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Abstract

:

Frailty is a vulnerable state that marks the transition to long-term care for older people. Early detection and prevention of sarcopenia, the main symptom of frailty, are important to ensure an excellent quality of life for older people. Recently, the relationship between frailty, sarcopenia, and oral function has been attracting attention. This study aimed to clarify the changes in metabolites and metabolic pathways due to aging in the masseter muscle of senescence-accelerated mouse-prone 8 (SAMP8) mice. A capillary electrophoresis-mass spectrometry metabolome analysis was performed on the masseter muscle of 12-week-old, 40-week-old, and 55-week-old mice. The expression of enzymes involved in metabolome pathways considered to be related to aging was confirmed using reverse transcription polymerase chain reaction. Clear metabolic fluctuations were observed between 12, 40-week-old, and 55-week-old SAMP8 mice. The extracted metabolic pathways were the glycolysis, polyamine metabolome, and purine metabolome pathways. Nine fluctuated metabolites were common among the groups. Spermidine and Val were increased, which was regarded as a characteristic change in the masseter muscle due to aging. In conclusion, the age-related metabolic pathways in SAMP8 mice were the glycolysis, polyamine metabolome, and purine metabolome pathways. The increased spermidine and Val levels in the masseter muscle compared with the lower limbs are characteristic changes.
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1. Introduction


Frailty is a vulnerable state that marks the transition to long-term care for older people and an increased risk of health problems, fall incidents, and death [1]. Early detection and prevention of sarcopenia, the main symptom of frailty, are important to ensure an excellent quality of life for older people. Recently, the relationship between frailty, sarcopenia, and oral function has been attracting attention in research. For instance, in an epidemiological study, Murakami et al. conducted a survey of community-dwelling older people in Japan and reported an association between sarcopenia and masticatory function [2]. Iwasaki et al. reported that a lower maximum bite force was associated with an increased risk of frailty [3]. Moreover, the concept of oral frailty for the early detection of slight deterioration in older people was proposed, and the characteristic of poor diadochokinesis constituted the first step toward oral dysfunction. Oral frailty was also shown to be associated with the prognosis of curtailed longevity [4].



We have noted that there are only a limited number of defining studies that link the decline in oral health to aging in fundamental research, with the majority of studies focusing on the aging processes of animals’ limbs. Snow et al. measured the cross-sectional area of the soleus muscle in Fischer 344 Brown Norway (FBNF1) rats and reported the atrophy of fast-twitch muscles and notable changes in old age [5]. Guo et al. observed morphological and immunohistochemical changes in the gastrocnemius muscle of senescence-accelerated mouse-prone 8 (SAMP8) mice over time and reported that sarcopenia appeared when they were 40 weeks old [6]. Additionally, by conducting a metabolome analysis on the extensor digitorum longus (EDL) muscle of SAMP8 mice to identify metabolites that fluctuated due to aging, we observed and confirmed two aging-related metabolic changes in the EDL muscle of these mice [7]. Furthermore, Uchitomi et al. performed a metabolome analysis on the gastrocnemius muscle of aged C57BL/6J mice to identify metabolites that fluctuated because of aging [8]. They reported a decrease in glucose metabolites and polyamine metabolites, as well as an increase in neurotransmitters.



The masseter muscle plays a central role in mastication among the masticatory muscles, and its changes due to aging have been investigated in clinical studies [9,10]. We reported that masseter muscle atrophy in SAMP8 mice occurred at 40 weeks of age and that there were subsequent changes in muscle contraction characteristics [11]. However, there are no reports of the molecular biological examination of the masseter muscle during aging. Given this context, we focused on the metabolites in this study. While previous studies have suggested metabolic changes in major metabolic pathways, such as the glycolytic system, related details remain unclear. By clarifying the specific metabolic changes in the masseter muscle, we sought to contribute to the maintenance of masticatory function. The current study aimed to clarify the changes in metabolites and metabolic pathways in the masseter muscle due to aging.




2. Results


2.1. Body Weight


The mean body weight was 27.00 ± 0.67 g for 12-week-old, 26.58 ± 0.08 g for 40-week-old, and 37.16 ± 4.05 g for 55-week-old mice (Figure 1). The body weight increased between 12 and 55-week-old and between 40 and 55-week-old mice; however, no difference in weight was found between 12-week-old and 40-week-old mice.




2.2. Metabolome Analysis


A principal component analysis (PCA) showed that the metabolites contributing to the first principal component could be clearly distinguished at each age (Figure 2a). Hierarchical cluster analysis (HCA) also revealed changes in metabolite profiles (Figure 2b). Moreover, clear metabolic fluctuations were observed between the 12 and 55-week-old, as well as the 40 and 55-week-old mice.



2.2.1. Change in Metabolite Levels between 12 and 40−Week−Old Mice


Out of 30 metabolites that exhibited fluctuations (Table S1), 2 were characterized by elevated levels, whereas 28 showed decreased levels. Moreover, significant changes in the purine metabolism and glycolysis pathways were observed.




2.2.2. Change in Metabolite Levels between 12 and 55−Week−Old Mice


A total of 51 metabolites exhibited fluctuations between 12-week-old and 55-week-old (Table S2) mice. Out of these metabolites, 17 showed elevated levels, whereas 34 displayed decreased levels. In particular, decreased levels of carnosine, β-Ala, and His, which are involved in muscle aging, were observed.




2.2.3. Changes in Metabolite Levels between 40 and 55−Week−Old Mice


Out of 36 metabolites that exhibited significant differences (Table S3), 20 showed elevated levels, whereas 16 displayed decreased levels. Significant changes in the polyamine metabolism, purine metabolism, and glycolysis pathways were noted. Gly, NAD+, urea, 2-phosphoglyceric acid, 3-phosphoglyceric acid, phosphoenolpyruvic acid, Val, hydroxyproline, and ATP were identified as the metabolites that exhibited fluctuations and were common among the groups (Figure 3). All of these metabolites decreased with aging, except for Val, which increased between 40 weeks and 55 weeks.



From the above results, we focused on the metabolites that exhibited fluctuations between 40 and 55 weeks. We confirmed that three metabolic pathways were primarily affected by the aging process. First, the polyamine metabolism pathway was associated with cell proliferation, protein synthesis, and nucleic acid synthesis. A significant increase in S-adenosylmethionine and spermidine was observed (Figure 4). Second, the purine metabolism pathway was related to purine nucleotide metabolism and ATP resynthesis. In this regard, a significant increase in IMP, GMP, GDP, and hypoxanthine and a significant decrease in GTP and ATP were detected (Figure 5). Third, we observed a decrease in 3-phosphoglyceric acid, 2-phosphoglyceric acid, and phosphoenolpyruvic acid, which are engaged in glycolysis (Figure 6). Additionally, we observed an increase in choline, which is an essential nutrient produced in the liver, and a decrease in phosphocreatine, which is used for the synthesis of ATP and the production of creatinine (a reaction product).





2.3. Quantitative Analysis of Metabolites Using RT-PCR


This study focused on the polyamine and purine metabolism pathways that fluctuated between 40 and 55-week-old mice because metabolite levels showed a change in 55-week-old mice compared to 40-week-old mice. For target genes in the polyamine metabolism pathway, we confirmed the expression of enzymes involved in the polyamine and purine metabolism pathways between 40-week-old and 55-week-old mice. In the polyamine metabolism pathway, the expression of the spermidine synthase gene (Srm) significantly increased in 55-week-old mice compared with 40-week-old mice (p = 0.002) (Figure 4). In the purine metabolism pathway, the expression of the hypoxanthine phosphoribosyl transferase gene (HPRT), an enzyme used in the salvage circuit of ATP resynthesis (p = 0.048), also significantly increased (Figure 5).





3. Discussion


Our results suggested the occurrence of changes in the metabolites and metabolic pathways of the masseter muscle were due to aging and indicated that the age-related metabolic pathways of the masseter muscle in SAMP8 mice were likely to be the glycolysis, polyamine metabolome, and purine metabolome pathways. In particular, spermidine levels were increased in the masseter muscle compared to the hind limbs, which was considered to be a characteristic change in the masseter muscle.



The body weight of SAMP8 mice is said to increase between 8 and 24 weeks of age [12]. Similarly, in this study, the body weight tended to increase as the mice aged, and there was no clear individual difference during the raising stage.



Aging physiologically reduces food intake, and anorexia due to aging leads to a lack of energy, malnutrition, and weight loss [13]. We measured the amount of food intake at 55 weeks for five mice over time (Figure S1) and observed that the amount of food intake at 55 weeks significantly decreased compared with those at 12 and 40 weeks. However, because this was not accompanied by weight loss, we inferred that this was not a case of simple undernutrition. Consequently, we think that it is necessary to evaluate other factors, such as lean body mass and whole-body muscle mass, to clarify the relationship between body weight and food intake and also to measure nutritional indicators, such as blood cholesterol and hemoglobin levels.



The masseter muscle predominantly consists of fast-twitch muscle fibers in mice, with many MyHC type II fibers distributed among the muscle fibers [14]. Fast-twitch muscle fibers have high enzymatic activity and creatine kinase activity that contribute to glycolysis and have excellent anaerobic metabolic capacity [15]. Studies indicate that glycolytic metabolites in skeletal muscle decrease with aging [5]. In the gastrocnemius muscle, fructose 1,6-diphosphate, dihydroxyacetone phosphate, and glyceraldehyde 3-phosphate (upstream metabolites) decreased [8]. Our results indicated a decrease in glycolytic metabolites, namely, 3-phosphoglyceric acid, 2-phosphoglyceric acid, and phosphoenolpyruvic acid (downstream metabolites). MyHC type IIb fibers decrease in the masseter muscle of SAMP8 mice, notably between 40- and 55-week-old mice [9]; this decline could be associated with the aforementioned decrease. The dephosphorylation of 1,3-bisphosphoglyceric acid produces 3-phosphoglyceric acid. This reaction is accompanied by ATP production through the phosphorylation of ADP. Phosphoenolpyruvic acid is produced by the dehydration of 2-phosphoglyceric acid. This reaction is considered to produce pyruvic acid simultaneously with ATP by the transfer of a phosphate group to ADP. We suggest that the decrease in 3-phosphoglyceric acid, 2-phosphoglyceric acid, and phosphoenolpyruvic acid in the masseter muscle is caused by the consumption of a large amount of ATP required for masticatory movements.



Polyamines are substances present in the cells of many organisms and are indispensable for cell proliferation and differentiation. It also plays an important role in cellular function [16]. Polyamines have many amino groups, and spermidine and spermine are typical. Proceeding with the analysis, spermidine is an autoinducer associated with autophagy [17], which is attracting attention not only as a disease but also as a factor that controls aging [18]. Spermidine concentrations have been reported to decrease with age [19]. Moreover, its concentration decreases significantly in the gastrocnemius muscle of C57/BL6J mice [8] and the EDL muscle of SAMP8 mice [7]. In this study, we observed a significant increase in spermidine levels in the masseter muscle. Furthermore, the expression of Srm in the masseter muscle was greater between 40-week-old and 55-week-old mice, as shown by reverse transcription polymerase chain reaction (RT-PCR). We believe that it participated in the synthesis of spermidine in the polyamine metabolism pathway. The masseter muscle’s involvement in the masticatory function is essential to maintain a normal life. Additionally, existing reports have proven that autophagy is activated in the masseter muscle compared with the hind limbs [20] and that the masseter muscle in both young and older adults shows similar performance to that in rats [21]. Additionally, carnosine, a dipeptide consisting of β-Ala and His, is abundant in the muscles and nervous tissues. In this study, carnosine, β-Ala, and His decreased between 12 and 55 weeks. Based on these findings, we think that the masseter muscle, which is used more frequently than the hind limbs, is more susceptible to fatigue and aging, and a compensatory increase in spermidine induces autophagy activation, which may be correlated with maintaining muscle function. Hence, evaluating the autophagy function in aging muscle tissues is important.



S-adenosylmethionine is involved in DNA methylation and is reported to increase with aging [22,23,24,25]. DNA methylation involves adding a methyl group to cytosine provided by SAM through the action of DNA methyltransferase, converting it into methylcytosine. Furthermore, DNA methylation is a sign of slight changes in tissue composition, such as tissue inflammation and fibrosis [26], and has become the subject of several studies as an epigenetic biomarker of aging [27,28]. In this study, we confirmed that the levels of SAM increased in SAMP8 mice from 12-week-old to 55-week-old and 40-week-old to 55-week-old. We believe that this represents a significant metabolic change associated with age in the masseter muscle.



The purine metabolism pathway is engaged in ATP resynthesis during movement. Phosphocreatine is required for ATP synthesis [29], and hypoxanthine and IMP increase with movement [30]. This study confirmed the decrease of phosphocreatine as a contributing factor to the decrease in ATP. It also provided evidence that the increase in hypoxanthine and IMP was associated with the masticatory function of the masseter muscle in SAMP8 mice. We confirmed that the increased demand for energy sources, such as ATP and GTP, was observed in both the purine metabolism pathway and glucose metabolism. Furthermore, the expression of HPRT was confirmed by RT-PCR. We suggest that the salvage pathway for resynthesis was activated, which may have led to the increase in HPRT. This may indicate that the activation of the salvage circuit provides ATP and contributes to maintaining the functions of the masseter muscle.



A total of nine fluctuated metabolites were found to be common among the groups, and all decreased with age; however, Val increased between 40 and 55 weeks. Val, an amino acid in the branched-chain amino acid (BCAA) metabolic pathway secreted by skeletal muscles, especially during exercise, acts on other tissues to increase energy expenditure. In contrast, in the BCAA metabolic pathway, Leu and Ile were significantly decreased between 12 and 40 weeks. These results suggest that the BCAA metabolic pathway may play a significant role in the aging of the masseter muscle in SAMP8 mice. Additionally, the fluctuation of Val metabolites in the masseter muscle with aging may also have an impact. We reported that there were metabolites that fluctuated with aging in the EDL muscle of SAMP8 mice [4]. Among these metabolites, Val and Leu decreased with age. The increase in Val may represent a specific change in the masseter muscle compared with the lower limbs.



All of these metabolites affect the aging process of the masseter muscle. Hydroxyproline is the main component of collagen proteins, in which proline residues are hydrolyzed and are biosynthesized by protein degradation. It is inferred that a significant decrease in hydroxyproline may decrease the degradation of collagen and the synthesis of proteins. Recently, it has been reported that oral function is associated with frailty and sarcopenia [2,3,4]. Additionally, sarcopenia is associated with the masticatory function [2]. These findings suggest that when sarcopenia is present, it will also have progressed to muscles involved in mastication, causing a reduction in masticatory function over time.



In the present study, we focused on the masseter muscle, which plays a central role in the masticatory function, and observed age-related metabolic changes in this muscle using SAMP8 mice. Metabolites occasionally suppress transcriptional expression and protein functions. We considered that investigating metabolites may clarify the mechanism of aging in the masseter muscle. The metabolic changes found in this study may be an indicator of exploring the molecular, biological, functional, and morphological changes in the masseter muscle during aging. Additionally, in the future, we believe that we may help in understanding the aging mechanism of the masseter muscle by evaluating gene expression, including microarray and bioinformatic analyses, after replacement therapy with ingestion of a polyamine-rich diet. Given that there have been reports on traditional Japanese Earsten Kampo medicine for frailty prevention [31], we would like to investigate what kind of changes are brought about in the masseter muscle of SAMP8 mice by this intervention.



A limitation of this study is that aging-related changes in mice may differ from those in humans. SAMP8 mice have a shorter lifespan than typical aged animals [32] and develop a sarcopenia phenotype [6]; we expect them to be used in future studies on aging. In our study, SAMP8 mice were used to understand the characteristics of aging in the masseter muscle. It was thought that by conducting a similar survey in wild-type mice, it would be possible to better understand the changes in the masseter muscle due to aging. Additionally, SAMR1 is usually used as a “control” for SAMP8 mice. To further clarify the phenotype of the masseter muscle during aging, we think that there is a need to compare it with younger mice as in previous studies [11]. In addition, there are problems associated with aging research on samples. Aging animals may die, making it difficult to secure a larger number of samples than expected. In this study, the number of samples was determined based on the literature [7,8]. These studies yielded clear results. Moreover, the mean life expectancy of the SAMP8 mice used in this study was approximately 40 weeks. Some mice died during breeding; therefore, we standardized sample sizes. The findings clearly differentiated between PCA and HCA. In the future, we aim to increase the sample size and verify the study results.




4. Materials and Methods


4.1. Animal Experiment


In this study, male SAMP8 mice (SAMP8/Ta Slc) were utilized as samples. SAMP8 mice were purchased from Sankyo Labo service corporation (Tokyo, Japan). SAMP8 mice are a type of mice whose age accelerates between 16 weeks and 20 weeks and are often used in aging research. The mice were raised for categorization into each of the following groups: 12-week-old (N = 4), a stage before the start of accelerated aging; 40-week-old (N = 4), the mean lifespan of SAMP8 mice; 55-week-old (N = 5), a stage that exceeded the mean lifespan. In this study, the same species and the same ages were used as in previous studies [9]. The mice were raised in a 125 × 213 × 125 mm aluminum cage and were freely given food (Lab MR-A1) and water. After administering general anesthesia with isoflurane, the mice were euthanized by dislocating the cervical spines, and the masseter muscle was extracted. The left side of the muscle was used for metabolome analysis, whereas the right side was utilized for RT-PCR.



The experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Tokyo Dental College Institutional Animal Care and Use Committee (approval number: 202601; approval date: 1 August 2020). This study was carried out in compliance with the ARRIVE guidelines.




4.2. Metabolite Extraction and Capillary Electrophoresis–Mass Spectrometry (CE-MS) Metabolome Analysis


Approximately 50 mg of frozen tissue was plunged into 750 µL of 50% acetonitrile/Milli-Q water containing internal standards (20 μM) (H33041002, Human Metabolome Technologies, Inc., Tsuruoka, Japan) at 0 °C to inactivate enzymes. The tissue was homogenized five times at 3500 rpm for 1 min using a tissue homogenizer (Micro Smash MS100R, Tomy Digital Biology Co., Ltd., Tokyo, Japan); the homogenate was then centrifuged at 2300× g and 4 °C for 5 min. Subsequently, 400 µL of the upper aqueous layer was centrifugally filtered through a Millipore 5 kDa cutoff filter at 9100× g at 4 °C for 120 min to remove proteins. The filtrate was concentrated in the form of a dried pellet by centrifugation and re-suspended in 50 µL of milli-Q water for CE-MS analysis. This analysis focused on 116 central metabolites related to central energy metabolic pathways.



Metabolome analysis was performed with the C-SCOPE package (ver.3.1.2: from Human Metabolome Technologies, Inc., Yamagata, Japan) using capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS) for cation analysis and CE-tandem mass spectrometry (CE-MS/MS) for anion analysis based on the methods described previously [33,34]. CE-TOFMS analysis was conducted using an Agilent CE capillary electrophoresis system equipped with an Agilent 6210 time-of-flight mass spectrometer (Agilent Technologies, Waldbronn, Germany). The spectrometer was scanned from m/z 50 to 1000 (1). Peaks were extracted using MasterHands (ver.2.17.1.11), automatic integration software (Keio University, Tsuruoka, Yamagata, Japan) (3), and MassHunter Quantitative Analysis B.04.00 (Agilent Technologies) in order to obtain peak information including m/z, peak area, and migration time (MT). Signal peaks were annotated according to the HMT metabolite database based on their m/z values with the MTs. HCA and PCA were performed using PeakStat (ver.3.18) and SampleStat (ver.3.14) software, respectively.




4.3. Quantitative Analysis of Gene Expression in the Masseter Muscle with Aging


Total RNA extraction of the masseter muscle was performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and Proteinase K (Takara Bio, Shiga, Japan). The cDNA was prepared using the QuantiTect Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). The Double Delta Ct Value (ΔΔCt) method was used for quantification, and the relative expression level was compared to the expression of housekeeping genes in each sample. For gene expression analysis, TaqMan® gene expression assays (Thermo Fisher Scientific, Waltham, MA, USA) were employed in the RT-PCR 7500 system (Thermo Fisher Scientific). TaqMan® probes (Thermo Fisher Scientific) used Methionine Adenosyl Transferase 2A (Mat2a) (Mm00728688_s1), spermidine synthase gene (Srm) (Mm00726089_s1), spermine synthase (Sms) (Mm00786246_s1), Ornithine decarboxylase1 (Odc1) (Mm02019269_g1), spermine oxidase (Smox) (Mm01275475_m1), and S-adenosylmethionine decarboxylase (Amd2) (Mm04207265_gH). For the purine metabolism pathway, TaqMan® probes used HPRT (Mm03024075_m1), phosphoribosyl pyrophosphate 1 (Prps1) (Mm00727494_s1), adenine phosphoribosyl transferase (Aprt) (Mm04207855_g1), and xanthine dehydrogenase (Xdh) (Mm0044). In addition, the housekeeping gene β-actin (Mm00607939_s1) was employed.




4.4. Statistical Analyses


Statistical analyses were performed with IBM SPSS Statistics version 26 (IBM, Armonk, NY, USA) software. Moreover, to obtain statistics related to body weight, Tukey’s test was performed for the multiple comparison test. The metabolites, RT-PCR of 40-week-old and 55-week-old mice, were compared using Welch’s t-test. The significance threshold was set at 5% (p < 0.05).





5. Conclusions


Our results suggest that age-related metabolic pathways of the masseter muscle in SAMP8 mice are likely related to the glycolysis, polyamine metabolome, and purine metabolome pathways. In particular, the increased levels of spermidine and Val in the masseter muscle compared with the lower limbs are considered to be characteristic changes in the masseter muscle.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms25179684/s1.





Author Contributions


Y.K. and T.H. performed the mouse experiment and collected the data. Y.K., T.H. and K.S. analyzed the data and undertook statistical analyses. Y.O. performed the reverse transcription polymerase chain reaction. Y.K., T.H. and A.K. prepared the manuscript and Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure S1, Tables S1–S3. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Tokyo Dental College Institutional Animal Care and Use Committee (approval number: 202601; approval date: 1 August 2020). This study was carried out in compliance with the ARRIVE guidelines.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets analyzed during the current study are not publicly available.




Acknowledgments


We are sincerely grateful to Former Professor Sadamitsu Hashimoto, Department of Biology at Tokyo Dental College, who graciously provided guidance for the implementation of gene expression analysis.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Fried, L.P.; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; Gottdiener, J.; Seeman, T.; Tracy, R.; Kop, W.J.; Burke, G.; et al. Frailty in older adults: Evidence for a phenotype. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56, M146–M156. [Google Scholar] [CrossRef] [PubMed]

	



Murakami, M.; Hirano, H.; Watanabe, Y.; Sakai, K.; Kim, H.; Katakura, A. Relationship between chewing ability and sarcopenia in Japanese community-dwelling older adults. Geriatr. Gerontol. Int. 2015, 15, 1007–1012. [Google Scholar] [CrossRef]

	



Iwasaki, M.; Yoshihara, A.; Sato, N.; Sato, M.; Minagawa, K.; Shimada, M.; Nishimuta, M.; Ansai, T.; Yoshitake, Y.; Ono, T.; et al. A 5-year longitudinal study of association of maximum bite force with development of frailty in community-dwelling older adults. J. Oral. Rehabil. 2018, 45, 17–24. [Google Scholar] [CrossRef]

	



Tanaka, T.; Takahashi, K.; Hirano, H.; Kikutani, T.; Watanabe, Y.; Ohara, Y.; Furuya, H.; Tetsuo, T.; Akishita, M.; Iijima, K. Oral frailty as a risk factor for physical frailty and mortality in community-dwelling elderly. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 1661–1667. [Google Scholar] [CrossRef]

	



Snow, L.M.; McLoon, L.K.; Thompson, L.V. Adult and developmental myosin heavy chain isoforms in soleus muscle of aging Fischer Brown Norway rat. Anat. Rec. A Discov. Mol. Cell. Evol. Biol. 2005, 286, 866–873. [Google Scholar] [CrossRef] [PubMed]

	



Guo, A.Y.; Leung, K.S.; Siu, P.M.; Qin, J.H.; Chow, S.K.; Qin, L.; Li, C.Y.; Cheung, W.H. Muscle mass, structural and functional investigations of senescence-accelerated mouse P8 (SAMP8). Exp. Anim. 2015, 64, 425–433. [Google Scholar] [PubMed]

	



Hoshino, T.; Kato, Y.; Sugahara, K.; Katakura, A. Aging-related metabolic changes in the extensor digitorum longus muscle of senescence-accelerated mouse-prone 8. Geriatr. Gerontol. Int. 2022, 22, 160–167. [Google Scholar] [CrossRef]

	



Uchitomi, R.; Hatazawa, Y.; Senoo, N.; Yoshioka, K.; Fujita, M.; Shimizu, T.; Miura, S.; Ono, Y.; Kamei, Y. Metabolomic analysis of skeletal muscle in aged mice. Sci. Rep. 2019, 9, 10425. [Google Scholar] [CrossRef] [PubMed]

	



Murakami, M.; Iijima, K.; Watanabe, Y.; Tanaka, T.; Iwasa, Y.; Edahiro, A.; Ohara, Y.; Motokawa, K.; Shirobe, M.; Hirano, H. Development of a simple method to measure masseter musclemass. Gerodontology 2020, 4, 384–388. [Google Scholar]

	



Umeki, K.; Watanabe, Y.; Hirano, H.; Edahiro, E.; Ohara, Y.; Yoshida, H.; Obuchi, S.; Kawai, H.; Murakami, M.; Takagi, D.; et al. The relationship between masseter muscle thickness and appendicular skeletal muscle mass in Japanese community-dwelling elders: A cross-sectional study. Arch. Gerintol Geriatr. 2018, 78, 18–22. [Google Scholar] [CrossRef]

	



Hoshino, T.; Yamamoto, M.; Kasahara, K.; Katakura, A. Comparison of age-related morphological changes in the masseter muscles of senescence-accelerated mouse (SAM). J. Oral. Maxillofac. Surg. Med. Pathol. 2018, 30, 44–49. [Google Scholar] [CrossRef]

	



Onishi, S.; Ishino, M.; Kitazawa, H.; Yoto, A.; Shimba, Y.; Mochizuki, Y.; Unno, K.; Meguro, S.; Tokimitsu, I.; Miura, S. Green tea extracts ameliorate high-fat diet-induced muscle atrophy in senescence-accelerated mouse prone-8 mice. PLoS ONE 2018, 13, e0195753. [Google Scholar] [CrossRef]

	



Morley, J.E. Decreased food intake with aging. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56, 81–88. [Google Scholar] [CrossRef]

	



Tuxen, A.; Kirkeby, S. An animal model for human masseter muscle: Histochemical characterization of mouse, rat, rabbit, cat, dog, pig, and cow masseter muscle. J. Oral. Maxillofac. Surg. 1990, 48, 1063–1067. [Google Scholar] [CrossRef]

	



Yamashita, K.; Yoshioka, T. Profiles of creatine kinase isoenzyme compositions in single muscle fibres of different types. J. Muscle Res. Cell. Motil. 1991, 12, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Arundel, C.M.; Nishioka, K.; Tofilon, P.J. Effects of alpha-difluoromethylornithine-induced polyamine depletion on the radiosensitivity of a human colon carcinoma cell line. Radiat. Res. 1988, 114, 634–640. [Google Scholar] [CrossRef]

	



Pietrocola, F.; Lachkar, S.; Enot, D.P.; Niso-Santano, M.; Bravo-San Pedro, J.M.; Sica, V.; Izzo, V.; Maiuri, M.C.; Madeo, F.; Mariño, G.; et al. Spermidine induces autophagy by inhibiting the acetyltransferase EP300. Cell Death Differ. 2015, 22, 509–516. [Google Scholar] [CrossRef] [PubMed]

	



de Cabo, R.; Carmona-Gutierrez, D.; Bernier, M.; Hall, M.N.; Madeo, F. The search for antiaging interventions: From elixirs to fasting regimens. Cell 2014, 157, 1515–1526. [Google Scholar] [CrossRef]

	



Madeo, F.; Bauer, M.A.; Carmona-Gutierrez, D.; Kroemer, G. Spermidine: A physiological autophagy inducer acting as an anti-aging vitamin in humans. Autophagy 2019, 15, 165–168. [Google Scholar] [CrossRef] [PubMed]

	



Iida, R.H.; Kanko, S.; Suga, T.; Morito, M.; Yamane, A. Autophagic-lysosomal pathway functions in the masseter and tongue muscles in the klotho mouse, a mouse model for aging. Mol. Cell Biochem. 2011, 348, 89–98. [Google Scholar] [CrossRef] [PubMed]

	



Norton, M.; Verstegeden, A.; Maxwell, L.C.; McCarter, R.M. Constancy of masseter muscle structure and function with age in F344 rats. Arch. Oral. Biol. 2001, 46, 139–146. [Google Scholar] [CrossRef]

	



Pegg, A.E. The function of spermine. IUBMB Life 2014, 66, 8–18. [Google Scholar] [CrossRef] [PubMed]

	



Obata, F.; Miura, M. Enhancing S-adenosyl-methionine catabolism extends Drosophila lifespan. Nat. Commun. 2015, 6, 8332. [Google Scholar] [CrossRef] [PubMed]

	



Zykovich, A.; Hubbard, A.; Flynn, J.M.; Tarnopolsky, M.; Fraga, M.F.; Kerksick, C.; Ogborn, D.; MacNeil, L.; Mooney, S.D.; Melov, S. Genome-wide DNA methylation changes with age in disease-free human skeletal muscle. Aging Cell 2014, 13, 360–366. [Google Scholar] [CrossRef] [PubMed]

	



Jin, C.J.; Park, H.K.; Cho, Y.M.; Pak, Y.K.; Lee, K.U.; Kim, M.S.; Friso, S.; Choi, S.W.; Park, K.S.; Lee, H.K. S-adenosyl-L-methionine increases skeletal muscle mitochondrial DNA density and whole body insulin sensitivity in OLETF rats. J. Nutr. 2007, 137, 339–344. [Google Scholar] [CrossRef] [PubMed]

	



Day, K.; Waite, L.L.; Thalacker-Mercer, A.; West, A.; Bamman, M.M.; Brooks, J.D.; Myers, R.M.; Absher, D. Differential DNA methylation with age displays both common and dynamic features across human tissues that are influenced by CpG landscape. Genome Biol. 2013, 14, R102. [Google Scholar] [CrossRef] [PubMed]

	



Goel, N.; Karir, P.; Garg, V.K. Role of DNA methylation in human age prediction. Mech. Ageing Dev. 2017, 166, 33–41. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Liu, W.; Yuan, T.; Bai, R.; Liu, G.H.; Zhang, W.; Qu, J. DNA methylome: Unveiling your biological age. Protein Cell 2013, 4, 723–725. [Google Scholar] [CrossRef] [PubMed]

	



Guimarães-Ferreira, L. Role of the phosphocreatine system on energetic homeostasis in skeletal and cardiac muscles. Einstein 2014, 12, 126–131. [Google Scholar] [CrossRef]

	



Jacek, Z.; Krzystof, K. Pathways of purine metabolism: Effects of exercise and training in competitive athletes. Trends Sport. Sci. 2015, 3, 103–112. [Google Scholar]

	



Otsuka, S.; Fukumaru, K.; Tani, A.; Takada, S.; Kikuchi, K.; Norimatsu, K.; Matsuzaki, R.; Matsuoka, T.; Sakakima, H.; Omiya, Y.; et al. Analysis of the effects of Ninjin’yoeito on physical frailty in mice. Int. J. Mol. Sci. 2022, 23, 11183. [Google Scholar] [CrossRef]

	



Derave, W.; Eijnde, B.O.; Ramaekers, M.; Hespel, P. Soleus muscles of SAMP8 mice provide an accelerated model of skeletal muscle senescence. Exp. Gerontol. 2005, 40, 562–572. [Google Scholar] [CrossRef] [PubMed]

	



Ohashi, Y.; Hirayama, A.; Ishikawa, T.; Nakamura, S.; Shimizu, K.; Ueno, Y.; Tomita, M.; Soga, T. Depiction of metabolome changes in histidine-starved Escherichia coli by CE-TOFMS. Mol. Biosyst. 2008, 4, 135–147. [Google Scholar] [CrossRef] [PubMed]

	



Ooga, T.; Sato, H.; Nagashima, A.; Sasaki, K.; Tomita, M.; Soga, T.; Ohashi, Y. Metabolomic anatomy of an animal model revealing homeostatic imbalances in dyslipidaemia. Mol. Biosyst. 2011, 7, 1217–1223. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 09684 g001] 





Figure 1. Body weights of SAMP8 mice at each age were measured when the masseter muscle was extracted. Body weight at 55 weeks showed a significant increase compared to that at 12 and 40 weeks. *** p < 0.001. X-axis: each age; Y-axis: body weight (g). Plotting points show the weight of each mouse at each stage. The error bars represent the standard deviation. 
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Figure 2. (a) Principal component analysis (PCA) of metabolomic datasets of the masseter muscle (MM) at 12, 40, and 55 weeks. Plots of 12−week−old (blue), 40−week−old (red), and 55−week−old (green) mice are clearly distinguished on the first principal component axis (X−axis). (b) Hierarchical cluster analysis (HCA) of metabolite changes at 12, 40, and 55 weeks. The horizontal axis shows the sample names corresponding to the samples used in Figure 2a (12W−MM1 to 12W−MM4 for 12−week−old mice, 40W−MM1 to 40W−MM4 for 40−week−old mice, and 55W−MM1 to 55W−MM5 for 55−week−old mice). Red indicates that the relative content of metabolites is high, whereas green indicates that the relative content of metabolites is low. 
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Figure 3. Venn diagram of metabolites that fluctuated in all groups. This analysis focused on 116 central metabolites related to central energy metabolic pathways. The fluctuated metabolites common among the groups were Gly, NAD+, urea, 2-phosphoglyceric acid, 3-phosphoglyceric acid, phosphoenolpyruvic acid, Val, hydroxyproline, and ATP. 
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Figure 4. Pathway map of polyamine metabolism. Metabolite levels in polyamine metabolism in 40−week−old and 55−week−old mice. ** p < 0.01, * p < 0.05. Gene expressions of involved enzymes are enclosed in the blue squares. X-axis: each age; Y-axis: relative mRNA levels. N.A.: Not Available. 
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Figure 5. Pathway map of purine metabolism. Metabolite levels in purine metabolism in 40−week−old and 55−week−old mice. *** p < 0.001, ** p < 0.01, * p < 0.05. Gene expressions of involved enzymes are enclosed in red squares. X−axis: each age; Y−axis: relative mRNA levels. N.A.: Not Available. 
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Figure 6. Pathway map of glycolysis. Metabolic changes related to polyamine metabolism in 40−week−old and 55−week−old mice. *** p < 