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| 1. Introduction and Methodology

In today’s global society, the demand for humans to perform work in the heat is increasing L&, Whether affecting
manual laborers, military personnel, or athletes, heat stress is responsible for approximately 620 deaths in the
United States B! and thousands globally 4Bl each year. As such, strategies to manage heat stress and prolong
exercise or activity in the heat have been explored extensively [IEIBIIO  Broadly, these strategies can be
categorized into physical and nutritional strategies. Physical strategies may include pre-cooling, cold water
immersion, misting fans, and/or altering clothing [11l. These strategies have become popular among sports
medicine staff and have varying degrees of success. Alternatively, nutritional strategies, largely based upon
defending plasma volume (i.e., consuming relatively large doses of electrolytes, carbohydrates, and cold fluids),
also play a role in managing heat stress. Among these nutritional strategies of heat stress management includes
the consumption of betaine.

| 2. Betaine

Trimethylglycine (betaine) is a derivative of the amino acid glycine. Betaine can be endogenously synthesized
through the metabolism of choline, or exogenously consumed through dietary intake [2. Although betaine
concentrations in foods vary depending on cooking and preparation methods, grain products and vegetables such
as wheat bran (1340 mg-100 g™1), wheat germ (1240 mg-100 g™1), spinach (600-645 mg-100 g™1), and beets
(114-297 mg-100 g™1) are the best sources of dietary betaine 13l Average dietary intake for Western culture
typically ranges from 100 to 400 mg-day™1, with a mean of 208 + 90 mg-day ! and results in an average resting
plasma betaine concentration of 0.02—0.07 mmol-L™1 1415 As betaine is a short-chain, neutral, amino acid
derivative, absorption across the enterocyte is thought to primarily use the sodium-dependent Amino Acid
Transport System A, however sodium-independent absorption is also known to occur 2218 A single dose of
betaine (50 mg-kg™) in healthy young men (mean age: 28 years old) free of any known diseases resulted in a
peak concentration of ~1 mmol-L™%, in ~1 h @3, The elimination half-life of a single dose of betaine is ~14 + 7 h,

with <5% of the original dose present in 72 h [13l. However, a loading strategy of 50 mg-kg™t per 12 h for 5 days in
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the same population resulted in a peak concentration of ~1.5 mmol-L™%, ~1 h after ingestion 3. Likewise, the
elimination half-life of the five-day loading of betaine is ~41 + 14 h, with <5% of the original dose present in 8.6
days. Thus, a five-day loading protocol of betaine increases blood concentrations 50% more than a single dose

and may function nearly three times as long.

2.1. Methyl Donation

It is universally accepted that betaine serves two primary roles in mammalian physiology 227 The first is that of a
methyl donor. As the name indicates, trimethylglycine (i.e., betaine) has three methyl groups, which can serve as
reagents for transmethylation reactions. If this occurs, betaine is converted into dimethylglycine, or further
catabolized into sarcosine, ultimately adding to the amino acid pool as glycine 12[18] Notably, betaine metabolism
supplies methyl groups for the conversion of homocysteine to methionine 1229 and aids in the synthesis of key
metabolic proteins such as creatine 21221 and carnitine 23], especially during periods of hypertonicity 24, These

findings have led to several lines of research that examine betaine’s role in health and disease prevention [12119](25]
[261[27] 35 well as human performance [2811291[301[31](32]

2.2. Osmolyte

The second role that betaine serves is that of an osmolyte. Osmolytes are organic molecules used in the regulation
of intracellular fluid concentrations and cell volume B384l When presented with an external hypertonic stressor, the
immediate response of mammalian cells is to decrease cell volume (i.e., fluid loss) and increase inorganic solute
concentrations (i.e., electrolytes) in efforts to maintain homeostasis 23, However, this accumulation of inorganic
solutes, if severe enough, can interfere with electrical signaling and protein conformation. Therefore, in order to
preserve long-term cellular function, mammalian cells seek to mitigate this problem by exchanging the potentially

harmful inorganic solutes for compatible organic osmolytes, such as betaine [331(33],

Indeed, when presented with hypertonic stress, membrane-bound betaine/ -aminobutyric acid transporter 1 (BGT1)
mRNA and expression are up-regulated, leading to an increase in intracellular betaine concentration 1&I[34]
Interestingly, once the cells are returned to an isotonic (300 mOsm) environment, BGT1 expression remains
elevated for at least 24 h 18], This may play an important role for individuals engaging in daily exercise in hot-humid
environments creating hypertonic stress. Further supporting the importance of osmolyte accumulation, Alfieri et al.
cultured porcine vascular endothelial cells in a hypertonic (500 mOsm) solution with and without osmolytes (0.1
mmol betaine and myo-inositol). Cultures without osmolytes present experienced a 63% mean reduction in cell
number after 56 h, however cultures with betaine and inositol experienced only a 32% decrease in cell number
during the same time 8. In a separate experiment measuring morphological changes in cell cultures with and
without osmolytes, the same group observed that cultures with betaine and myo-inositol grew well and maintained
proper morphology, whereas those without osmolytes experienced significant apoptosis, detaching from the plates
(161 Thus, it appears that osmolytes, such as betaine, are responsible for decreasing hypertonic stress in

mammalian cells, which results in preserved functionality and increased survivability.
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Simultaneously, as an osmolyte, betaine acts to retain intracellular fluid and preserve the osmotic balance during

hypertonic stress. As such, this has profound impacts on bolstering membrane integrity, which becomes particularly

important for enterocytes undergoing heat stress.
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