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Abstract
Introduction and Purpose
Muscle regeneration, enhanced performance, and overall health improvement rely on effective strategies that support recovery processes by integrating nutritional and physiological approaches. This paper evaluates the synergistic effects of protein, micronutrients, and cold-water immersion (CWI) in the context of muscle regeneration, inflammation reduction.
Materials and Methods
A detailed analysis of 22 peer-reviewed from scientificdatabases, including PubMed, focused on the impact of protein intake, and the physiological benefits of cold-water immersion. Practical applications were developed, and the latest trends in recovery strategies were discussed.
Results
Protein intake, stimulates muscle protein synthesis (MPS) and counteracts sarcopenia. Micronutrients reduce oxidative stress, support immune functions, and accelerate recovery. CWI decreases inflammation and delayed onset muscle soreness (DOMS). The integrated application of these strategies yields better outcomes in muscle recovery and health compared to single interventions. 
Conclusion
Combining high-quality protein, essential micronutrients, and cold-water immersion represents a comprehensive approach to optimizing recovery and health. The findings support the use of these strategies across various population groups, including athletes, older adults, and clinical patients. Further research is needed to personalize these interventions and assess their long-term effects.
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Introduction
The regeneration of the body after physical exertion or health-related stress is a crucial process in both sports and clinical contexts. The dynamic advancement of knowledge in the fields of nutrition and physiology enables the development of strategies that support recovery beyond traditional methods. In recent years, increasing importance has been attributed to the synergy between diet, micronutrient supplementation, and physiological interventions such as cold-water immersion. This approach not only accelerates muscle recovery but also supports metabolic processes and reduces the risk of chronic inflammation (8, 22).
Protein, particularly from rapidly digestible sources such as whey, plays a pivotal role in muscle repair processes. Leucine, one of the branched-chain amino acids (BCAAs), acts as a potent activator of the mTOR pathway, promoting muscle protein synthesis (MPS) (20, 22). Micronutrients such as vitamin D, zinc, and magnesium enhance these effects by supporting immune function, bone mineralization, and reducing oxidative stress (10, 17). Cold water, on the other hand, utilized as a recovery intervention, effectively reduces inflammation, alleviates delayed onset muscle soreness (DOMS), and aids the body’s return to homeostasis (8).
The aim of this study is to analyze the synergistic effects of these recovery strategies across various population groups, including athletes, older adults, and patients undergoing rehabilitation. Based on available research, a literature review was conducted to explore how the integration of protein, micronutrients, and cold-water therapy can support recovery, enhance physical performance, and improve quality of life. The study also provides practical recommendations and identifies potential directions for future research in this field (13, 21).
Physiological Foundations of Recovery
Repair of Muscle Damage After Physical Activity
Physical activity, particularly eccentric exercise, leads to microdamage in muscle fibers, which activates the body’s repair processes. Satellite cells play a pivotal role in recovery by proliferating, differentiating, and integrating into muscle fibers, thereby strengthening their structure (3). This process is supported by high-quality proteins, such as whey, which provides leucine—a key amino acid that promotes muscle protein synthesis (MPS) (7, 20).
Muscle fiber damage is not only the result of mechanical stress but also oxidative stress caused by the overproduction of reactive oxygen species (ROS). ROS can lead to the degradation of proteins, lipids, and DNA, necessitating the support of repair processes through appropriate nutritional strategies, such as a high-protein diet enriched with essential micronutrients (4, 22).
The Role of Inflammatory and Adaptive Processes
The inflammatory process, as the body’s natural response to muscle damage, plays a key role in initiating recovery. Pro-inflammatory cytokines, such as IL-6 and TNF-α, support repair by mobilizing immune cells to the damaged tissue (8, 9). However, excessive or chronic inflammation can impair recovery and result in reduced muscle performance. In such cases, interventions like cold-water therapy effectively mitigate inflammatory responses and alleviate delayed onset muscle soreness (DOMS) (8, 21).

Impact of Intense Exercise on the Body’s Homeostasis and Stress Markers
Intense physical exertion disrupts the body’s homeostasis, leading to elevated levels of stress markers such as creatine kinase (CK), myoglobin, and inflammatory cytokines. CK, a marker of muscle damage, significantly increases after exercise, particularly when the body does not receive adequate amounts of protein and essential micronutrients (19).
Additionally, intense exercise depletes muscle glycogen stores, reducing the body’s regenerative capacity. Studies have shown that the consumption of protein-carbohydrate beverages significantly accelerates glycogen replenishment while simultaneously supporting muscle protein synthesis (3).
Oxidative stress, induced by excessive ROS production during intense activity, results in cellular damage. Proper nutrition, including the intake of vitamins (e.g., vitamin D) and essential amino acids such as leucine, enhances the body’s ability to recover and counteract these effects (10, 22).
The Role of Protein in Recovery
Types of Protein and Their Significance (e.g., Whey, Soy, Casein)
Protein is a key dietary component that supports muscle recovery, with different types of protein demonstrating varying effectiveness in repair processes. Whey protein is characterized by high bioavailability, rapid absorption, and a high content of branched-chain amino acids (BCAAs), including leucine. These properties make it particularly effective in stimulating muscle protein synthesis (MPS) (6, 22).
Soy protein, although less effective at stimulating MPS compared to whey, can still be a valuable protein source for individuals following a plant-based diet. Research indicates that soy protein also supports muscle recovery, albeit to a lesser extent than whey protein (7, 16). Casein, due to its slower absorption rate, provides a sustained release of amino acids over time, making it an appropriate choice for nighttime consumption to support overnight recovery (19).
Mechanisms of Protein Action in Muscle Recovery
Muscle Protein Synthesis (MPS)
Muscle protein synthesis (MPS) is the primary mechanism for muscle recovery after physical activity. The intake of high-quality protein, particularly whey, significantly increases the rate of MPS through the activation of the mechanistic target of rapamycin (mTOR) pathway. Studies indicate that whey protein is more effective at stimulating MPS compared to soy and casein due to its rapid absorption and high leucine content (18, 20).
Protection Against Muscle Degradation
In addition to stimulating MPS, protein plays a crucial role in reducing muscle protein breakdown (MPB), particularly in catabolic states such as intense exercise or fasting periods. Leucine, one of the BCAAs, acts as a signaling regulator, inhibiting muscle protein degradation by blocking the activation of the ubiquitin-proteasome pathway (17, 22).
The Importance of Leucine as a Key Amino Acid in Recovery
Leucine is recognized as a critical amino acid for stimulating muscle recovery. It directly participates in the activation of the mTOR pathway, which initiates the process of muscle protein synthesis (MPS). Research has shown that the minimum leucine threshold is approximately 2–3 g per meal to effectively stimulate MPS (9, 22).
Moreover, leucine exhibits a synergistic effect with vitamin D, enhancing its effectiveness in recovery processes. Supplementation with whey protein enriched with leucine and vitamin D has been shown to yield better results in improving muscle mass and performance than standard protein supplementation (22).
Optimal Dosing and Timing of Protein Intake
The effectiveness of protein in recovery depends on its dosing and timing. Studies indicate that an optimal protein intake is 20–30 g per meal, which maximizes MPS. Distributing protein consumption evenly throughout the day, at intervals of 3–4 hours, provides continuous support for recovery processes (3, 19).
Protein consumption before bedtime, particularly in the form of casein, increases the availability of amino acids during the night and supports muscle recovery. Research has demonstrated that bedtime supplementation can enhance muscle adaptation and performance (17, 19).
The Impact of a High-Protein Diet on Testosterone Levels in Men
Excessively high protein intake (>3.4 g/kg body weight/day), particularly when combined with a low-carbohydrate diet, can lead to a reduction in testosterone levels in men by as much as 5.23 nmol/L. The mechanisms underlying this phenomenon include increased cortisol levels, alterations in androgen metabolism, and an energy deficit caused by insufficient intake of carbohydrates and fats.
Moderate protein consumption (1.8–3 g/kg body weight/day) is safe and supports recovery as well as muscle mass development. Therefore, maintaining dietary balance is crucial. Athletes should avoid excessively increasing protein intake to ensure the proper functioning of hormonal production (12).
The Role of Creatine in Sports and Recovery
Creatine is one of the most extensively studied dietary supplements used in sports, renowned for its beneficial effects on physical performance and muscle recovery. The primary mechanism of creatine action lies in increasing phosphocreatine levels in muscles, which enables faster regeneration of ATP—the primary energy source during high-intensity physical activity. As a result, creatine supports improvements in strength, power, anaerobic endurance, and the ability to perform short bursts of intense effort, such as sprints or weightlifting (5).
Research has shown that creatine supplementation can enhance the ability to perform repeated high-intensity efforts, improving performance in disciplines such as sprinting, weightlifting, team sports, and combat sports. These effects include:
Increased muscle power – Creatine supplementation leads to gains in maximal strength and power during resistance exercises.
Improved performance in repeated efforts – Creatine allows for a higher number of repetitions in high-load sets, supporting training adaptations.
Increase in lean body mass – Regular creatine use promotes muscle mass growth, which is particularly beneficial for strength and physique athletes (5, 17).

The Role of Creatine in Recovery
Creatine also plays a key role in muscle recovery following physical exertion. Its supplementation can:
1. Reduce muscle damage caused by intense training,
2. Accelerate the recovery of lost muscle strength and restore the ability to generate maximum power more quickly,
3. Minimize inflammation and support muscle tissue repair (5).

Supplementation Strategies
Optimal effects of creatine supplementation can be achieved through a "loading phase" strategy, where 20 g of creatine per day is consumed for 5–7 days, divided into four 5 g doses. Following this phase, maintenance doses of 3–5 g per day are recommended. Alternatively, smaller daily doses (e.g., 3 g per day) over a longer period can also gradually saturate muscles with phosphocreatine (5).
Limitations and Controversies
Despite its numerous benefits, creatine supplementation is not recommended for all sports disciplines. Weight gain, resulting from water retention in muscles, may be detrimental in sports where body weight plays a critical role (e.g., high jump, gymnastics). Additionally, some studies indicate limited effects of creatine in endurance sports (5).
In summary, creatine is an exceptionally effective supplement for athletes, particularly in disciplines requiring strength, power, and rapid recovery. Its use should be tailored to individual needs and training goals to maximize benefits while minimizing potential limitations (5).
High-Carbohydrate Diet, Glucose Transport, and Glycogen Recovery
A high-carbohydrate diet plays a critical role in enhancing the body's ability to transport and utilize glucose in recovery processes, particularly after physical exertion. Studies conducted on animal models have shown that increasing the proportion of carbohydrates in the diet (up to 70% of total caloric intake) leads to elevated levels of key glucose transporters in the small intestine and skeletal muscles (11).
Adopting a high-carbohydrate diet significantly increases the expression of:
1. SGLT1 (sodium-glucose co-transporter 1): This transporter is responsible for the active absorption of glucose in the small intestine, improving its availability to the body.
2. GLUT2 (glucose transporter 2): Found in the basolateral membrane of intestinal cells, this transporter facilitates glucose transfer from enterocytes into the bloodstream.
Research indicates that a high carbohydrate intake substantially raises the levels of these transporters (Figure 1), promoting more efficient glucose absorption during post-exercise recovery (11).
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Figure 1. (A) The SGLT1 protein level in the brush border membrane (BBM) fraction extracted from jejunum mucosa and (B) the GLUT2 protein level in jejunum mucosa in mice fed the HCHO diet (black, n = 7) or the MCHO diet (white, n = 8) for 10 days. Values are mean ± standard error (SE). All data are shown as relative values against the MCHO group. ** p < 0.01 vs. the MCHO group.

Impact on Glycogen Recovery
While an increased number of glucose transporters in the small intestine indicates improved glucose absorption capacity, studies have shown that higher levels of these proteins do not always translate into faster glycogen recovery in skeletal muscles after exercise. In a group of test animals, despite elevated glucose transporter levels, muscle and liver glycogen levels did not significantly differ between those on a moderate-carbohydrate diet (50% of calories from carbohydrates) and a high-carbohydrate diet (70% of calories from carbohydrates). This suggests that glycogen recovery is limited by factors beyond glucose availability in the intestine, such as the activity of enzymes involved in glycogen synthesis (11).
The Role of Diet in Performance
A high-carbohydrate diet is crucial for preventing fatigue associated with glycogen depletion during intense exercise. Regular consumption of large amounts of carbohydrates enhances the body’s ability to store glycogen in muscles, enabling longer and more intense efforts. However, achieving optimal effects requires a balanced diet that includes other nutrients and considers the athlete’s individual energy needs (11).
Micronutrients Supporting Recovery
The Role of Vitamins (e.g., D, E) and Minerals (Magnesium, Zinc) in Recovery Processes
Micronutrients, although consumed in small quantities, play a crucial role in the body's recovery, particularly following physical exertion.
Vitamin D is essential for proper muscle and bone function. It supports calcium and phosphorus absorption, which is critical for maintaining the structural integrity of tissues. At the cellular level, it activates vitamin D receptors (VDR) in muscle cells, promoting their recovery and adaptation to exercise (10, 22). Studies indicate that vitamin D deficiencies may increase the risk of injury, impair muscle recovery, and contribute to reduced muscle strength, especially in athletes and older adults (9).
Vitamin E provides protective effects against oxidative stress generated by intense physical activity. Acting as an antioxidant, it neutralizes free radicals and reduces cellular damage in muscles. This supports recovery processes and lowers the risk of chronic inflammation (17). Its role is particularly significant in endurance sports, where reactive oxygen species (ROS) levels are markedly elevated (2).
Magnesium, as a cofactor in over 300 enzymatic reactions, is fundamental for protein synthesis, energy production (ATP), and the regulation of muscle contractions. Magnesium deficiencies can lead to muscle dysfunctions such as cramps, weakness, and an increased risk of injury. Furthermore, magnesium supports the proper functioning of the nervous and immune systems, which is critical for post-exercise recovery (10, 13).
Zinc is equally important, particularly in tissue repair processes and immune response support. Zinc accelerates the healing of microdamage in muscles and strengthens the body's anti-inflammatory defenses, reducing the risk of infections that could disrupt recovery processes (21, 13).
Micronutrients in the Context of Athlete and Elderly Health
Micronutrients have varying significance depending on the population group.
For athletes, the intensity of training increases their need for vitamins and minerals. Vitamin D deficiencies can lead to reduced strength and performance, as demonstrated in studies on endurance athletes. Vitamin E, with its antioxidant properties, reduces muscle damage and shortens recovery time. Magnesium and zinc are essential for maintaining electrolyte homeostasis and tissue regeneration after exercise. Micronutrient supplementation in this group supports exercise adaptation and minimizes the risk of injuries (10, 14).
For older adults, micronutrients play a crucial role in preventing sarcopenia—a condition characterized by the loss of muscle mass and strength. Vitamin D and zinc deficiencies are particularly common in this age group, leading to muscle weakness and slowed recovery processes. Supplementing protein enriched with leucine and vitamin D significantly improves muscle mass, physical performance, and reduces the risk of falls and fractures (21, 22).
Synergistic Effects of Leucine and Vitamin D
The synergistic action of leucine and vitamin D stems from their complementary mechanisms. Leucine activates the mTOR pathway, which stimulates muscle protein synthesis (MPS), while vitamin D enhances muscle function at the cellular level, improving strength and performance. Combining whey protein enriched with leucine and vitamin D offers significant benefits for muscle recovery and overall metabolic health. Studies have shown that such supplementation not only increases muscle mass but also reduces inflammation and enhances physical function, particularly in older adults and patients with chronic diseases (9, 22).
Furthermore, the synergistic effects of these two components support the reduction of oxidative and inflammatory stress markers, accelerating recovery and enhancing physical performance in both athletes and older adults (10, 21).
High-Protein Diet in Recovery and Performance
Comparison of High-Protein and Standard Diets
A high-protein diet differs from a standard diet not only in the amount of protein consumed but also in its impact on recovery and physical performance. High-protein diets provide approximately 1.6–2.2 g of protein per kilogram of body weight per day, significantly exceeding the recommendations for the general population, which are around 0.8 g/kg body weight. This level of protein intake supports recovery and adaptive processes following physical exertion by enhancing the rate of muscle protein synthesis (MPS) (17, 20).
Comparative studies have shown that a high-protein diet, particularly when incorporating whey protein, more effectively supports recovery than diets with standard protein levels. While a standard diet may suffice for individuals leading a sedentary lifestyle, it may fail to provide adequate protein for repairing muscle damage caused by physical activity (3, 9).
Moreover, a high-protein diet supports glycogen replenishment when combined with carbohydrates. The combination of protein and carbohydrates not only accelerates the recovery of energy reserves but also enhances training adaptation compared to a diet based solely on carbohydrates (3, 13).
Studies on the Effects of a High-Protein Diet on Muscle Recovery and Athletic Performance
Research shows that a high-protein diet significantly supports muscle recovery after intense physical activity. Protein consumption, particularly in the post-exercise period, accelerates the repair of muscle damage and reduces the levels of damage markers such as creatine kinase (CK) and myoglobin (7, 20).
Regular adherence to a high-protein diet can also improve athletic performance by enhancing training adaptation. Studies have demonstrated that increased protein intake supports the development of muscle strength and improves outcomes in endurance and strength sports. Protein-rich diets, especially those incorporating whey protein, enhance the body’s ability to recover between training sessions, which is critical for athletes competing at high levels (2, 19).
The impact of a high-protein diet on reducing muscle soreness associated with delayed onset muscle soreness (DOMS) is also notable. Adequate protein intake, combined with leucine supplementation, reduces inflammation and accelerates the functional recovery of muscles after physical exertion (10).
The Role of Protein in Preventing Sarcopenia and Improving Metabolic Health
Sarcopenia, the loss of muscle mass and strength, is a significant health concern, particularly among older adults. A high-protein diet, especially one enriched with leucine and vitamin D, can effectively counteract this condition. Leucine activates the mTOR pathway, stimulating muscle protein synthesis, while vitamin D supports muscle function through its receptors present in muscle tissues (9, 22).
Studies have shown that older adults following high-protein diets maintain greater muscle mass and strength compared to those on standard diets. Additionally, a high-protein diet supports metabolic health by improving insulin sensitivity and reducing the risk of metabolic syndrome. Whey protein supplementation, combined with regular resistance training, yields the best outcomes in this population (9, 10).
In the context of metabolic health, protein also influences postprandial thermogenesis and supports weight management by increasing satiety. These effects are particularly important in populations at risk of obesity or other metabolic disorders, where a high-protein diet can aid in weight reduction while preserving muscle mass (17, 22).
Nutrition as Support in Injury Rehabilitation
Nutrition plays a vital role in recovery from injuries, aiding tissue healing and minimizing muscle mass loss. During rehabilitation, energy and protein needs increase, with recommendations ranging from 1.6 to 2.5 g of protein per kilogram of body weight per day to support muscle synthesis. Consuming protein evenly throughout the day, along with adequate carbohydrates and healthy fats, promotes recovery and inflammation control (15).
Additionally, antioxidants (e.g., vitamin C) and nutrients such as zinc, vitamin D, and omega-3 fatty acids support tissue repair and reduce inflammation. Supplementation with leucine, creatine, or specialized nutritional drinks can be particularly beneficial, especially in cases of reduced appetite. Preoperative consumption of carbohydrate-rich beverages reduces metabolic stress, while postoperative nutrition aids wound healing and muscle recovery (15, 22).
High-Protein Diet, Gut Microbiome, and Weight Control
A calorie-restricted high-protein diet influences the gut microbiome in ways that can support weight loss and metabolic improvement in individuals with overweight and obesity. Studies have shown that adopting such a diet leads to a significant increase in the diversity of gut microorganisms, a beneficial indicator of microbiome health. In particular, an increase in bacteria from the genera Akkermansia muciniphila and Bifidobacterium spp. was observed, known for their anti-inflammatory properties and ability to enhance gut barrier integrity (1).
Additionally, the high-protein diet induced changes in microbiome composition, resulting in a decrease in Prevotella spp., which may be linked to the regulation of carbohydrate and fat metabolism. These changes were measured using the Shannon Diversity Index, which significantly increased in participants following the high-protein diet compared to those on a normal-protein diet.
In an eight-week interventional study involving 80 participants with overweight and obesity, microbiome composition changes were associated with an improved metabolic response to the diet. Increased abundance of Akkermansia muciniphila was previously linked to reduced fat mass and improved metabolic parameters such as fasting glucose and insulin resistance. These findings align with previous research suggesting that the gut microbiome plays a key role in modulating the effects of weight-loss diets (1).
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Cold Water as a Recovery Strategy	
Mechanisms of Cold Water in Muscle Recovery
Reduction of Inflammation
Cold water acts as an effective anti-inflammatory agent in muscle recovery, primarily through mechanisms that limit blood flow and reduce the activity of inflammatory mediators. Exposure to cold water induces vasoconstriction, narrowing blood vessels and reducing the influx of pro-inflammatory cytokines, such as IL-6 and TNF-α, to damaged tissues. This process also minimizes swelling and fluid accumulation in the muscle area, supporting repair mechanisms (8, 20).
Cold water further reduces oxidative stress by lowering the levels of reactive oxygen species (ROS) produced during intense physical activity. This mechanism aids in the restoration of cellular structures and prevents further muscle damage (4).
Reduction of Muscle Soreness (DOMS)
Delayed onset muscle soreness (DOMS) commonly occurs after intense or unfamiliar forms of exercise, particularly eccentric movements. Cold water effectively alleviates DOMS, as confirmed by numerous studies. This effect results from reduced micro-swelling and decreased nerve conduction, which diminishes pain perception (8, 20).
Research indicates that just 10–15 minutes of immersion in water at 10–15°C can significantly reduce DOMS symptoms and improve range of motion in affected muscles. Cold water is particularly effective within the first 24–48 hours post-exercise, making it one of the most popular recovery methods in elite sports (8).
Comparison of Cold Water to Other Recovery Methods (e.g., Massage, Stretching)
Cold water is frequently compared to other recovery methods, such as massage, stretching, or compression techniques. Each of these approaches operates through distinct mechanisms, affecting their effectiveness depending on the type and intensity of exercise.
Massage focuses on improving circulation, reducing muscle tension, and promoting relaxation. It is particularly effective for reducing muscle stiffness and facilitating recovery over longer periods.
Stretching enhances flexibility and reduces muscle stiffness, but its immediate impact on DOMS and inflammation is less pronounced compared to cold water.
Compression garments aid in enhancing venous return and reducing muscle swelling, providing gradual relief.
While cold water excels in the immediate reduction of inflammation and soreness, integrating it with other recovery methods may yield synergistic benefits, optimizing recovery outcomes across various types of physical stress.
Massage enhances blood flow, accelerating the delivery of nutrients to damaged muscles. However, in cases of intense inflammation, it may be less effective than cold water, which immediately reduces swelling and suppresses inflammatory responses (4, 8). Static stretching is commonly used to improve range of motion and decrease muscle tension. Unlike cold water, it does not directly impact inflammation or DOMS but can serve as a complementary tool in a long-term recovery plan (8, 9).
Studies indicate that cold water often outperforms massage and stretching in short-term pain and swelling reduction following intense physical activity. This advantage is particularly evident in contact sports and high-intensity strength training (8).
Cold water has found broad applications in both elite sports and medical rehabilitation. In sports, it is widely used to accelerate recovery after training or competition. Professional athletes frequently incorporate cold-water baths as a standard element of their recovery strategies, particularly in sports that place high muscular demands, such as rugby, basketball, and weightlifting (8, 13).
In medicine, cold water is employed as a supportive tool in the rehabilitation of patients recovering from musculoskeletal injuries, orthopedic surgeries, and chronic muscle pain. Its effectiveness stems from its ability to reduce inflammation and improve muscle function, facilitating a quicker return to full functionality (9, 21).
Nutritional Strategies for Different Population Groups
Recommendations for Athletes
Athletes competing in various disciplines require a personalized approach to nutrition tailored to their specific activities. A high-protein diet combined with carbohydrates plays a crucial role in post-exercise recovery. Research indicates that carbohydrate-protein (CHO-P) beverages enhance muscle protein synthesis (MPS) and support glycogen replenishment, which is particularly vital in endurance sports such as long-distance running and cycling (3).
In strength sports like bodybuilding, whey protein intake is critical for muscle fiber recovery and accelerating strength adaptations. Leucine supplementation further stimulates the mTOR pathway responsible for muscle recovery, making it an essential component of strength athletes' diets (22).
In team sports, such as soccer or basketball, rapid restoration of metabolic balance is vital. Micronutrients like zinc and magnesium support immune function, reduce inflammation, and enhance tissue recovery, providing significant benefits when combined with a high-protein diet (8, 10).
Challenges and Strategies in Vegan Diets for Athletes
A vegan diet, based solely on plant-based foods, requires careful planning to meet the nutritional needs of athletes. While it can support general health, adopting it without proper planning may result in deficiencies of key nutrients, including protein quality, vitamin B12, iron, calcium, and omega-3 fatty acids. Plant-based products often have lower bioavailability for certain nutrients and reduced caloric density, posing challenges for athletes with high energy demands (7, 16).
To address these challenges, consuming a diverse range of plant-based foods is essential to provide a complete amino acid profile and necessary micro- and macronutrients. Supplementation with vitamin B12, vitamin D, and DHA/EPA from algae is critical to meet the body's needs, especially during intense training periods. Including energy-dense foods such as nuts, avocados, and dried fruits can help increase caloric intake and fulfill energy requirements. Foods rich in vitamin C can further enhance the absorption of plant-based iron (16, 22).
With careful planning, a vegan diet can support recovery, training adaptation, and physical performance while aligning with the ethical and environmental values of athletes (16).

The Role of Diet in the Recovery of Patients After Intensive Care and During Rehabilitation
Patients recovering from intensive care, particularly those immobilized for extended periods, often experience significant muscle mass loss. Research shows that supplementation with whey protein enriched with leucine and vitamin D accelerates muscle recovery and improves functional outcomes during rehabilitation. Vitamin D, in particular, works synergistically with leucine to enhance muscle anabolism and improve functional recovery (9, 17).
Micronutrients such as magnesium and zinc are critical for the recovery of postoperative and rehabilitating patients. These nutrients support energy metabolism and tissue repair, significantly reducing hospitalization time and aiding the wound-healing process (13, 17).
The Specifics of Nutrition for Older Adults in Preventing Sarcopenia
Sarcopenia, the loss of muscle mass and strength, is a common issue among older adults. A high-protein diet enriched with leucine and vitamin D plays a crucial role in counteracting this process. Vitamin D supports bone mineralization, while leucine activates the mTOR pathway, promoting muscle rebuilding. This approach improves functional strength and reduces the risk of falls and fractures (9, 22).
Regular consumption of whey protein combined with physical activity has been shown to positively impact muscle mass and quality of life in older adults, as confirmed by numerous clinical studies. Additionally, vitamin D supplementation lowers inflammatory markers and enhances immune functions (17, 21).
Summary
Muscle recovery, performance, and health improvement are the result of multifaceted strategies that combine appropriate nutritional and physiological approaches. This paper provides a comprehensive analysis of the synergistic effects of protein, micronutrients, and cold-water immersion (CWI) in the context of muscle recovery, inflammation reduction, and support for metabolic health. The analysis of 22 scientific studies covered both the mechanisms of action and the practical applications of these strategies in elite sports, clinical rehabilitation, and older adult populations.
It was shown that the consumption of high-quality protein, particularly whey enriched with leucine, significantly enhances muscle protein synthesis (MPS), prevents sarcopenia, and reduces muscle degradation. Leucine, a branched-chain amino acid, plays a key role by activating the mTOR pathway, supporting muscle recovery and adaptation. Additionally, micronutrients such as vitamin D, zinc, and magnesium strengthen immune functions, reduce oxidative stress, and accelerate cellular repair processes. Vitamin D, through the activation of receptors in muscle cells, enhances regenerative functions and bone mineralization, while vitamin E neutralizes reactive oxygen species (ROS), limiting muscle damage.
Cold-water immersion (CWI) has been identified as an effective recovery method that reduces inflammation and muscle soreness (DOMS), decreases blood flow to damaged tissues, and minimizes swelling. Studies have shown that regular use of CWI can enhance recovery within the first 24–48 hours after physical activity. Comparisons with other recovery methods, such as massage or stretching, confirm the superiority of CWI in short-term pain and swelling reduction, particularly in elite sports.
The discussed nutritional and recovery strategies are applicable across various population groups. For athletes, particularly in endurance and strength sports, a high-protein diet combined with micronutrients and CWI supports muscle rebuilding, training adaptation, and reduces injury risk. In older populations, supplementation with protein enriched with leucine and vitamin D helps lower the risk of sarcopenia, improve muscle function, and enhance quality of life. In clinical rehabilitation, including postoperative patients, optimal nutritional strategies accelerate wound healing, reduce inflammation, and support muscle recovery.
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