n-6/n-3
ratio in the muscle function and in the risk to develop obesity and related metabolic
disorders [138,139].

Strengths and Limitations

The main strength of the present study is the use of long-term treatments. Both DHA
supplementation and aerobic exercise were followed for 12 months, while most of the
previous studies involved shorter periods. Other strengths are the analysis of the effects
of the treatments alone or in combination with each other and the use of female mice.
Most of the previous studies to date regarding sarcopenia and aging, as well as n-3 PUFA
supplementation and exercise, have been carried out in male mice [35–37], which was one
of the reasons for choosing females in this study. However, it is important to consider
that some studies have reported metabolic differences between male and female mice
during aging and obesity [140] and therefore the use of only female mice could also be
seen as a limitation, since results could vary between sexes. In our study, we did not
evaluate the estrous cycles or estrogen levels, although several studies have shown that
18-month-old C57BL/6J female mice are acyclic [141]. Another limitation of the present
study is the fact that the differences between groups were analyzed mainly at the gene
expression level. Further studies more focused at the protein/enzymatic level, as well as on
the characterization of contractile fibers and oxidative stress, would be of interest in order
to reach more definitive conclusions about the complex interactions of aging and obesity,
as well as the effects of the treatments with DHA and/or exercise on muscle metabolism
and function. It would have been also relevant to determine if the changes observed at
organ/tissue level would have been reflected on whole body energy expenditure and
activity; however, technical problems with the equipment did not allow us to measure these
parameters. Finally, although we do not provide here any direct evidence of improved
fitness, it is important to mention that we have shown in previous studies that exercise
alone or in combination with DHA has relevant effects on improving markers of hepatic
steatosis and liver inflammation [39].

5. Conclusions

Our results suggest that aging alters the expression of genes involved in muscle
inflammation, glucose uptake and protein degradation and regeneration, as well as the
expression of some myokines in mice following a control diet. Some of these changes were
aggravated in aged obese mice. In these mice, long-term exercise training had more relevant
effects on muscle than DHA. Indeed, exercise (independently of DHA supplementation)
counteracted some of the alterations induced by aging and obesity on genes encoding
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inflammatory markers, glucose transporters and fatty acid oxidation regulators, in parallel
with an improvement in insulin signaling and a partial restoration of the altered myokine
expression. On the other hand, DHA regulated the expression of some genes related to
inflammation, myokine expression and muscle regeneration. The current data should be
considered in the context of our previously reported effects for DHA and/or exercise in
aged obese female [39,40,142], suggesting a contribution of the hepatic-adipose-muscle axis
in mediating the beneficial effects of these treatments on lipid and glucose metabolism and
on hepatic steatosis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14204240/s1, Figure S1: Effects of a long-term obesogenic diet
on: whole-body lean mass, relative lean mass and gastrocnemius and soleus muscle relative mass in
aged (18-month-old) C57BL/6J female mice. Figure S2: Effects of a long-term obesogenic diet on the
mRNA expression of genes related to inflammation, muscle damage, muscle regeneration, glucose
uptake and fatty acid oxidation and myokine expression and on phosphorylated AKT/total AKT
and phosphorylated ACC/total ACC ratios, in the gastrocnemius muscle of aged (18-month-old)
C57BL/6J female mice.

Author Contributions: Conceptualization, M.J.M.-A. and P.G.-M.; N.S. and E.F.-S. conducted the
animal experiments; A.M.-G. and N.S. performed the mRNA expression studies; Formal analysis
A.M.-G.; Data curation, A.M.-G.; Writing—original draft preparation, A.M.-G., P.G.-M. and M.J.M.-A.;
Writing—review and editing, N.S., E.F.-S., P.G.-M. and M.J.M.-A.; Supervision, M.J.M.-A. and P.G.-M.,
Project administration, M.J.M.-A.; Funding acquisition, M.J.M.-A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Ministerio de Economía y Competitividad (MINECO/FEDER),
grant number BFU2015-65937-R and by CIBERobn CB12/03/30002 (Carlos III Health Institute, ISCIII),
Spain. A.M.-G received a FPU Contract (FPU17/02789) and E.F.-S. received a Predoctoral Fellowship
from the Center for Nutrition Research (University of Navarra).

Institutional Review Board Statement: All experiments were performed according to national
animal care guidelines and with the approval of the Ethics Committee for Animal Experimentation
of the University of Navarra (Protocol 113-15), in accordance with the EU Directive 2010/63/EU.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank A. Redín and E. Gil-Iturbe for their technical support
and efforts taking care of the mice. The authors also acknowledge the expert statistical advice of
Marta García-Granero.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO—World Health Organization. Noncommunicable Diseases. Available online: https://www.who.int/news-room/fact-

sheets/detail/noncommunicable-diseases (accessed on 26 May 2020).
2. WHO—World Health Organization. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/

detail/obesity-and-overweight (accessed on 26 May 2020).
3. World Obesity Prevalence of Obesity. Available online: https://www.worldobesity.org/about/about-obesity/prevalence-of-

obesity (accessed on 3 June 2020).
4. Crimmins, E.M. Lifespan and Healthspan: Past, Present, and Promise. Gerontologist 2015, 55, 901–911. [CrossRef] [PubMed]
5. UN—United Nations. 2019 Revision of World Population Prospects. Available online: https://population.un.org/wpp/ (accessed

on 5 June 2020).
6. Bollheimer, L.C.; Buettner, R.; Pongratz, G.; Brunner-Ploss, R.; Hechtl, C.; Banas, M.; Singler, K.; Hamer, O.W.; Stroszczynski, C.;

Sieber, C.C.; et al. Sarcopenia in the Aging High-Fat Fed Rat: A Pilot Study for Modeling Sarcopenic Obesity in Rodents.
Biogerontology 2012, 13, 609–620. [CrossRef] [PubMed]

7. Vasto, S.; Candore, G.; Balistreri, C.R.; Caruso, M.; Colonna-Romano, G.; Grimaldi, M.P.; Listi, F.; Nuzzo, D.; Lio, D.; Caruso, C.
Inflammatory Networks in Ageing, Age-Related Diseases and Longevity. Mech. Ageing Dev. 2007, 128, 83–91. [CrossRef]

8. Garg, S.K.; Delaney, C.; Shi, H.; Yung, R. Changes in Adipose Tissue Macrophages and T Cells during Aging. Crit. Rev. Immunol.
2014, 34, 1. [CrossRef]

https://www.mdpi.com/article/10.3390/nu14204240/s1
https://www.mdpi.com/article/10.3390/nu14204240/s1
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.worldobesity.org/about/about-obesity/prevalence-of-obesity
https://www.worldobesity.org/about/about-obesity/prevalence-of-obesity
http://doi.org/10.1093/geront/gnv130
http://www.ncbi.nlm.nih.gov/pubmed/26561272
https://population.un.org/wpp/
http://doi.org/10.1007/s10522-012-9405-4
http://www.ncbi.nlm.nih.gov/pubmed/23065329
http://doi.org/10.1016/j.mad.2006.11.015
http://doi.org/10.1615/CritRevImmunol.2013006833


Nutrients 2022, 14, 4240 17 of 22

9. Ahima, R.S. Connecting Obesity, Aging and Diabetes. Nat. Med. 2009, 15, 996–997. [CrossRef] [PubMed]
10. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.;

Miller, G.W.; et al. Chronic Inflammation in the Etiology of Disease across the Life Span. Nat. Med. 2019, 25, 1822–1832. [CrossRef]
11. Steensberg, A.; Van Hall, G.; Osada, T.; Sacchetti, M.; Saltin, B.; Pedersen, B.K. Production of Interleukin-6 in Contracting Human

Skeletal Muscles Can Account for the Exercise-Induced Increase in Plasma Interleukin-6. J. Physiol. 2000, 529, 237–242. [CrossRef]
12. Pedersen, B.K.; Febbraio, M.A. Muscles, Exercise and Obesity: Skeletal Muscle as a Secretory Organ. Nat. Rev. Endocrinol. 2012, 8,

457–465. [CrossRef] [PubMed]
13. Whitham, M.; Febbraio, M.A. The Ever-Expanding Myokinome: Discovery Challenges and Therapeutic Implications. Nat. Rev.

Drug Discov. 2016, 15, 719–729. [CrossRef]
14. Stanford, K.I.; Middelbeek, R.J.W.; Goodyear, L.J. Exercise Effects on White Adipose Tissue: Beiging and Metabolic Adaptations.

Diabetes 2015, 64, 2361–2368. [CrossRef] [PubMed]
15. Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al.

A PGC1-α-Dependent Myokine that Drives Brown-Fat-like Development of White Fat and Thermogenesis. Nature 2012, 481,
463–468. [CrossRef] [PubMed]

16. Rao, R.R.; Long, J.Z.; White, J.P.; Svensson, K.J.; Lou, J.; Lokurkar, I.; Jedrychowski, M.P.; Ruas, J.L.; Wrann, C.D.; Lo, J.C.; et al.
Meteorin-like Is a Hormone That Regulates Immune-Adipose Interactions to Increase Beige Fat Thermogenesis. Cell 2014, 157,
1279–1291. [CrossRef] [PubMed]

17. Kirkendall, D.T.; Garrett, W.E. The Effects of Aging and Training on Skeletal Muscle. Am. J. Sports Med. 1998, 26, 598–602.
[CrossRef] [PubMed]

18. Tallis, J.; Shelley, S.; Degens, H.; Hill, C. Age-Related Skeletal Muscle Dysfunction Is Aggravated by Obesity: An Investigation of
Contractile Function, Implications and Treatment. Biomolecules 2021, 11, 372. [CrossRef] [PubMed]

19. Khadilkar, S.S. Musculoskeletal Disorders and Menopause. J. Obstet. Gynaecol. India 2019, 69, 99–103. [CrossRef] [PubMed]
20. Morgan, P.T.; Smeuninx, B.; Breen, L. Exploring the Impact of Obesity on Skeletal Muscle Function in Older Age. Front. Nutr.

2020, 7, 569904. [CrossRef] [PubMed]
21. Goisser, S.; Kemmler, W.; Porzel, S.; Volkert, D.; Sieber, C.C.; Bollheimer, L.C.; Freiberger, E. Sarcopenic Obesity and Complex

Interventions with Nutrition and Exercise in Community-Dwelling Older Persons—A Narrative Review. Clin. Interv. Aging 2015,
10, 1267–1282. [CrossRef]

22. Meng, P.; Hu, Y.-X.; Fan, L.; Zhang, Y.; Zhang, M.-X.; Sun, J.; Liu, Y.; Li, M.; Yang, Y.; Wang, L.-H.; et al. Sarcopenia and Sarcopenic
Obesity among Men Aged 80 Years and Older in Beijing: Prevalence and Its Association with Functional Performance. Geriatr.
Gerontol. Int. 2014, 14 (Suppl. S1), 29–35. [CrossRef] [PubMed]

23. Kalinkovich, A.; Livshits, G. Sarcopenic Obesity or Obese Sarcopenia: A Cross Talk between Age-Associated Adipose Tissue and
Skeletal Muscle Inflammation as a Main Mechanism of the Pathogenesis. Ageing Res. Rev. 2017, 35, 200–221. [CrossRef] [PubMed]

24. Ji, T.; Li, Y.; Ma, L. Sarcopenic Obesity: An Emerging Public Health Problem. Aging Dis. 2022, 13, 379–388. [CrossRef]
25. Moreno-Aliaga, M.J.; Lorente-Cebrián, S.; Martínez, J.A. Regulation of Adipokine Secretion by N-3 Fatty Acids. Proc. Nutr. Soc.

2010, 69, 324–332. [CrossRef] [PubMed]
26. Krause, M.; Milne, K.; Hawke, T. Adiponectin—Consideration for Its Role in Skeletal Muscle Health. Int. J. Mol. Sci. 2019, 20, 1528.

[CrossRef] [PubMed]
27. Ibañez, J.; Izquierdo, M.; Argüelles, I.; Forga, L.; Larrión, J.L.; García-Unciti, M.; Idoate, F.; Gorostiaga, E.M. Twice-Weekly

Progressive Resistance Training Decreases Abdominal Fat and Improves Insulin Sensitivity in Older Men with Type 2 Diabetes.
Diabetes Care 2005, 28, 662–667. [CrossRef] [PubMed]

28. Hurley, B.F.; Roth, S.M. Strength Training in the Elderly. Sport Med. 2000, 30, 249–268. [CrossRef]
29. Spite, M.; Clària, J.; Serhan, C.N. Resolvins, Specialized Proresolving Lipid Mediators, and Their Potential Roles in Metabolic

Diseases. Cell Metab. 2014, 19, 21–36. [CrossRef] [PubMed]
30. Lorente-Cebrián, S.; Costa, A.G.V.; Navas-Carretero, S.; Zabala, M.; Laiglesia, L.M.; Martínez, J.A.; Moreno-Aliaga, M.J. An Update

on the Role of Omega-3 Fatty Acids on Inflammatory and Degenerative Diseases. J. Physiol. Biochem. 2015, 71, 341–349. [CrossRef]
[PubMed]

31. Rodacki, C.L.; Rodacki, A.L.; Pereira, G.; Naliwaiko, K.; Coelho, I.; Pequito, D.; Fernandes, L.C. Fish-Oil Supplementation
Enhances the Effects of Strength Training in Elderly Women. Am. J. Clin. Nutr. 2012, 95, 428–436. [CrossRef] [PubMed]

32. Strandberg, E.; Ponsot, E.; Piehl-Aulin, K.; Falk, G.; Kadi, F. Resistance Training Alone or Combined with N-3 PUFA-Rich Diet in
Older Women: Effects on Muscle Fiber Hypertrophy. J. Gerontol. Ser. A 2019, 74, 489–494. [CrossRef] [PubMed]

33. Da Boit, M.; Sibson, R.; Sivasubramaniam, S.; Meakin, J.R.; Greig, C.A.; Aspden, R.M.; Thies, F.; Jeromson, S.; Hamilton, D.L.;
Speakman, J.R.; et al. Sex Differences in the Effect of Fish-Oil Supplementation on the Adaptive Response to Resistance Exercise
Training in Older People: A Randomized Controlled Trial. Am. J. Clin. Nutr. 2017, 105, 151–158. [CrossRef] [PubMed]

34. Cornish, S.M.; Myrie, S.B.; Bugera, E.M.; Chase, J.E.; Turczyn, D.; Pinder, M. Omega-3 Supplementation with Resistance Training
Does not Improve Body Composition or Lower Biomarkers of Inflammation More so than Resistance Training Alone in Older
Men. Nutr. Res. 2018, 60, 87–95. [CrossRef] [PubMed]

35. Yamazaki, H.; Nishimura, M.; Uehara, M.; Kuribara-Souta, A.; Yamamoto, M.; Yoshikawa, N.; Morohashi, K.-I.; Tanaka, H.
Eicosapentaenoic Acid Changes Muscle Transcriptome and Intervenes in Aging-Related Fiber Type Transition in Male Mice. Am.
J. Physiol. Metab. 2021, 320, E346–E358. [CrossRef] [PubMed]

http://doi.org/10.1038/nm0909-996
http://www.ncbi.nlm.nih.gov/pubmed/19734871
http://doi.org/10.1038/s41591-019-0675-0
http://doi.org/10.1111/j.1469-7793.2000.00237.x
http://doi.org/10.1038/nrendo.2012.49
http://www.ncbi.nlm.nih.gov/pubmed/22473333
http://doi.org/10.1038/nrd.2016.153
http://doi.org/10.2337/db15-0227
http://www.ncbi.nlm.nih.gov/pubmed/26050668
http://doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/22237023
http://doi.org/10.1016/j.cell.2014.03.065
http://www.ncbi.nlm.nih.gov/pubmed/24906147
http://doi.org/10.1177/03635465980260042401
http://www.ncbi.nlm.nih.gov/pubmed/9689386
http://doi.org/10.3390/biom11030372
http://www.ncbi.nlm.nih.gov/pubmed/33801275
http://doi.org/10.1007/s13224-019-01213-7
http://www.ncbi.nlm.nih.gov/pubmed/30956461
http://doi.org/10.3389/fnut.2020.569904
http://www.ncbi.nlm.nih.gov/pubmed/33335909
http://doi.org/10.2147/CIA.S82454
http://doi.org/10.1111/ggi.12211
http://www.ncbi.nlm.nih.gov/pubmed/24450558
http://doi.org/10.1016/j.arr.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27702700
http://doi.org/10.14336/AD.2021.1006
http://doi.org/10.1017/S0029665110001801
http://www.ncbi.nlm.nih.gov/pubmed/20540825
http://doi.org/10.3390/ijms20071528
http://www.ncbi.nlm.nih.gov/pubmed/30934678
http://doi.org/10.2337/diacare.28.3.662
http://www.ncbi.nlm.nih.gov/pubmed/15735205
http://doi.org/10.2165/00007256-200030040-00002
http://doi.org/10.1016/j.cmet.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24239568
http://doi.org/10.1007/s13105-015-0395-y
http://www.ncbi.nlm.nih.gov/pubmed/25752887
http://doi.org/10.3945/ajcn.111.021915
http://www.ncbi.nlm.nih.gov/pubmed/22218156
http://doi.org/10.1093/gerona/gly130
http://www.ncbi.nlm.nih.gov/pubmed/30052800
http://doi.org/10.3945/ajcn.116.140780
http://www.ncbi.nlm.nih.gov/pubmed/27852617
http://doi.org/10.1016/j.nutres.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30527263
http://doi.org/10.1152/ajpendo.00184.2020
http://www.ncbi.nlm.nih.gov/pubmed/33225720


Nutrients 2022, 14, 4240 18 of 22

36. Aoki, K.; Konno, M.; Honda, K.; Abe, T.; Nagata, T.; Takehara, M.; Sugasawa, T.; Takekoshi, K.; Ohmori, H. Habitual Aerobic
Exercise Diminishes the Effects of Sarcopenia in Senescence-Accelerated Mice Prone8 Model. Geriatrics 2020, 5, 48. [CrossRef]
[PubMed]

37. Takigawa, K.; Matsuda, R.; Uchitomi, R.; Onishi, T.; Hatazawa, Y.; Kamei, Y. Effects of Long-Term Physical Exercise on Skeletal
Muscles in Senescence-Accelerated Mice (SAMP8). Biosci. Biotechnol. Biochem. 2019, 83, 518–524. [CrossRef] [PubMed]

38. Félix-Soriano, E.; Martínez-Gayo, A.; Cobo, M.J.; Pérez-Chávez, A.; Ibáñez-Santos, J.; Palacios Samper, N.; Goikoetxea Galarza,
I.; Cuervo, M.; García-Unciti, M.; González-Muniesa, P.; et al. Effects of DHA-Rich n-3 Fatty Acid Supplementation and/or
Resistance Training on Body Composition and Cardiometabolic Biomarkers in Overweight and Obese Post-Menopausal Women.
Nutrients 2021, 13, 2465. [CrossRef]

39. Yang, J.; Sáinz, N.; Félix-Soriano, E.; Gil-Iturbe, E.; Castilla-Madrigal, R.; Fernández-Galilea, M.; Martínez, J.A.; Moreno-Aliaga,
M.J. Effects of Long-Term DHA Supplementation and Physical Exercise on Non-Alcoholic Fatty Liver Development in Obese
Aged Female Mice. Nutrients 2021, 13, 501. [CrossRef]

40. Félix-Soriano, E.; Sáinz, N.; Gil-Iturbe, E.; Collantes, M.; Fernández-Galilea, M.; Castilla-Madrigal, R.; Ly, L.; Dalli, J.;
Moreno-Aliaga, M.J. Changes in Brown Adipose Tissue Lipid Mediator Signatures with Aging, Obesity, and DHA Supplementa-
tion in Female Mice. FASEB J. 2021, 35, e21592. [CrossRef]

41. Moreno-Aliaga, M.J.; Pérez-Echarri, N.; Marcos-Gómez, B.; Larequi, E.; Gil-Bea, F.J.; Viollet, B.; Gimenez, I.; Martínez, J.A.;
Prieto, J.; Bustos, M. Cardiotrophin-1 Is a Key Regulator of Glucose and Lipid Metabolism. Cell Metab. 2011, 14, 242–253.
[CrossRef]

42. López-Yoldi, M.; Fernández-Galilea, M.; Laiglesia, L.M.; Larequi, E.; Prieto, J.; Martínez, J.A.; Bustos, M.; Moreno-Aliaga, M.J.
Cardiotrophin-1 Stimulates Lipolysis through the Regulation of Main Adipose Tissue Lipases. J. Lipid Res. 2014, 55, 2634–2643.
[CrossRef]

43. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef]
44. Curran-Everett, D. Explorations in Statistics: Permutation Methods. Adv. Physiol. Educ. 2012, 36, 181–187. [CrossRef]
45. Gil-Iturbe, E.; Félix-Soriano, E.; Sáinz, N.; Idoate-Bayón, A.; Castilla-Madrigal, R.; Moreno-Aliaga, M.J.; Lostao, M.P. Effect

of Aging and Obesity on GLUT12 Expression in Small Intestine, Adipose Tissue, Muscle, and Kidney and Its Regulation by
Docosahexaenoic Acid and Exercise in Mice. Appl. Physiol. Nutr. Metab. 2020, 45, 957–967. [CrossRef] [PubMed]

46. Zelová, H.; Hošek, J. TNF-α Signalling and Inflammation: Interactions between Old Acquaintances. Inflamm. Res. 2013, 62,
641–651. [CrossRef] [PubMed]

47. Saraiva, M.; Vieira, P.; O’Garra, A. Biology and Therapeutic Potential of Interleukin-10. J. Exp. Med. 2020, 217, e20190418.
[CrossRef]

48. Krause, M.P.; Liu, Y.; Vu, V.; Chan, L.; Xu, A.; Riddell, M.C.; Sweeney, G.; Hawke, T.J. Adiponectin Is Expressed by Skeletal Muscle
Fibers and Influences Muscle Phenotype and Function. Am. J. Physiol.-Cell Physiol. 2008, 295, C203–C212. [CrossRef] [PubMed]

49. Qiao, L.; Kinney, B.; Yoo, H.S.; Lee, B.; Schaack, J.; Shao, J. Adiponectin Increases Skeletal Muscle Mitochondrial Biogenesis by
Suppressing Mitogen-Activated Protein Kinase Phosphatase-1. Diabetes 2012, 61, 1463–1470. [CrossRef] [PubMed]

50. Bodine, S.C.; Latres, E.; Baumhueter, S.; Lai, V.K.M.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro, F.J.; Erqian, N.;
Dharmarajan, K.; et al. Identification of Ubiquitin Ligases Required for Skeletal Muscle Atrophy. Science 2001, 294, 1704–1708.
[CrossRef]

51. Edström, E.; Altun, M.; Hägglund, M.; Ulfhake, B. Atrogin-1/MAFbx and MuRF1 Are Downregulated in Aging-Related Loss of
Skeletal Muscle. J. Gerontol. Ser. A 2006, 61, 663–674. [CrossRef]

52. McIlwain, D.R.; Berger, T.; Mak, T.W. Caspase Functions in Cell Death and Disease. Cold Spring Harb. Perspect. Biol. 2013,
5, a008656. [CrossRef]

53. Bharathy, N.; Ling, B.M.T.; Taneja, R. Epigenetic Regulation of Skeletal Muscle Development and Differentiation. Subcell. Biochem.
2013, 61, 139–150. [CrossRef]

54. Jaiswal, N.; Gavin, M.G.; Quinn, W.J.; Luongo, T.S.; Gelfer, R.G.; Baur, J.A.; Titchenell, P.M. The Role of Skeletal Muscle Akt in the
Regulation of Muscle Mass and Glucose Homeostasis. Mol. Metab. 2019, 28, 1–13. [CrossRef]

55. Houten, S.M.; Wanders, R.J.A. A General Introduction to the Biochemistry of Mitochondrial Fatty Acid β-Oxidation. J. Inherit.
Metab. Dis. 2010, 33, 469–477. [CrossRef] [PubMed]

56. Yamazaki, N.; Shinohara, Y.; Shima, A.; Terada, H. High Expression of a Novel Carnitine Palmitoyltransferase I like Protein in Rat
Brown Adipose Tissue and Heart: Isolation and Characterization of Its CDNA Clone. FEBS Lett. 1995, 363, 41–45. [CrossRef]

57. Reubsaet, F.A.G.; Veerkamp, J.H.; Bukkens, S.G.F.; Trijbels, J.M.F.; Monnens, L.A.H. Acyl-CoA Oxidase Activity and Peroxisomal
Fatty Acid Oxidation in Rat Tissues. Biochim. Biophys. Acta (BBA)/Lipids Lipid Metab. 1988, 958, 434–442. [CrossRef]

58. Brownsey, R.W.; Boone, A.N.; Elliott, J.E.; Kulpa, J.E.; Lee, W.M. Regulation of Acetyl-CoA Carboxylase. Biochem. Soc. Trans. 2006,
34, 223–227. [CrossRef] [PubMed]

59. Roca-Rivada, A.; Castelao, C.; Senin, L.L.; Landrove, M.O.; Baltar, J.; Crujeiras, A.B.; Seoane, L.M.; Casanueva, F.F.; Pardo, M.
FNDC5/Irisin Is Not Only a Myokine but Also an Adipokine. PLoS ONE 2013, 8, e60563. [CrossRef]

60. Rana, K.S.; Arif, M.; Hill, E.J.; Aldred, S.; Nagel, D.A.; Nevill, A.; Randeva, H.S.; Bailey, C.J.; Bellary, S.; Brown, J.E. Plasma Irisin
Levels Predict Telomere Length in Healthy Adults. Age 2014, 36, 995–1001. [CrossRef]

http://doi.org/10.3390/geriatrics5030048
http://www.ncbi.nlm.nih.gov/pubmed/32916898
http://doi.org/10.1080/09168451.2018.1547625
http://www.ncbi.nlm.nih.gov/pubmed/30537907
http://doi.org/10.3390/nu13072465
http://doi.org/10.3390/nu13020501
http://doi.org/10.1096/fj.202002531R
http://doi.org/10.1016/j.cmet.2011.05.013
http://doi.org/10.1194/jlr.M055335
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1152/advan.00072.2012
http://doi.org/10.1139/apnm-2019-0721
http://www.ncbi.nlm.nih.gov/pubmed/32176854
http://doi.org/10.1007/s00011-013-0633-0
http://www.ncbi.nlm.nih.gov/pubmed/23685857
http://doi.org/10.1084/jem.20190418
http://doi.org/10.1152/ajpcell.00030.2008
http://www.ncbi.nlm.nih.gov/pubmed/18463233
http://doi.org/10.2337/db11-1475
http://www.ncbi.nlm.nih.gov/pubmed/22415879
http://doi.org/10.1126/science.1065874
http://doi.org/10.1093/gerona/61.7.663
http://doi.org/10.1101/cshperspect.a008656
http://doi.org/10.1007/978-94-007-4525-4_7
http://doi.org/10.1016/j.molmet.2019.08.001
http://doi.org/10.1007/s10545-010-9061-2
http://www.ncbi.nlm.nih.gov/pubmed/20195903
http://doi.org/10.1016/0014-5793(95)00277-G
http://doi.org/10.1016/0005-2760(88)90229-9
http://doi.org/10.1042/BST0340223
http://www.ncbi.nlm.nih.gov/pubmed/16545081
http://doi.org/10.1371/journal.pone.0060563
http://doi.org/10.1007/s11357-014-9620-9


Nutrients 2022, 14, 4240 19 of 22

61. Jørgensen, J.R.; Fransson, A.; Fjord-Larsen, L.; Thompson, L.H.; Houchins, J.P.; Andrade, N.; Torp, M.; Kalkkinen, N.;
Andersson, E.; Lindvall, O.; et al. Cometin Is a Novel Neurotrophic Factor that Promotes Neurite Outgrowth and Neurob-
last Migration in Vitro and Supports Survival of Spiral Ganglion Neurons in Vivo. Exp. Neurol. 2012, 233, 172–181. [CrossRef]
[PubMed]

62. Zheng, S.L.; Li, Z.Y.; Song, J.; Liu, J.M.; Miao, C.Y. Metrnl: A Secreted Protein with New Emerging Functions. Acta Pharmacol. Sin.
2016, 37, 571–579. [CrossRef] [PubMed]

63. Li, Z.Y.; Song, J.; Zheng, S.L.; Fan, M.B.; Guan, Y.F.; Qu, Y.; Xu, J.; Wang, P.; Miao, C.Y. Adipocyte Metrnl Antagonizes Insulin
Resistance through Pparg Signaling. Diabetes 2015, 64, 4011–4022. [CrossRef] [PubMed]

64. Muñoz-Cánoves, P.; Scheele, C.; Pedersen, B.K.; Serrano, A.L. Interleukin-6 Myokine Signaling in Skeletal Muscle: A Double-
Edged Sword? FEBS J. 2013, 280, 4131–4148. [CrossRef]

65. Lee, S.-J.; McPherron, A.C. Myostatin and the Control of Skeletal Muscle Mass. Curr. Opin. Genet. Dev. 1999, 9, 604–607. [CrossRef]
66. Sharma, M.; Langley, B.; Bass, J.; Kambadur, R. Myostatin in Muscle Growth and Repair. Exerc. Sport Sci. Rev. 2001, 29, 155–158.

[CrossRef]
67. Baylis, D.; Bartlett, D.B.; Patel, H.P.; Roberts, H.C. Understanding How We Age: Insights into Inflammaging. Longev. Health 2013,

2, 8. [CrossRef] [PubMed]
68. Dayan, M.; Segal, R.; Globerson, A.; Habut, B.; Shearer, G.M.; Mozes, E. Effect of Aging on Cytokine Production in Normal and

Experimental Systemic Lupus Erythematosus-Afflicted Mice. Exp. Gerontol. 2000, 35, 225–236. [CrossRef]
69. Clavel, S.; Coldefy, A.S.; Kurkdjian, E.; Salles, J.; Margaritis, I.; Derijard, B. Atrophy-Related Ubiquitin Ligases, Atrogin-1 and

MuRF1 Are up-Regulated in Aged Rat Tibialis Anterior Muscle. Mech. Ageing Dev. 2006, 127, 794–801. [CrossRef]
70. Baek, K.; Hwang, H.R.; Park, H.-J.; Kwon, A.; Qadir, A.S.; Ko, S.-H.; Woo, K.M.; Ryoo, H.-M.; Kim, G.-S.; Baek, J.-H. TNF-α

Upregulates Sclerostin Expression in Obese Mice Fed a High-Fat Diet. J. Cell. Physiol. 2014, 229, 640–650. [CrossRef]
71. Hotamisligil, G.S.; Shargill, N.S.; Spiegelman, B.M. Adipose Expression of Tumor Necrosis Factor-Alpha: Direct Role in Obesity-

Linked Insulin Resistance. Science 1993, 259, 87–91. [CrossRef]
72. Fang, H.; Judd, R.L. Adiponectin Regulation and Function. Compr. Physiol. 2018, 8, 1031–1063. [CrossRef]
73. Fasshauer, M.; Neumann, S.; Eszlinger, M.; Paschke, R.; Klein, J. Hormonal Regulation of Adiponectin Gene Expression in 3T3-L1

Adipocytes. Biochem. Biophys. Res. Commun. 2002, 290, 1084–1089. [CrossRef] [PubMed]
74. dos Santos, J.M.; Benite-Ribeiro, S.A.; Queiroz, G.; Duarte, J.A. The Effect of Age on Glucose Uptake and GLUT1 and GLUT4

Expression in Rat Skeletal Muscle. Cell Biochem. Funct. 2012, 30, 191–197. [CrossRef] [PubMed]
75. Larkin, L.M.; Reynolds, T.H.; Supiano, M.A.; Kahn, B.B.; Halter, J.B. Effect of Aging and Obesity on Insulin Responsiveness

and Glut-4 Glucose Transporter Content in Skeletal Muscle of Fischer 344 X Brown Norway Rats. J. Gerontol. Ser. A 2001, 56,
B486–B492. [CrossRef] [PubMed]

76. Qiang, W.; Weiqiang, K.; Qing, Z.; Pengju, Z.; Yi, L. Aging Impairs Insulin-Stimulated Glucose Uptake in Rat Skeletal Muscle via
Suppressing AMPKalpha. Exp. Mol. Med. 2007, 39, 535–543. [CrossRef]

77. Garvey, W.T.; Maianu, L.; Hancock, J.A.; Golichowski, A.M.; Baron, A. Gene Expression of GLUT4 in Skeletal Muscle from
Insulin-Resistant Patients with Obesity, IGT, GDM, and NIDDM. Diabetes 1992, 41, 465–475. [CrossRef]

78. Kahn, B.B.; Pedersen, O. Suppression of GLUT4 Expression in Skeletal Muscle of Rats That Are Obese from High Fat Feeding but
not from High Carbohydrate Feeding or Genetic Obesity. Endocrinology 1993, 132, 13–22. [CrossRef] [PubMed]

79. Reznick, R.M.; Zong, H.; Li, J.; Morino, K.; Moore, I.K.; Yu, H.J.; Liu, Z.-X.; Dong, J.; Mustard, K.J.; Hawley, S.A.; et al. Aging-
Associated Reductions in AMP-Activated Protein Kinase Activity and Mitochondrial Biogenesis. Cell Metab. 2007, 5, 151–156.
[CrossRef] [PubMed]

80. Turdi, S.; Fan, X.; Li, J.; Zhao, J.; Huff, A.F.; Du, M.; Ren, J. AMP-Activated Protein Kinase Deficiency Exacerbates Aging-Induced
Myocardial Contractile Dysfunction. Aging Cell 2010, 9, 592–606. [CrossRef] [PubMed]

81. Hadem, I.K.H.; Sharma, R. Age- and Tissue-Dependent Modulation of IGF-1/PI3K/Akt Protein Expression by Dietary Restriction
in Mice. Horm. Metab. Res. 2016, 48, 201–206. [CrossRef] [PubMed]

82. Shao, J.; Yamashita, H.; Qiao, L.; Friedman, J. Decreased Akt Kinase Activity and Insulin Resistance in C57BL/KsJ-Leprdb/Db
Mice. J. Endocrinol. 2000, 167, 107–115. [CrossRef]

83. He, M.-Q.; Wang, J.-Y.; Wang, Y.; Sui, J.; Zhang, M.; Ding, X.; Zhao, Y.; Chen, Z.-Y.; Ren, X.-X.; Shi, B.-Y. High-Fat Diet-Induced
Adipose Tissue Expansion Occurs Prior to Insulin Resistance in C57BL/6J Mice. Chronic Dis. Transl. Med. 2020, 6, 198–207.
[CrossRef]

84. Li, M.; Verdijk, L.B.; Sakamoto, K.; Ely, B.; van Loon, L.J.C.; Musi, N. Reduced AMPK-ACC and MTOR Signaling in Muscle from
Older Men, and Effect of Resistance Exercise. Mech. Ageing Dev. 2012, 133, 655–664. [CrossRef] [PubMed]

85. Nilwik, R.; Snijders, T.; Leenders, M.; Groen, B.B.L.; van Kranenburg, J.; Verdijk, L.B.; Van Loon, L.J.C. The Decline in Skeletal
Muscle Mass with Aging Is Mainly Attributed to a Reduction in Type II Muscle Fiber Size. Exp. Gerontol. 2013, 48, 492–498.
[CrossRef] [PubMed]

86. Saghizadeh, M.; Ong, J.M.; Garvey, W.T.; Henry, R.R.; Kern, P.A. The Expression of TNFα by Human Muscle: Relationship to
Insulin Resistance. J. Clin. Investig. 1996, 97, 1111–1116. [CrossRef]

87. Hamann, A.; Benecke, H.; Le Marchand-Brustel, Y.; Susulic, V.S.; Lowell, B.B.; Flier, J.S. Characterization of Insulin Resistance and
NIDDM in Transgenic Mice with Reduced Brown Fat. Diabetes 1995, 44, 1266–1273. [CrossRef] [PubMed]

http://doi.org/10.1016/j.expneurol.2011.09.027
http://www.ncbi.nlm.nih.gov/pubmed/21985865
http://doi.org/10.1038/aps.2016.9
http://www.ncbi.nlm.nih.gov/pubmed/27063217
http://doi.org/10.2337/db15-0274
http://www.ncbi.nlm.nih.gov/pubmed/26307585
http://doi.org/10.1111/febs.12338
http://doi.org/10.1016/S0959-437X(99)00004-0
http://doi.org/10.1097/00003677-200110000-00004
http://doi.org/10.1186/2046-2395-2-8
http://www.ncbi.nlm.nih.gov/pubmed/24472098
http://doi.org/10.1016/S0531-5565(00)00076-0
http://doi.org/10.1016/j.mad.2006.07.005
http://doi.org/10.1002/jcp.24487
http://doi.org/10.1126/science.7678183
http://doi.org/10.1002/cphy.c170046
http://doi.org/10.1006/bbrc.2001.6307
http://www.ncbi.nlm.nih.gov/pubmed/11798186
http://doi.org/10.1002/cbf.1834
http://www.ncbi.nlm.nih.gov/pubmed/22125125
http://doi.org/10.1093/gerona/56.11.B486
http://www.ncbi.nlm.nih.gov/pubmed/11682570
http://doi.org/10.1038/emm.2007.59
http://doi.org/10.2337/diab.41.4.465
http://doi.org/10.1210/endo.132.1.8419118
http://www.ncbi.nlm.nih.gov/pubmed/8419118
http://doi.org/10.1016/j.cmet.2007.01.008
http://www.ncbi.nlm.nih.gov/pubmed/17276357
http://doi.org/10.1111/j.1474-9726.2010.00586.x
http://www.ncbi.nlm.nih.gov/pubmed/20477759
http://doi.org/10.1055/s-0035-1559770
http://www.ncbi.nlm.nih.gov/pubmed/26372898
http://doi.org/10.1677/joe.0.1670107
http://doi.org/10.1016/j.cdtm.2020.06.003
http://doi.org/10.1016/j.mad.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23000302
http://doi.org/10.1016/j.exger.2013.02.012
http://www.ncbi.nlm.nih.gov/pubmed/23425621
http://doi.org/10.1172/JCI118504
http://doi.org/10.2337/diab.44.11.1266
http://www.ncbi.nlm.nih.gov/pubmed/7589822


Nutrients 2022, 14, 4240 20 of 22

88. Ruan, Q.; Huang, Y.; Yang, L.; Ruan, J.; Gu, W.; Zhang, X.; Zhang, Y.; Zhang, W.; Yu, Z. The Effects of Both Age and Sex on Irisin
Levels in Paired Plasma and Cerebrospinal Fluid in Healthy Humans. Peptides 2019, 113, 41–51. [CrossRef] [PubMed]

89. Huh, J.Y.; Mougios, V.; Kabasakalis, A.; Fatouros, I.; Siopi, A.; Douroudos, I.I.; Filippaios, A.; Panagiotou, G.; Park, K.H.;
Mantzoros, C.S. Exercise-Induced Irisin Secretion Is Independent of Age or Fitness Level and Increased Irisin May Directly
Modulate Muscle Metabolism through AMPK Activation. J. Clin. Endocrinol. Metab. 2014, 99, E2154–E2161. [CrossRef] [PubMed]

90. Kurdiova, T.; Balaz, M.; Vician, M.; Maderova, D.; Vlcek, M.; Valkovic, L.; Srbecky, M.; Imrich, R.; Kyselovicova, O.; Belan, V.; et al.
Effects of Obesity, Diabetes and Exercise on Fndc5 Gene Expression and Irisin Release in Human Skeletal Muscle and Adipose
Tissue: In Vivo and in Vitro Studies. J. Physiol. 2014, 592, 1091–1107. [CrossRef]
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