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Abstract

Betaine supplementation is gaining popularity as a strategy to enhance physical performance,
particularly in strength and endurance training. Although large-scale, multicenter studies
remain limited, available evidence suggests potential ergogenic benefits such as improved
lower-body strength and jump performance. Supplementation may also influence hormonal
balance by increasing the testosterone-to-cortisol ratio, promoting an anabolic state. Findings
regarding betaine’s impact on body composition remain mixed—some studies report no
significant changes in lean mass or fat mass, while others suggest a reduction in fat mass without
changes in overall body weight. The proposed mechanisms include increased intramuscular
betaine concentration and osmotic activity, which may support recovery and protect muscle
cells. Despite promising results, further well-designed clinical trials are needed to evaluate
different populations, dosing protocols, and the long-term safety of supplementation. This
review synthesizes the current body of knowledge and offers recommendations for future
research and practical applications of betaine in sports.

Keywords: betaine, trimethylglycine, supplementation, sport, muscle strength, physical
performance, body composition, oxidative stress.



1. Introduction

Traditional supplements used in sports, such as creatine and beta-alanine, continue to dominate
the market. Betaine, primarily known for its role in cytoprotection and homocysteine
methylation, has recently gained attention for its potential ergogenic properties. Its multifaceted
effects—including osmotic regulation, methylation activity, and anabolic potential—make it a
promising aid for both strength and endurance training. The aim of this paper is to provide a
comprehensive review of the mechanisms of action, physiological effects, safety profile, and
practical recommendations regarding the use of betaine in a sports context.

2. Chemical Characteristics, Bioavailability, and Metabolism

Betaine (trimethylglycine, TMG) is a natural derivative of glycine containing three methyl
groups attached to a nitrogen atom. Its molecular formula is CsHi1NO:, and its chemical
structure represents a zwitterionic form of a quaternary ammonium salt. It is widely found in
plants, animals, and microorganisms, with some of the richest dietary sources including sugar
beets, spinach, wheat bran, cereal sprouts, and certain aquatic invertebrates [1]. Betaine can be
synthesized endogenously from choline through oxidation to betaine aldehyde and
subsequently to betaine proper, or it can be supplied exogenously through the diet [2][3]. After
ingestion, betaine is absorbed in the small intestine, likely involving transporters from the solute
carrier family, such as SIT1 (SLC6A20) [4][5]. It then travels to the liver and kidneys, where it
is transported by BGT-1 (SLC6A12) [6][7]. The main metabolic pathway involves betaine-
homocysteine methyltransferase, which catalyzes the transfer of a methyl group to
homocysteine, resulting in the regeneration of methionine and formation of dimethylglycine.
Dimethylglycine is further metabolized to sarcosine and then to glycine; these reactions
primarily occur in the mitochondria of hepatic and renal cells [8][9][10]. Due to its ability to
donate methyl groups, betaine plays a key role in the methionine cycle and in the biosynthesis
of S-adenosylmethionine (SAM), the principal methyl donor in methylation reactions [11].
These metabolites are involved in numerous physiological processes such as the biosynthesis
of creatine, phospholipids, neurotransmitters, and DNA methylation [12][13]. Additionally,
betaine acts as an osmoprotectant—stabilizing proteins and cell membranes under osmotic
stress—thus supporting the structural integrity of muscle cells during intense physical exertion
[14][15]. From an industrial perspective, betaine is available in three forms: natural anhydrous
betaine, synthetic anhydrous betaine, and betaine hydrochloride [16]. The natural form, most
commonly extracted from sugar beets, exhibits superior functional properties and is preferred
in pharmaceutical, cosmetic, and supplement industries [17]. In the United States, betaine has
been granted GRAS status (Generally Recognized as Safe), while in the European Union its use
has been approved by the European Commission with a recommended minimum amount of 500
mg per serving of food product [18].

3. Mechanisms of Action in the Sports Context

3.1. Methyl Donor and Support for Creatine Synthesis

Betaine, as a potent methyl group donor, plays a crucial role in one of the key metabolic
pathways responsible for creatine synthesis, which is a vital energy substrate for muscles during
short-term, high-intensity physical efforts [8][19]. In the body, betaine donates its methyl
groups to homocysteine in a reaction catalyzed by the enzyme betaine-homocysteine
methyltransferase (BHMT), leading to the regeneration of methionine [20]. Methionine is then
converted into S-adenosylmethionine (SAM)—a universal methyl donor in numerous
methylation reactions, including those related to creatine synthesis [11]. Creatine synthesis



primarily occurs in the kidneys and liver, where guanidinoacetate formed from arginine and
glycine is methylated by SAM to produce creatine. Creatine plays a fundamental role in
regenerating ATP via the phosphocreatine system in muscles, enabling the maintenance of high-
intensity anaerobic effort and accelerating energy recovery between exercise sets [21][22].
Supplementation with betaine increases the availability of methionine and SAM, potentially
enhancing endogenous creatine synthesis, thereby improving exercise capacity and muscle
recovery [23]. Additionally, by increasing SAM levels, betaine may influence the activation of
the mTOR (mammalian Target of Rapamycin) pathway—a key regulator of muscle protein
synthesis and anabolic processes [24]. Activation of mTOR stimulates mRNA translation,
leading to increased muscle protein synthesis, supporting hypertrophy and post-exercise
recovery [25]. Both in vitro and in vivo studies have demonstrated that betaine supplementation
can increase the expression of proteins involved in anabolic signaling and improve muscle mass
and strength [21][26]. Thus, by supporting methylation and the mTOR pathway, betaine acts
comprehensively, enhancing both energy availability (via creatine synthesis) and stimulating
muscle repair and growth processes.

3.2. Osmoprotection and Cellular Hypertrophy

Betaine serves an important function as an osmoprotectant, a compound that helps maintain
water-electrolyte homeostasis in cells under osmotic stress. During intense physical exercise,
especially under conditions of dehydration or elevated extracellular ion concentrations, muscle
cells are exposed to water loss, which can lead to impaired cellular function and inhibition of
anabolic processes. Betaine accumulates within cells, causing an increase in their volume—
known as cellular hypertrophy—which itself acts as a strong anabolic signal [27][28]. Cell
swelling activates the mTOR (mechanistic Target of Rapamycin) pathway, a central regulator
of muscle protein synthesis and muscle mass growth. Activation of mTOR enhances mRNA
translation into proteins, resulting in increased muscle protein synthesis and supporting
hypertrophy and post-exercise recovery [29]. Furthermore, betaine reduces osmotic stress by
protecting proteins and cell membranes from denaturation and damage, helping to maintain cell
integrity and optimal muscle function during exercise [30]. By reducing oxidative stress and
stabilizing enzymes, betaine also supports muscle recovery and decreases muscle damage.
Studies in cellular and animal models have confirmed that betaine supplementation increases
levels of mTOR and its downstream effectors, such as p70S6K, which are directly associated
with improvements in muscle mass and strength [31]. Clinical studies have observed that
betaine supplementation in athletes delays fatigue and improves performance, which may be
indirectly related to enhanced osmotic protection and support of muscle hypertrophy [32].

3.3. Oxidative Stress and Recovery

Intense physical exercise leads to increased production of reactive oxygen species (ROS),
which can cause damage to muscle cells through lipid peroxidation, protein oxidation, and DNA
damage. Oxidative stress is a key factor contributing to muscle fatigue, delayed recovery, and
the formation of muscle microtraumas. Betaine exhibits antioxidant properties by reducing
oxidative stress through protecting cellular structures from ROS-induced damage. Studies in
animal and human models have shown that betaine supplementation lowers levels of muscle
damage markers such as creatine kinase (CK) and malondialdehyde (MDA )—a product of lipid
peroxidation [33][34]. The reduction of these markers indicates decreased damage to cell
membranes and lipids, translating into better protection of muscle tissue. Additionally, betaine
supports mitochondrial function—key organelles responsible for energy production in the form
of ATP. By stabilizing mitochondrial membranes and supporting redox processes, betaine can
improve cellular respiration efficiency and reduce ROS production within mitochondria [8].
Improved mitochondrial function accelerates energy recovery post-exercise, reduces fatigue,
and promotes faster muscle repair. Clinical studies in athletes supplementing with betaine
observed shortened recovery times and reduced muscle soreness following intense training



sessions [29]. This mechanism is likely related to betaine’s antioxidant action and mitochondrial
protection, which together contribute to the reduction of inflammation and oxidative stress after
exercise.

3.4. Muscle Strength and Power

Betaine is an increasingly studied supplement for its ergogenic potential in improving muscle
strength and power, which is particularly important for athletes in strength and power-
endurance sports. In a recently published meta-analysis by Zawieja et al. which included 17
randomized controlled trials, betaine supplementation was shown to lead to a significant
increase in maximal strength measured by the standardized mean difference (SMD = 0.47; p <
0.05). This effect was especially pronounced in exercises involving the lower body, such as
squats and deadlifts. The authors suggest that betaine may enhance muscle energy reserves and
support anabolic processes, resulting in improved strength performance [25]. The study by
Hoffman et al. confirmed the ergogenic effect of betaine at a standard dose of 2.5 g per day.
Supplementation significantly increased one-repetition maximum strength (1RM) and average
power during compound exercises such as the bench press. The authors also highlighted that
betaine stimulated the neuromuscular system, which may have contributed to improved motor
unit recruitment and muscle contraction efficiency [23]. In the study by Lee et al. (2010), a
notable improvement in muscle power during the power clean exercise and increased isometric
strength were also observed in participants supplemented with betaine. The authors indicated
that betaine’s mechanisms of action might be related to its role as a methyl group donor
supporting creatine synthesis—a key rapid ATP source during anaerobic exercise—as well as
its osmoprotective properties, which increase muscle cell volume and hydration, thereby
promoting hypertrophy and enhancing muscle function [22]. In summary, available research
indicates that betaine supplementation at approximately 2.5 g per day can significantly improve
maximal strength and muscle power, particularly in exercises involving large muscle groups.
These effects have practical relevance for athletes training in strength, speed, and endurance
disciplines.

3.5. Aerobic Performance

The effect of betaine on aerobic capacity and exercise performance under aerobic conditions is
a topic of growing interest in the scientific community. Although betaine is most commonly
associated with improvements in muscle strength and power, its potential to support aerobic
endurance has also been investigated. Armstrong et al. conducted a study on a group of athletes
supplemented with betaine during exercise under conditions of high heat stress and dehydration.
The authors observed that despite no significant changes in maximal oxygen uptake (VO2max),
betaine supplementation significantly prolonged time to exhaustion. These results suggest that
betaine may improve heat stress tolerance and increase the body’s ability to maintain exercise
intensity in challenging environmental conditions, which is particularly relevant for endurance
sports performed in high temperatures [35]. Trepanowski et al. examined the effect of betaine
on microcirculation and tissue oxygenation during intense endurance training. They found that
betaine supplementation significantly increased muscle tissue oxygen saturation during
exercise, which may translate into better oxygen utilization by muscles and delayed fatigue.
The mechanism behind this effect may be related to improved osmotic balance and protection
of mitochondria against oxidative stress, thereby enhancing cellular respiration efficiency [36].
Additionally, research suggests that betaine, through its osmoprotective properties, may
counteract dehydration of muscle cells during exercise, which is important for maintaining ion
homeostasis and enzymatic functions involved in aerobic metabolism [21]. This supports better
maintenance of aerobic capacity and faster recovery between training sets. In summary,
although betaine does not directly affect VO.max, its supplementation may improve exercise
endurance by increasing time to exhaustion and enhancing muscle oxygenation, especially



under conditions of heat stress and dehydration. These effects have significant implications for
endurance athletes and competitors training in challenging environmental conditions.

3.6 Body Composition

The effect of betaine supplementation on body composition, particularly on lean body mass and
fat mass reduction, has been the subject of numerous studies, although the results vary
depending on the population studied and the type of training. Cholewa et al. conducted a study
on a group of resistance-trained athletes, in which betaine supplementation for six weeks
resulted in a significant increase in lean body mass alongside a concurrent reduction in body fat
percentage. The study also demonstrated elevated levels of IGF-1 (insulin-like growth factor 1)
and leptin—hormones associated with muscle anabolism and regulation of energy metabolism
[31]. These results suggest that betaine may support anabolic processes and promote a favorable
shift in muscle-to-fat ratio, which is crucial for athletes aiming to improve body composition.
Conversely, a 2019 meta-analysis including studies on physically inactive populations did not
confirm a definitive effect of betaine on body composition. The authors noted that in sedentary
individuals, betaine supplementation did not produce significant changes in muscle mass or fat
tissue, indicating that betaine’s effects may depend on physical activity levels and the type of
training [37]. More recent research conducted by Zawieja and colleagues (2024) confirmed the
beneficial effect of betaine on body composition in strength-trained athletes. A meta-analysis
of 17 studies showed that betaine supplementation contributed to an increase in lean body mass
and a reduction in fat mass, with these effects being more pronounced in groups engaged in
regular resistance training [25]. In summary, betaine may support improvements in body
composition, especially when combined with physical activity and strength training. Its
anabolic action and influence on growth-related hormones favor muscle mass development,
while the effect on fat reduction may be indirectly linked to enhanced metabolism and energy
balance.

3.7 Recovery and Oxidative Stress

Betaine supplementation demonstrates beneficial properties in reducing oxidative stress and
improving muscle recovery after intense physical exercise. Oxidative stress, resulting from
increased production of reactive oxygen species (ROS), is one of the main causes of muscle
cell damage and delayed post-training recovery. Durkalec-Michalski and colleagues conducted
a study on a group of athletes, showing that 14 days of betaine supplementation led to a
significant reduction of creatine kinase (CK) levels by approximately 20% after exercise.
Creatine kinase is a marker of muscle damage, and its reduction indicates less severe micro-
injuries to the muscles and a faster return to baseline status [38]. This decrease in CK levels
translates into better performance and reduced perception of fatigue after exercise. Furthermore,
a meta-analysis of randomized trials by Xu et al. demonstrated that betaine supplementation
also lowers other markers of inflammation and oxidative stress, such as C-reactive protein
(CRP), interleukin-6 (IL-6), and malondialdehyde (MDA)—a product of lipid peroxidation.
The reduction of these markers indicates decreased inflammation and protection of cell
membranes against oxidative damage [39]. Therefore, betaine may support faster muscle
recovery, reduce post-exercise soreness and swelling, which is especially important for athletes
engaging in intense training or competing with short rest intervals between efforts. The
mechanism of betaine’s action in this context includes its ability to stabilize cell membranes
and improve mitochondrial function, thereby limiting ROS production and minimizing their
destructive impact on muscle tissue. Additionally, betaine may indirectly support antioxidant
enzymatic systems, such as glutathione peroxidase, which helps maintain redox homeostasis in
muscle cells. In summary, betaine as a dietary supplement not only improves athletic
performance but also plays a significant role in protecting muscles from oxidative damage and
accelerating recovery after exercise, making it a valuable aid for physically active individuals.



3.8 Applications in Team Sports and Intense Training

Betaine supplementation is gaining popularity in team sports as well as in the context of intense,
demanding strength and endurance training. Betaine acts through mechanisms that support
recovery, improve hormonal balance, and partially enhance anaerobic capacity, which is
particularly important in sports requiring repeated, short, and intense efforts. A study conducted
on CrossFit athletes (3 weeks, 2.5-5 g betaine daily) showed a reduction in homocysteine levels
and an increase in testosterone levels, while having no significant effect on direct markers of
anaerobic power [40]. This suggests that betaine primarily supports metabolic and hormonal
processes, which may translate into long-term improvements in recovery and training
adaptation. In a study on young soccer players (14-week supplementation), improvements were
observed in anaerobic capacity tests and a beneficial change in the testosterone/cortisol ratio,
indicating a reduction in metabolic stress and a predominance of anabolic over catabolic
processes [26]. Improvement in this ratio is significant because training loads in team sports
often lead to increased catabolism, which lowers recovery efficiency and increases the risk of
overtraining. Additionally, another study by Cholewa et al. on strength-trained men
demonstrated that betaine supplementation (2.5 g/day for 6 weeks) increased maximal strength
and muscular endurance, which is important during prolonged, demanding training sessions
typical of team sports and heavy training [31]. The authors noted that this effect was related to
improved water balance and osmoprotection, which help protect muscle cells from damage
during intense exercise. Furthermore, betaine supplementation was found to positively
influence immune system parameters and reduce inflammatory markers (e.g., CRP and IL-6) in
athletes performing intense interval training, promoting faster recovery and reducing muscle
fatigue [26][39]. Mechanistically, betaine serves as a methyl group donor in the methionine
cycle, which among other functions enables the reduction of homocysteine—a compound
associated with oxidative stress and muscle damage. Additionally, its osmoprotective action
helps stabilize cell membranes.

4. Dosage

Betaine (TMQ) is typically used at a dose of 2-2.5 g per day for a period of 1-6 weeks, which
in numerous studies has been shown to improve muscle performance and recovery. For example,
Varanoske et al. reported that after just 7 days of betaine supplementation, an increase in lean
body mass and a reduction in fat mass were observed in resistance-trained individuals.
Pharmacokinetic studies confirm that doses ranging from 1 to 6 g/day result in elevated betaine
concentrations in blood and muscle tissue, as well as a significant reduction in homocysteine
levels within 2 hours of administration [23][41][42]. In comparison, in the treatment of
homocystinuria, doses as high as 6-9 g/day are often used, typically divided into two daily
doses (e.g., 3 g in the morning and 3 g in the evening), without significant adverse effects in
most patients. Clinical data demonstrate that long-term use (average of 7 years) of 6 g/day in
homocystinuria was well tolerated and effectively reduced homocysteine by an average of 29%
[43][44]. The European Medicines Agency also approves the use of 6 g/day for treating the
disease, recommending monitoring of blood methionine levels [45]. In the sports context, oral
betaine intake is recommended once daily, preferably with a carbohydrate-containing meal,
which increases insulin sensitivity and the efficiency of transport to muscles [46]. In training
interventions, supplementation is typically started 7—14 days prior to an intense training period
or testing, allowing for increased intracellular betaine concentration, enhanced osmoprotective
effect, and metabolic support of muscles [25]. Long-term supplementation at a dose of 2.5 g/day
for 6-10 weeks also supports increases in lean muscle mass and reductions in fat mass when
combined with resistance training. Numerous interventions confirm that these doses are well
tolerated and demonstrate metabolic and performance benefits while maintaining safety.



Although doses above 4 g/day are considered safe, they are rarely used in sports without
medical consultation due to a lack of necessity and higher cost [47].

5. Safety and Adverse Effects

Betaine supplementation is widely recognized as safe for both healthy athletes and clinical
populations. The European Food Safety Authority (EFSA) has stated that betaine, as a novel
food, is safe at doses up to 6 mg/kg body weight per day, which corresponds to approximately
400 mg/day for a person weighing 70 kg [48]. However, numerous clinical studies involving
individuals taking betaine doses ranging from 2.5 g to 6 g per day have reported no serious
adverse effects or disturbances in hematological or biochemical parameters during
supplementation periods of up to 6 months [49]. The most commonly reported minor side
effects are mild gastrointestinal symptoms such as nausea, bloating, or diarrhea, especially at
higher doses (>4—6 g/day), though these are generally transient and self-limiting. Use of specific
forms of betaine, e.g., betaine hydrochloride (BHCI), may slightly increase the risk of gastric
discomfort, although such reports are rare [50]. Some studies indicate that betaine
supplementation at doses >4 g/day for at least 3 weeks may lead to a slight increase in LDL
cholesterol levels, particularly in populations with overweight or metabolic syndrome. Reviews
published by EFSA and the Schwab et al. (2011) report confirm that no significant lipid changes
were observed in healthy individuals, but small LDL elevations may occur in those with
metabolic disorders [49][51]. Therefore, in individuals with hyperhomocysteinemia, lipid
disorders, or kidney diseases, betaine supplementation (above 4 g/day) should be preceded by
medical consultation to monitor lipid profiles as well as liver and kidney function. Meanwhile,
doses <4 g/day for up to 6 months are well tolerated and generally safe in healthy individuals.
6. Conclusions and Recommendations

Betaine supplementation represents a promising strategy for enhancing sports performance,
particularly in strength and endurance training, although the available literature indicates a
limited number of large, multicenter studies. A meta-analysis by Zawieja et al. (2024), including
17 studies with 317 participants, demonstrated a significant ergogenic effect on lower limb
strength and jumping ability (SMD = 0.47), suggesting potential benefits from long-term
training interventions [25]. Another study observed a substantial improvement in the
testosterone-to-cortisol (T/C) ratio during the competitive season in young soccer players,
indicating support for anabolic-catabolic balance [26]. Regarding body composition, results are
mixed: a meta-analysis by Ashtary-Larky et al. did not confirm a significant effect of betaine
on lean body mass or fat reduction in general populations [52]. Conversely, an earlier systematic
review suggested a possible fat mass reduction of approximately 2.5 kg while maintaining body
weight [53]. Regular betaine supplementation may support recovery by increasing betaine
concentrations in muscles and through its osmotic action, which, combined with training,
promotes lean mass growth and protects muscle cells. Improvement in the T/C ratio and
reduction of oxidative stress markers such as homocysteine provide additional support to the
hormonal and metabolic systems, although the mechanisms underlying these effects require
further investigation. Despite promising observations, there is an urgent need for randomized
controlled trials with greater statistical power, including women, various training levels, and
different sports disciplines. This will allow precise determination of effective dosing protocols,
long-term safety, and possible interactions of betaine with other supplements.
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