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Betaine is a non-essential amino acid with proven functional properties and underutilized potential. The most
common dietary sources of betaine are beets, spinach, and whole grains. Whole grains—such as quinoa, wheat
and oat brans, brown rice, barley, etc.—are generally considered rich sources of betaine. This valuable compound
has gained popularity as an ingredient in novel and functional foods due to the demonstrated health benefits that it

may provide.

betaine metabolic pathways disease prevention food sources

| 1. Introduction

Betaine (trimethylglycine) is a natural product. It is a glycine derivatized by three extra methyl groups. Its chemical
structural formula in 2D and 3D forms is represented in Figure 1. It is a stable and harmless natural constituent
that exists in plants, animals, and microorganisms. It was reported that betaine is naturally present in beets,
spinach, wheat bran, wheat germ, and aquatic invertebrates [1l2l, Betaine is endogenously produced via choline
metabolism or exogenously ingested through dietary intake 2. Either ingested as a dietary supplement or from
food, betaine has a similar bioavailability, being broken down to dimethylglycine and lastly to sarcosine in the
mitochondria of kidney and liver cells 4!,
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Figure 1. Structural formulae of betaine: (a) 2D-structure; and (b) 3D-structure.

In the United States of America (USA), betaine is generally recognized as a safe ingredient, that is, a GRAS
(Generally Recognized as Safe) ingredient, while in Europe it has approval for use in food from the European
Commission (EC) &, which allows the safe use of betaine in food in an amount of at least 500 mg per food serving.
The above-mentioned health approval is associated with betaine’s contribution to the methionine cycle.

Commercial betaine is available in three different forms: natural anhydrous betaine; synthetic anhydrous betaine;
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and betaine hydrochloride Bl. For secondary industries, betaine can be produced by chemical synthesis or by
relatively expensive isolation from sugarbeets or byproducts of beet processing. Natural betaine has superior
functional properties compared to its synthetic analogue, and its use is preferred by the pharmaceutical, cosmetic,

and healthcare industries EIZIEIE]

One of the main roles of betaine is to help regulate homocysteine levels in the blood 2%, Homocysteine is an
amino acid that, when present in high levels, has been linked to a higher risk of heart disease, strokes, and other
health problems. Betaine helps to convert homocysteine into other beneficial substances, thus helping to maintain
healthy levels of this amino acid in the blood 1112l However, it was reported that betaine might have a harmful
impact on blood lipids. Zawieja et al. 23] performed a meta-analysis on the impacts of betaine supplementation at a
daily amount of at least 4 g on blood lipid status in adults. No significant impact was found for triglycerides, high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, or plasma total cholesterol.
Supplementation with 4 g/d of betaine for 6 weeks could relatively increase plasma total cholesterol, which is
important for cardiovascular health. Ashtary-Larky et al. 14 also carried out a meta-analysis on the impacts of
betaine supplementation on cardiovascular illness indicators. They reported that supplementation with betaine at
doses of 4 g/d might cause harmful effects on the lipid profiles of people with health disorders. On the other hand,
supplementation with less than 4 g/d of betaine generated beneficial reductions in homocysteine levels. These

findings indicate that a desirable quantity of betaine supplementation is below 4 g/d.

Betaine has also been shown to have potential benefits for exercise performance and muscle strength. Some
studies have suggested that betaine supplementation may improve endurance, reduce fatigue, and enhance
muscle power and strength 131, In addition, betaine has been investigated for its potential role in supporting liver
function and protecting against liver damage, as well as for its anti-inflammatory and antioxidant properties (111161,
Overall, betaine is a compound with a range of potential health benefits, although further research is required to

fully understand its mechanisms of action and effectiveness in various contexts.

Furthermore, betaine has been employed as a feed additive in pig and poultry rations since it is regarded as a
cheap alternative feed supplement for improving nutrient utilization 7. Betaine is generated by choline oxidation or
delivered through diet in the animal organism. Over the past years, many studies have evaluated the impacts of
betaine on various animal species. Betaine plays a role in the transmethylation reaction for the synthesis of some
active constituents, such as carnitine, creatine, etc., as well as in the higher usage of nutrients and the digestibility
and bioavailability of methionine. Enhancing immune status and decreasing heat or oxidative stress are also
considered significant functions of betaine [28. Most of the published research has been focused on the growth-

stimulating, higher milk-yielding, carcass-modifying, immune-boosting, and stress-dropping properties of betaine in
various species 1220121]

| 2. Metabolism and Physiology

In mammals, betaine plays three important metabolic and physiological roles: (i) it is an organic osmolyte, which

helps to maintain normal cell volume under osmotic stress and can accumulate to molar concentrations; (ii) it
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provides protection against protein denaturation, thus being called a ‘chemical chaperone’; and (iii) besides

methylfolate, it is the only molecule that provides methyl groups for homocysteine remethylation [2211231[241[25]

Besides mammals, cellular uptake of betaine occurs in various other organisms, such as bacteria and
invertebrates. Belonging to the chemical class of amino acids, betaine is mainly transported with the aid of y-
aminobutyric acid 28, Studies performed on animals have shown rapid absorption of betaine after a meal in the
small intestine via the duodenum 24, Studies on humans have shown rapid absorption and distribution of betaine
within 1-2 h after ingestion. The constant concentration of betaine in human serum ranges from 20 to 70 pmol/L.
According to Schwahn et al. 28], rapid absorption and distribution of betaine were found both in healthy subjects
and patients with homocystinuria, with a maximum concentration of 0.94 mmol/L after 0.90 h and an elimination
half-life of 14.38 h. Distribution and elimination kinetics in homocystinuric patients appear to be accelerated. Even
at high doses of 100 mg per kg of human weight, betaine is mostly used up through metabolic pathways and not
excretion. However, betaine can be present in the urine of individuals with kidney disorders and diabetes. Subacute
studies in rats have shown that betaine is not toxic when added at 0-5% of the total diet. However, due to large
intakes, the ratio of red blood cells could be slightly disturbed. Many authors suggest that the maximum daily intake
of betaine is 9-15 g, with 20 g being the maximum [221[28]29],

The fundamental role of betaine in microorganisms and plant cells is cell protection from possible inactivation,
which may occur due to osmotic stress B9, Exposure of plants to hostile environmental conditions, such as
drought, high salinity, and unfavorable temperatures, leads to increased betaine synthesis in cell mitochondria B,
Betaine can fulfill its role as an osmoregulator only when it is not catabolized. Modulation of water content and cell
volume is of crucial importance for living organisms. Cells have the ability to adapt to varying degrees of osmotic
pressure by accumulating inorganic ions of low molecular weight (such as sodium, potassium, and chlorine ions)
and organic osmoregulators (such as methylamines, amino acids, and sugar alcohols). The role of inorganic ions in
osmoregulation is limited because their higher concentrations could affect protein structure and thus enzyme
functions (22133 Betaine’s osmolytic action is the result of a dipolar structure and a good solubility in water,
whereby, along with the other organic osmolytes, it demonstrates a lower degree of interaction with enzyme
functions and metabolic processes in cells B4, Studies have shown that betaine has a very low potential to bind to
the protein surface, thereby allowing cells to control the water surface tension without affecting lipase stabilization
(331 A cytosolic methyltransferase enzyme, betaine-homocysteine S-methyltransferase, which uses betaine as the
methyl donor for the remethylation of homocysteine to form methionine and dimethylglycine, is likely to help keep
the cellular osmotic equilibrium by maintaining the regular betaine concentration. Its inhibition reduces betaine
degradation [231[38],

Betaine plays its primary role as an osmolyte in the kidney tissue, thus protecting the mammalian kidney medulla
cells from osmotic stress and enabling the control of the concentration gradient and the accumulation of metabolic
waste products in the urine 23BLE7 |t can accumulate in the kidneys of humans, protecting the cells from the high
concentration of electrolytes and urea. Furthermore, it can regulate the water balance and movement through the
epithelial tissue B8, Thus, betaine increases water retention in cells by replacing inorganic salts and protecting

intracellular enzymes from osmotic pressure or temperature-induced inactivation B8B83 For example, when
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spinach is grown on soil with high salinity, betaine accumulates in the chloroplast and prevents water from leaking
out of the cells due to the increased osmotic pressure. Mitochondria in salmon liver cells adsorb betaine when
exposed to increased osmotic pressure, thus allowing the body to use less energy to maintain the required amount
of water in cells. For this reason, betaine is being added as an osmoregulator to ponds to protect fish when moving
through water of different salinity degrees 31,

As already mentioned above, betaine plays its second major role in methionine metabolism by converting and
detoxifying homocysteine to methionine in the human liver and kidneys, acting as a methyl group donor 4d41]
Even a slightly elevated level of homocysteine in the blood could be considered a biomarker of increased risk of
cardiovascular, cerebral, and peripheral vascular diseases, neurodegenerative disorders, and cognitive decline 42
431 Moreover, higher homocysteine concentrations have been associated with low concentrations of B vitamins,
such as folate and vitamins B-12 and B-6, which are involved with a one-carbon metabolism, pointing to its
disturbance 4!, Research has proven that betaine intake can contribute to the lowering of circulating homocysteine
levels in patients with homocystinuria and chronic renal failure, but even in healthy subjects 22481 The association
between dietary intakes of betaine and the concentration of homocysteine has been assessed by Chiuve et al. 47,
A cross-sectional analysis of 1477 women proved that total betaine intake, together with its precursor choline, was
inversely associated with plasma homocysteine levels. Furthermore, the authors concluded that the remethylation
of homocysteine may be more dependent on the betaine pathway when other methyl sources are low, which might
be a result of either inadequate folate intake or heavier alcohol consumption 2. According to the study of Lee et
al. 44 performed on food-frequency questionnaires on 1325 male and 1407 female participants in the USA, a
higher choline-plus-betaine intake managed to decrease the concentration of post-methionine-load homocysteine.
Betaine and choline intakes were, therefore, associated with both fasting and post-methionine-load total
homocysteine concentrations, especially in participants with low folate and vitamin B-12 status 4], Since betaine is
found in high amounts in wheat aleurone, research by Price et al. B4 investigated the impact of a diet rich in whole-
grain foods on 79 healthy participants over four weeks. The results showed a significant increase in plasma betaine
concentrations, as well as dimethylglycine and methionine as products of betaine-mediated homocysteine
remethylation, and a significant decrease in plasma homocysteine and LDL cholesterol levels. No significant effects
on plasma choline or B vitamins (folate, riboflavin, and vitamin B-6) were thereby observed 57,

Betaine could be produced in the human body by a series of enzymatic reactions that mainly occur in the
mitochondrial cells of the liver and kidneys. These transmethylation reactions imply the transfer of methyl groups

via the methionine cycle in vital biological processes, as shown in Figure 2 [48],
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Figure 2. Methionine metabolic pathway.

The transfer of a methyl group from betaine is conducted via the enzyme betaine-homocysteine methyltransferase
(BHMT), whereby betaine is converted to dimethylglycine. In this metabolic pathway, methionine is formed from
homocysteine. Alternatively, methionine could be created from 5-methyltetrahydrofolate (CH3-THF), which uses the
enzyme methionine synthetase (MS) to transfer a methyl group via vitamin B-12 (cobalamin). The resulting
compound—methylcobalamin, then donates a methyl group to homocysteine, thus forming methionine. The
enzyme methylenetetrahydrofolate reductase (MTHFR) is involved in the release of the methyl group from CHs-
THF (5-methyltetrahydrofolate). Transmethylation metabolic pathways closely link choline, betaine, methionine,
CHs-THF, and vitamins B-6 and B-12 in order to convert homocysteine to methionine (Figure 2). This cycle also
creates S-adenosyl methionine (SAM), which is considered the main methyl group donor in the human body.
Moreover, SAM is involved with many other metabolic processes, such as the synthesis of deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA), carnitine, creatine, neurotransmitters, phospholipids, and the process of tissue

regeneration, to name a few 2220491

Dietary betaine, as well as L-carnitine and choline, which can be found in red meat, dairy products, chicken, eggs,
and fish, have the ability to be broken down to trimethylamine (TMA) in the gut, which is absorbed and converted to
trimethylamine N-oxide (TMAO) in the liver via the enzyme flavin-containing monooxygenase-3 (FMO3). The
metabolite TMAO gained interest as being present in the highest concentrations in the tissues of the Greenland
shark, which holds the distinction of being the longest-living vertebrate in the world B9 This compound has been
associated with several chronic disorders in humans, although the mechanisms of action are still not well
understood 2. A multiethnic cohort study by Fu et al. Bl aimed to investigate associations of TMAO and its
precursors (betaine, choline, and carnitine) with inflammatory and cardiometabolic risk biomarkers in 1653
participants, ranging in age from 60 to 77 years old. Higher concentrations of TMAO and carnitine and lower

concentrations of betaine were shown to be related to greater insulin resistance. In general, plasma TMAO
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concentrations were associated with a number of trimethylamine-producing bacterial taxa and, along with their

precursors, may contribute to inflammatory and cardiometabolic risk pathways 211,

| 3. Health-Promoting Properties
3.1. Redox Potential

The mechanism of betaine’s antioxidant activity is still not entirely clear. However, it could probably act dually:
directly, as a “scavenger” of reactive oxygen species (ROS), and indirectly, by improving the activity of enzymatic
antioxidants, e.g., superoxide dismutase (SOD) 2,

The ability of betaine to scavenge ROS has not been determined so far by classical chemical assays, such as the
ferric-reducing antioxidant power (FRAP) test. On the other hand, betaine’s antioxidant activity has been
determined in animal and plant models, suggesting that the interaction of betaine with the organism could be
essential for its redox activity 53,

The indirect antioxidant activity of betaine is reflected in its ability to regulate sulfur-containing amino acid (SCAA)
metabolism. SCAAs play a pivotal role in the synthesis of several intracellular antioxidants, such as glutathione.

Betaine can increase intracellular levels of SCAA by increasing the level of methionine 34!,

3.2. Liver Diseases

3.2.1. Nonalcoholic Fatty Liver Disease (NAFLD)

NAFLD is a condition of fat accumulation in the liver without the presence of excessive alcohol consumption or
other specific causes of hepatic steatosis. Although NAFLD was previously considered a relatively benign
condition, numerous studies have identified the potential for progression to cirrhosis and hepatocellular carcinoma.
Betaine, as a lipotrope, can reduce the accumulation of fat in the liver by increasing the oxidation of free fatty acids
and reducing lipogenesis, and it additionally shows an anti-inflammatory effect 3. Veskovi¢ et al. 28 presented a
mouse NAFLD model induced by a methionine- and choline-deficient diet. In the study, the betaine-treated group
showed alleviation of inflammation and steatosis, a decrease in enlarged mitochondria, and an increase in the
number of autophagosomes. Additionally, betaine supplementation is important for prevention. It is known that a
high-fat diet leads to an increase in the concentration of S-adenosylmethionine. Deminice et al. B2 demonstrated
that betaine supplementation in rats leads to a fourfold decrease in S-adenosylmethionine and, thus, prevents the
occurrence of fatty liver and liver damage. Despite numerous preclinical studies that claim a positive effect of
betaine on the course of liver diseases, there is not enough data from large randomized studies to support its safe
application for the clinical treatment of NAFLD 58],

3.2.2. Alcoholic Liver Disease (ALD)
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ALD refers to liver damage caused by chronic, excessive alcohol consumption. Alcohol cannot be deposited in the
body and is therefore oxidized in the liver, which is the primary place of alcohol metabolism. During the breakdown
of ethanol (alcohol in alcoholic beverages), highly toxic chemical compounds such as acetaldehyde are created,
which trigger inflammation and, ultimately, the destruction of hepatocytes. Betaine supplementation can prevent
alcohol-induced depletion of glutathione and cysteine in hepatocytes and, thereby, improve the antioxidant
protection of these cells B2, Lj et al. 89 demonstrated that a diet enriched with betaine can reduce blood alcohol
levels in rats continuously fed with alcohol. In a study conducted by Rajdl et al. [611 117 male volunteers drank 375
mL of white wine per day for a month. In the group that consumed betaine along with wine, it was shown that this
amino acid can reduce the adverse effects of moderate alcohol consumption by reducing homocysteine levels.
Additionally, a study by Shen et al. [62] suggests that aberrant DNA methylation is associated with the pathogenesis
of ALD, i.e., prolonged alcohol consumption may lead to DNA hypomethylation. Therefore, betaine, as a methyl

donor, could have significant preventive properties in ALD.

3.2.3. Other Liver Diseases

Betaine could also have beneficial effects on other hepatic diseases, such as drug-induced liver injury and hepatitis
B and C infections [83. Zhai et al. 84l reported that betaine has significant hepatoprotective effects in a rat model
where liver injury was induced by carbon tetrachloride (CCl,). The results showed that betaine pretreatment
significantly reduced levels of hepatic transaminases as well as hepatic levels of malondialdehyde. Additionally,
levels of glutathione peroxidase and SOD were significantly increased. In a study conducted by Nezgoda et al. [63],
41 children with chronic hepatitis B infection in remission of acute lymphoblastic leukemia were treated with a
betaine—arginine complex. Namely, the authors reported a significant reduction in pain syndromes, hepatomegaly,
and the activity of hepatic aminotransferases. Another hepatotropic virus, the hepatitis C virus (HCV), is an
important cause of chronic liver diseases worldwide. Interferons type | and Il signaling is crucial in activating anti-
viral genes, which can be suppressed by HCV. Betaine might have an important role in modulating HCV-induced
inhibition of interferon signaling. Moreover, the addition of betaine to the standard anti-HCV therapy could

overcome resistance to pegylated interferon a 111,

3.3. Chronic Kidney Disease (CKD)

CKD is characterized by progressive damage and a reduction in the total number of nephrons, leading to a loss of
kidney function. It is caused by structural and/or functional abnormalities in the kidneys and manifested by the
presence of pathohistological abnormalities and/or elevated plasma biomarkers of tissue damage, with or without a
decrease in the glomerular filtration rate. Low betaine plasma levels are associated with increased kidney damage,
oxidative stress, and inflammation. Therefore, betaine plasma level might be a useful biomarker for identifying CKD
stages [881. A randomized case-control study by Ephraim and Jewell 84 included 24 cats with CKD. In a group that
was fed food supplemented with 0.5% betaine for 10 weeks, body composition improved, while plasma biomarkers
indicated better kidney health. In another study by Ephraim and Jewell (8] a total of 28 dogs with CDK were
examined. Consumption of test foods (low soluble fiber plus betaine (0.5% betaine, 0.39% oat beta-glucan, and

0.27% short-chain fructooligosaccharides) or high soluble fiber plus betaine (0.5% betaine, 0.59% oat beta-glucan,
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and 0.41% short-chain fructooligosaccharides)) led to a decrease in several uremic toxins. Furthermore, Sharma et
al. [83 demonstrated that orally administrated betaine in rats with sodium arsenite-induced nephrotoxicity could
have significant nephroprotective properties. As observed in preclinical studies, betaine has shown beneficial
effects on CKD. Therefore, betaine-enriched food formulas might have the potential to be used as an additional
treatment for patients with CKD [Z2,

3.4. Cardiovascular Diseases

It is well known that elevated levels of homocysteine in the blood plasma represent a risk factor for the
development of cardiovascular diseases. Homocysteine is a thiol amino acid that is formed by demethylation of the
essential amino acid methionine. Its adverse effects include oxidation of LDL cholesterol, increased production of
collagen, reduced bioavailability of nitric oxide, and prothrombotic features. Betaine, as a methyl donor, can
remethylate homocysteine, i.e., convert it to methionine Z3. According to Ashtary-Larky et al. 24! betaine
supplementation at a dose of 4 g/day might have homocysteine-lowering effects. Doses of >4 g/day are not
recommended since they can have a lipid-augmenting effect. Additionally, elevated plasma levels of homocysteine
can alter the levels of apolipoprotein Al, which can cause abnormal maturation of high-density lipoprotein (HDL)
particles. Keeping in mind that betaine can reduce homocysteinemia, this could normalize plasma apolipoprotein

Al levels, contributing to cardiovascular protection 2,

3.5. Carcinogenesis

Carcinogenesis (oncogenesis) is the process by which healthy cells are transformed into malignant cells. Currently,
the associations between dietary intake of betaine and cancer risk remain obscure, mainly due to a lack of strong
evidence as only a few studies are available. Van Puyvelde et al. 8l reported that betaine supplementation does
not affect breast cancer risk. In a study by Lu et al. 4 no significant associations between betaine intake and
lower colorectal cancer risk were observed. Additionally, in a study by Guertin et al. [/, the association between
serum betaine level and colorectal cancer risk was not significant. On the contrary, Seyyedsalehi et al. /8 claim
that an increased betaine intake might decrease the risk of colorectal cancer. Regarding prostate cancer, Kar et al.
7l claim that betaine has the ability to cause apoptosis and inhibit cell growth in the DU-145 human prostate
cancer cell line. Han et al. 8 conducted a prospective cohort study of 6,528 men who were followed up over the
years. In those with a confirmed diagnosis of prostate cancer, lethal risk was inversely associated with betaine
intake. Data about betaine usage in oncology is scarce and varies to a significant extent. To overcome the lack of

precision in risk estimates, more comprehensive studies are needed.

3.6. Neuroprotective Properties

Neuroprotection refers to different strategies and mechanisms to protect neuronal elements against damage due to
acute injury or neurodegenerative disorders, such as Alzheimer’s disease. Betaine was investigated in terms of
Alzheimer’s disease. In their study on HMC3 cells, Meng et al. /¥ identified betaine as an autophagy inducer. The
result was the clearance of amyloid-beta via the PI3K/AKT pathway. The same signaling pathway was investigated

by Huang et al. B9, |n this study, betaine was able to ameliorate cognitive deficits in rats by regulating the
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PISK/AKT pathway. Furthermore, it has been reported that betaine is depleted in the brains of patients with multiple
sclerosis. Knowing that methionine metabolism is dysregulated in this disease, betaine, as a methyl donor, could
have beneficial effects. In a study by Singhal et al. [l it was reported that betaine can activate neuroprotective
transcriptional programmers in the mouse model of multiple sclerosis. Neuroprotective agents also aim to limit
inflammation and reduce oxidative damage, which is especially important in reperfusion injuries and cerebral
ischemia. Li et al. (82! reported a favorable effect of betaine pretreatment in a rat model of brain infarct. Biochemical
analyses revealed a decrease in pro-inflammatory cytokine production and a reduction in oxidative stress damage.

Additionally, the volume of the brain infarct was reduced.

3.7. Body Composition and Sport Performance

Several studies on pigs and chickens in the late 1990s showed that the use of betaine could increase meat yield.
Such an effect motivated researchers to look into the effects of betaine on human body composition 22, In a
double-blind, randomized, placebo-controlled trial by Cholewa et al. 83, 23 young women without prior training
experience were randomly assigned to a betaine or placebo group. In a betaine group, individuals were
supplemented with 2.5 g of betaine per day. After an eight-week period of structured resistance training, significant
changes in lean mass and muscle thickness, as well as sports performances, were found. Nobari et al. [B4
conducted another double-blind, randomized, placebo-controlled trial, which included 29 male soccer players who
were randomly assigned to a betaine or placebo group. In a betaine group, individuals were supplemented with 2 g
of betaine per day. After a fourteen-week period, biochemical analyses revealed increased testosterone levels in
supplemented individuals, while there were no significant changes in lean body mass or body fat. According to a
meta-analysis by Ashtary-Larky et al. B3, betaine supplementation does not improve body composition. No
significant changes in body composition indices, such as body mass, body mass index, body fat percentage, fat
mass, or fat-free mass, were noted. There are a lot of discrepant results in this field, indicating that future studies

are required.
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