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ABSTRACT

Methionine restriction (MR) reduces inflammation and increases longevity. We studied the effects of MR
(0.17% kCal methionine, 10% kCal fat) and MRphigh-fat diet (HFD) (0.17% methionine, 45% kCal fat) and
overload-induced hypertrophy on inflammation, angiogenesis and mitochondrial activity in the hind-limb
muscle in 10- and 26-month-old male C57BL/6J mice. Plasma IL-6 concentrations were higher in old compared
to young mice. M. plantaris hypertrophy was accompanied by increased p-Akt, without a significant change in
Akt and VEGF levels. In young mice on a HFD or MRpHFD diet the SDH activity was higher than in those from
mice on other diets, irrespective of overload. There were no significant differences in total NAD concentration
in the m. gastrocnemius. MR enhanced the skeletal muscle hypertrophic response in old age that was
accompanied with an increase in p-Akt without significant changes in muscle oxidative capacity, low-grade
systemic inflammation, NAD, VEGF or Akt levels.
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Introduction

The global population of people older than 65 years is growing steadily (WHO 2018b). Ageing is a natural and
unavoidable process associated with insulin resistance and sarcopenia, the age-related loss of muscle mass and
function (Rosenberg 1989) that will ultimately result in the loss of independence. It is therefore, that there is an
increasing interest to perhaps not reverse, but at least delay the ageing process.

In addition to ageing, in the Western World also obesity is rising to epidemic proportions (WHO 2018a). Obesity
is defined as having a body mass index >30 kg-m-2 that is largely attributable to an accumulation of body fat.
The visceral fat mass (VFM) is a major source of inflammatory cytokines (Pedersen 2009) and an increase in the
VFM, as seen in obesity, is thus likely to contribute to the often- observed chronic low-grade systemic
inflammation in older people. It has been shown that if the levels of the circulating inflammatory cytokines IL-6
and TNFa exceed a certain threshold, these are (a) associated with muscle weakness (Visser et al. 2002; Bian et
al. 2017; Schaap et al. 2006) and (b) downregulation of IGF-1 resulting in impaired muscular strength (Barbieri
et al. 2003), contributing to anabolic resistance (Rennie 2009). The age-related increase in IL-6 (Alberro et al.
2021; Hager et al. 1994) may thus be aggravated by obesity and contribute to the accelerated loss of muscle
strength (Degens, Swaminathan, and Tallis 2021; Tallis et al. 2021).

Although resistance exercise is a well-established countermeasure against age-related loss of muscle mass and
function (Peterson, Sen, and Gordon 2011; Harridge, Kryger, and Stensgaard 1999), the hyper- trophic response
may be blunted in old age in both humans and rodents, perhaps due to the chronic low- grade systemic
inflammation in old age (Degens 2010). Interestingly, methionine restriction (MR), a mimetic of caloric
restriction (CR), has been shown to not only lower the low-grade systemic inflammation and increase longevity
(Orgeron et al. 2014; Wanders et al. 2018), but also to enhance the over- load-induced hypertrophy of the m.
plantaris in old mice (Swaminathan et al. 2021). As part of the blunted hypertrophy in old mice was due to
impaired angiogenesis (Hendrickse et al. 2021; Ballak et al. 2016), the MR-induced improved hypertrophic
response of old mice (Swaminathan et al. 2021) may well be attributable to enhanced angiogenesis.
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Figure 1. Timeline of the study with indication of the start and duration of chow diet and experimental diets, and the initiation and
duration of overload of the right m. plantaris. Horizontal line shows the corresponding age of the animals/time elapsed. m: months; w:
weeks.

Vascular endothelial growth factor (VEGF) is a potent angiogenic factor and muscle fibre-specific VEGF knock-
out mice exhibit less compensatory hyper- trophy (Huey et al. 2016) while on the other hand in old mice on
sulphur amino acid restriction enhanced angiogenesis realised by an increased expression of VEGF (Longchamp
et al. 2018). Likewise, angiogenesis induced by supplementation with nicotinamide mononucleotide, a booster
of nicotinamide adenine dinucleotide (NAD), in old mice required the presence of VEGF (Das et al. 2018).
Finally, Akt and p- Akt play are important mediators of hypertrophy (Bodine et al. 2001) and it remains to be
seen whether the enhanced hypertrophic response during MR in old mice (Swaminathan et al. 2021) is
associated with elevated muscle NAD and VEGF levels and enhanced Akt and p-Akt expression.

Mitochondria play a vital role in cellular ATP pro- duction, necessary for muscle contraction and viability of
muscle cells. The mitochondrial dysfunction during ageing may impinge on proteostasis and result in a loss of
muscle mass and function (Bellanti, Lo Buglio, and Vendemiale 2021), and may occur as a result of increased
reactive oxidative species (ROS) production and lowered antioxidant defences (Miquel et al. 1980; McCormick
and Vasilaki 2018). The low- grade systemic inflammation induced by obesity and old age, combined with
deteriorated mitochondrial function, is especially relevant to older obese adults who have higher levels of
muscular fat infiltration (Choi et al. 2016). Calorie restriction and exercise have been shown to delay the ageing-
and obesity- associated impairment of mitochondrial function (Bhatti, Bhatti, and Reddy 2017; Ruetenik and
Barrientos 2015). Similarly, it has been observed that while there was an absence of mitochondrial biogenesis,
there was an increase in mitochondrial oxidative capacity in skeletal muscle of young-adult rats fed a MR diet
(Perrone et al. 2010). Whether this increase in mitochondrial capacity in skeletal muscle after MR extends to old
age and obesity is yet to be elucidated.

Therefore, the aim of our study was to assess whether the enhanced skeletal muscle hypertrophic response in
old mice on MR is associated with elevated muscle levels of NAD and VEGF. In addition, we explored whether
MR reduced circulating IL-6 and improved oxidative capacity in hypertrophied muscles of old mice on a high-fat
diet. We hypothesised that MR lowers serum IL-6 and that the enhanced overload-induced hypertrophy in MR-
fed old mice is associated with a higher muscle expression of p-Akt, VEGF and NAD.

Methods

Animals—diet and hypertrophy

All experiments were approved by the ethics commit- tee of the Lithuanian Republic Alimentary and Veterinary
Public Office (No. G2-90 in 2018) and carried out in accordance with their guidelines and regulations. Figure 1
depicts the timeline of interventions. Male C57BL/6J mice had free access to water and standard chow
(carbohydrate—66% kCal, protein— 21% kCal, fat—6% kcal, methionine—0.65% kCal) until the age of 6 (young-
adult mice, n % 38) or 22 months (old mice, n % 32). The age of 22 months was chosen for the old group as that
is the age of onset of an age-related decline in muscle mass in mice (Graber et al. 2015). Then they were sub-
divided into the following groups: control, methionine restricted (MR), high fat diet (HFD) and MR p HFD. Diets
were purchased from Research Diets Inc. (New Brunswick, NJ, USA) and the diet compositions are shown in
Table 1.

During the twelfth week of the dietary intervention, compensatory hypertrophy of the right plantaris muscles
was induced in all mice by cutting the branches of the n. Ischiadicus supplying the



Table 1. Composition of chow and experimental diets (along with the corresponding Research Diets ID)
fed to mice for the duration of the study.

Control MR HFD MRpHFD
Diet Composition Chow (A06071322) (A18121002) (A06071309) (A18121001)
%Carbohydrate 66 72 72 36 37
%Protein 21 18 17 18 17
%Fat 6 10 10 46 46
%Methionine 0.65 0.49 0.17 0.61 0.17

MR: Methionine restricted diet; HFD: high fat diet (Adapted from Swaminathan et al. 2021). Nutrients are expressed as percentages of total calories
(kCal).

m. gastrocnemius and m. soleus as close to their point of entry to the belly of the muscle as possible. A
segment of each branch was removed to prevent reinnervation. The left plantaris muscle served as the
internal control. The surgery was performed under anaesthesia (isoflurane—4% and O, at 2 L-min~! until the
animal did not respond to foot-pad-pinch, and then maintained with 1.5% isoflurane and 1 L-min"* O,).
Six weeks after overload surgery, the animals were euthanised with an overdose of CO,. Blood samples were
obtained from a heart puncture, and the m. gastrocnemius, m. plantaris and m. soleus were care- fully excised,
weighed, frozen in isopentane pre- cooled with liquid nitrogen and stored at -80 °C until further analysis as
described previously (Swaminathan et al. 2021).

IL-6

Serum IL-6 levels were assessed in blood samples obtained from puncturing the heart, using the enzyme-
linked immunosorbent assay (Mouse IL-6 ELISA Kit, BMS603-2, Invitrogen, Thermo Fisher, Frederick, USA) and
a spectrophotometric plate reader (Spark 10 M, Tecan Group Ltd, Zurich, Switzerland).

Preparation of muscle homogenates

About 5 - 10 mg of frozen m. plantaris was homogenised in 100 IL ice-cold lysis buffer (50 mM Tris—HCI, 1
mM ethylene diamine tetra acetic acid, 1 mM ethylene bis (oxyethylene nitrilo) tetra acetic acid, 50 mM
sodium fluoride, 1 mM sodium orthovanadate, 10 mM b-glycerophosphate, 1% Triton X-100, pH 7.0). The
homogenate was kept overnight at -80°C and centrifuged the next day at 13,000 g for 10 mins and
the supernatant used for determination of total protein concentration (BCA1, Sigma-Aldrich), and further SDH
activity and western blot analysis.

Succinate dehydrogenase (SDH) activity

The SDH activity was determined as described previously (Swaminathan et al. 2021; Kvedaras et al. 2020). Ten
IL of the supernatant was added to 96-well plates which contained 90 IL reaction reagent (50 mM NaPi buffer
(pH % 7.4), 1 mM KCN, 0.06 mM 2,6-DCPIP, 0.2% (wt/vol) bovine serum albumin) and 10 IL 100 mM
sodium succinate solution. The change in absorbance at 600 nm per minute was measured spec-
trophotometrically (Spark 10 M, Tecan Group Ltd, Zurich, Switzerland).

Western blot—Akt and VEGF

Twenty micrograms of protein was separated on 10-12% SDS-PAGE and transferred to PVDF mem- branes.
Membranes were blocked with 5% non-fat milk for 1 hour and then incubated overnight (4 °C) with the
following antibodies: VEGF (1:1000; MA116629, Thermo Fischer, USA), Akt (1:1,000; 9272, Cell Signalling
Technology, Danvers, MA) and Phospho-Akt (Thr308; 1:1000; 9275, Cell Signalling Technology, Danvers, MA).
Horseradish peroxidase- conjugated anti-mouse (1:10,000; 31430, Thermo Fischer, USA), anti-rabbit (1:3000;
ab6721, Abcam, Cambridge, UK) or anti-rabbit (1:2000; 7071, Cell Signalling Technology, Danvers, MA)
secondary anti- bodies were used for chemiluminescent detection of VEGF, Akt and p-Akt, respectively.
Membranes were scanned and quantified using the Image) software.

Total nicotinamide-adenine dinucleotide (NAD)

Total NAD was measured using the commercial NAD/NADH Quantification Kit (Sigma-Aldrich MAKO037).
Approximately 20 mg of m. gastrocnemius was washed with cold PBS and homogenised in 400 IL
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NADH/NAD Extraction Buffer provided with the kit. The supernatant was used to measure total NAD in a 96-
well plate at 450 nm (Spark 10 M, Tecan Group Ltd, Zurich, Switzerland).

Table 2. Body mass [BM)] (g), muscle mass (mg] and % hypertrophy of the m. plontaris before and after 18 weeks on experimental diet of young and old mice.

YOUNG QLD
BM ig) BM () BM (g) BM (g
Wkl Wi 18 m. gast {mgl  m plantads (mg)l m soleus (mg) % hypertrophy Wk Wi 18 m. gast {mgl  m plondass (mg)  m. soleus (mgl % hyperorophy
contnal Mlel3 3508 129£3"* 154 08" 192203 I09:67 5807 IT2:13 1212 6.4 £08 10 05" TEl£3.0°
MR 1205 7Ee M 108 £ &' 126 £09 97208 19452 Wrell 706" 94 + T 107 £0.7 80£05 B4T7E11F!
HFD IAE07 4d5E2 M 141 &4 16713 1422 05" 10259 390822 41826 110 £ == 138211 115 £0.4" 408"
maphen 31306 390£33" 1094 127 £0.8 10.52 08 204252 Whedd 299: 3" 1ol &4 130208 8.8+0.2" 27 5T

m. gast gastrocnemius muscle; @ =™ ® = cignificandy different from young, control, MR, HFD. MR HFD group respectively at p 0.041. © significantly different from week O at p 0.004. Data & presented
as mean + SEM

Experimental diets: control. methiomine restricted (MR). kigh fat diec (HFD), or MR b HFD diet.

Statistics

Data are presented as mean, min, max or mean * SEM. The Shapiro-Wilk test was applied to test
whether the data were normally distributed. As the plasma IL-6 concentrations and SDH activity data were not
normally distributed they were log-trans- formed before statistical analysis. A two-way ANOVA was used to test for
differences in body and muscle mass, total m. gastrocnemius NAD and plasma IL-6 concentrations, with age and
diet as factors. A repeated-measures ANOVA with muscle as within factor, and age and diet as between factors
was per- formed on Akt and VEGF levels, and the log-trans- formed p-Akt and SDH activity data. If there were
significant interactions, ANOVA post-hoc tests were performed to locate the differences. Effects and inter- actions
were considered significant at p <0.05. All analyses were performed using IBM SPSS Version 26.

Results
Body and muscle mass

The data on body mass, muscle mass and percentage hypertrophy of the m. plantaris have been published
previously (Swaminathan et al. 2021), but have been repeated here for completeness (Table 2). A HFD resulted in
an increased body mass in young mice (p::;0.036)and there was a trend towards an increase in body mass in
the old group (p%0.056). MR induced a decrease (p'%0.018) in body mass.

Table 2 also shows the mass of control m. gastro- cnemius, m. soleus and control and hypertrophied m. plantaris
in young and old mice on control, MR,
HFD and MR pHFD diets. The m. gastrocnemius and
m. soleus mass was higher in young than old animals (p<0.001). Mice on MR and MR pHFD had a lower
m. gastrocnemius mass compared to those fed a control and HFD diet (p < 0.001), irrespective of age. For the m.
soleus there was an age * diet interaction (p<0.001). It appeared that in both young and old mice, those on a
HFD had a greater m. soleus mass than those on MR and MRpHFD (p<0.001), while
only young animals on a HFD had a larger m. soleus mass those on a control diet (p <0.001). In addition, only in the
old group did the MR-fed mice have a

lower m. soleus mass than control and HFD groups (p ::; 0.003). There was no significant difference in m.
plantaris mass between young and old animals (p % 0.255). Animals on a MR and MR p HFD diets both
had lower m. plantaris mass than the control and HFD groups (p::;0.005), irrespective of age.
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Figure 2. Plasma IL6 concentration in young (black boxes)
and old (grey boxes) mice on a control, methionine restricted
(MR), high fat diet (HFD) and MR p HFD. y: significantly differ-
ent from young at p % 0.002. Data is presented as mean,
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We did not observe a significant effect of diet on
% hypertrophy in young mice (p% 0.175). Old mice
on MR, however, had a larger % hypertrophy as com-
pared to the control, HFD and MR p HFD
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Figure 2 shows that old mice had higher serum IL-6 Figure 3. SDH activity in control (C—
concentrations compared to young mice (p % 0.002), with no empty boxes) and hypertrophied (H—
significant effect of diet (p %0.079). patterned boxes) m. plantaris in (A) young

and (B) old mice on a control,
. methionine restricted (MR), .
SDH activity high fat diet (HFD) and MR p HFD.

. . significantly different
Figure 3 shows that there was no main effect of age (p % from diet-matched control leg at p :;

0.075) on the SDH activity of the m. plantaris. There were main 0.015; ¢, m: significantly different from
effects of diet and overload on the SDH activity (p < 0.001;
Figure 2(A), B), as well as age"< diet (p%0.011) and overload *
diet (p % 0.038) interactions. Further analyses revealed that the
m. plantaris of young mice on a HFD or MR pHFD diet

had a higher SDH activity than those from mice on control diets, and those on a HFD p MR had a greater
SDH activity than those fed a MR diet (p::; 0.047), irrespective of overload. In the old group, overload
did induce an increase in the SDH activity (p % 0.001), but such an overload-induced increase in SDH activity
only occurred in animals on a MR pHFD diet (p % 0.007).

Akt, p-Akt and VEGF

There were no significant effects of age, diet, or over- load, nor any significant interactions for VEGF and Akt
levels in the m. plantaris (Figures 4(A,B) and 5(A,B), respectively). The p-Akt was higher in m. plantaris from
old than young mice (p % 0.006) and in overloaded muscles, irrespective of age and diet (p < 0.001)
(Figure 5(C,D)).

NAD

While there were no significant main effects of age or diet on the total NAD concentration in the m. gastro-

cnemius, there was a significant age * diet interaction (p % 0.048; Figure 6). Further analyses within the
young (p%0.152) and old (p?%0.159) groups separately did not reveal any significant differences between
diets.
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Figure 4. Relative VEGF in the control (C—empty boxes) and hypertrophied (H—patterned boxes) m. plantaris of (A) young and
(B) old mice on a control, methionine restricted (MR), high fat diet (HFD) and MR p HFD. Data is presented as mean, min, max. (C)
Western blot images for VEGF and b-actin (as loading control) in control (L) and hypertrophied (R) m. planta- ris of old (O) and
young (Y) mice on control and high fat diet (HFD).

Discussion

The main observation of the present study was that in contrast to our hypotheses, a high fat diet (HFD)
did not accentuate, nor did methionine restriction (MR) alleviate the low-grade systemic inflammation
in old mice. In addition, the MR-induced enhanced hypertrophic response in old mice (Swaminathan et al.
2021) was not associated with elevated levels of NAD in the muscle tissue, or elevated levels of VEGF or Akt in
the hypertrophied muscles and the over- load-induced rise in p-Akt was independent of age or diet.
Low-grade systemic inflammation is often seen in old age (Visser et al. 2002; Bian et al. 2017; Schaap et
al. 2006), and is reflected among others by an elevated circulating IL-6 concentration (Alberro et al. 2021;
Hager et al. 1994)—something we observed also in our mice. The age-related rise in circulating IL-6 may be
enhanced by a habitual intake of dietary fat as has been shown in postmenopausal women (Chmurzynska et al.
2019). We, however, did not see any further increase in the circulating IL-6 levels of old mice on a HFD,
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which corresponds with other observations where a sustained HFD in ageing rats did not result in a
further increase in IL-6 (Pongratz et al. 2015). We also did not see any significant impact of MR on
circulating IL-6 levels in old mice, while others have seen a decrease in inflammation in adult 24-week-old mice
(Sharma et al. 2019) and 22- week-old progeroid mice (Barcena et al. 2018) after MR. It should be noted,
however, that the inflammatory markers in those studies were measured in adipose tissue and liver, sites that
are closely associated with metabolism of fat, and not in the circulation. While our data shows that there was
an increase in circulating IL-6 concentrations in the old compared to young mice, it appears that there is not
much of a decrease in MR-fed mice. Therefore, we can speculate that while MR does not significantly reduce
age-associated inflammation, it certainly does not worsen the condition.

Although we did not observe an age-related decline

in SDH activity (Proctor et al. 1995; Sczelecki et al. 2014), our data though not significant, indicate if any- thing,
that the old control-fed mice have higher SDH activity than their younger counterparts, which is similar to
earlier findings (Ballak et al. 2016).

In line with earlier work (Messa et al. 2020), we observed that young mice fed a HFD have a higher SDH
activity than those on a control diet. It has been shown that a HFD may increase the SDH activity in muscle
fibres from young, but not old mice (Messa et al. 2020). As we discussed previously, such a diminished
responsiveness of the oxidative metabolism to a HFD in muscles from old mice may result in a lesser ability
to oxidise fatty acids and consequently
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Figure 5. Relative Akt in the control (C—empty boxes) and hypertrophied (H—patterned boxes) m. plantaris of (A) young and (B)
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old mice on a control, methionine restricted (MR), high fat diet (HFD) and MR p HFD. p-Akt in the control (C—empty boxes) and
hypertrophied (H—patterned boxes) m. plantaris of (C) young and (D) old mice on a methionine restricted MR, HFD and
MRpHFD. * significantly different from diet-matched control leg at p<0.001. Data is presented as mean, min, max. (E) Western
blot images for Akt and b-actin (as loading control) in control (L) and hypertrophied (R) m. plantaris of old (O) and young (Y)
mice on control and MRpHFD. (F) Western blot images of p-Akt and corresponding Ponceau S in control (L) and hypertrophied
(R) m. plantaris of old (O) and young (Y) mice on a HFD.

a more rapid intramyocellular lipid accumulation in old than young muscles (Degens, Swaminathan, and Tallis
2021). Here we extend this observation that also an overload-induced increase in SDH activity seen in young
mice did not occur in old mice except—but to a much lesser extent than in young animals—if they were fed MR
b HFD. It thus appears that MR has only a limited impact on mitochondrial biogenesis in muscle, in contrast to the
stimulation of mitochondrial biogenesis in brain (Naud,i et al. 2007). We have no explanation for this
discrepancy, but it may reflect that the effects of MR on oxidative metab- olism are tissue specific.

Although we did not observe an attenuated hyper- trophy or diminished increase in p-Akt of the m. plantaris in
mice on a HFD, previous work in young mice has shown that a chronic HFD impaired the ability of the m. plantaris
to hypertrophy in response to mechanical overload (Sitnick, Bodine, and Rutledge 2009). It has been proposed
that a HFD- or obesity- induced inflammation may attenuate the hypertrophic response via e.g. a loss of the
positive association
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Figure 6. Total NAD concentration in young (black boxes) and old (grey boxes) mice on a control, methionine restricted (MR), high
fat diet (HFD) and MR p HFD. Data is presented as mean, min, max.

between insulin like growth factor-I (IGF-1) and muscle strength (Barbieri et al. 2003), thereby contributing to
anabolic resistance (Rennie 2009). We, how- ever, did not see a HFD-induced rise in IL-6 corresponding with the
absence of any HFD-induced attenuation of p-Akt expression and hypertrophic response in both young and old
mice in our study. This corresponds with the observation that in young- obese adults there was no obesity-
induced impairment of anabolic signalling (Hulston et al. 2018).

Previous studies have shown an attenuated hyper- trophic response in old mice that was associated with a
reduced expression of the VEGF receptor Flk-1 (Ballak et al. 2016). The attenuated hypertrophy in old mice we
observed was, however, not associated with lower muscle VEGF levels, and neither was VEGF elevated in the
hypertrophied muscles.

Interestingly, the p-Akt levels were higher in the
m. plantaris from old than you mice, corresponding with the higher IGF-I mRNA expression and regenerative drive
in old than young muscle (Edstrém and Ulfhake 2005). This perhaps reflects that in older muscles there is an
attempt, via upregulation of anabolic signalling pathways, to avert adverse skeletal muscle changes, even before an
overt age-related loss of muscle mass occurs.

MR did enhance the hypertrophic response in old
mice (Swaminathan et al. 2021), but here we show that this was no associated with an enhanced over- load-
induced expression of p-Akt. Previously we speculated that this enhanced response might be related to VEGF-
induced angiogenesis, as previous work showed that (1) the attenuated muscle hyper- trophy in old mice was
associated with impaired angiogenesis (Hendrickse et al. 2021; Ballak et al. 2016) and (2) sulphur amino acid
restriction (Longchamp et al. 2018) led to skeletal muscle angio- genesis in old mice. In contrast to this
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expectation, we did not see a MR-induced rise in VEGF in the normal or overloaded m. plantaris. Another factor
that may enhance angiogenesis is NAD via the activation of SIRT1 (Das et al. 2018), but we did not see an MR-
induced rise in NAD. This corresponds with the absence of a beneficial effect of resveratrol—thought to act via
SIRT1—on angiogenesis, Flk-1 expression and the hypertrophic response in old mice (Ballak et al. 2016).
Perhaps the main underlying factor con- tributing to the MR-induced enhanced hypertrophic response in old mice
was attributable to a reduction in low-grade systemic inflammation, as systemic inflammation may cause an
attenuated hypertrophic response (Degens 2010). This then is not so much related to increased protein synthesis,
as we did not observe any MR-induced increase in Akt or p-Akt, but perhaps more to alleviating some of the
inflammation-induced protein breakdown.

MR does not appear to be detrimental to markers of muscle hypertrophy in old age, nor to reduce oxidative
capacity and VEGF levels. A possible explanation for this absence of beneficial effects of MR on VEGF, is the age-at-
onset of the dietary intervention. For instance, Edington, Cosmas, and McCafferty 1972 observed the existence of
a “threshold age” in rats, beyond which there is no benefit to longevity to start exercise training. Similarly, it has
been observed that the increase in life span elicited by sulphur amino acid restriction decreased the later in
life the restriction was started (Nichenametla, Mattocks, and Malloy 2020). Additionally, it is difficult to distinguish
between the direct, tissue-specific responses to MR and the responses observed in one anatomical site and
modulated in another (Orgeron et al. 2014).

Future work may investigate to what extent MR affects muscle fibre type composition and to what extent an
MR-induced reduction in inflammation in old age may underlie the MR-induced enhanced muscle hypertrophy,
perhaps via reduction of protein breakdown.

In conclusion, MR enhanced the skeletal muscle hypertrophic response in old age that was accompanied with
an increase in p-Akt without significant changes in muscle oxidative capacity, low-grade systemic inflammation,
NAD, VEGF or Akt levels. Interestingly, MR did not rescue the blunted hypertrophic response in old mice on a
HFD. If this work can be translated to human application, then MR bears promise to enhance interventions
to increase muscle mass and strength in older people, who should be encouraged to lower excessive intake of
fats.

Acknowledgement

We would like to thank Mr. Raulas Kru~snauskas for technical support with Western Blots.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the work featured in this article.

ORCID

Anandini Swaminathan (2 http://orcid.org/0000-0002- 2327-1554
Hans Degens http://orcid.org/0000-0001-7399-4841

References

Alberro, Ainhoa, Andrea Iribarren-Lopez, Mat,ias S,aenz- Cuesta, Ander Matheu, Itziar Vergara, and David Otaegui. 2021.
“Inflammaging Markers Characteristic of Advanced Age Show Similar Levels With Frailty and Dependency.” Scientific Reports
11 (1): 4358. doi:10.1038/ s41598-021-83991-7.

Ballak, Sam B., Tinelies Bus,e-Pot, Peter J. Harding, Moi H.

Yap, Louise Deldicque, Arnold de Haan, Richard T. Jaspers, and Hans. Degens. 2016. “Blunted Angiogenesis and Hypertrophy
Are Associated With Increased Fatigue Resistance and Unchanged Aerobic Capacity in Old Overloaded Mouse Muscle.” Age
38(2):39. d0i:10.1007/ s11357-016-9894-1.

Barbieri, Michelangela, Luigi Ferrucci, Emilia Ragno, Annamaria Corsi, Stefania Bandinelli, Massimiliano Bonaf,e, Fabiola Olivieri,
et al. 2003. “Chronic Inflammation and the Effect of IGF-I on Muscle Strength and Power in Older Persons.” American
Journal of Physiology - Endocrinology and Metabolism 284 (3): 481-487. doi:10.1152/ajpendo.00319.2002.

B,arcena, Clea, Pedro M. Quiro,s, Sylvére Durand, Pablo Mayoral, Francisco Rodr,iguez, Xurde M. Caravia, Guillermo Marifio, et
al. 2018. “Methionine Restriction Extends Lifespan in Progeroid Mice and Alters Lipid and Bile Acid Metabolism.” Cell Reports
24 (9): 2392-2403. doi:10.1016/j.celrep.2018.07.089.

Bellanti, Francesco, Aurelio Lo Buglio, and Gianluigi Vendemiale. 2021. “Mitochondrial Impairment in Sarcopenia.”
Biology 10 (1): 31. doi:10.3390/ biology10010031.

Bhatti, Jasvinder Singh, Gurjit Kaur Bhatti, and

10


http://orcid.org/0000-0002-
http://orcid.org/0000-0001-7399-4841
https://doi.org/10.1038/s41598-021-83991-7
https://doi.org/10.1038/s41598-021-83991-7
https://doi.org/10.1007/s11357-016-9894-1
https://doi.org/10.1007/s11357-016-9894-1
https://doi.org/10.1152/ajpendo.00319.2002
https://doi.org/10.1016/j.celrep.2018.07.089
https://doi.org/10.3390/biology10010031
https://doi.org/10.3390/biology10010031

P. Hemachandra Reddy. 2017. “Mitochondrial Dysfunction and Oxidative Stress in Metabolic Disorders
— A Step Towards Mitochondria Based Therapeutic Strategies.” Biochimica et Biophysica Acta — Molecular Basis of Disease
1863 : 1066—1077. doi:10.1016/j.bbadis. 2016.11.010.

Bian, Ai Lin, Hui Ying Hu, Yu Dong Rong, Jian Wang, Jun Xiong Wang, and Xin Zi Zhou. 2017. “A Study on Relationship
Between Elderly Sarcopenia and Inflammatory Factors IL-6 and TNF-a.” European Journal of Medical Research 22 (1):25.
doi:10.1186/ s40001-017-0266-9.

Bodine, Sue C., Trevor N. Stitt, Michael Gonzalez, William O. Kline, Gretchen L. Stover, Roy Bauerlein, Elizabeth
Zlotchenko, et al. 2001. “Akt/MTOR Pathway is a Crucial Regulator of Skeletal Muscle Hypertrophy and Can Prevent
Muscle Atrophy In Vivo.” Nature Cell Biology 3 (11): 1014-19. doi:10.1038/ncb1101-1014.

Chmurzynska, Agata, Agata Muzsik, Patrycja Krzyz_anowska-Jankowska, Jarostaw Walkowiak, and Joanna Bajerska. 2019.
“The Effect of Habitual Fat Intake, IL6 Polymorphism, and Different Diet Strategies on Inflammation in Postmenopausal
Women With Central Obesity.” Nutrients 11 (7): 1557. d0i:10.3390/ nu11071557.

Choi, Seung J., D. Clark Files, Tan Zhang, Zhong-Min Wang, Maria L. Messi, Heather Gregory, John Stone, et al. 2016.
“Intramyocellular Lipid and Impaired Myofiber Contraction in Normal Weight and Obese Older Adults.” The Journals of
Gerontology. Series A, Biological Sciences and Medical sciences 71 (4): 557-564. doi:10.1093/gerona/glv169.

Das, Abhirup, George X. Huang, Michael S. Bonkowski, Alban Longchamp, Catherine Li, Michael B. Schultz, Lynn Jee Kim, et
al. 2018. “Impairment of an Endothelial NADp-H2S Signaling Network is a Reversible Cause of Vascular Aging.” Cell 173 (1):
74-89.e20. doi:10.1016/j. cell.2018.02.008.

Degens, Hans. 2010. “The Role of Systemic Inflammation in Age-Related Muscle Weakness and Wasting: Review.”
Scandinavian Journal of Medicine and Science in Sports
20 : 28-38. Wiley/Blackwell. d0i:10.1111/j.1600-0838. 2009.01018.x.

Degens, Hans, Anandini Swaminathan, and Jason Tallis. 2021. “A High-Fat Diet Aggravates the Age-Related Decline in Skeletal
Muscle Structure and Function.” Exercise and Sport Sciences Reviews 49 (4): 253—-259. doi: 10.1249/JES.0000000000000261.

Edington, D. W., A. C. Cosmas, and W. B. McCafferty. 1972. “Exercise and Longevity: Evidence for a Threshold Age.”
Journal of Gerontology 27 (3): 341-343. doi:10. 1093/geronj/27.3.341.

Edstr€om, Erik, and Brun Ulfhake. 2005. “Sarcopenia is Not Due to Lack of Regenerative Drive in Senescent Skeletal
Muscle.” Aging Cell 4 (2): 65-77. d0i:10.1111/j.1474- 9728.2005.00145.x.

Graber, Ted G., Jong-Hee Kim, Robert W. Grange, Linda K. McLoon, and LaDora V. Thompson. 2015. “C57BL/6 Life
Span Study: Age-Related Declines in Muscle Power Production and Contractile Velocity.” AGE 37 (3):9773.
d0i:10.1007/s11357-015-9773-1.

Hager, Klaus, Uwe Machein, Stephan Krieger, Dieter Platt, Gerhard Seefried, and Joachim Bauer. 1994. “Interleukin-

6 and Selected Plasma Proteins in Healthy Persons of Different Ages.” Neurobiology of Aging 15 (6): 771-772.
doi:10.1016/0197-4580(94)90066-3.

Harridge, Stephen, D. R. Ann Kryger, and Anders Stensgaard. 1999. “Knee Extensor Strength, Activation, and Size in Very
Elderly People following Strength Training.” Muscle & Nerve 22 (7): 831-839. doi:10.1002/ (SICI)1097-4598(199907)22:7 <
831::AID-MUS4 > 3.0.

C0;2-3.

Hendrickse, Paul William, Raulas Krusnauskas, Emma Hodson-Tole, Tomas Venckunas, and Hans Degens. 2021. “Regular
Endurance Exercise of Overloaded Muscle of Young and Old Male Mice Does Not Attenuate Hypertrophy and Improves
Fatigue Resistance.” GeroScience 43 (2): 741-757. d0i:10.1007/s11357-020- 00224-x.

Huey, Kimberly A., Sophia A. Smith, Alexis Sulaeman, and Ellen C. Breen. 2016. “Skeletal Myofiber VEGF is Necessary for
Myogenic and Contractile Adaptations to Functional Overload of the Plantaris in Adult Mice.” Journal of Applied Physiology
(Bethesda, Md. : 1985) 120
(2): 188-195. doi:10.1152/japplphysiol.00638.2015.

Hulston, Carl J., Rachel M. Woods, Rebecca Dewhurst- Trigg, Sion A. Parry, Stephanie Gagnon, Luke Baker, Lewis J. James, et
al. 2018. “Resistance Exercise Stimulates Mixed Muscle Protein Synthesis in Lean and Obese Young Adults.” Physiological
Reports 6 (14): e13799. d0i:10.14814/phy2.13799.

Kvedaras, Mindaugas, Petras Minderis, Raulas Krusnauskas, and Aivaras Ratkevicius. 2020. “Effects of Ten-Week 30% Caloric
Restriction on Metabolic Health and Skeletal Muscles of Adult and Old C57BL/6J Mice.” Mechanisms of Ageing and
Development 190: 111320. doi:10.1016/j. mad.2020.111320.

Longchamp, Alban, Teodelinda Mirabella, Alessandro Arduini, Michael R. MacArthur, Abhirup Das,

J. Humberto Trevino-Villarreal, Christopher Hine, et al. 2018. “Amino Acid Restriction Triggers Angiogenesis
Via GCN2/ATF4 Regulation of VEGF and H2S Production.” Cell 173 (1): 117-129.e14. doi:10.1016/j.cell.
2018.03.001.

McCormick, Rachel, and Aphrodite Vasilaki. 2018. “Age- Related Changes in Skeletal Muscle: Changes to Life- Style as a
Therapy.” Biogerontology 19 (6): 519-536. doi: 10.1007/s10522-018-9775-3.

Messa, G. A. M., M. Piasecki, J. Hurst, C. Hill, J. Tallis, and
H. Degens. 2020. “The Impact of a High-Fat Diet in Mice is Dependent on Duration and Age, and Differs Between
Muscles.” Journal of Experimental Biology 223
(6): jeb217117. doi:10.1242/jeb.217117.

Miquel, J., A. C. Economos, J. Fleming, and J. E. Johnson. 1980. “Mitochondrial Role in Cell Aging.” Experimental Gerontology
15 (6): 575-591. doi:10.1016/0531-
5565(80)90010-8.

Naud,i, Alba, Pilar Caro, Mariona Jov,e, Jos,e G,omez, Jordi Boada, Victoria Ayala, Manuel Portero-Ot,in, Gustavo Barja, and
Reinald Pamplona. 2007. “Methionine Restriction Decreases Endogenous Oxidative Molecular Damage and Increases
Mitochondrial Biogenesis and Uncoupling Protein 4 in Rat Brain.” Rejuvenation Research 10 (4): 473-484.
doi:10.1089/rej.2007.0538.

Nichenametla, Sailendra N., Dwight A. L. Mattocks, and Virginia L. Malloy. 2020. “Age-at-Onset-Dependent Effects of Sulfur
Amino Acid Restriction on Markers of Growth and Stress in Male F344 Rats.” Aging Cell 19 (7): el3177.
doi:10.1111/acel.13177.

11


https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1186/s40001-017-0266-9
https://doi.org/10.1186/s40001-017-0266-9
https://doi.org/10.1038/ncb1101-1014
https://doi.org/10.3390/nu11071557
https://doi.org/10.3390/nu11071557
https://doi.org/10.1093/gerona/glv169
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1111/j.1600-0838.2009.01018.x
https://doi.org/10.1111/j.1600-0838.2009.01018.x
https://doi.org/10.1249/JES.0000000000000261
https://doi.org/10.1093/geronj/27.3.341
https://doi.org/10.1093/geronj/27.3.341
https://doi.org/10.1111/j.1474-9728.2005.00145.x
https://doi.org/10.1111/j.1474-9728.2005.00145.x
https://doi.org/10.1007/s11357-015-9773-1
https://doi.org/10.1016/0197-4580(94)90066-3
https://doi.org/10.1007/s11357-020-00224-x
https://doi.org/10.1007/s11357-020-00224-x
https://doi.org/10.1152/japplphysiol.00638.2015
https://doi.org/10.14814/phy2.13799
https://doi.org/10.1016/j.mad.2020.111320
https://doi.org/10.1016/j.mad.2020.111320
https://doi.org/10.1016/j.cell.2018.03.001
https://doi.org/10.1016/j.cell.2018.03.001
https://doi.org/10.1007/s10522-018-9775-3
https://doi.org/10.1242/jeb.217117
https://doi.org/10.1016/0531-5565(80)90010-8
https://doi.org/10.1016/0531-5565(80)90010-8
https://doi.org/10.1089/rej.2007.0538
https://doi.org/10.1111/acel.13177

Orgeron, Manda L., Kirsten P. Stone, Desiree Wanders, Cory C. Cortez, Nancy T. Van, and Thomas W. Gettys. 2014. “The
Impact of Dietary Methionine Restriction on Biomarkers of Metabolic Health.” Progress in Molecular Biology and
Translational Science 121: 351-376. doi:10. 1016/B978-0-12-800101-1.00011-9.

Pedersen, Bente K. 2009. “The Diseasome of Physical Inactivity-and the Role of Myokines in Muscle-Fat Cross Talk.” The
Journal of physiology 587 (Pt 23): 5559-5568. doi:10.1113/jphysiol.2009.179515.

Perrone, Carmen E., Dwight A. L. Mattocks, Maureen Jarvis-Morar, Jason D. Plummer, and Norman Orentreich. 2010.
“Methionine Restriction Effects on Mitochondrial Biogenesis and Aerobic Capacity in White Adipose Tissue, Liver, and
Skeletal Muscle of F344 Rats.” Metabolism: Clinical and Experimental 59 (7):

1000-1011. doi:10.1016/j.metabol.2009.10.023.

Peterson, Mark D., Ananda Sen, and Paul M. Gordon. 2011. “Influence of Resistance Exercise on Lean Body Mass in Aging
Adults: A Meta-Analysis.” Medicine & Science in Sports & Exercise 43 (2): 249-258. d0i:10.1249/ MSS.0b013e3181eb6265.

Pongratz, Georg, Torsten Lowin, Robert Kob, Roland Buettner, Thomas Bertsch, and L. Cornelius Bollheimer. 2015. “A
Sustained High Fat Diet for Two Years Decreases IgM and IL-1 Beta in Ageing Wistar Rats.” Immunity & Ageing : | & A 12
(1): 12-19. d0i:10.1186/ s12979-015-0040-1.

Proctor, D. N., W. E. Sinning, J. M. Walro, G. C. Sieck, and P. W. R. Lemon. 1995. “Oxidative Capacity of Human
Muscle Fiber Types: Effects of Age and Training Status.” Journal of Applied Physiology 78 (6): 2033-2038.
doi:10.1152/jappl.1995.78.6.2033.

Rennie, Michael J. 2009. “Anabolic Resistance: The Effects of Aging, Sexual Dimorphism, and Immobilization on Human
Muscle Protein Turnover.” Applied Physiology, Nutrition and Metabolism 34 : 377-381. doi:10.1139/ H09-012.

Rosenberg, Irwin H. 1989. “Summary Comments: Epidemiological and Methodological Problems in Determining Nutritional
Status of Older Persons.” The American Journal of Clinical Nutrition 50 (5): 1231-1233. doi:10.1093/ajcn/50.5.1231.

Ruetenik, Andrea, and Antoni. Barrientos. 2015. “Dietary Restriction, Mitochondrial Function and Aging: From Yeast to
Humans.” Biochimica et Biophysica Acta — Bioenergetics 1847 : 1434-1447. Elsevier B.V. d0i:10.1016/ j.bbabio.2015.05.005.
Schaap, Laura A., Saskia, M. F. Pluijm, Dorly, J. H. Deeg, and Marjolein Visser. 2006. “Inflammatory Markers and Loss of
Muscle Mass (Sarcopenia) and Strength.” American Journal of Medicine 119 (6): 526.e9-el7. doi:

10.1016/j.amjmed.2005.10.049.

Sczelecki, Sarah, Aurdle Besse-Patin, Alexandra Abboud, Sandra Kleiner, Dina Laznik-Bogoslavski, Christiane D. Wrann, Jorge L.
Ruas, Benjamin Haibe-Kains, and Jennifer L. Estall. 2014. “Loss of Pgc-1a Expression in Aging Mouse Muscle Potentiates
Glucose Intolerance and Systemic Inflammation.” American Journal of Physiology. Endocrinology and Metabolism 306 (2):
E157-E167. doi:10.1152/ajpendo.00578.2013.

Sharma, Shaligram, Taylor Dixon, Sean Jung, Emily C. Graff, Laura A. Forney, Thomas W. Gettys, and Desiree Wanders. 2019.
“Dietary Methionine Restriction Reduces Inflammation Independent of FGF21 Action.” Obesity (Silver Spring, Md.) 27 (8):
1305-1313. doi:10.1002/0by.

22534.

Sitnick, Mitchell, Sue C. Bodine, and John C. Rutledge. 2009. “Chronic High Fat Feeding Attenuates Load- Induced
Hypertrophy in Mice.” The Journal of Physiology 587 (23): 5753—-5765. do0i:10.1113/jphysiol.2009.180174.

Swaminathan, Anandini, Andrej Fokin, Tomas Venckunas,
and Hans Degens. 2021. “Methionine Restriction plus Overload Improves Skeletal Muscle and Metabolic Health in Old Mice
on a High Fat Diet.” Scientific Reports 11
(1):1-11. doi:10.1038/s41598-021-81037-6.

Tallis, Jason, Sharn Shelley, Hans Degens, and Cameron Hill. 2021. “Age-Related Skeletal Muscle Dysfunction is Aggravated
by Obesity: An Investigation of Contractile Function, Implications and Treatment.” Biomolecules. MDPI AG 11 (3): 372.
d0i:10.3390/biom11030372.

Visser, Marjolein, Saskia M. F. Pluijm, Vianda S. Stel, Ruud J. Bosscher, and Dorly J. H. Deeg. 2002. “Physical Activity as a
Determinant of Change in Mobility Performance: The Longitudinal Aging Study Amsterdam.” Journal of the American
Geriatrics Society 50 (11): 1774-1781. doi:10.1046/j.1532-5415.2002.50504 x.

Wanders, Desiree, Laura A. Forney, Kirsten P. Stone, Barbara E. Hasek, William D. Johnson, and Thomas W. Gettys. 2018.
“The Components of Age-Dependent Effects of Dietary Methionine Restriction on Energy Balance in Rats.” Obesity (Silver
Spring, Md.) 26 (4): 740-746. d0i:10.1002/0by.22146.

WHO. 2018a. “Obesity, WHO.” https://www.who.int/news- room/fact-sheets/detail/obesity-and-overweight. WHO. 2018b.
“WHO.”https://www.who.int/news-room/fact-sheets/detail/ageing-and-health

12


https://doi.org/10.1016/B978-0-12-800101-1.00011-9
https://doi.org/10.1016/B978-0-12-800101-1.00011-9
https://doi.org/10.1113/jphysiol.2009.179515
https://doi.org/10.1016/j.metabol.2009.10.023
https://doi.org/10.1249/MSS.0b013e3181eb6265
https://doi.org/10.1249/MSS.0b013e3181eb6265
https://doi.org/10.1186/s12979-015-0040-1
https://doi.org/10.1186/s12979-015-0040-1
https://doi.org/10.1152/jappl.1995.78.6.2033
https://doi.org/10.1139/H09-012
https://doi.org/10.1139/H09-012
https://doi.org/10.1093/ajcn/50.5.1231
https://doi.org/10.1016/j.bbabio.2015.05.005
https://doi.org/10.1016/j.bbabio.2015.05.005
https://doi.org/10.1016/j.amjmed.2005.10.049
https://doi.org/10.1152/ajpendo.00578.2013
https://doi.org/10.1002/oby.22534
https://doi.org/10.1002/oby.22534
https://doi.org/10.1113/jphysiol.2009.180174
https://doi.org/10.1038/s41598-021-81037-6
https://doi.org/10.3390/biom11030372
https://doi.org/10.1046/j.1532-5415.2002.50504.x
https://doi.org/10.1002/oby.22146
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.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health

	Statistics
	Results
	Discussion
	Acknowledgement
	Disclosure statement
	Funding
	ORCID
	References

