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ABSTRACT:
Given its correlation with frailty, disability, and death, sarcopenia—the age-related loss of muscle mass, strength, and functional ability—represents a significant public health concern. According to available data, older individuals' muscle loss is hastened by inadequate protein intake, physical inactivity, and metabolic changes; the best remedies include resistance training and higher protein intake. This review examines the complementary effects of dietary protein and structured exercise on muscle health by combining data from mechanistic research, randomized controlled trials, and epidemiological studies. Studies consistently demonstrate that the benefits of protein supplementation alone are limited, especially when there is insufficient training stimulus. However, intakes of 1.0–1.5 g/kg/day of high-quality, leucine-rich protein considerably increase muscle protein synthesis, improve strength, and lessen functional loss when combined with resistance or multicomponent exercise. Individual reactions are further shaped by other elements like the distribution of proteins, supplies derived from plants as opposed to animals, interactions between the gut bacteria, and biomarkers of anabolic resistance. The body of research indicates that the best way to prevent sarcopenia, maintain independence, and encourage healthy aging is to combine optimal protein consumption with regular exercise.
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1. INTRODUCTION:
1.1 Sarcopenia
Sarcopenia is defined as a progressive loss of muscle mass and function that raises the risk of falls, fragility, disability, and death. Even though it is mostly age-related, genetic, behavioral, and environmental factors can affect its development and severity. It can also manifest early in specific medical conditions. Its mechanisms, biomarkers, and interventions—particularly nutrition and resistance training—have been better understood thanks to the rapid expansion of research. The authors emphasize the necessity of long-term preventive measures and predict that sarcopenia diagnosis and treatment will soon be standard procedures in clinical settings (Cruz-Jentoft & Sayer, 2019) [1]. The article "Sarcopenia: how to measure, when, and why" highlights the role of muscle as an endocrine organ that releases myokines associated with metabolism and inflammation. Given the growing worldwide and economic impact of sarcopenia, the authors stress the importance of early detection and treatment. The primary imaging methods—DXA, CT, MRI, and ultrasound—are discussed, with the explanation that CT is the gold standard, MRI offers thorough, radiation-free imaging, DXA is simple but less accurate, and ultrasound is helpful but lacks standard cut-offs. The study concludes that radiologists greatly improve outcomes by routinely assessing muscle health in clinical imaging (Tagliafico et al. 2022) [2].
For muscle growth and maintenance, the ISSN Position Stand suggests consuming 1.4–2.0 g/kg/day of protein; intakes exceeding 3.0 g/kg/day may help resistance-trained athletes lose fat. Combining exercise, which increases protein sensitivity for up to 24 hours, with protein intake—20–40 g of high-quality, leucine-rich protein every 3–4 hours—maximizes muscle protein synthesis (MPS). Supplements work well, but whole foods are preferred. Carbs should be the top priority for endurance athletes, but extra protein helps with recuperation and 30–40 g of casein before bed increases MPS overnight. Healthy people can safely consume up to 3.3 g/kg of protein per day, which supports muscle growth, repair, and body composition (Jäger et al., 2017) [3].
The purpose of the study "Effects of Protein Supplementation Combined with Exercise Training on Muscle Mass and Function in Older Adults" was to determine whether including protein in exercise regimens would enhance the results of sarcopenia. Protein supplementation by itself had no effect, but when combined with regular exercise, it greatly improved older persons' muscle mass, strength, and functional ability, according to this randomized controlled research. The findings emphasize that exercise is the primary factor influencing muscle health in older adults and show that protein works best when paired with physical activity (Liao et al., 2020) [4]. In sarcopenic older individuals, early vs delayed supervised resistance exercise with nutritional support was evaluated in a randomized controlled experiment. Lower-extremity lean mass increased more quickly and significantly with early intervention, and this benefit persisted even after switching to at-home exercise. Nonetheless, strength and mobility gains were comparable for both groups. In general, consistent at-home exercise helps sustain muscle mass increases, but beginning structured resistance training and diet early speeds them up (van Loon, 2014) [5].

2.  Protein and Healthy Aging
In order to prevent sarcopenia, it is crucial to consume enough high-quality protein and engage in regular physical activity, according to the paper "Protein and Healthy Aging." Given that older persons frequently under consume protein at breakfast, it is noted that ingesting 25–30 g of protein per meal, equally spread throughout the day, increases muscle protein synthesis. Animal proteins often contain more leucine, which is essential for muscle building, even though both plant and animal proteins are beneficial. The study also emphasizes how exercise increases the anabolic benefits of protein, making the combination crucial for maintaining older persons' independence, strength, and muscle mass. In order to improve protein and exercise recommendations for healthy aging, it calls for more research in its conclusion (Paddon-Jones et al., 2015) [6]. According to the review "Protein Consumption and the Elderly," older people should not ingest the recommended daily allowance of 0.8 g/kg of protein because sarcopenia is a consequence of aging. Because of anabolic resistance, the authors recommend a higher intake of 1.2–2.0 g/kg/day, emphasizing that high-quality, leucine-rich animal proteins elicit the strongest anabolic response. They note that total daily protein intake is more important than meal distribution and that age-related decreases in mTORC1 activity and leucine sensitivity reduce muscle protein synthesis. Overall, the data concludes that a bigger, higher-quality protein intake is necessary for older persons to sustain muscle growth and function (Baum, Kim, & Wolfe, 2016) [7].
The Nurses' Health Study, a 32-year follow-up of 48,762 women, looked at midlife protein consumption and healthy aging, which is characterized by the absence of significant chronic diseases and good cognitive, mental, and physical function. Merely 7.6% fulfilled these requirements. Greater odds of healthy aging were closely associated with higher total protein intake, particularly plant protein, which increased the likelihood by 22–58% when substituted for animal protein, carbohydrates, or lipids. According to the study, consuming plant-based protein in midlife promotes improved health and a higher standard of living in later life (Ardisson Korat et al. 2024) [8]. In addition to improving physical and mental outcomes, a balanced diet rich in fruits, vegetables, whole grains, lean meats, and healthy fats lowers the prevalence of chronic diseases. The importance of diet for healthy aging is emphasized in this review. Better aging is linked to diets like the Okinawa, DASH, and Mediterranean patterns. Since preserving muscle, bone health, independence, and cognitive function in older adults requires an appropriate intake of protein, fiber, vitamin D, and omega-3 fatty acids, a more robust public health message on nutrition and aging is required (Bojang & Manchana, 2023) [9].

3. Sarcopenia and Aging
Anabolic resistance, mitochondrial dysfunction, decreased NAD⁺ metabolism, altered myokine signaling, and alterations in gut microbiota are some of the multifactorial reasons of sarcopenia. Muscle atrophy is accelerated by decreased NAD⁺ levels, impaired mitophagy, and reduced mitochondrial biogenesis. Resistance training, essential amino acids, NAD⁺ boosters (NMN, NR), exercise-mimicking medications, myostatin-targeting antibodies, and microbiota modification are also promising therapies. However, methodological and diagnostic issues continue to restrict clinical translation. In order to enhance prevention and therapy, future strategies will concentrate on precision medicine, improved biomarkers, and multi-omics techniques (Dao et al., 2020) [10]. The main causes of muscle aging, which impairs protein synthesis and muscle function, include oxidative stress, mitochondrial malfunction, decreased satellite cell activity, and chronic inflammation. Frequent resistance and endurance training reduces inflammation, increases stem cell activity, strengthens antioxidant defenses, and improves mitochondrial health to counteract these impacts. The authors come to the conclusion that the best way to prevent sarcopenia and promote independent, healthy aging is to combine molecular insights with focused exercise regimens (Di Filippo et al., 2020) [11]. 
This cross-sectional study of 1,611 older people from the Toledo study of Healthy Aging examined the relationship between sarcopenia and frailty. Frailty was measured using Fried's criteria, while sarcopenia was assessed using the EWGSOP, FNIH, and sFNIH criteria. 20.6% to 28.1% of people had sarcopenia, while 4.5% of people had frailty. The fact that there was a significant but weak association between the two conditions indicates that they are distinct but related conditions. Logistic regression showed significant connections, especially with FNIH criteria, even though many sarcopenic individuals were not weak. The results of the study indicate that sarcopenia should be evaluated separately in clinical practice because it is a component of frailty and not a reliable indicator on its own (Davies et al., 2018) [12].

3.1 Sarcopenia Prevalence
According to the review "Epidemiology of Sarcopenia: Prevalence, Risk Factors, and Consequences," up to 66% of people with severe chronic conditions and 10–16% of older persons worldwide suffer from sarcopenia. Increased mortality, disability, falls, fractures, cognitive decline, and longer hospital admissions are all linked to it. Physical inactivity, poor nutrition, smoking, insufficient sleep, and diabetes are important modifiable risk factors. Its advancement may be influenced by inflammation, oxidative stress, insulin resistance, and changes in the gut flora. Visceral fat probably raises risk, even if a higher BMI could seem beneficial. The authors stress that sarcopenia is a serious worldwide health issue that calls for integrated nutritional, lifestyle, and molecular-targeted interventions. They also stress the necessity for big prospective and omics-based investigations (Yuan & Larsson, 2022) [13].
The study "Global prevalence of sarcopenia and severe sarcopenia," which looked at 263 studies with more than 690,000 individuals, produced the most thorough global estimate to date. Prevalence varied widely (0.2%–86.5%) due to diverse diagnostic methods, with pooled rates of about 10% using EWGSOP2 and 27% using definitions based only on muscle mass. Severe sarcopenia affected 2–9% of people, and it was more common in men and in Europe. Despite the fact that muscle loss began earlier, most studies focused on people over 60, and there was little information from Africa. The review discovered a high level of variation between studies because of different definitions and assessment tools. In order to improve comparability, early detection, and therapeutic therapy, the authors emphasize the necessity of standard global criteria for sarcopenia, a major global health concern (Petermann-Rocha et al., 2022) [14].

3.2 Sarcopenia and Protein Consumption
This 12-month RCT examined whether giving older persons with sarcopenia a daily dose of 40 g of whey-enriched protein could increase their muscle mass or improve their physical performance. There were no discernible differences in muscle mass, handgrip strength, or physical performance between the protein, placebo, and control groups among 218 Finnish participants who were 74 years of age or older. Over half of participants in the supplement groups had modest gastrointestinal side effects, and all groups exhibited a steady loss in function. The study comes to the conclusion that older persons with sarcopenia cannot adequately maintain or increase muscle health with protein supplements alone, even when combined with low-intensity at-home exercise (Björkman et al., 2020) [15]. The research about the impact of protein and dietary supplements on sarcopenia in older adults is compiled in this review. It states that while protein by itself has little effect, high-quality animal proteins, particularly whey and milk protein (1.2–1.5 g/kg/day), when paired with resistance training, enhance muscle mass, strength, and performance. Leucine-rich essential amino acids, HMB, creatine, citrulline, and omega-3s are examples of supplements that improve muscle health by increasing lean mass, strength, blood flow, and lowering inflammation. Whey protein, leucine, and vitamin D are examples of combinations that work better than individual supplements. Overall, the analysis comes to the conclusion that a synergistic strategy combining sufficient protein intake, tailored supplementation, and regular exercise is the most effective way to combat sarcopenia (Young Jin Jang 2023) [16]. 
This comprehensive review and meta-analysis, which included seven studies including 3,353 older adults, found that individuals with sarcopenia consumed much less protein than those without it. A regular diet high in fat may increase the risk of sarcopenia even when protein levels are adequate, whereas consuming more plant-based protein may lower the risk, according to some study. Overall, the study shows that insufficient protein intake is associated with sarcopenia; however, most of the data are cross-sectional, highlighting the need for longer-term studies. It emphasizes the need to carefully evaluate protein quality, overall dietary practices, and lifestyle factors like exercise in order to prevent muscle loss in older adults (Coelho-Junior et al. 2022) [17].

4. Correlation Between Sarcopenia, Exercise and Protein
The article emphasizes that avoiding or delaying sarcopenia requires frequent exercise, particularly resistance training, and a sufficient intake of protein. It argues that older persons benefit more from 1.0 - 1.5 g/kg/day of protein, especially from leucine-rich sources, and that the typical 0.8 g/kg/day advice is too low. While aerobic exercise promotes endurance, resistance training increases muscular mass and strength. By activating mTORC1, these activities improve muscle protein synthesis in conjunction with protein. The authors conclude that the best way to postpone sarcopenia and encourage healthy, independent aging is to combine regular resistance and aerobic exercise with at least 1.2 g/kg/day of protein (Naseeb & Volpe, 2017) [18]. The authors stress that the best methods to promote muscle protein synthesis and combat anabolic resistance in the absence of approved medication therapies are consistent resistance exercise and sufficient protein consumption (1.0–1.5 g/kg/day). Both animal and well-chosen plant proteins can improve muscle health, and exercise-induced myokines boost metabolism, regeneration, and inflammation control. The study comes to the conclusion that the best way to prevent or treat sarcopenia in elderly and chronically ill persons is to combine customized exercise regimens with a balanced diet (Nasso et al., 2024) [19].
In this study, 80 older persons (mean age 76.5 years) who participated in weekly resistance training at HUR and traditional gyms were studied for relationships between physical activity, nutrition, and sarcopenia-related parameters. HUR individuals ingested more protein even though overall activity and diet quality were comparable between groups. In the traditional gym group, higher protein and energy intake were linked to higher appendicular lean mass, and increased physical activity was linked to faster gait speed. There were no connections found between the components of sarcopenia and the general quality of diet. The authors conclude that if physical activity or protein intake is inadequate, even active older persons may have decreased gait speed and lean mass, underscoring the significance of both for preserving muscle health with aging (Akehurst et al., 2021) [20].

4.1 Sarcopenia and Exercise Effectiveness 
According to the article "Exercise and Sarcopenia," the best strategy for managing and preventing age-related muscle loss is consistent resistance and endurance training. Exercise helps recover strength and function by increasing the synthesis of muscle proteins, enhancing mitochondrial function, and lowering inflammation. Muscle health is further improved by combining exercise with enough protein and nutrients like vitamin D and omega-3 fatty acids. The authors conclude that structured exercise is still the most effective way to fight sarcopenia and lessen frailty in older persons, and they advocate customized programs that include resistance, endurance, and balance training multiple times a week (Phu, Boersma, & Duque, 2015) [21]. Exercise considerably increased knee-extension strength, balance, and both appendicular and leg muscle mass in older persons with sarcopenia, according to the review "Exercise Interventions in Healthy Older Adults with Sarcopenia," which included six high-quality trials. These findings demonstrate that organized exercise, particularly resistance training, can successfully lessen functional decline and muscular weakness. However, judgments on the best regimens are limited by the wide variations in exercise type, intensity, and duration across research. In order to determine the best exercise recommendations for treating sarcopenia, the authors advocate for more uniform, carefully planned studies (Vlietstra, Hendrickx, & Waters, 2018) [22]. 
According to the review "Sarcopenia, Frailty and Their Prevention by Exercise," sarcopenia and frailty are caused by age-related decreases in muscular mass, strength, and brain function, which raise the risk of disability and death. It identifies oxidative stress, hormonal fluctuations, and neuronal degeneration as the main causes of muscle loss, with poor nutrition and inactivity being the main modifiable risks. The authors stress that frequent aerobic and resistance training reduces oxidative stress and inflammation while enhancing strength, balance, and functional ability. But they point out that exercise might not be sufficient on its own; the best way to prevent or reduce sarcopenia and frailty is to combine physical activity with a healthy diet, particularly enough protein, and other supportive techniques (Nascimento et al. 2019) [23]. Resistance training, either by itself or in conjunction with balance or aerobic exercise, is the most effective treatment for enhancing quality of life and functional outcomes like gait speed, chair stands, and timed up-and-go performance, according to a systematic review and network meta-analysis of 42 randomized trials involving 3,728 older adults with sarcopenia. Handgrip strength was further enhanced by adding nutritional support, particularly protein supplements, although other physical function measurements were not significantly affected. Exercise, especially resistance and multicomponent programs, is the cornerstone of managing sarcopenia, with food providing extra advantages mostly for muscle strength, the study concluded using PRISMA and GRADE techniques (Shen et al., 2023) [24].
Exercise regimens, including resistance, aerobic, balance, weight, and whole-body vibration training, significantly improved muscle strength and physical performance in older adults with sarcopenia, but did not increase muscle mass, according to a systematic review and meta-analysis of 22 trials involving 1,041 adults aged 60 and over. Grip strength, chair stand performance, gait speed, and TUG test times showed the biggest improvements. The most successful exercises were resistance and aerobic training; home-based and mixed programs also demonstrated advantages. The authors stressed the need for bigger, uniform studies to identify the best exercise regimens and long-term results because of the heterogeneity in study designs (Bao et al. 2020) [25]. 

5. Late Onset of Sarcopenia Based on Increased Protein in Diet and Regular Exercise
Aging decreases muscle protein synthesis, which results in muscle loss, weakness, and frailty, according to the article "Strategies to Prevent Sarcopenia in the Aging Process: Role of Protein Intake and Exercise." It highlights that in order to efficiently increase muscle protein synthesis, older persons require a greater protein intake—roughly 1.0–1.3 g/kg/day, evenly distributed, and rich in leucine. Resistance training increases muscle mass and strength by activating the mTOR pathway, especially when combined with sufficient protein. Cardiovascular and metabolic health are further supported by aerobic and mixed activities. Overall, the analysis comes to the conclusion that maintaining good aging and preventing or delaying sarcopenia can be achieved with regular resistance and aerobic exercise along with adequate protein intake (Rogeri et al., 2022) [26]. 85 persons with sarcopenia who were 65 years of age or older participated in a 12-week open-label trial that compared a high-protein diet by itself with the same diet plus a whey protein, leucine, and vitamin D supplement. In addition to increasing body weight, fat-free mass, and appendicular muscle mass index, both groups attained roughly 1.5 g protein/kg/day, demonstrating that sufficient protein promotes muscle maintenance. Only the supplement group, particularly those between the ages of 65 and 74, saw an improvement in gait speed, suggesting additional advantages for physical performance. According to the study's findings, while consuming a lot of protein increases muscle mass, supplements provide a practical means of achieving protein targets and may also improve mobility in persons with sarcopenia (Lin et al., 2019) [27].
Sarcopenia, a loss of muscular mass, strength, and function, is caused by aging, inactivity, poor nutrition, and chronic illness, according to the paper "Nutrition and physical activity for the prevention and treatment of age-related sarcopenia." It emphasizes how leucine-rich meals, vitamin D, n-3 fatty acids, and a sufficient protein consumption (1.2 - 1.5 g/kg/day) improve muscular health, particularly when paired with regular resistance and endurance exercise. While inactivity accelerates the loss of muscle mass, physical activity increases the anabolic response. Despite the benefits of both exercise and nutrition, research findings differ because of variable methodology. Although more standardized study is required, the authors conclude that preserving independence and quality of life in older persons requires an ideal diet and physical activity (Bosaeus & Rothenberg, 2016) [28].
Nineteen trials on nutritional, exercise, and combined therapies in older persons with sarcopenia or frailty are reviewed in the publication "Nutrition and Exercise in Sarcopenia." In certain instances, protein supplements increased muscle strength, but overall dietary benefits were uneven. While the effects on grip strength and walking speed varied, exercise, particularly resistance training, generally increased lower-body strength. Strength was also increased by combined diet and exercise regimens, but body composition was rarely altered. The authors stress that the majority of non-calorie-restricted therapies had no effect on lean mass and urge further focused, carefully planned studies. In general, regular exercise and a sufficient protein intake are still crucial for lowering the risk of sarcopenia (Anton et al. 2018) [29].
This review examines how gut microbiota is shaped by dietary protein and how these interactions affect obesity and sarcopenia in older persons. Muscle loss can be accelerated by age-related inflammation, metabolic dysfunction, and decreased microbial diversity. Increased protein consumption promotes muscle protein synthesis and helps overcome anabolic resistance, however depending on the protein source, too much undigested protein can produce both beneficial (SCFAs) and detrimental metabolites. While sufficient fiber increases the generation of SCFA and improves metabolic health, plant and white-meat proteins support a better microbiota than red meat. In general, the research highlights integrated diets high in fiber and protein to promote gut-muscle health and reduce the risk of sarcopenic obesity (Prokopidis et al., 2020) [30]. "Anabolic resistance," which occurs when aged muscle reacts less well to protein, exercise, and insulin, is a major cause of sarcopenia. This diminished sensitivity results from reduced muscle blood flow, disturbed signaling, and poor absorption of amino acids, all of which restrict the transport of nutrients to muscle. Muscle protein synthesis can be further hampered by even short periods of rest, such as 14 days of reduced mobility. The review also emphasizes how anabolic responses with aging vary by sex. In general, it highlights that maintaining muscle's anabolic ability and preventing sarcopenia require frequent exercise and a sufficient protein intake (Churchward-Venne, Breen, & Phillips, 2014) [31]. Lower-extremity lean mass increased more quickly and significantly in older persons with sarcopenia who began supervised resistance training with nutritional supplements early. These effects persisted during subsequent at-home exercise. Longer programs may be required to increase overall physical performance, though, as functional measurements like grip strength and gait speed improved similarly regardless of when training started (Chang et al., 2021) [32].

6. CONCLUSION:
The examined data unequivocally shows that exercise and nutrition alone are insufficient to prevent or reverse sarcopenia; rather, their combined use results in the strongest gains in muscle mass, strength, and functional performance in older adults. Age-related anabolic resistance can be overcome with an adequate daily protein intake, ideally 1.0–1.5 g/kg/day of high-quality, leucine-rich sources, especially when spread equally between meals. However, strength training continues to be the primary force behind muscle adaptation, with aerobic and balancing workouts offering supplementary advantages for mobility and metabolic health. Whole-food protein sources provide additional nutritional benefits, but protein supplements might be helpful for people who are having trouble meeting their dietary goals, particularly when combined with regular exercise. The multifactorial aspect of muscle aging is further highlighted by emerging fields such targeted nutrition supplementation, mitochondrial support, and gut microbiota manipulation. In the end, long-term, lifestyle-based therapies focused on regular physical activity and optimal protein consumption are necessary to delay or mitigate sarcopenia. To improve individualized prevention and treatment plans in clinical practice, more consistent, large-scale trials and the establishment of standardized diagnostic criteria will be crucial.


ABBREVIATIONS 
1. DXA - Dual Energy X-Ray Absorptiometry 
2. CT - Computed Tomography
3. ISSN - International Society of Sports Nutrition
4. MPS - Multiple Protein System 
5. mTORC1 - Mechanistic Target of Rapamycin Complex 1
6. DASH - Dietary Approach to Stop Hypertension 
7. NAD+ - Nicotinamide Adenine Dinucleotide
8. NMN - Nicotinamide Mononucleotide
9. EWGSOP - European Working Group on Sarcopenia in Older People
10. FNIH - Foundation for the National Institutes of Health
11. RCT - Randomized Controlled Trial
12. HUR - Helsinki University Research 
13. PRISMA - Preferred Reporting Items for Systematic Review and Meta Analysis
14. GRADE - Grading of Recommendations, Assessment, Development and Evaluation System
15. TUG - Timed Get Up and Go 
16. SCFA - Short Chain Fatty Acid
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