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Abstract

One of the well known biological functions of betaine is that of a methyl donor. Therefore, betaine
may partly replace choline and methionine in the diet. Another widely documented role of betaine
is to restore and maintain the osmotic balance. As an organic osmotic compound, betaine regu-
lates the water balance, thus exerting a stabilizing influence on tissue metabolism, particularly
within the digestive tract. As a donor of methyl groups necessary for various reactions in the body,
betaine is indirectly involved in lipid metabolism. Due to its metabolic functions, betaine is also
believed to play a significant role in energy metabolism in pigs. Of particular note are the results
of experiments in which a positive effect of betaine supplementation was observed as the energy
content of the diet was decreased.

Key words: betaine, growing pigs, energy utilization

Energy supplied by feed is used by the body for maintenance and production
purposes. Cereals are the main energy source in diets for pigs. The energy concen-
trations in the ration may be also increased by adding fat to feed; however, a rise in
energy levels achieved in this way is limited by physiological and technological fac-
tors. The energy content of the ration may be also increased by the administration of
feed additives, including feed enzymes.

Using an alternative approach, additional energy can be obtained through pre-
cise control over metabolic processes in the body. The knowledge of physiologi-
cal processes at the level of cell metabolism makes it possible to influence body
protein (muscular tissue) or fat deposition using substances that impact protein and
fat metabolism. Previous investigations suggest that betaine supplementation may
contribute to attaining the above goal in pigs (Szramko et al., 2006 a). Some authors
have pointed out the fact that the effect of betaine is greater when it is added to diets
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containing low concentrations of energy, since it enables to save part of maintenance
energy which can be used for production purposes or withdrawn from the diet when
the pigs have fully reached their genetic production potential (Casarin et al., 1997;
Cromwell et al., 2000; Schrama et al., 2001, 2003).

Physiological functions of betaine

Betaine is widely synthesized in animal and plant tissues, as well as in micro-
organisms. Rich dietary sources of betaine are marine invertebrates, wheat germ,
wheat bran, rapeseed, spinach and sugar beets. Betaine was first discovered in the
juice of sugar beets (Beta vulgaris) in the 19th century (Craig, 2004; Le Rudulier et
al., 1984; Zeisel et al., 2003). Betaines are a group of methyl derivatives of glycine.
Betaine, similarly to carnitine and choline, is a quaternary amine. Betaine has been
classified as a methylamine because it contains three chemically reactive methyl
groups linked to the nitrogen atom. Betaine has a molecular weight of 117.2 Da, is
thermally stable up to 200°C, and highly water soluble due to its electric charge and
the presence of polar functional groups (Odle et al., 2000).

As a product of choline oxidation, betaine is a source of methyl groups participat-
ing in metabolic processes in animals. Another physiological function of betaine is
to protect cells against undesirable changes in osmotic pressure. Betaine is involved
in a variety of biochemical reactions important for vital functions, and its metabo-
lism is closely linked to that of methionine and choline (Eklund et al., 2005; Lowry
et al., 1987; Puchala et al., 1998; Saunderson and MacKinlay, 1990). Betaine also
promotes growth by enhancing GH secretion in pigs (Huang et al., 2007).

Methyl donor

Prior to its conversion to betaine in a two-step enzymatic process, choline must
be transported from the cytoplasm to the mitochondrion, where it is oxidized to
betaine aldehyde in a reaction catalyzed by the enzyme choline oxidase. Betaine al-
dehyde is further oxidized to betaine by the enzyme betaine aldehyde dehydrogenase
(BADH). Thus, betaine is a direct donor of methyl groups only when transferred to
the cytoplasm. The transfer is a complex and energy-consuming process (Simon,
1999; Virtanen, 1995), the effectiveness of which may be limited by factors disturb-
ing transport between the cell membrane and mitochondria. These factors include
ionophores given to poultry to control the parasitic disease coccidiosis.

Betaine is catabolized via a series of enzymatic reactions that take place mostly
in the mitochondria of liver and kidney cells. The main goal of this conversion is
to donate methyl groups for the production of methionine and its active form, S-
adenosylmethionine (SAM), and to detoxify homocysteine (HC). The process may
occur via two different metabolic pathways, with HC as a common component of
both (Craig, 2004). The enzyme betaine-homocysteine methyltransferase (BHMT)
catalyzes the transfer of only one methyl group from betaine to homocysteine, to
form methionine. This pathway, known as the transmethylation cycle, was described
by Finkelstein and Martin (1984, 1986). Hepatic betaine-homocysteine methyltrans-
ferase (BHMT) activity was significantly increased by 13.97% (P<0.05) when pigs
were offered 0.125% betaine (Feng et al., 2006). The remaining methyl groups are
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transferred to dimethylglycine (DMG) and monomethylglycine (sarcosine) which
are converted into homocysteine via the vitamin B ,-dependent enzyme 5-methyltet-
rahydrofolate-homocysteine methyltransferase (MFHT), and then they are used for
methionine production (Odle et al., 2000).

As already mentioned, methyl groups are indispensable for metabolic processes
(e.g. methylation of nucleic acids, biosynthesis of creatine, carnitine and choline).
It has been also demonstrated that an adequate supply of available methyl groups
enhances the immune response (Swain and Johri, 2000). However, the vertebrates
are unable to synthesize methyl groups, and must obtain them from the diet. In farm
animals the main sources of methyl groups are choline, methionine and betaine.
Research results show that among those three compounds betaine is the most ef-
fective methyl donor. The estimation of the metabolic rate within living organisms
poses certain problems, but it was calculated that 1 kg of anhydrous betaine (97%)
supplies the equivalent amounts of methyl groups as 1.25 kg of DL-methionine or
1.65 kg of choline chloride (70%) (Kidd et al., 1997). This suggests that betaine
can partly or totally replace synthetic choline (Partridge, 2003) and partly replace
synthetic methionine in the ration, thus reducing overall feed costs (Remus and Vir-
tanen, 1996). According to some authors (Overland et al., 1999), the use of betaine
as a methyl group donor is associated with the methionine-sparing effect, making
methionine more available for other metabolic functions (e.g. for protein synthesis,
where betaine cannot be substituted for methionine).

Similarly as methionine, choline not only donates methyl groups, but also per-
forms specific metabolic functions in animals, in which it cannot be replaced by
betaine. Choline is contained in phospholipids which are important structural com-
ponents of cell membranes. Choline is a precursor of acetylcholine, a substance es-
sential for nerve impulse transmission. It also participates in fat metabolism in the
liver (Craig, 2004; Kidd et al., 1997; Simon, 1999).

Osmoprotectant

Betaine, together with sorbitol, mannitol, glycerol, arabitol, saccharose, taurine,
sarcosine and glycerophosphocholine, belongs to a group of organic compounds
termed compatible osmolytes. They can be accumulated in high concentrations in
the cytoplasm, thus preventing the occurrence of osmotic pressure across the cell
membrane and an excessive increase in electrolyte concentrations. Apart from its
osmotic activity, betaine alleviates the toxic effects of urea when its concentrations
reach dangerous levels, thus acting as an osmoprotectant (Wigckowski and Zabtocki,
1996).

The osmoregulation-related properties of betaine were first reported in bacte-
ria whose growth was inhibited by high concentrations of salts (Le Rudulier et al.,
1984), and further confirmed by studies on plants (McNail et al., 1999) and fish
(Virtanen et al., 1989). Betaine protects plant tissues against freezing, drought and
salt stress (Zulkifili et al., 2004). According to Zabaras-Krick (1997), betaine shows
the characteristics of a dipolar zwitterion resulting in osmoprotective properties. Os-
motic stress may be caused by disease, malnutrition or inadequate environmental
conditions. Accumulated betaine permits metabolic activity under conditions that
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would normally cause impairment of cell functions. Betaine has been found to neu-
tralize the inhibition of cell protein synthesis and to enhance the proliferation of
isolated cells subjected to hyperosmotic shock (Petronini et al., 1992). Osmotic pro-
tection is observed not only in animals that accumulate betaine formed by oxidation
of choline, but also in those fed betaine-supplemented diets (Virtanen, 1995).

The functions of water inside the cell are often underestimated. Water plays a key
roleincellmetabolism. Maintainingastable waterlevel requires high energy expenditu-
res. The basic regulatory mechanism is simple osmosis, in which water transport into
and out of the cell is controlled by the concentration gradient of salt and solute be-
tween the intra- and extracellular space. When the conditions of salt and solute con-
centrations are inadequate, the sodium-potassium pump is used to maintain water
balance in the cell. This mechanism requires more energy than the action of organic
osmoprotectants. At the same time, an increase in the concentrations of inorganic
ions (sodium, potassium, chlorides) is limited by their destabilizing effect on protein
structure and enzyme functions. Betaine, as an organic osmotic compound, has been
shown to retain water inside the cell at lower energy expenditures. Therefore, betaine
added to feed allows reducing energy requirements for maintenance (Partridge,
2003).

Lipid metabolism

Numerous studies suggest that lipid metabolism is also affected by betaine
(Hanczakowska et al., 1999; Huang et al., 2008; Rojas-Cano et al., 2011; Sales,
2011; Yang et al., 2009), which is considered to be a lipotropic compound. Betaine
indirectly stimulates the synthesis of carnitine necessary for the transport of long-
chain fatty acids to mitochondria, where they are oxidized (Zabaras-Krick, 1997).

According to some authors, betaine enables decreasing the amount of adipose tis-
sue through the stimulation of fatty acid oxidation and contribution to the synthesis
of carnitine, as mentioned above (Nakev et al., 2009; Saunderson and McKinlay,
1990). Other observations have confirmed that betaine reduces carcass fat concen-
tration in pigs (Fernandez-Figares et al., 2002), revealing at the same time that the
addition of 0.5% betaine has no impact on the oxidation and utilization of palmitic
acid. This suggests that the effect of betaine on lipid metabolism could be related
to mechanisms other than oxidation (Wray-Cahen et al., 2004). Loest et al. (2002)
found that betaine may decrease the demand for choline methyl groups, thus increas-
ing choline availability for lipid metabolism. This was supported by the findings of
Yao and Vance (1989).

Effect of betaine on energy utilization

According to some authors, betaine supplementation in pig nutrition brings the
best results when the ration has a low energy content. Experiments performed at the
University of Kentucky (Cromwell et al., 2003) have shown that betaine supple-
mentation is most effective in low-energy diets. The authors noted an improvement
in daily gains (by 4%) and in carcass quality, a decrease in backfat thickness meas-
ured using real-time ultrasound, and an increase in carcass leanness. In the previous
studies of the same authors (Cromwell et al., 2000), supplementation of low-energy
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diets with betaine (0.075 or 0.125%) did not improve daily gains, while the average
feed to gain ratio (F/G) and selected parameters of carcass quality (backfat thickness
and lean content of the carcass) indicated a positive effect of such supplementation.
However, no such effects were observed following the inclusion of 0.2% betaine.

Matthews et al. (1998) reported that betaine increased average daily gain (ADG)
in pigs fed diets with low protein and energy levels and diets meeting the nutrient
requirements of pigs, but decreased ADG in pigs fed diets with a low protein content
and an adequate energy concentration and diets with an adequate protein content
and a low energy concentration. Betaine also increased ADG in pigs fed 80% of ad
libitum intake, but did not affect ADG in pigs provided feed on an ad libitum basis
(Casarin et al., 1997).

Zabaras-Krick (1997) also shares the opinion that betaine supplementation in-
creases the energy value of diets. Several experiments have been conducted on grow-
ing gilts and hogs to verify the above hypothesis. F/G values were found to improve
in animals fed betaine-supplemented diets. Pigs given betaine were characterized
by lower values of backfat thickness, by 20% on average. Carcass leanness also
increased, to a higher degree in gilts than in hogs. The addition of betaine to feed
improved energy availability, by 5 to 8%.

German researchers whose findings were cited by Partridge (2002) examined the
effect of betaine added to diets with a decreased energy concentration on fattening
results and carcass quality parameters in growing pigs (30 kg to 120 kg body weight).
The level of digestible energy (DE) was reduced in experimental groups relative to
control groups, by 4.3% in the first experiment and by 3% in the second experiment.
Experimental animals received no choline chloride, whereas amino acid levels were
identical in all groups. In the first experiment, ADG were higher in growing (729 g)
and finishing (828 g) pigs fed low-energy betaine-supplemented diets, in comparison
with control animals (697 g and 809 g, respectively). The differences were statisti-
cally significant. The results of the second experiment on finishing pigs indicated
that betaine exerted a positive influence on growth rate when energy concentration
was decreased, but the observed differences were non-significant. The lean content
of the carcass was higher in experimental groups than in control groups in both ex-
periments. Schrama et al. (2003) studied the effect of betaine on energy metabolism
in growing pigs. Energy concentration was decreased in experimental diets, while
amino acids were balanced so as to determine the influence of betaine not related to
its function of a methyl donor. During the experimental period betaine reduced heat
production and energy requirements for maintenance, which consequently increased
energy retention. Moreover, the difference in heat production between animals of
experimental and control groups increased with time. According to the authors, di-
etary betaine supplementation affected energy metabolism in two ways: by reducing
heat production and by changing the lipid/protein deposition ratio, to the advantage
of protein. The authors suggested that due to its osmolytic properties, betaine could
reduce energy expenditures for the ion pump, particularly in the cells of the gastroin-
testinal tract. This opinion is also shared by Simon (1999).

Studies were also conducted on growing-finishing pigs to determine the effect
of betaine and enzymatic preparations added to diets with low concentrations of
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energy and amino acids on body weight gains and feed conversion (Szramko et al.,
2006 b). Betaine added to diets (1.25 kg/t) enabled reducing their energy level by
4.5% with no negative impact on the body weight gains of growing-finishing pigs.
Betaine supplementation had a positive effect on ME utilization per kg of weight
gain. Diets with reduced (by 2.5%) levels of energy and amino acids, supplemented
with feed enzymes, did not decrease the production results (ADG and F/G) of grow-
ing-finishing pigs. The addition of betaine (1.25 kg/t) and enzymatic preparations
allowed reducing the concentrations of energy and amino acids in diets, by 7% and
2.5% respectively, with no negative influence on ADG and F/G.

Siljander-Rasi et al. (2003) compared the effect of different levels of betaine and
its precursor choline on the performance and carcass traits of pigs. The animals were
offered diets supplemented with different doses of betaine (250, 500 or 1000 mg/kg)
and choline chloride (578, 1155 or 2310 mg/kg). The concentration of digestible
energy in diets was decreased to 12.3 MJ/kg. ADG and F/G improved linearly with
an increase in betaine content, while choline had no influence on the investigated
parameters.

Cromwell et al. (1999) examined the efficiency of betaine added to energy-re-
stricted diets for growing-finishing pigs. Over the experimental period, the animals
received diets differing in energy levels (13.89 or 13.28 MJ ME/kg) and supple-
mented with betaine in the amount of 1.14 g/kg. Betaine improved ADG and F/G in
pigs fed a low-energy diet, compared to those offered a diet with a sufficient amount
of energy. The lowest backfat thickness (18.9 mm) was reported in pigs given
a low-energy betaine-supplemented diet. In the group of pigs offered betaine-sup-
plemented feed with an adequate concentration of energy, backfat thickness was
20.6 mm. In another experiment of this study, supplemental betaine decreased
backfat thickness to a comparable degree in both experimental groups. Low-energy
betaine-supplemented diets contributed to an increase in carcass lean percentage. It
has been estimated that betaine decreased backfat thickness by 5.5% and increased
carcass leanness by 1% in pigs fed diets with an adequate energy level, whereas in
animals given energy-limited diets backfat thickness decreased by 5.3% and carcass
leanness increased by 2.3%.

The findings of Van Milgen et al. (2003) do not support the results of the above
studies. An analysis of energy metabolism parameters, performed by these authors,
showed that betaine had no impact on body energy partitioning. Haydon et al. (1995)
reported that betaine improved ADG and ADFI (average daily feed intake) in pigs
fed high-energy diets, but decreased ADG and ADFI in pigs fed low-energy diets.
The findings of Gagucki and Skomiat (2000) are also only partly consistent with
numerous experimental data pointing to the beneficial influence of supplemental
betaine on carcass quality parameters. These authors demonstrated that the inclusion
of betaine in energy-restricted diets resulted in a 0.57 cm increase in average backfat
thickness, a decrease in the meat content of primal cuts and higher carcass fatness.

Available literature provides scant information on the effect of betaine on the
growth performance and carcass traits of young growing pigs with live body weight
of up to 30-60 kg. Fernandez-Figares et al. (2002) conducted an experiment under
conditions of restricted feeding (69% of the predicted ad libitum intake) to deter-
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mine the effect of different levels of betaine (0.125, 0.250 or 0.500%) in diets on the
growth rate and carcass quality parameters in growing pigs. It was found that dietary
betaine supplementation had no influence on daily gains and the feed conversion ra-
tio in pigs growing from 36 to 64 kg, fed nutrient-restricted diets. However, betaine
positively affected carcass traits, decreasing the total concentration of carcass fat,
increasing the total concentration and deposition rate of carcass protein, and improv-
ing lean gain efficiency. There was a linear trend towards reduced fat as the concen-
tration of dietary betaine increased. Pigs receiving 0.5% betaine had a 10% lower
concentration of carcass fat, in comparison with the control group. Backat depth (P3)
also decreased with an increase in betaine doses.

Other experiments involving growing pigs (20 kg BW) fed at a level of 95% of
ad libitum energy intake revealed a synergistic action when betaine and conjugated
linoleic acid (CLA) were administered together. Betaine or CLA alone did not affect
the growth performance of animals. However, betaine (0.5%) + CLA (1%) increased
ADG, daily gains and protein deposition relative to ME intake, compared with con-
trol animals (Fernandez-Figares et al., 2008).

In a study conducted by Szramko et al. (2006 a), 584 growing pigs with average
live body weight of about 15 kg were divided into four groups. Pigs of the control
group (I) were fed a standard diet, the composition of which satisfied the nutrient
requirements of animals. In group II the energy level of a betaine-supplemented diet
was reduced by 4.5% relative to the control group. In group III the levels of ME and
AA in a diet containing feed enzymes (-glucanase, B-xylanase and a-amylase) were
reduced by 2.5% in comparison with the control group. Pigs from group IV received
a diet supplemented with both betaine and feed enzymes. The energy value and the
amino acid content of this diet were reduced by 7.0% and 2.5%, respectively. It
was found that diets with reduced levels of energy or energy and amino acids, sup-
plemented with betaine, feed enzymes or betaine and feed enzymes, fed to growing
pigs, had no negative effect on production results. A tendency towards better produc-
tion results was even observed in the experimental groups. Betaine added to diets
with a reduced energy concentration had a beneficial influence on ME utilization per
kg of body weight gain.

Conclusion

In order to meet changing consumer preferences associated with a growing de-
mand for safe foods, new solutions are searched for in order to improve the effi-
ciency of pig production while maintaining high pork quality. In view of the above,
betaine has recently gained increasing attention as a natural feed additive in pig nu-
trition. It has been found that dietary betaine supplementation positively affects car-
cass quality traits, as reflected in both reduced backfat thickness and increased lean
percentage. An improvement in body weight gains and in the feed conversion ratio
in pigs offered betaine-containing diets has been also reported by numerous authors.
It has been well documented that betaine can partly replace methionine or choline in
diets for pigs, and that it can act as a potent osmoprotectant. Moreover, betaine may
play a significant role in energy metabolism, as suggested by the results of some
studies in which the demand for energy was reduced in pigs receiving betaine-sup-
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plemented diets. In view of the above, betaine supplementation may have important
practical implications. When added to low-energy pig diets, betaine contributes to an
improvement in overall production results. Pigs fed betaine-supplemented diets are
able to make better use of their genetic potential as betaine enables them to save part
of maintenance energy.
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KRZYSZTOF LIPINSKI, EWA SZRAMKO, HEINZ JEROCH, PAULIUS MATUSEVICIUS
Wplyw betainy na wykorzystanie energii u rosnacych §win - przeglad piSmiennictwa
STRESZCZENIE

Jedna z dobrze poznanych funkcji biologicznych betainy jest dostarczanie organizmowi grup mety-
lowych. Z tego wzgledu uwaza sig, ze betaina moze zastgpowac czg$¢ choliny i metioniny w dawkach
pokarmowych. Inna rolg betainy, takze potwierdzona juz w licznych badaniach naukowych, jest jej udziat
w zachowaniu prawidlowej rownowagi osmotycznej. Betaina, jako organiczny zwigzek osmotyczny,
reguluje gospodarke wodng organizmu, co z kolei wptywa stabilizujaco na metabolizm wielu tkanek,
zwlaszcza w obrebie przewodu pokarmowego. Betaina, dostarczajac grup metylowych, niezbednych
do prawidlowego przebiegu szeregu przemian w organizmie, jest pos$rednio zaangazowana rowniez
w metabolizm tluszczu.

Obecnie uwaza si¢, ze betaina dzigki petnionym funkcjom metabolicznym, moze mie¢ réwniez
istotne znaczenie w przemianach energetycznych §win. Szczegdlna uwage zwracaja wyniki doswiadczen,
w ktorych korzystne dziatanie dodatku betainy obserwowano przy obnizonym poziomie energii
w mieszankach.



