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Abstract 

Sarcopenia is characterized by loss of skeletal muscle mass and function and is a major risk 

factor for disability and independence in the elderly. Effective medication is not available. 

Dietary restriction (DR) has been found to attenuate aging and aging-related diseases, 

including sarcopenia, but the mechanism of both DR and sarcopenia are yet incompletely 

understood. In this study, the DR effects on sarcopenia were systematically investigated by 

applying metabolomics on progeroid DNA repair-deficient Ercc1∆/- and Xpg-/- mice to 

identify potential biomarkers for attenuation of sarcopenia. The results revealed that 

metabolites and pathways related to oxidative-stress (9-HODE, 12(S)-HHTrE, and 11-

HETE), inflammation (PGE2, PGD2, and TXB2), and muscle growth stimulation (PGF2α) 

are significantly downregulated by DR. On the other hand, several anti-inflammatory 

metabolites (14,15-DiHETE, 8,9-EET, 12,13-DiHODE and PGF1), consumption of sources 

of energy (i.e., muscle and liver glycogen), and energy production pathways (glycolysis, 

tricarboxylic acid cycle, and gluconeogenesis) are significantly upregulated by DR. The 

down-modulated muscle growth stimulation metabolite (PGF2α) and the increased 

consumption of glycogen in muscle and liver may be related to the lower mouse body 

weight by DR. The downregulated oxidative stress, pro-inflammatory mediators, and 

upregulated anti-inflammatory metabolites resulted in a lower energy expenditure, which 

contributed to enhanced muscle quality together with upregulated energy production 

pathways by DR. The improved muscle quality may explain why grip strength is maintained 

and motor coordination and learning performance are improved by DR in Ercc1∆/- and Xpg-

/- mice. This study provides fundamental supporting information on biomarkers and 

pathways related to the attenuation of sarcopenia, which might facilitate diagnosis, 

prevention, and clinical therapy of sarcopenia. 
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1. Introduction 

Sarcopenia, the age-related decline of muscle mass and strength, constitutes a major health 

problem [1, 2], and is one of the main causes of loss of independence in the elderly [2]. 

Muscle mass usually starts to decline from about 30 years of age, with on average 40% of 

muscle mass lost by the age of 80 years [3]. Worldwide, 11–50% of those aged 80 or above 

suffer from sarcopenia [4], and this number is increasing with the linear rise of average life 

expectancy in the past century. These developments impose severe pressure on healthcare 

resources and constitute an enormous socio-economic burden [5, 6]. Medication for 

sarcopenia is unfortunately lacking [7] and the molecular mechanisms underlying 

sarcopenia are still poorly understood.  

Previous studies revealed that oxidative stress and inflammation play important roles in 

sarcopenia [8, 9], and are associated with the loss of muscle mass [10], and grip strength, 

an indicator of muscle strength [11]. Energy production related molecules and amino acids 

were also reported to be associated with muscle contractile function, and other age-

associated diseases [12-16]. Several lifestyle interventions can affect health and longevity, 

including dietary intake and exercise [17]. Among those, caloric- or dietary restriction 

(CR/DR; reduced food intake without malnutrition) is currently recognized as universal 

effective intervention for extending lifespan and retarding age-related diseases in numerous 

species, including mammals [18-22] and humans [23-25]. Colman et al. found that DR 

(with a decrease of caloric intake of 30%) attenuates sarcopenia in rhesus monkeys [22]. 

Almundarij et al. reported that the work efficiency of rat muscle comparably increased after 

caloric intake was reduced by 50% [26]. Gregorio et al. found that CR significantly 

attenuated age-related loss of motor neurons and turnover of muscle fibers in old mice [27]. 

Young et al. reported that 40% of DR attenuates age-related muscle atrophy in accelerated 

aging (Sod1-/-) mice [28]. However, the fundamental mechanism of how DR attenuates 

sarcopenia still needs to be systematically investigated to identify potential biomarkers for 

monitoring diagnosis, prevention, and treatment of sarcopenia. 

Aging and age-related diseases can be influenced by many factors [29]. One of the main 

causal hallmarks of aging is time-dependent accumulation of DNA damage, also known as 

genomic instability [29-32]. Mice deficient in the DNA excision-repair genes Ercc1 

(Ercc1∆/-) or Xpg (Xpg-/-) cannot properly repair multiple types of DNA lesions leading to 

an accelerated accumulation of persisting DNA damage, which stall elongating RNA 
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polymerases causing transcription stress, leading to reduced and gene-length dependent 

transcriptional decline particularly in post-mitotic tissues [21, 33]. Importantly, genome-

wide transcription stress causing lowered and skewed transcriptional output has 

subsequently also been discovered in normal aging in mice and to be widely evolutionary 

conserved from worms to man [33], demonstrating the value of progeroid DNA repair 

deficient mouse mutants for understanding the natural process of aging [30]. Since 

transcription is at the basis of all cellular processes, and transcription stress triggers a 

complex DNA damage response [34], it has numerous secondary and tertiary consequences. 

This explains the wide range of pathological, physiological, and behavioral features 

associated with the multi-morbidity of natural aging and the dramatic accelerated aging in 

repair mouse mutants and corresponding human syndromes, including progressive 

neurodegeneration (dementia, ataxia, hearing and vision loss); osteoporosis; liver, kidney, 

vascular and hematological ageing; etc. [21, 33, 35-38]. Progeroid Ercc1∆/- mice were 

previously successfully used for studying and modulating many features of aging [21] 

including sarcopenia [39].  

Metabolite profiling is an important tool to link genotype and phenotype, and hence 

constitutes a powerful approach for the investigation of complex diseases and identification 

of diseases’ biomarkers [40], such as oxidative stress and inflammatory markers (e.g., some 

signaling lipids), and energy status (ATP, ADP, glucose, etc.). Therefore, in this paper, 

metabolomics was utilized to systematically investigate metabolites related to oxidative 

stress, (pro- and anti-) inflammatory status, and energy production and consumption in wild 

type, Ercc1∆/- and Xpg-/- mouse models under ad libitum fed and DR conditions. Overall, 

this work provides insight into metabolic mechanisms of the DR effects on sarcopenia, 

supplies reference information for the potential biomarkers of sarcopenia attenuation, and 

facilitate the diagnosis, prevention, and treatment of sarcopenia.  

2. Methods 

2.1 Mouse models 

The generation and characterization of Ercc1∆/+ and Ercc1+/− mice have been previously 

described [41]. Ercc1∆/− mice were obtained by crossing Ercc1∆/+ (in a pure C57BL6J or 

FVB background) with Ercc1+/− mice (in a pure FVB or C57BL6J background respectively) 

to yield Ercc1∆/− offspring with a genetically uniform F1 C57BL6J/FVB hybrid background. 

Xpg−/− mice have been generated and characterized previously [38] and were similarly 
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obtained by crossing Xpg+/− (in a pure C57BL6J background) with Xpg+/− mice (in a pure 

FVB background). Wild-type F1 littermates (from Ercc1∆/− and Xpg−/− breedings) were used 

as controls. Hence, all animals used in the studies described here were of the same F1 

C57BL6J/FVB hybrid genetic background. Typical unfavorable characteristics, such as 

blindness in an FVB background or deafness in a C57BL6J background, do not occur in 

this hybrid background. Only male mice were used in this paper to minimize the influence 

of gender on DR study.  

All of the animals used were in accordance with the Principles of Laboratory Animal Care 

and with the guidelines approved by the Dutch Ethical Committee (permit no. 139-12-13, 

139-12-18, 17-867-10, and 18-6886-05), in full accordance with European legislation. 

2.2 Dietary intervention and housing conditions 

Mice were housed in individual ventilated cages under specific pathogen-free conditions 

(20–22°C, 12–12 h light–dark cycle with light phase adjusted to between 24:00 and 12:00 

h) and provided food and water ad libitum (AL). Because the Ercc1∆/− and Xpg−/− mice were 

smaller, food was administered within the cages, and water bottles with long nozzles were 

used from around 2 weeks of age. Mice were weighed, visually inspected weekly, and 

scored blindly for gross morphological and motor abnormalities weekly. All efforts were 

made to ameliorate the suffering of the animals. Animals were bred and maintained on 

AIN93G synthetic pellets (Research Diet Services B. V.; gross energy content 4.9 kcal/g 

dry mass, digestible energy 3.97 kcal/g). Animals were divided randomly over all groups 

to prevent selection bias. Dietary restriction (DR) was applied as published before [21]. On 

average, Ercc1∆/− and Xpg−/− mice ate 2.3 g food per day. DR was initiated gradually starting 

from 7 weeks of age with 10% food reduction (2.1 g/day), when animals reached almost-

maximum bodyweight and development was completed, and was increased weekly by 10%, 

until it reached 30% DR (1.6 g/day) from 9 weeks of age until 16 weeks. Wild-type (WT) 

mice ate on average 3.0 g food per day, resulting in 2.1 g/day for 30% DR. Food was given 

to the animals just before the start of the dark (active) period, Zeitgeber Time (ZT) 12:00, 

to minimize disturbance of the biological clock. All mice were sacrificed and muscle 

samples were collected within a time frame of 1-3.5 hours after feeding in their active period, 

between ZT 13:00 and 15:30, to avoid nutritional or circadian fluctuations of metabolites 

due to differences in the time after feeding and the biological clock. 
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2.3 Behavioral analyses  

Motor coordination performance was assessed by measuring the average time spent on an 

(2-40 rpm) accelerating rotarod (Ugo Basile). All animals were given four consecutive trials 

of a maximum of 5 min with inter-trial intervals of 1 h. Grip strength was determined by 

placing mice with forelimbs or all limbs on a grid attached to a force gauge, and steadily 

pulling the mice by their tail. Grip strength is defined as the maximum strength produced 

by the mouse before releasing the grid. For each value the test was performed in triplicate. 

Behavioral assays (motor coordination and grip strength) were measured in the week at 16 

weeks and 14 weeks of age for Ercc1∆/− and Xpg−/−, respectively. 50% of WT mice were 

assessed and collected at the same time as the Xpg−/− mice and 50% with the Ercc1∆/− mice, 

but this two weeks difference did not yield into any trend difference in motor coordination 

performance nor grip strength. Body weight was also determined just before mice collection. 

2.4 Muscle tissue isolation and blood glucose measurement 

Mice were anaesthetized using CO2 and a large piece of quadriceps femoris muscle (Quad) 

was dissected and rapidly frozen in liquid nitrogen, then stored in -80℃ before analysis. 

Blood glucose was determined with a Freestyle mini blood glucose meter just before mice 

collection [21].  

2.5 Metabolomic analysis preparation 

2.5.1 Chemicals and internal standards (ISTDs) 

The chemicals, solvents, and ISTDs used for muscle tissue extraction were described in 

Chapter 5. Butylated hydroxytoluene (BHT) and methyl tert-butyl ether (MTBE) were 

obtained from Sigma-Aldrich (Steinheim, Germany). 1-butanol was purchased from Acros 

Organics (Geel, Belgium). MilliQ water was obtained from a Millipore high-purity water 

dispenser (Billerica, MA, USA). All solvents were HPLC grade or higher. For internal 

standards (ISTDs), stable isotope (deuterium-, carbon-, and/or nitrogen-) labelled 

metabolites were used. Labelled oxylipins, fatty acids, and endocannabinoids ISTDs were 

acquired from Cayman Chemicals (Ann Arbor, MI, USA) (Table S1 in the Supplementary 

Information). Labelled ATP, AMP and UTP were purchased from Sigma-Aldrich 

(Steinheim, Germany). Labelled amino acid and organic acids ISTDs were ordered from 

Cambridge Isotope Laboratories (Andover, MA, USA) (Table S2). 
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For the lipid ISTDs, the stock solution was prepared in MeOH in a stated concentration 

(Table S1) containing 0.4 mg/mL BHT . For the stock solution of metabolites related to 

energy production, the ISTDs were prepared in MilliQ water in stated concentration in 

Table S2. 

2.5.2 Muscle tissue extraction 

The muscle tissue extraction method was performed for all muscle samples as described in 

Chapter 5. Briefly, muscle tissues were lyophilized in a CHRIST (Alpha 3-4 LSC basic) 

freeze-dryer (Osterode am Harz, Germany; connected to a Vacuubrand Chemistry Hybrid 

Pump RC6 high vacuum pump, Wertheim, Germany) for 24 hours, and weighed. 100 mg 

(± 10%) zirconium oxide beads (0.5 mm; Next Advance, Averill Park, NY, USA) was 

utilized for dry-homogenization of muscle tissues in a Bullet Blender (BBX24; Next 

Advance, Averill Park, NY, USA) for 15 min at speed 9. 10 µL labelled ISTDs of lipids 

(Table S1) and energy production related metabolites (Table S2) were spiked in the muscle 

tissues before extraction to correct the potential bias during sample extraction. 

5 µL antioxidant solution (0.4mg/mL BHT:EDTA=1:1), 400 µL of cold MilliQ water, and 

1 mL organic solvent (BuOH: MTBE=1:1, v/v) were added to all samples, and settled on 

ice for 20 min before the homogenization by Bullet Blender for 15 min at speed 9. Then the 

homogenized samples were centrifuged (2,000×g, 4 ℃) for 10 min. 900 µL and 200 µL of 

the upper organic and lower aqueous phase were collected, respectively, evaporated and 

reconstituted to 50 µL MeOH for organic phase and 100 µL 50% MeOH (50% MilliQ Water) 

for aqueous phase.  

2.6 Metabolite analysis 

A portion of extracted mouse muscle tissue for pre-experiment was used as quality control 

(QC) samples. A QC sample was injected once each 6-8 samples to evaluate and correct for 

changes in sensitivity of the instruments. 

2.6.1 Lipid metabolite analysis 

The lipid metabolites were analyzed by a validated ultra-performance liquid 

chromatography tandem mass spectrometry (UPLC-MS/MS) method [43]. Briefly, each 

sample was measured with two complementary reverse phase methods using mobile phases 

with different pH.  
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The low pH run utilized an Acquity BEH C18 column (50 × 2.1 mm, 1.7 μm; Waters, USA) 

on a Shimadzu LC-30AD (Japan) hyphenated to a SCIEX Q-Trap 6500+ (Framingham, 

MA, USA) Separations were performed using three mobile phases: (A) water with 0.1% 

acetic acid; (B) ACN: MeOH (9:1, v/v) with 0.1% acetic acid; (C) Isopropanol with 0.1% 

acetic acid at 40 °C at a flow rate of 0.7 mL/min. The 16 minute run used the following 

gradient: start with 20% B and 1% C; B was increased to 85% between 0.75 and 14 min, 

and C was increased to 15% between 11 and 14 min; the condition held for 0.5min prior to 

column re-equilibration at the starting conditions from 14.8 to 16 min. Data was acquired 

using Sciex Analyst software (Version 1.7, Framingham, MA, USA) and peak integration 

used Sciex OS (Version 1.4.0, Framingham, MA, USA).  

The high pH run used a Kinetex® Core-Shell EVO 100 Å C18 column (50 × 2.1 mm, 1.8 

μm; Phemomenex, USA) on a Shimadzu LCMS-8060 system (Shimadzu, Japan). 

Separations used mobile phases (A) 5% ACN with 2 mM ammonium acetate and 0.1% 

ammonium hydroxide and (B) 95% ACN with 2 mM ammonium acetate and 0.1% 

ammonium hydroxide at 40 °C at a flow rate of 0.6 mL/min. The gradient started with 1% 

B; B was increased to 100% from 0.7 to 7.7 min; 100% B hold for 0.75 min prior to re-

equilibration at the starting conditions between 8.75 and 11 min. Data was acquired and 

peaks integrated using LabSolutions (Version 5.97 SP1, Shimadzu, Japan). Multiple 

reaction monitoring (MRM) was utilized in MS/MS acquisition in both positive and 

negative electrospray ionization mode with polarity switching for low and high pH method.  

2.6.2 Energy production related metabolites analysis 

The energy production related metabolites were analyzed by a hydrophilic interaction liquid 

chromatography (HILIC) mass spectrometry platform [44]. Briefly, a Waters UPLC 

(AcquityTM, Milford, MA, USA) coupled with a SeQuant ZIC- cHILIC column (PEEK 

100 × 2.1 mm, 3.0 μm particle size; Merck KGaA, Darmstadt, Germany) at 30 °C and a 

Sciex MS (Triple-TOF 5600+, Framingham, MA, USA) was applied for a separation 

method: (A) 90% acetonitrile with 5 mM ammonium acetate at pH 6.8; (B) 10% acetonitrile 

with 5 mM ammonium acetate at pH 6.8, at a flow rate of 0.25 mL/min with the gradient 

method: 100% A for 2 min; ramping 3–20 min to 60% A; ramping 20–20.1 to 100% A and 

re-equilibrated to 35 min with 100% A. The MS data was acquired at full scan range 50–

900 m/z in negative ionization mode with curtain gas 270.96 kPa, source temperature 
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400 °C and ion source voltage 4.64 kV by Sciex Analyst (Version 1.7, Framingham, MA, 

USA) and peak integration used Sciex OS (Version 1.4.0, Framingham, MA, USA). β-

hydroxybutyrate, reduced glutathione (GSH) and oxidized glutathione (GSSG) were also 

analyzed by HILIC-MS method. 

2.7 Data analysis 

For each metabolite analyzed by UPLC-MS(/MS), the response ratio was obtained by 

Equation 1, normalized by the muscle tissue dry weight, and corrected by the QC samples:  

               (Equation 1) 

For metabolites that can be measured by multiple platforms, i.e., some fatty acids can be 

determined with both low and high pH lipid method, the results with smaller QC RSD were 

utilized (Table S1).  

The fold change of metabolites regulated by DR was calculated by the Equation 2: 

                                                                                                                            (Equation 2) 

RStudio (Version 1.4.1106) and R (Version 4.0.5) was used for data statistical analysis, and 

figure plotting.  

3. Results 

We examined first the effects of accelerated aging and DR on mouse body weight and 

muscle functioning, i.e., grip strength, motor learning and coordination in WT and 

progeroid DNA-repair-deficient mice. Subsequently, the mechanism of DR was 

investigated by analyzing major classes of molecules relevant for muscle function and 

quality, i.e., oxidative stress, pro- and anti-inflammatory markers, and energy status. Since 

mouse behavior and metabolic parameters are strongly influenced by the time of the 

circadian clock and by the nutritional status, particularly in the DR group, which receives 

only once a day all food, we used a standardized protocol for feeding the DR mice just 

before the start of their nocturnal (i.e., active, ZT 12:00) period to not disturb their biological 

rhythm. Moreover, since we are most interested in the long-term effect of dietary restriction 

independent of the actual nutritional status, we opted for collecting the mice ~1-3.5 hours 

after feeding (ZT ~13:00-15:30), when they had just finished or were finishing their food. 

In his manner the moment in the circadian day was comparable for all mice and a state of 

Response ratio=
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝐼𝑆𝑇𝐷
÷ 𝑚𝑢𝑠𝑐𝑙𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

F𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐷𝑅

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐴𝐿
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fasting was avoided which otherwise would have depended on the time since the last food 

intake. 

3.1 Differential effects of DR on mouse body weight and muscle functioning 

 

Figure 1. The effects of dietary restriction on body weight, grip strength, and motor coordination in 

WT (n=8), Ercc1∆/- (n=4), and Xpg-/- (n=4) mice with only male and age 14/16 weeks. *p < 0.05, **p 

< 0.01, ***p < 0.001, t test with false discovery rate (FDR) correction.  

(A) Mouse body weight, (B) Fore limbs grip strength, (C) All limbs grip strength, (D) Motor learning 

and coordination performance. (Trial 1, 2, 3 and 4 means the 1st, 2nd, 3rd, and 4th trial, respectively) 

 

  

* * 
* * 

* * 

(A) (B) (C) 

(D) 
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To investigate the effects of dietary restriction (DR, starting at the age of 7 weeks) on 

sarcopenia, we initially monitored mouse body weight, grip strength, and accelerating 

rotarod performance in 16-week-old Ercc1∆/- mice and 14-week-old Xpg-/- mice, with 

corresponding WT littermates. These ages correspond to approximately 75% of their 

maximum lifespan and at which both mouse models display progressive age-related 

pathologies across many organs, including severe muscle wasting [35, 38, 39, 45]. Under 

Ad Libitum (AL) feeding conditions, body weight of Ercc1∆/- and Xpg-/- mice was 

substantially lower compared to WT littermates, and all were significantly decreased 

(p<0.01) by DR, ranging from 11% to 44% (Figure 1A), consistent with previous data [21]. 

Ercc1∆/- and Xpg-/- mice already show a reduced muscle strength (Figure 1B and 1C), which 

might be the result of their lower body weight (Figure 1A) and muscle wasting phenotype 

[39]. However, DR did not affect their fore limbs and all limbs grip strength in the progeroid 

mutants, while showing a trend of reduced strength in WT animals (Figure 1B and 1C). One 

of the detrimental effects of sarcopenia in the elderly is loss of motor coordination [46]. To 

further investigate how motor coordination and learning performance in progeroid mice can 

be modulated by DR, four trials of accelerating rotarod performance were conducted. In 

line with their accelerated aged phenotype, AL-fed Ercc1∆/- and Xpg-/- mice showed a 

reduced motor coordination compared to WT mice (Figure 1D), consistent with the adverse 

effect of sarcopenia on motor coordination, and fully in line with previous observations [39, 

46]. DR strongly (p<0.05) improved the motor coordination and learning in all mouse 

models (Figure 1D). Especially Ercc1∆/- and Xpg-/- mice were able to equally control motor 

coordination as normal WT mice simply by lowering food intake. Ercc1∆/- DR mice were 

poor in rotarod performance at the first trial but systematically improved. Since these mice 

have a longer lifespan than the Xpg-/- mice and they seem to profit more from DR than the 

Xpg-/- mutants [21], which are already more advanced in overall aging compared to Ercc1∆/- 

at the moment of the start of DR. In fact, this indicates that the neurological performance in 

Ercc1∆/- mice is strongly improving. 

 

  



Chapter 6 

152 

 

3.2 The effects of accelerated aging on oxidative stress related, pro-inflammatory, 

anti-inflammatory, and energy related metabolites. 

 

Figure 2. (A) The partial least squares-discriminant analysis (PLS-DA) score plot for the effect of 

accelerated aging on oxidative stress related, pro-inflammatory, anti-inflammatory, and energy related 

metabolites in AL mice; the effects of accelerated aging on the representative indicators of (B) 

oxidative stress and pro-inflammation, (C) anti-inflammation, and (D) energy status. WT (n=9), 

Ercc1∆/- (n=5), and Xpg-/- (n=4). *p < 0.05, t test with FDR correction.  

 

 

  

(A) 

(B) (C)  (D)  
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The significantly decreased fore and all limbs grip strength, motor coordination and learning 

performance in the AL progeroid mice muscle comparing with AL-WT mice (Figure 1) 

may be related to altered muscle function and quality. Hence, molecules related to muscle 

function and quality, i.e.,  oxidative stress, pro- and anti-inflammatory markers, and energy 

status, were analyzed by Partial Least Squares Discriminant Analysis (PLS-DA) following 

a method recently developed for the simultaneous detection of signaling lipids and polar 

metabolites in small quantities, e.g. muscle biopsies of the quadriceps femoris muscle 

(Quad), to profile the effects of accelerated aging on these metabolites [42]. We choose the 

Quad for systematic analysis because of its overall stability of metabolites and larger muscle 

size [42]. Separation between WT and Ercc1∆/- or Xpg-/- mice was observed, especially for 

the anti-inflammatory metabolites (Figure 2A), indicating large alterations of accelerated 

aging in these metabolites. 

Three indicators of oxidative stress, anti-inflammation, and energy status were used to 

profile the effects of accelerated aging. The ratio of oxidized glutathione (GSSG) to reduced 

glutathione (GSH) is used as an important marker of oxidative stress [47]. Nonsignificant 

increase of GSSG/GSH in Ercc1∆/- (or Xpg-/-) mice compared to WT mice (Figure 2B) may 

be related to the mice improved oxidation defense, i.e., the large increase of β-

hydroxybutyrate (Figure 2C), an important indicator to exhibit the anti-aging effects [48, 

49]. The significantly (p<0.05) elevated ratio of ATP to ADP in Ercc1∆/- and Xpg-/- mice 

may be related to the increased transcription stress in the progeroid mice (Figure 2D), which 

reduced the consumption of ATP and resulted in a higher energy status. Similar results were 

also observed in the Ercc1∆/- and Xpg-/- mice liver by Milanese et al. [50]. Further 

metabolomics investigations were conducted to explore the DR effects on these oxidative 

stress, anti-inflammation, and energy-status-related molecules. 

  



Chapter 6 

154 

 

3.3 The effects of DR on pro-inflammatory, oxidative stress related, and muscle 

growth stimulation metabolites and pathways.  

  

(E)  (F)  

(C)  

(D)  

(A)  
(B)  
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Figure 3. Footprint of the effects of DR on pro-inflammatory and oxidative stress related pathways 

and metabolites for sarcopenia in WT (n=9), Ercc1∆/- (n=5), and Xpg-/- (n=4) mice. 

(A) The PLS-DA score plot for the effect of DR on pro-inflammatory and oxidative stress related 

metabolites;  

(B) The effects of DR on oxidative stress indicator, the ratio of GSSG to GSH in Ercc1∆/- and Xpg-/- 

mouse muscle. **p < 0.01, ***p < 0.001, t test with FDR correction; 

(C) Heatmap representation of the pro-inflammatory and oxidative stress related metabolites 

between AL and DR in Ercc1∆/- and Xpg-/- mouse muscle; 

(D) The fold change of metabolites significantly (p<0.05) regulated by DR in the pro-inflammatory 

pathways (t test with FDR correction); 

The effects of DR on (E) ω6 polyunsaturated fatty acids, (F) ROS stimulated metabolites, (G) pro-

inflammatory metabolites, and (H) muscle growth stimulation metabolite (PGF2α) in Ercc1∆/- and Xpg-

/- mouse muscle. *p < 0.05, **p < 0.01, ***p < 0.001, t test with FDR correction.  

 

To identify the fundamental molecular changes of DR on inflammation and oxidative stress 

in sarcopenia, lipidomics analysis was performed on muscle biopsies of sarcopenic Ercc1∆/- 

and Xpg-/- animals and WT controls. We measured pro-inflammatory and oxidative-stress-

related metabolites, and lipid peroxidation products for which Ercc1-/- mouse embryonic 

fibroblasts and mice have been reported to be hypersensitive [51], i.e., ω6 polyunsaturated 

fatty acids (PUFAs) [52]. In addition, we examined prostaglandin (PG) series-2 [52, 53], 

thromboxanes (TX) series-2 [52, 54], hydroxyoctadecadienoic acids (HODEs) [55, 56], 

12(S)-hydroxyheptadecatrienoic acid (HHTrE) [57], and hydroxyeicosatetraenoic acids 

(HETEs) [58, 59]. The resulting metabolic profiles of PLS-DA showed overall clear 

differences between AL and DR in Ercc1∆/- and Xpg-/- mice (Figure 3A), indicating that DR 

exerts large effects on pro-inflammatory and oxidative-stress-related metabolites in the 

(G)  (H)  
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progeroid mice muscle. This is consistent with the very strong anti-aging effect of DR in 

the progeroid repair mutants [21]. In view of the high impact of DR in the Ercc1∆/- and Xpg-

/- mice, we  decided to investigate the effect of DR in more detail. Significantly (p<0.01) 

decreased GSSG/GSH in Ercc1∆/- and Xpg-/- mice demonstrated reduced oxidative stress by 

DR in progeroid mice (Figure 3B). The heatmap profiles were used to further analyze the 

metabolites (Table S3 in the Supplementary Information) related to oxidative stress and 

pro-inflammation. The results clearly show an overall reduction by DR in both Ercc1∆/- and 

Xpg-/- mice (Figure 3C). To better visualize the DR effects, the fold change (Equation 2) of 

significantly (p<0.05) regulated metabolites were profiled in the schematic pathways related 

to pro-inflammatory and oxidative stress (Figure 3D). The results revealed that the linoleic 

acid (LA) and arachidonic acid (AA) pathways related to pro-inflammatory and oxidative 

stress were all significantly and consistently downregulated by DR in both models. 

LA, one of the two essential fatty acids for animals and human [60, 61], must be obtained 

from food. DR significantly (p<0.05) decreased LA in progeroid mouse muscle tissues, 

fully in line with their reduced food intake, concomitant with a notable (p<0.001) decline 

of its downstream ω6 PUFAs, i.e., dihomo-γ-linolenic acid (DGLA) and AA (Figure 3E). 

Since mice were sacrificed and samples collected 1-3.5 hours after feeding,  the influence 

of fasting on the decreased LA and its downstream ω6 PUFAs was minimized. HODEs, i.e., 

9-HODE, are stable indicators of oxidative stress and strong regulators of inflammation [55, 

56]. Peroxide plays an important role in the generation of 12(S)-HHTrE [57], and 11-HETE 

is reportedly formed through auto-oxidative reactions [59]. Significantly decreased 9-

HODE, 12(S)-HHTrE, and 11-HETE demonstrated lower levels of oxidative stress by DR 

in Ercc1∆/- and Xpg-/- mice (Figure 3F). PG series-2, i.e., PGE2, PGD2, and PGF2α [52, 53], 

and TX series-2, i.e., TXB2 [52, 54], are reported as metabolites promoting inflammation. 

Markedly decreased PGE2, PGD2, TXB2 (Figure 3G), and PGF2α (Figure 3H) demonstrated 

that DR alleviated the pro-inflammatory status in Ercc1∆/- and Xpg-/- mice. Additionally, 

PGF2α is also reported as a stimulator of skeletal muscle cell growth [62, 63]. 

Downregulated PGF2α by DR may simultaneously contribute to the decreased body weight 

of the repair mutants (Figure 1A) and supports the theory of temporarily suppressing growth 

to redirect energy sources more towards resilience, maintenance and (anti-oxidant) defense 

mechanisms [21, 64, 65]. 

 



Metabolomics mechanism of dietary restriction effects on sarcopenia 

157 
 

3.4 The effects of DR on anti-inflammatory metabolites and pathways.  

 

  

(C)  

(D)  

(E)  (F)  

(A)  (B)  
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Figure 4. Footprint of the effects of DR on anti-inflammatory metabolites and pathways for sarcopenia 

in WT (n=9), Ercc1∆/- (n=5), and Xpg-/- (n=4) mice.  

(A) The PLS-DA score plot for the effect of DR on anti-inflammatory metabolites; 

(B) The effects of DR on anti-aging exhibition molecule (β-hydroxybutyrate) in Ercc1∆/- and Xpg-/- 

mouse muscle. ***p < 0.001, t test with FDR correction; 

(C) Heatmap profile of the anti-inflammatory metabolites between AL and DR in Ercc1∆/- and Xpg-

/- mouse muscle (background color was used for the non-detected metabolites); 

(D) The fold change of metabolites significantly (p<0.05) regulated by DR in the anti-inflammatory 

pathways (t test with FDR correction); 

The effects of DR on (E) ω3 polyunsaturated fatty acids, (F) anti-inflammatory metabolites, (G) 

metabolites in LA pathway to inhibit the AA generation, and (H) GSH in Ercc1∆/- and Xpg-/- mouse 

muscle. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, t test with FDR correction. 

 

The altered concentrations of oxidative stress markers and pro-inflammation signaling 

lipids associated with DR may be not only due to the reduced levels of reactive oxygen 

species (ROS) or reactive nitrogen species (RNS), but also caused by the modulation of 

anti-inflammatory cytokines [66], which presented protective antioxidant defenses in 

Ercc1∆/- and Xpg-/- mice [50], such as eicosapentaenoic acid (EPA) [52, 67], PG series-1 

and series-3 [52, 68], TX series-1 [52, 68],  epoxyeicosatrienoic acids (EETs) [69], 

hydroxyeicosapentaenoic acids (HEPEs) [70, 71], dihydroxy-eicosatetraenoic acids 

(DiHETEs) [72], and potential anti-inflammatory mediators, dihydroxy octadecadienoic 

acids (DiHODEs) [73, 74]. PLS-DA profiles of these anti-inflammatory metabolites clearly 

segregated AL and DR groups in Ercc1∆/- and Xpg-/- mice (Figure 4A), demonstrating the 

more potent robustness in regulation of anti-inflammatory mediators by DR in the muscle 

of progeroid mice. β-hydroxybutyrate is reported as an important marker of the anti-aging 

(G)  (H)  
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effects of DR and fasting [48, 49]. Significantly (p<0.001) increased β-hydroxybutyrate 

indicated improved anti-inflammation by DR in progeroid Ercc1∆/- mice (Figure 4B). The 

heatmap profile of analyzed anti-inflammation metabolites (Table S4) in Ercc1∆/- and Xpg-

/- muscle showed an obvious downregulation of ω3 PUFAs (i.e., α-Linolenic acid (ALA), 

EPA, docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA)), and several clearly 

upregulated anti-inflammatory mediators (i.e., 14,15-DiHETE, 17,18-DiHETE, TXB1, 

PGF1, and 12,13-DiHODE) by DR in the progeroid sarcopenic mice (Figure 4C). Using a 

cut-off p-value of <0.05 for the fold change (Equation 2) of metabolites, we clearly observed 

significantly down-regulated (i.e., ALA, EPA, DPA, DHA, and PGE3), and up-regulated 

mediators (i.e., PGF1, 8,9-EET, 12,13-DiHODE, and 14,15-DiHETE) by DR in the anti-

inflammation-related pathways in Ercc1∆/- and Xpg-/- mice (Figure 4D). 

As ALA is the other essential fatty acid for animals and human [60, 61] which needs to be 

obtained from the food, our data show a clear, significant (p<0.05) decrease of ALA by DR. 

Subsequently, this may result is a significant decline of its downstream anti-inflammatory 

ω3 PUFAs, i.e., EPA and DHA, and also PGE3 (Figure 4E). Our experimental protocol 

minimized the influence of fasting on the decreased ALA and these ω3 PUFAs by 

sacrificing mice and isolating muscle samples 1-3.5 hours after feeding, and also diminished 

fluctuations of ω3 PUFAs due to perturbing the biological clock. However, some 

metabolites inhibiting inflammation, i.e., 14,15-DiHETE [72] and 12,13-DiHODE [73, 74], 

were notably upregulated by DR despite that the metabolites they are generated from, i.e., 

EPA and ALA, were downregulated (Figure 4F). PGF1, the product of DGLA, is able to 

inhibit AA synthesis from DGLA [52]. The other anti-inflammatory mediator, 8,9-EET, is 

generated from AA [69]. PGF1 (Figure 4G) and 8,9-EET (Figure 4F) were all significantly 

(p<0.05) increased by DR even though the metabolites they are derived from (i.e., DGLA 

and AA) were notably down-modulated in Ercc1∆/- and Xpg-/- mice (Figure 3D and 3E). 

Reduced glutathione (GSH) is considered as an old antioxidant [75]. Significantly (p<0.01) 

increased GSH also indicated the improved anti-inflammation by DR in Ercc1∆/- and Xpg-/- 

mice (Figure 4H). Notably, increased β-hydroxybutyrate and GSH by DR in muscle, and 

the upregulated anti-inflammatory mediators in Ercc1∆/- and Xpg-/- mice demonstrated that 

DR improved the anti-inflammatory defense in the progeroid mice. 
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3.5 The effects of DR on energy production related metabolites and pathways.  

 

  

(F)  (E)  

(D)  

(A)  
(B)  

(C)  



Metabolomics mechanism of dietary restriction effects on sarcopenia 

161 
 

 

Figure 5. Footprint of the effects of DR on energy generation related metabolites and pathways for 

sarcopenia in WT (n=9), Ercc1∆/- (n=5), and Xpg-/- (n=4) mice. 

(A) The PLS-DA score plot for the effect of DR on energy generation related metabolites; 

(B) The effects of DR on the ratio of ATP to ADP in Ercc1∆/- and Xpg-/- mouse muscle. *p < 0.05, t 

test with FDR correction.; 

(C) Heatmap profile of the energy generation related metabolites between AL and DR in Ercc1∆/- 

and Xpg-/- mouse muscle; 

(D) The fold change of metabolites significantly (p<0.05) regulated in the energy generation related 

pathways (t test with FDR correction); 

(J)  

(H)  
(G)  

(I)  

(K)  (L)  
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The effects of DR on (E) phosphocreatine to creatine, (F) energy substrates (i.e., glucose in muscle 

and blood, and glucose-1-phosphate in muscle), (G) metabolites in glycolysis, (H) metabolites in 

Tricarboxylic Acid Cycle, (I) metabolite that stimulating gluconeogenesis, (J) saturated fatty acids, 

and (K) metabolites in pentose phosphate pathway (PPP), and (L) α-ketoglutarate in Ercc1∆/- and Xpg-

/- mouse muscle. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, t test with FDR correction. 

 

Energy production in muscle tissue is highly related to grip strength and muscle function 

[76]. To determine the DR effects on muscle energy generation in sarcopenia, the related 

metabolites of glycolysis, tricarboxylic acid (TCA) cycle, gluconeogenesis, and saturated 

fatty acids (SFAs) lipolysis, were all analyzed. A clear segregation between AL and DR 

was observed in Ercc1∆/- and Xpg-/- mice (Figure 5A), indicating high modulation of energy-

production-related metabolites by DR in the muscle of progeroid mice. Significantly 

(p<0.05) increased ATP/ADP ratio demonstrated improved energy status by DR in Ercc1∆/- 

and Xpg-/- mice (Figure 5B). The influence of fasting on the ATP/ADP ratio and energy 

status was minimized by sacrificing mice and collecting muscle samples 1-3.5 hours after 

feeding, when mice had just finished or were finishing their food intake. Phosphocreatine 

is considered as the “energy pool” in muscle cells and is preferentially consumed by 

generating creatine in case of an insufficient energy supply [77]. A heatmap profile of all 

analyzed energy-production and storage-related metabolites (Table S5) showed that most 

of the analytes were highly upregulated by DR (Figure 5C). To profile the DR effects, the 

fold change (Equation 2) of significantly (p<0.05) modulated metabolites in the main 

energy generation pathways, i.e., glycolysis and TCA, and metabolites related to pentose 

phosphate pathway (PPP), gluconeogenesis, SFAs lipolysis, and phosphocreatine were 

shown in their pathways in Figure 5D. The significantly increased fold change of key 

metabolites in glycolysis and TCA cycle indicated upregulation of energy production and 

storage pathways by DR in Ercc1∆/- and Xpg-/- mice. 

Phosphocreatine is generated from creatine by receiving a high-energy phosphate 

group split from ATP [77], therefore higher ratio value of phosphocreatine to creatine 

represents a higher energy status of muscle tissue. The significantly (p<0.05) increased ratio 

of phosphocreatine to creatine revealed that the energy status of muscle was notably 

improved by DR in Ercc1∆/- and Xpg-/- mice (Figure 5E), which may contribute to 

maintained grip strength and improved motor coordination by DR (Figure 1). Glycogen, 
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primarily in liver and muscle cells, is an important source to maintain energy balance. 

Fasting and DR can stimulate the transformation of liver and muscle glycogen to glucose 

and glucose-1-phosphate (glucose-1-P), respectively, to feed into glycolysis for energy 

production. The significantly (p<0.001) increased glucose-1-P in muscle tissue 

demonstrated the high consumption of muscle glycogen during DR (Figure 5F). Muscle 

consumes nearly 80% of the body’s glucose content [78, 79]. The significantly (p<0.01) 

upregulated glucose levels in muscle indicated that glucose was transported from blood to 

muscle tissue because of DR (Figure 5F). The decreased blood glucose content by DR 

(Figure 4F) is consistent with earlier data [21]. This inverse glucose modulation in muscle 

and blood by DR may be due to the higher absorption of glucose in muscle tissue from 

blood after DR. The consumption of liver and muscle glycogen may also relate to the 

decreased mouse body weight in Figure 1A. Notably (p<0.05) increased glycose-6-

phosphate (glycose-6-P), fructose-6-phosphate (fructose-6-P), and pyruvate by DR revealed 

significantly upregulated glycolysis by DR in progeroid mice (Figure 5G). Similarly, the 

notable (p<0.05) increased citrate, succinyl-CoA, and malate indicated a significant 

upregulation of TCA by DR in progeroid mice (Figure 5H).  

Alanine was reported to be able to enhance gluconeogenesis in starvation [80]. 

Significantly (p<0.01) increased alanine also revealed upregulated gluconeogenesis by DR 

in muscle of progeroid mice (Figure 5I). SFAs are another potential energy source during 

DR. To profile the effects of DR on muscle energy generation pathways, three important 

SFAs, i.e., myristic acid, palmitic acid, and stearic acid, were determined in Ercc1∆/- and 

Xpg-/- mouse muscle specimens. The results showed that all these SFAs were unaffected by 

DR (Figure 5J), indicating that DR did not induce lipolysis of SFAs in progeroid mice. 

Hence, the increased energy should originate from glycolysis, TCA, and gluconeogenesis 

from glycogen. 

The significantly (p<0.05) increase of 6-phosphogluconate by DR may be due to the 

elevated level of its precursor glucose-6-P (Figure 5K). Ribose 5-phosphate (ribose-5-P) is 

the source for the synthesis of nucleotides [81]. The unaffected ribose-5-P and ribulose-5-

phosphate (ribulose 5-P) levels by DR (Figure 5K) indicated that these precursors of 

nucleotides synthesis were not accumulating consistent with the general suppression of 

growth and enhanced salvage pathways by DR. In summary, this extensive metabolic 

analysis revealed key changes in sarcopenic muscle of prematurely aging repair-deficient 
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mice and strong improvements in oxidative stress, anti-inflammation, and energy status 

upon calorie restriction, which help explaining the preservation of muscle function induced 

by DR. 

4. Discussion 

In this study we performed a metabolomic analysis of the quadriceps muscle of progeroid 

DNA repair mouse lines that dietary restriction (DR) effects on sarcopenia. Our data showed 

that DR significantly decreased body weight and improved motor learning and coordination 

performance in our repair-deficient progeroid mice, consistent with studies in naturally aged 

mice [82]. Analysis of key energy metabolites showed that DR-treated animals at the 

moment of sacrifice exhibited enhanced conversion of liver and muscle glycogen to glucose 

and glucose-1-P, respectively, to feed into glycolysis in muscle, and simultaneously 

upregulated other pathways of gluconeogenesis. This might at least in part be due to the 

short time between feeding and harvesting of the animals. The increased energy resources 

enabled upregulation of glycolysis and TCA in muscle, which improved energy production 

and storage in phosphocreatine (Figure 6). Similar observations were reported by Xie et al., 

who found that caloric restriction increases energy production and supply for muscle 

exercise, and significantly improves muscle work efficiency [79]. The further increased 

energy status by DR, i.e., ATP/ADP ratio (Figure 5B), may be due to the upregulation of 

the two major energy generation pathways, glycolysis, and TCA, which is distinct from the 

reduced consumption of ATP in AL-fed Ercc1∆/- and Xpg-/- mice (Figure 2D). The improved 

energy metabolism by DR may be enabled by the lower DNA damage induced transcription 

stress [21, 33], leading to improved gene expression output. Conversely, the metabolic 

redesign brought about by DR may lower the endogenously generated DNA damage load 

and thereby diminish the transcription stress, caused by transcription-stalling DNA lesions 

[21, 50]. Importantly, the occurrence of DNA-damage-induced transcription stress in 

natural aging [33] supports a similar scenario in physiological situations of age-associated 

sarcopenia. Interestingly, elevated glycolysis and TCA would additionally infer an increase 

of the downstream metabolite α-ketoglutarate (aKG), a metabolite recently implicated in 

extension of lifespan and compression of morbidity [83]. Indeed, aKG was elevated locally 

in Xpg-/- muscle upon DR (Figure 5L), opening opportunities for further research in both 

models for assessing and modulating aKG levels locally and systemically, potentially also 

for counteracting accelerated aging and sarcopenia [39].  
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Polyunsaturated fatty acids (PUFAs) are among the most oxygen-sensitive components in 

nature and were reported as the main generator of superoxide by the reaction of 

lipoxygenases catalyzed by metal ions, in particular iron ions [84]. LA is the main PUFA 

in most diets, typically consumed in 5- to 20-fold greater amounts than ALA [85], and 

around 8.4-fold larger amounts than ALA in synthetic AIN93G chow, the food provided to 

the mice in this study [86]. DR significantly reduced the supply of these two essential 

PUFAs, LA and ALA, leading to their downregulation in Ercc1∆/- and Xpg-/- mouse muscle. 

DR also contributes to the lower iron accumulation in skeletal muscle [87]. Both, the 

decreased LA content and reduced iron accumulation may at least in part account for the 

lower level of oxidative stress in progeroid mouse muscle (Figure 6), as apparent from the 

downregulation of oxidative stress indicators, i.e., 9-HODE, 12(S)-HHTrE and 11-HETE, 

and may contribute to diminished adverse effects for muscle cell/tissue function (Figure 6). 

Similar results of down-modulated oxidative stress mediators by DR or caloric restriction 

were also previously reported in normal aging and in man [24, 25]. Simultaneously, 

decreased LA induced down-modulation of its downstream ω6 PUFAs, i.e., GLA, DGLA, 

and AA, which further contributed to the lower generation of other pro-inflammatory 

mediators, i.e., PGE2, PGD2, TXB2, and 11-HETE, and stimulation of muscle growth by 

PGF2α. The reduced pro-inflammation by caloric restriction is in line with literature of 

physiological aging, stressing the parallels between accelerated and natural aging and the 

anti-aging effect of DR [66, 88, 89]. 

Interestingly, even though there is a significant decrease of DGLA and AA, their 

downstream anti-inflammatory products, i.e., PGF1 and 8,9-EET, were notably increased 

by DR (Figure 6). ALA and its downstream ω3 PUFAs, i.e., EPA, DPA and DHA, were 

also notably reduced by DR, however, some anti-inflammatory mediators generated from 

EPA and ALA, i.e., 14,15-DiHETE and 12,13-DiHODE, were significantly upregulated by 

DR. The enhanced anti-inflammatory mediators by caloric restriction, including β-

hydroxybutyrate, were also reported by González et al. [66] and Carlos et al. [17]. John et 

al. observed a strong correlation between increased β-hydroxybutyrate concentration and 

reduced mortality (and improved memory) in aging mice with ketogenic diet [90]. 

The upregulated anti-inflammatory and downregulated pro-inflammatory mediators 

resulted in lower chronic inflammation in the progeroid mice, which in combination with 

the lower oxidative stress, and lower energy expenditure contributed to improved muscle 
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quality and performance (Figure 6) [91-93]. Similar results of reduced energy costs and 

ROS production by DR in humans were also reported by Heilbronn et al. [23], Almundarij 

et al. [26], and Civitarese et al. [94].  

It is important to note that DNA-repair-deficient Ercc1∆/- mice are extremely sensitive to 

dietary PUFAs and live shorter when administered a high PUFA diet [51]. This suggests 

that PUFAs elevate endogenous DNA damage, potentially via iron-dependent lipid 

peroxidation [51, 95] and aldehyde formation enhancing DNA-damage-induced 

transcription stress [33, 96, 97]. Reducing endogenous metabolites with DNA-damaging 

capacities, like PUFA, and potentially downstream aldehydes, could contribute to the 

mechanism of action by which DR lowers transcription stress and results in such an 

enormous life- and health span extending effect in Ercc1∆/- and Xpg-/- mice [21]. Enhanced 

energy production, lower energy expenditure, and reduced DNA damage and consequent 

transcription stress by DR likely all contribute to the dramatically extended health- and 

lifespan of progeroid mouse, including improved muscle quality, unaffected grip strength 

and improved motor coordination and learning performance by DR in Ercc1∆/- and Xpg-/- 

mice. This comprehensive analysis provides fundamental metabolomics insight into the 

anti-aging effects of DR on sarcopenia and represents a snapshot in the progressive 

development of the premature aging phenotype, in fact at a relatively late stage. In the future 

it may be interesting to compare this also to early stages to better understand the various 

intermediate steps leading to the development of sarcopenia. Further multi-omics studies 

including transcriptomics (in relation with transcription stress) and proteomics (in 

combination with systemic circulating changes) to investigate the DR effects on muscle 

proteins and function may provide a more complete reference framework for future clinical 

therapy of sarcopenia. 
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Figure 6. Overview of the metabolites and pathways regulated by DR to improve muscle quality and function in sarcopenia in DNA-repair-deficient 

prematurely aging mouse mutants. 
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5. Conclusion 

Dietary restriction (DR) decreased the mouse body weight, however, the forelimbs and all 

limbs grip strength were unaffected, and rotarod motor coordination and learning 

performance was significantly improved by DR in WT, Ercc1∆/-, and Xpg-/- mice. The 

decreased mouse body weight may be related to the downregulated muscle growth 

stimulation metabolite (PGF2α) and the improved consumption of muscle and liver glycogen 

by DR. Simultaneously, DR may improve the muscle quality and function by 

downregulating oxidative stress and pro-inflammatory mediators, upregulating anti-

inflammatory mediators, up-modulating energy production pathways, and reducing 

transcription stress in Ercc1∆/- and Xpg-/- mice. 

This study provided a fundamental metabolomics mechanism insight of the DR effects on 

sarcopenia. Further multi-omics study, i.e., transcriptomics and proteomics, could be 

utilized to investigate the DR effects on muscle enzymes and proteins, to identify not only 

metabolite biomarkers, but also the potential protein biomarkers for sarcopenia, and may 

provide more reference information for the future clinical therapy of sarcopenia. 
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Supplementary Information 

Table S1. The information of lipid ISTDs. 

Name 
Concentration 

(mM) 

Precursor 

Mass (M/Z) 

Fragment 

Mass (M/Z) 

Retention Time 

(min) 

Analyzed by low pH LC-MS/MS method 

10-NO2-OA-d17 2.90 343.2 183.2 13.2 

C18:1-ω9-d17 3.34 298.1 298.1 13.8 

C18:2-ω6-d4 3.34 283.2 265.201 13.6 

C22:6-ω3-d5 1.50 332.1 288.4 13.4 

C20:4-ω6-d8 32.00 311.1 267.2 13.47 

14,15-DiHETrE-d11 0.29 348.2 207.1 9.8 

5-iPF2α-VI-d11 0.27 364.2 115.05 3.9 

8,12-iPF2α-IV-d11 0.27 364.21 115.05 5.9 

12,13-DiHOME-d4 0.31 317.2 185.1 9.3 

8iso-PGE2-d4 0.28 355.3 275.25 5.42 

8iso-PGF2α-d4 0.28 357.3 197.15 4.75 

9,10-DiHOME-d4 0.31 317.2 203.1 9.5 

9-HODE-d4 0.33 299.2 172.1 11.1 

LTB4-d4 0.29 339.5 197.1 9.2 

PGE2-d4 0.28 355.3 275.25 4.8 

PGF2α-d4 0.28 357.3 197.15 4.75 

TXB2-d4 0.27 373.5 173.3 3.7 

20-HETE-d6 0.31 325.2 279.2 10.6 

12-HETE-d8 0.30 327.2 184.1 11.7 

5-HETE-d8 0.30 327.1 116.15 12.1 

 

Table S2. The information of energy production related metabolites ISTDs. 

Name Concentration Molar mass (M/Z) Retention Time (min) 

ATP-13C10, 
15N5 10 mg/mL 520.9885 8.0 

AMP-13C10, 
15N5 10 mg/mL 361.0558 4.2 

Pyruvate-13C3 500 mM 90.0188 2.2 

Succinate-d4 500 mM 121.0444 3.7 

UMP-15N2 500 mM 325.0227 4.4 

Valine-13C5 0.5 mg/mL 123.0863 3.5 
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Table S3. The information of analyzed pro-inflammatory, oxidative stress related, and muscle growth 

stimulation metabolites in mouse muscle samples. 

Name 
Precursor 

Mass (M/Z) 

Fragment 

Mass (M/Z) 

Retention 

Time (min) 
ISTD ChEBI ID 

Analyzed by LC-MS/MS method for lipid metabolites (in section 2.6.1) 

LA (C18:2-ω6) 279.2 261.2 13.6 C18:2-ω6-d4 17351 

GLA (C18:3-ω6) 277.0 233.0 13.3 C18:2-ω6-d4 28661 

DGLA (C20:3-ω6)  305.1 261.0 13.7 C20:4-ω6-d8 NA 

AA (C20:4-ω6)  303 259.0 13.5 C20:4-ω6-d8 15843 

AdA (C22:4-ω6) 331.5 287.5 13.8 C22:6-ω3-d5 NA 

PGD2 351.1 271.15 5.1 PGE2-d4 15555 

PGE2 351.1 271.15 4.8 PGE2-d4 15551 

PGF2α 353.1 193.1 4.6 PGF2α -d4 15553 

TXB2 369.2 169.1 3.8 TXB2-d4 28728 

9-HODE 295.2 171.1 11.1 9-HODE-d4 72651 

13-HODE 295.2 195.2 11 9-HODE-d4 72639 

12(S)-HETrE 279.2 179.1 9.8 12-HETE-d8 90771 

11-HETE 319.2 167.1 11.6 12-HETE-d8 72606 

15-HETE 319.2 219.2 11.3 5-HETE-d8 64017 

20-HETE 319.2 289.2 10.6 20-HETE-d6 34306 

5-HETE 319.2 115.15 12.3 5-HETE-d8 28209 

8-HETE 319.2 155.1 11.8 5-HETE-d8 34486 

9-HETE 319.2 167.1 12 12-HETE-d8 72786 

12-HETE 319.2 179.2 11.8 12-HETE-d8 19138 

Analyzed by HILIC-MS method (in section 2.6.2) 

GSH 306.0765 (M/Z) 4.5 Succinate-d4 16856 

GSSG 611.1447 (M/Z) 7.4 Succinate-d4 17858 
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Table S4. The information of analyzed anti-inflammatory metabolites in mouse muscle samples. 

Name 
Precursor 

Mass (M/Z) 

Fragment 

Mass (M/Z) 

Retention 

Time (min) 
ISTD 

ChEBI 

ID 

Analyzed by LC-MS/MS method for lipid metabolites (in section 2.6.1) 

ALA (C18:3-ω3)  277.1 233.15 3.9 C18:2-ω6-d4 27432 

EPA (C20:5-ω3)  301.1 257.2 13.3 C20:4-ω6-d8 28364 

DPA (C22:5-ω3) 329.2 285.4 4.7 C22:6-ω3-d5 NA 

DHA (C22:6-ω3)  327.1 283.1 13.4 C22:6-ω3-d5 28125 

12,13-DiHODE 311.2 293.15 8.46 9-HODE-d4 88461 

14,15-DiHETE 335.2 207.1 9.1 14,15-DiHETrE-d11 88459 

17,18-DiHETE 335.2 247.1 8.9 14,15-DiHETrE-d11 88349 

TXB1 371.2 171.1 3.3 TXB2-d4 73994 

PGF1 355.2 311.1 4.75 PGF2α-d4 28852 

11,12-EET 319.22 167.1 12.8 14,15-DiHETrE-d11 34130 

14,15-EET 319.21 219.2 12.5 14,15-DiHETrE-d11 34157 

8,9-EET 319.21 155.1 12.8 14,15-DiHETrE-d11 34490 

12-HEPE 317.2 179.1 10.8 12-HETE-d8 88345 

15-HEPE 317.2 219.2 10.6 5-HETE-d8 72627 

18-HEPE 317.2 299.2 10.4 12-HETE-d8 72802 

5-HEPE 317.2 115.2 11.1 5-HETE-d8 72801 

9-HEPE 317.2 167.25 10.9 12-HETE-d8 89570 

PGE1 353.2 317.2 5.15 PGE2-d4 15544 

PGE3 349.2 269.2 3.34 PGE2-d4 28031 

Analyzed by HILIC-MS method (in section 2.6.2) 

β-hydroxybutyrate 103.0401 (M/Z) 2.3 Pyruvate-13C3 20067 
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Table S5. The information of analyzed energy production and storage related metabolites in mouse 

muscle samples. 

Metabolites name  ChEBI ID 
Detected Mass 

(M/Z) 

Retention time 

(min) 
ISTD 

Analyzed by LC-MS/MS method for lipid metabolites (in section 2.6.1) 

Myristic acid (C14:0) 28875 227.2>209.2 11.6 C18:1-ω9-d17 

Palmitic acid (C16:0) 15756 255.2>237.2 13.8 C18:1-ω9-d17 

Stearic acid (C18:0) 28842 283.2>265.2 14.1 C18:1-ω9-d17 

Analyzed by HILIC-MS method (in section 2.6.2) 

Glucose 17234 179.0561 4.0 Succinate-d4 

Glucose-1-P 58601 259.0224 5.9 Succinate-d4 

Glucose-6-P 14314 259.0224 6.5 Succinate-d4 

Fructose-6-P 78697 259.0224 6.2 Succinate-d4 

Pyruvate 15361 87.0088 2.2 Pyruvate-13C3 

Acetyl-CoA 15351 808.1185 0.9 Succinate-d4 

Citrate 16947 191.0919 8.1 Succinate-d4 

Cis-Aconitate 16383 173.0085 3.8 Pyruvate-13C3 

α-Ketoglutarate 80619 145.0142 3.9 Succinate-d4 

Succinate 30779 117.0193 3.7 Succinate-d4 

Succinyl-CoA 15380 866.1312 4.8 Succinate-d4 

Malate 25115 133.0142 5.1 Succinate-d4 

Fumarate 37154 115.0037 4.4 Succinate-d4 

Alanine  15570 90.0550 4.6 Valine-13C5 

Phosphocreatine 17287 210.0285 6.1 Succinate-d4 

Creatine 16919 130.0622 4.6 Succinate-d4 

ATP 15422 505.9885 8.0 ATP-13C10, 
15N5 

ADP 16761 426.0221 7.2 AMP-13C10, 
15N5 

AMP 16027 346.0558 4.2 AMP-13C10, 
15N5 

6-phosphogluconate 48928 275.0174 7.1 Succinate-d4 

Riboluse-5-P 17363 229.0118 4.9 Succinate-d4 

Ribose-5-P 78679 229.0119 5.1 Succinate-d4 




