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Abstract
Human life expectancy increases as society becomes more developed. This increased life expectancy poses challenges associated with the rapid aging of the population. Sarcopenia, an age-related disease, has become a worldwide health issue. Patients with sarcopenia experience decreases in muscle mass and function, becoming frail and eventually bedridden. Type 2 diabetes mellitus (T2DM) is also a major health issue; the incidence of T2DM increases with aging. T2DM is associated with reduced muscle strength and poor muscle quality and may contribute to acceleration of the aging process, augmenting age-related sarcopenia. Recent studies indicate that elderly patients with diabetes are at an increased risk for sarcopenia. Therefore, these older diabetic patients with sarcopenia need specific anti-diabetic therapies targeting not only glycemic control but also sarcopenia, with the goal of preventing sarcopenia in pre-sarcopenic patients. Presently, various types of hypoglycemic drugs are available, but which hypoglycemic drugs are better suited for geriatric T2DM patients with sarcopenia remains undetermined. In this review, we discuss the association between diabetes and sarcopenia in geriatric patients, and how anti-diabetic drugs may influence sarcopenia outcomes. This review will guide clinical workers in the selection of drugs best suited for this patient population.
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Core Tip: Elderly patients with diabetes are at an increased risk for sarcopenia. Therefore, these older diabetic patients with sarcopenia need specific anti-diabetic therapies targeting not only glycemic control but also sarcopenia, with the goal of preventing sarcopenia in pre-sarcopenic patients. We herein discuss the association between diabetes and sarcopenia in geriatric patients, and how anti-diabetic drugs may influence sarcopenia outcomes. 


INTRODUCTION
Diabetes mellitus (DM), a chronic metabolic disease, has reached epidemic status and is considered one of the major threats to human health in the 21st century. In 2017, the International Diabetes Federation estimated that 425 million individuals worldwide have DM; this number is expected to increase to 629 million by 2045[1,2]. Approximately 90% of these individuals have type 2 DM (T2DM)[3], with the highest prevalence of T2DM observed in older adults[4]. Sarcopenia, which, in addition to the traditional microvascular and macrovascular complications, has emerged as a third category of T2DM-associated complications in geriatric individuals with diabetic syndromes, results in considerable disability[5]. Sarcopenia manifests primarily as decreased skeletal muscle mass. Combined with decreased bone mineral content and deteriorating bone quality, sarcopenia causes physical frailty and increases the risk for complications, which decrease quality of life and increase mortality[6]. A progressive decrease in muscle mass occurs at an annual rate of 1%-2% after 30 years of age, accelerates to 1.5%-3% per year after 60 years of age, and progresses even more rapidly after 75 years of age[7]. Because muscle is the main site of glucose consumption, reduced muscle mass leads to increased insulin resistance. Sarcopenia causes insulin resistance, which, in turn, exacerbates the loss of skeletal muscle[8]. Because sarcopenia is multifactorial, the diabetic geriatric population needs specific treatment parameters for both the initial and maintenance therapy using anti-diabetic agents. Therefore, prescribing anti-diabetic agents in such individuals should be conducted to lower not only hyperglycemic levels but also to treat and possibly prevent sarcopenia in pre-sarcopenic patients. In this review, we evaluate the relationship between diabetes and sarcopenia in elderly patients and discuss how certain anti-diabetic agents may play specific roles in influencing disease outcomes.

AGING AND SARCOPENIA
In 1989, Rosenberg first introduced the term “sarcopenia” in reference to age-related loss of skeletal muscle mass and volume[9]. Currently, sarcopenia is defined as an involuntary loss of skeletal muscle and used as predictor of physical disability/mortality. Muscle mass accounts for 75% of body-cell mass and 45% of body mass[10]. Once people reach 60 years of age, they lose 1.5%-3% of their muscle mass per year. Therefore, aging is associated with adverse changes in body composition. Sarcopenia, a common disorder in the elderly, contributes to functional decline, disability, frailty, and falls[11]. Because of the aging of the population, sarcopenia has become a worldwide health concern. In China, the prevalence of sarcopenia in people aged 60 years and older is 10.6% (11.3% in men and 9.8% in women)[12]. In Japan, the prevalence of sarcopenia among community-dwelling older adults aged 65-89 years is 21.8% in men and 22.1% in women[13]. Low muscle mass in the legs is associated with muscle weakness, poor lower-extremity performance, and loss of mobility in older adults[14-16]. In the United States, community-dwelling older adults diagnosed with sarcopenia have a 1.29-fold higher risk for all-cause mortality[17]. The pathogenesis of sarcopenia is poorly understood, although altered hypoxic signaling, oxidative stress, and adipokines may be involved in sarcopenic processes. Age-related, chronic, low-grade inflammation has also been recognized as an important causative factor in sarcopenia[18].

AGING AND T2DM
T2DM is a heterogeneous, multifactorial, polygenic, endocrine, metabolic, chronic, and age-related disease characterized by obesity, insulin resistance, and hyperglycemia[19]. Aging is characterized by a progressive loss of physiological integrity, leading to impaired function. This deterioration is the primary risk factor for major human pathologies including cancer, cardiovascular disorders, neurodegenerative diseases, and diabetes[20]. Nevertheless, our understanding of how cellular aging contributes to the pathogenesis of diabetes is incomplete, and currently, there are no therapies targeting cellular aging in diabetes. Insulin resistance has been shown to induce the expression of aging markers, suggesting that β-cell aging could accelerate progression toward diabetes[21-23]. Therefore, reversing cellular aging may be a potential approach in novel anti-T2DM therapies.

T2DM AND SARCOPENIA
Although the mechanisms underlying the association between T2DM and sarcopenia are currently unknown, mitochondrial dysfunction, muscle protein degradation, and autophagy may be associated with loss of skeletal muscle mass and strength in patients with diabetes[24]. Sarcopenia contributes to functional impairment, and elderly diabetic patients are two times more likely to develop sarcopenia than those without diabetes[25]. The Health, Aging, and Body Composition Study showed that annual decline in appendicular muscle mass in patients with diabetes is approximately 0.2 kg/year (1%/year), while decline in appendicular lean mass in non-diabetic persons is 0.15 kg/year (0.7%/year)[26]. A recent prospective study showed that poor glycemic control is associated with sarcopenia and that chronic inflammation combined with mitochondrial dysfunction and oxidative stress play important roles in muscle atrophy[27]. Interactions among these factors may involve several intracellular signaling pathways that affect the balance between protein synthesis and degradation and induction of apoptosis; these two aspects are involved in the primary pathology of significant muscle mass loss[28].

AGING, T2DM, AND SARCOPENIA
Sarcopenia, one of the most serious health-related problems among elderly adults with diabetes, impairs the activities of daily living, increasing the risk of mortality[29]. Recent studies have reported that elderly patients with diabetes are at an increased risk for sarcopenia[24,26]. Additionally, microinflammation and insulin resistance may be central in the sarcopenia pathogenesis[24]. Previous research has shown that older adults with T2DM have an accelerated loss of muscle mass and strength compared with those of adults without diabetes[26]. Diabetes, which is associated with reduced muscle strength and poor muscle quality, involves an accelerated aging process that intensifies age-related sarcopenia[30]. The results from the Korean Sarcopenic Obesity Study showed that the prevalence of sarcopenia in patients with diabetes is considerably higher than in non-diabetic individuals. In patients older than 60 years, individuals with and without diabetes demonstrated a significant difference in the prevalence of sarcopenia; this was observed for both sexes[9] and agreed with findings obtained in another study[31]. In the general population, studies have shown that with aging, men lose more skeletal muscle mass than do women, even though men have a higher starting skeletal muscle mass compared with that of women[32]; however, women with diabetes are at a particularly high risk for the loss of skeletal muscle mass[26]. The relationship among aging, T2DM, and sarcopenia is illustrated in Figure 1.

ANTI-DIABETIC DRUGS AND SARCOPENIA
Evaluating the use of anti-diabetic agents in older T2DM patients with sarcopenia is important in order to determine which anti-diabetic drugs may alleviate sarcopenia or pose a decreased risk for the progression of sarcopenia. Currently available anti-diabetic agents include biguanides (metformin), insulin secretagogues (sulfonylureas and glinides), alpha-glucosidase inhibitors, thiazolidinediones, dipeptidyl peptidase 4 (DPP4) inhibitors, glucagon-like peptide-1 receptor agonists (GLP-1RA), sodium-glucose cotransporter-2 inhibitor (SGLT2i), and insulin. While all of these agents have shown beneficial hypoglycemic effects, we will discuss their potential utility in geriatric patients with sarcopenia (Table 1).

Biguanides and sarcopenia
Metformin (1,1-dimethylbiguanide hydrochloride) lowers blood glucose levels by sensitizing the liver to the effects of insulin, thereby suppressing hepatic glucose output. According to updated guidelines, metformin is considered a first-line treatment for T2DM, especially in elderly diabetic patients. In a study conducted in Iran, 51 individuals newly diagnosed with T2DM (21 men and 30 women) were treated using 1000 mg metformin twice daily for 6 mo; 41 participants (80.4%) completed the study. The results obtained in that study indicated that by week 24, the lean-to-fat ratio increased in the participants, with men showing significantly greater changes compared with those of women. The administration of metformin for 3 mo showed favorable effects on body composition, insulin sensitivity, and glucose homeostasis. This finding suggests that a metformin-based therapy may postpone the development of sarcopenia and may be particularly effective in women with T2DM, who are at an increased risk for the loss of skeletal muscle mass[31]. A two-site, randomized, double-blind, placebo-controlled clinical trial investigating the effects of metformin, combined with a progressive resistance-training program, showed that individuals aged 65 and older, treated using 1700 mg metformin per day for 16 wk, showed increased muscle hypertrophy and strength gains, thereby maintaining functional independence[33]. Another study showed that participants with risk factors for T2DM, treated using 850 mg metformin twice a day for 2 mo, showed a decrease in fat weight and increase in lean weight[34]. In the osteoporotic fractures in men study, 151 diabetic men were treated with insulin sensitizers, and 111 diabetic men were treated without insulin sensitizers, with a follow-up of 3.5 ± 0.7 years. Analysis of specific insulin sensitizers revealed that diabetic men treated using metformin, or using metformin coupled with thiazolidinediones, had significantly reduced total and appendicular lean mass loss compared with that of men with untreated diabetes, or that of diabetic men treated without insulin sensitizers[35]. Metformin increases the activity of adenosine monophosphate-activated protein kinase, which inhibits the mechanistic target of rapamycin (mTOR)[36], a key factor in muscle growth[37]. Notably, metformin is currently being evaluated in clinical trials for the improvement of muscle function in patients with Duchenne muscular dystrophy[38,39]. 
Metformin-mediated mechanisms are also being evaluated in animal models. One study has shown that the percentage of centronucleated myofibers in metformin-treated mice is lower than that in control mice at 4 d post-injury. Moreover, at 7 d post-injury, control myofibers show a larger cross-sectional area (500 ha2) than that obtained from metformin-conditioned mice. These data suggest that metformin-treated mice were fully regenerated at 7 d post-injury, indicating that metformin may be used for the maintenance of muscle stem cells during repeated regeneration cycles in disease and aging[40]. However, other studies have suggested that metformin is ineffective in the recovery of muscle mass and strength[41-44]. One study evaluated aged (23 mo) and young (3 mo) male mice fed a low-fat diet without or with the addition of 0.5% metformin for up to 8 wk. The results of that study showed that in aged mice, long-term treatment with metformin does not alter the decreased relative muscle mass that exhibits hyperactive mTORC1 signaling during the fasted state. However, the same treatment paradigm using metformin reduced fasted muscle mTORC1 signaling in young mouse muscle[41]. Consistent with the results obtained in this study, another study demonstrated that 0.5% metformin administered for 6 wk shows limited effects on restoring normal metabolic and growth signaling in aged adipose tissue and muscle, respectively[42]. Other studies have suggested that metformin may negatively impact the mitochondrial function in skeletal muscle[43,44]. Thus, it is unclear whether metformin exerts positive, negative, or negligible effects on muscle mass and strength.

Insulin secretagogues (sulfonylureas and glinides) and sarcopenia
Sulfonylureas are insulin secretagogues that are typically divided into first- and second-generation drugs. Glinides possess a mechanism-of-action that is similar to that of sulfonylureas, but act in a plasma-glucose concentration-dependent manner with a shorter circulating half-life than that of sulfonylureas. Sulfonylureas and glinides, which are ATP-sensitive potassium channel blockers, stimulate insulin release from pancreatic beta cells[45]. Several studies have shown that drugs in this class may be associated with muscle atrophy because they induce a muscle type-dependent atrophy in mice[46]. Additionally, from October 6, 2011 through June 29, 2012, the Food and Drug Administration Adverse Event Reporting System received 1697582 reports of adverse events in human patients. Muscle atrophy was reported in 0.27% of reports on glibenclamide/glyburide. A data-mining analysis, performed by calculating the proportional reporting ratio, revealed a significant association between muscle atrophic events and the use of glyburide[46]. This may occur because hypoglycemia can induce “in vitro” apoptosis and autophagic cell death, and high rates of hypoglycemia characterizing glibenclamide use are a precipitating factor in inducing atrophy “in vivo” in human patients[47,48]. These findings indicate that insulin secretagogues should not be used as first-line therapy in older T2DM patients with sarcopenia.

Alpha-glucosidase inhibitors and sarcopenia
Alpha-glucosidase inhibitors are known to lower postprandial glucose by inhibiting the breakdown of complex carbohydrates in the intestine. However, at present, no studies have been used to examine the relationship between alpha-glucosidase inhibitors and sarcopenia.

Thiazolidinediones and sarcopenia
Thiazolidinediones (pioglitazone and rosiglitazone) can improve insulin sensitivity by enhancing insulin-mediated glucose disposal via activation of peroxisome proliferator-activated receptor gamma. In 2010, the European Medicines Agency suspended the use of rosiglitazone because of cardiotoxicity; thus, it is not commonly used in China, especially in elderly patients. Recent studies have shown that insulin resistance and mitochondrial dysfunction play an important role in loss of muscle mass[49]. T2DM[50,51] and aging-related sarcopenia[52] are characterized by fatty muscle. One study[53] showed that human satellite cells possess adipogenic potential, which may explain the origin of mature adipocytes within myofibers or within the intermuscular space. Treatment with rosiglitazone does not induce fat conversion in human satellite cells but does considerably enhance the adipogenic potential of these cells, which is triggered by the addition of a specific medium permissive of adipogenesis. Thus, thiazolidinediones, which can increase fatty acid disposal and oxidation in skeletal muscle[54], can reduce increases in intramyocellular triglyceride content and prevent the development of fat cells within muscle fibers[53]. Several studies have shown that peroxisome proliferator-activated receptor gamma agonists exert beneficial effects on muscle performance in older diabetic patients[35,55,56]. However, elderly individuals may have numerous common conditions affecting their health, complicated by coronary heart disease and cardiac insufficiency; thus, prescribing these types of drugs to elderly patients should be undertaken with caution.

DPP4 inhibitors and sarcopenia
DPP4 inhibitors, which are second-line treatment for T2DM, are widely employed because of their safety and effectiveness in glycemic control. Rizzo et al[57] reported in a cross-sectional study that elderly diabetic patients treated with DPP4 inhibitors show low levels of inflammatory parameters, high GLP-1 activity during the postprandial state, and high skeletal muscle mass (SMM) and strength compared with those of patients treated with sulfonylurea[57]. Another study showed that changes in the skeletal muscle index (SMI) of patients treated and not treated using DPP4 inhibitors were 0.04 ± 0.03 and -0.12 ± 0.03, respectively, and that this difference was clinically significant[58]. The findings obtained in this study indicate that DPP4 inhibitors can protect against the loss of muscle mass in Japanese patients with T2DM. Moreover, these 20 patients (11 men and 9 women) with DPP4 inhibitors coupled with sitagliptin for 24 wk significantly reduced total body-fat mass (FM) but not fat-free mass (FFM)[59]. Numerous factors may account for this protective effect. The soluble form of DPP4 induces inflammation, and inflammation can be prevented by DPP4 inhibition[60], which is the presumed cause of sarcopenia[61]. Also, inhibitors of DPP4, a GLP-1 degradation enzyme, are associated with alleviation in the reduction of muscle mass in diabetic and elderly diabetic patients[57,58]. However, another study showed that neither FM nor SMM changed following a 6-mo treatment with teneligliptin in 21 T2DM patients on hemodialysis[62]. Therefore, the effect of DPP4 inhibition on sarcopenia is likely protective or neutral, indicating that DPP4 inhibitors are safe to use in elderly T2DM patients with sarcopenia.

GLP-1RA and sarcopenia
GLP-1 is a 30-amino acid peptide incretin hormone synthesized and secreted by intestinal endocrine L-cells in the small intestine in response to eating. GLP-1 performs numerous physiological actions via its receptor, GLP-1R[63]; these actions include promoting glucose-induced insulin secretion, increasing β-cell survival, inhibiting glucagon production, delaying gastric emptying, and regulating appetite[63]. GLP-1R expression in muscle tissues and cells is controversial[64]. GLP-1 can also induce insulin-independent vasodilation and may stimulate nitric oxide synthase phosphorylation in endothelial cells[65]. GLP-1RA may exert anti-sarcopenic effects. A previous study has shown that the GLP-1RA, Ex-4, attenuates muscle atrophy in dexamethasone-induced mouse model of muscle atrophy and in chronic renal disease-derived model of muscle atrophy. Additionally, a long-acting GLP-1RA, dulaglutide, shows a therapeutic effect in DBA/2J-mdx mice, which are used to model Duchenne muscular dystrophy[63]. 
GLP-1RA have revolutionized the management of T2DM in elderly adults with T2DM who tend to develop sarcopenia and frailty as a result of poor energy intake. Increases in GLP-1 expression may represent a compensatory response to FFM loss, intended to enhance vascular/metabolic coupling in muscle via synergistic effect on nitric oxide and insulin signaling pathways. GLP-1 expression is the strongest predictor of FFM loss, as was shown using the multivariate model[63]. This finding indicates that targeting GLP-1 may potentially be used to reduce FFM loss under hypoxic conditions. This can be achieved using DPP-4 inhibitors or GLP-1RA such as exendin-4; this pharmacological approach is now commonly used in the treatment of diabetes[66]. Inflammation can induce muscle atrophy by regulating the nuclear factor kappa B signaling pathway[67,68], while suppression of inflammation reverses muscle atrophy[68,69]. Indeed, GLP-1RA have shown anti-inflammatory effects in numerous different diseases that involve inflammation[70]. A 24-wk treatment using 3.0 mg liraglutide in overweight and obese elderly patients with T2DM was shown as safe, and none of the patients receiving this treatment became sarcopenic[71]. Unexpectedly, 5 patients showed an improvement in SMI, which was mainly due to an increase in fat-free mass of the legs and arms. Liraglutide reduces body weight and shows particular efficaciousness in reducing fat mass while supporting the stability of trophic SMM. This observation suggests that liraglutide affects muscle by preventing the breakdown of muscle proteins[71]. In another study, however, 6-mo treatment using dulaglutide combined with insulin therapy in T2DM patients on hemodialysis significantly reduced FM and SMM but did achieve significantly improved glycemic control and decreased the insulin dose. Therefore, dulaglutide should be used with caution in these patients because it may promote sarcopenia[62]. In conclusion, it is unclear whether GLP-1RA exert positive or negative effects on muscle mass and strength in patients with T2DM.

SGLT2i and sarcopenia
SGLT2i is a new type of anti-diabetic drug for the treatment of individuals with T2DM. Because of its protective effects on the cardiovascular system and kidneys, it is currently widely prescribed in this patient population. In a previous study, the effects of SGLT2i luseogliflozin on muscle atrophy were investigated in Db/Db mice using cross-sectional areas of the soleus and plantaris muscles. After 8 wk of treatment with luseogliflozin, the cross-sectional areas of the soleus muscle obtained from Db/Db mice not treated with SGLT-2i were significantly smaller than those obtained from Db/Db mice that were treated with SGLT-2i. This may have occurred because of suppression of increased foxo1 expression, which is associated with muscle atrophy in the skeletal muscle of Db/Db mice[72]. However, SGLT-2i shows the opposite effects in humans. A study conducted in Japan showed that the SMI of 37 obese T2DM patients treated with SGLT2 (tofogliflozin) was significantly reduced in both men and women. Although skeletal muscle was significantly decreased, SMI, assessed after such reductions, was sufficiently high and far enough from the cutoff values used in the Asian criteria for sarcopenia[73]. Another report from Japan showed that in T2DM patients treated with luseogliflozin for 52 wk, SMI decreased over the course of the treatment; these changes, however, did not reach the level of statistical significance[6]. These two studies included young obese patients, suggesting that it may not be advantageous to administer SGLT2 inhibitors to older T2DM patients at risk for sarcopenia. SGLT2i should also be used with caution in elderly adults with diabetes because these drugs can increase the risk for both dehydration and sarcopenia[74]. Currently, it is unclear whether SGLT2i exert positive or negative effects on sarcopenia. Further investigations are required in order to maintain adequate levels of skeletal muscle mass during treatment with SGLT2-i in T2DM patients.

Insulin and sarcopenia
Insulin, a powerful anabolic signal in proteins, may prevent sarcopenia in patients with T2DM. Insulin is known to stimulate muscle-protein synthesis in young adults, but not in older individuals or animals[75]. However, the beneficial effects of insulin on sarcopenia have not been yet confirmed in clinical settings.
Anti-diabetic drugs and resistance exercise also exert beneficial effects in T2DM patients with sarcopenia. One study assessed the effects of modified plant-based Mediterranean diet, circuit resistance training, and empagliflozin, separately and in combination, on the body composition and physical function of older individuals with T2DM. The results of that study showed that these interventions were effective in delaying the progression from diabetes to sarcopenia and/or frailty[76]. Another study showed that a combined exercise-metformin intervention therapy benefitted older individuals by promoting muscle hypertrophy and strength gains, thereby maintaining functional independence[33].

CONCLUSION
Sarcopenia is an increasingly common problem in the elderly, especially in geriatric patients with T2DM and in those receiving treatment with anti-diabetic agents. Therefore, it is important to assess appropriately a patient’s condition before administering anti-diabetic drugs. Elderly patients are at a much higher risk than younger patients for the side effects of anti-diabetic drugs. This review will aid clinicians in their selection of appropriate anti-diabetic drugs for the treatment of geriatric T2DM patients with, or at risk for, sarcopenia.
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Figure Legends
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Figure 1 Relationship among aging, type 2 diabetes mellitus, and sarcopenia. T2DM: Type 2 diabetes mellitus.



Table 1 Effects of anti-diabetic drugs on patients with geriatric type 2 diabetes mellitus and sarcopenia
	Anti-diabetic drugs
	Effect on sarcopenia
	Good option or poor option

	Biguanides
	Positive[31,33-36,38-40]/negative[41-44]
	Unclear

	Insulin secretagogues
	Negative[46-48]
	Poor

	-Glucosidase inhibitors
	No data
	No data

	Thiazolidinediones
	Positive[35,53-56]
	Careful use

	Dipeptidyl peptidase IV inhibitors
	Positive[57-60]/neutral[62]
	Good

	Glucagon-like peptide-1 receptor agonists
	Positive[63,70,71]/negative[62]
	Unclear

	Sodium-glucose cotransporter-2 inhibitor
	Positive[72,73]/unclear[6,74]
	Unclear

	Insulin
	Positive/unclear[75]
	Unclear
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