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In recent years, numerous studies have confi rmed the vital role and therapeutic potential of quaternary ammonium 
compounds and endogenous formaldehyde in the prevention and treatment of diseases. These compounds participate 
in the transmethylation processes and play a role in the metabolism and in the regulation of cellular processes. The 
present research indicates that sour cherry fruit contains large quantities of quaternary ammonium compounds in the 
early developmental phase (burgeoning). The quantity of methyl-donor compounds (choline, carnitine) and easily 
mobilizable methyl groups were measured in various fruit parts (stalk, fruit fl esh, seed kernel) of fi ve sour cherry 
cultivars using OPLC technology, and the cultivar dependence of the detected compounds was examined. The 
results of comparative examinations established the presence of choline in the stalk and seed and of a signifi cant 
amount of carnitine in the fruit fl esh. The clear, signifi cant differences between the genotypes will facilitate the 
selection of cultivars containing the largest proportion of components benefi cial for human health.
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Sour cherries are very important dietary sources of vitamins and polyphenols. Most studies 
focus on the antioxidant properties of the polyphenol components (SASS-KISS et al., 2005). 
High anthocyanin content has benefi cial effect in the case of obesity, infl ammatory processes, 
hyperlipidaemia, type 2 diabetes, and cardiovascular diseases (FORD & MOKDAD, 2001; 
SEYMOUR et al., 2009). Sour cherry stalks have long been used as an infusion or tea, but 
compared to the fruit, relatively little information is available regarding the composition and 
bioactive properties (BASTOS et al., 2015). Based on previous studies, sour cherry stalks make 
an excellent diuretic (HOOMAN et al., 2009) and, due to its natural antioxidant (polyphenol) 
content, can also be used as a detoxicant (BURSAL et al., 2013). The extract of sour cherry seed 
kernel is rich in fl avin, fl avonoid, and trans-resveratrol that have protective effects in the 
cardiovascular system (BAK et al., 2006). The oil of seed kernel contains unsaturated fatty 
acids, oleic acids, α-tocopherol, and tocopherol like components. The combined effect of 
these compounds is expected to make sour cherry seed kernel oil a valuable dietary supplement 
(BAK et al., 2010).

In woody plants, compounds participating in transmethylation processes, such as 
endogenous formaldehyde (HCHO) and quaternary ammonium compounds, have been the 
subject of less research, though their role in the biotic and abiotic stress tolerance of plants 
has been demonstrated (GOPAL et al., 1990; SÁRDI & TYIHÁK, 1998; NUCCIO et al., 2001). In 
transmethylation reactions, S-adenosyl-L-methionine (SAM) is the “methyl donor”, and the 
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methyl group of SAM reaches the acceptor molecules through the formation of HCHO as an 
intermediate product (HUSZTI & TYIHÁK, 1986). HCHO precursors (generators, methyl 
donors) are connected directly or indirectly to the methylation cycle, in which nucleic acids, 
proteins, peptides, amino acids, biogenic amines, nor-alkaloids, etc. may be involved as 
acceptor molecules. Transmethylation, i.e. the removal or integration of methyl groups, is a 
low-energy, fast substitution reaction allowing reversible regulation. The reversible reactions 
infl uence the weight, hydrophobicity, and solubility of molecules, thereby affecting their 
function and enzyme activity (NÉMETH, 2002). The “HCHO” denomination means those 
methyl or oxidised methyl groups in the biological systems from which potentially HCHO 
may arise.

Recent research shows that HCHO plays a key role in the antibiotic effects (BURKE & 
KOCH, 2001) and may fulfi l an essential function in regulating the balance between cell 
division and cell death, where a defect may lead to diseases through abnormal cell proliferation 
(TYIHÁK et al., 2001). The role of methyl-donor compounds (primarily choline and betaine) 
in the metabolism and in the regulation of cellular processes has been proved from various 
aspects (NICULESCU & ZEISEL, 2002; MUDD et al., 2007; KOTSOPOULOS et al., 2010; CORBIN & 
ZEISEL, 2012).

On the one hand, choline inhibits cholesterol accumulation and facilitates metabolism, 
the utilization of fatty acids, and the detoxifi cation of the body; on the other hand, during 
brain metabolism, it transmutes into acetylcholine, which participates in signal transduction 
and in the regulation of the functions of nerves coordinating muscle movement (YOSHIMOTO 
et al., 2004). As phosphatidylcholine, it preserves the integrity of the cell membrane, 
participates in intracellular communication, in the transmission of information, and in the 
energy supply of cells (VIVEKANANDA et al., 2000). Based on research by ZEISEL and co-
workers (2003), the most signifi cant food products containing choline are animal source 
foods. Among plant source foods, seeds or young plant parts are worth mentioning.

Carnitine (L-carnitine) plays a critical role in intracellular and metabolic functions, such 
as the transportation of fatty acids to the mitochondria, the stabilization of cell membranes, 
and the reduction of serum lipid levels. L-carnitine supplement has proved to be advantageous 
in the case of obesity, type 2 diabetes, and liver cirrhosis (DEL BEN et al., 2016). The best 
sources of carnitine are animal source foods. Vegetables have signifi cantly lower carnitine 
content and fruit even lower (KNÜTTEL-GUSTAVSEN & HARMEYER, 2007).

Lack of methyl-donor compounds alters DNA methylation, and thus gene expression 
(ZEISEL, 2012). Abnormal DNA methylation can often be found in cancer cells and may be 
associated with chromosome instability and the inactivity of tumour-inhibiting genes (DAVIS 
& UTHUS, 2004). The objective of the present experiments was thus to examine compounds 
participating in endogenous transmethylation processes in different plant parts of sour cherry 
fruit at a young developmental stage (in spring). The research focused primarily on the 
comparison of cultivars based on the nutritional and human-health-related signifi cance of 
quaternary ammonium compounds.

1. Materials and methods

1.1. Plant material

The sour cherry cultivars ‘Érdi bőtermő’, ‘Csengődi’, ‘Pipacs 1’, ‘Kántorjánosi’, and 
‘Újfehértói fürtös’ were obtained from the Fruitculture Research Institute of the National 
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Agricultural Research and Innovation Centre. The samples were collected from a commercial 
orchard. The trees were grafted on Mahaleb rootstock and were spaced 5 m apart in the row, 
with 7 m between rows. The samplings were performed in 2017 in fi ve repetitions. One 
repetition was prepared by homogenising 15 samples from each fruit part. The fruit were 
pitted, all fl esh and stem were used for analysis. The endocarps of the seeds were removed, 
and only the kernels were used for analysis. The determination of the optimal times of fruit 
burgeoning was based on the method elaborated by SZABÓ (2007). All fruit samples (stalk, 
fruit fl esh, and seed kernel) were collected in the same burgeoning state, i.e. when the fruit 
turn from green to yellowish green.

1.2. Chemicals and OPLC evaluation

The chemicals (Nɛ-trimethyl-lysine, carnitine, choline, trigonelline, betaine, dimedone, and 
sodium acetate) were of HPLC grade and were purchased from Sigma-Aldrich Ltd. (Budapest, 
Hungary). All solvents (methanol, chloroform, methylene chloride, and i-propanol) were of 
HPLC grade and were purchased from Merck Ltd. (Budapest, Hungary).

The OPLC (Overpressured Layer Chromatographic Separation) technique and 
densitometry evaluation (developed by OPLC-NIT Co., Ltd., Budapest, Hungary) were used 
for the quantitative and qualitative determination of quaternary ammonium compounds and 
endogenous formaldehyde. Tissue samples of fruit parts were frozen in liquid nitrogen, 
powdered, and extracted with dimedone solution (500 mg tissue powder in 800 ml of 0.03% 
methanolic dimedone solution). After 10 min of ultrasonic cleaning (Titertek Ultrasonic 
Cleaner), the suspension was centrifuged (ScanSpeed Mini) at 1000 g for 10 min at room 
temperature. The clear supernatants were used for OPLC separation on silica gel plates 
(Kieselgel 60 F254). The mixture of quaternary ammonium compounds used as standard 
contained Nɛ-trimethyl-lysine (TML), carnitine, choline, trigonelline (TGL), and betaine. 
The OPLC separations were carried out using chloroform – methylene chloride (v/v=35:65) 
for formaldemethone determination and i-propanol – methanol – 0.1 M sodium acetate (v/
v=20:3:30) for quaternary ammonium compounds. After development, the formaldemethone 
and quaternary ammonium compound spots were evaluated using a Shimadzu CS-930 TLC/
HPTLC scanner at λ=265 nm for formaldemethone and at λ=525 nm for quaternary 
ammonium compounds using, in this case, Dragendorff reagent (SÁRDI & TYIHÁK, 1998).

1.3. Determination of dry matter content

From each homogenised fruit sample 5 g was oven-dried at 105 °C to constant weight, and 
the dry matter content was calculated from the weight loss.

1.4. Statistical analysis

Data were analysed using the ANOVA model and means comparison, and signifi cant 
differences were calculated using Duncan’s multiple range test (P=0.05). Five repetitions 
were run in all three methods of testing (stem, fruit fl esh, and seed kernel) in 2017. The 
correlations were analysed by Spearman’s rank order correlation (P=0.01 and P=0.05). 
Statistical analysis was carried out using the 22.0 software (SPSS Inc., Chicago, USA).
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2. Results and discussion

Among the quaternary ammonium compounds occurring in the standard used for identifi cation 
under the given measuring circumstances, choline was reproducibly measurable at this 
developmental stage in the seeds and stalks and carnitine in the fruit fl esh.

The quantities of detectable methyl-donor compounds depended on the plant part and 
were signifi cantly dependent on the cultivar. The quantities of endogenous HCHO and 
methyl-donor choline showed the least variability in the seed (Fig. 1), where the choline 
levels were about fi ve times that detected in the stalk (Fig. 2).

Fig. 1. Choline and endogenous HCHO contents in the seed kernels (Mean values with different letters are 
signifi cantly different at P=0.05). : Choline; : HCHO

Fig. 2. Choline and endogenous HCHO contents in the stalks (Mean values with different letters are signifi cantly 
different at the P=0.05). : Choline; : HCHO
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Signifi cant differences could also be seen in the HCHO quantities, which were again 
dependent on plant part and genotype. There was a negative correlation between the choline 
and HCHO contents: cultivars with higher choline contents contain smaller amounts of 
“bound” HCHO than those with lower choline contents. However, a statistically verifi able 
negative correlation between choline and HCHO could only be established in the seed kernel, 
R2=0.9006 (Fig. 3). A negative correlation between choline and HCHO was also observed in 
the fruit stalk, but the correlation was not signifi cant, so further examinations will be needed 
before conclusions can be drawn.

Fig. 3. Correlation between the average choline and HCHO quantities in the seed kernel (P=0.01)

Surprisingly high quantities of carnitine were detected in the fruit fl esh, but considerable 
cultivar dependence was again observed. With the exception of one cultivar (‘Érdi bőtermő’), 
higher carnitine contents were associated with lower “bound” HCHO quantities (Fig. 4). The 
negative correlation was statistically verifi able, R2=0.6131 (Fig. 5).
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Fig. 4. Carnitine and endogenous HCHO contents in the fruit fl esh (Mean values with the different letters are 
signifi cantly different at P=0.05) : Carnitine; : HCHO
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Fig. 5. Correlation between the average quantities of carnitine and HCHO in the fruit fl esh (P=0.05)

On the basis of dry matter content, the quantities of methyl-donor compounds were 
converted into dry weight in order to determine the chemical quality of the fruit parts as 
possible components of dried or lyophilised products (Table 1).

Table 1. Quantities of methyl-donor compounds and HCHO in terms of dry mass in specifi c fruit parts

Fruit part Seed kernel Stalk Fruit fl esh

Cultivar

dry mass, μg g–1 dry mass, μg g–1 dry mass μg g–1

HCHO Choline HCHO Choline HCHO Carnitine

Pipacs 1 54.8±16.8a 937±135.6b 1.4±0.3a 119.2±23.2b 0.5±0.1a 1375.8±103.1d

Csengődi 68.5±13.6ab 898.8±67.1ab 1.4±0.3a 106.6±11b 0.7±0.3a 1298.7±110d

Újfehértói fürtös 83.9±16bc 758.5±224.6ab 1.6±0.4ab 49.9±9.2a 1.5±0.5b 1128.9±125.2c

Kántorjánosi 95.9±26.8c 707.8±166a 2.1±0.6bc 56.1±7.8a 0.9±0.4a 776±157.7b

Érdi bőtermő 78.1±20.6abc 778.4±117.9ab 2.4±0.9c 65.1±13.7a 1.7±0.4 502.4±162.6a

a,b,c: Mean values followed by different letters are signifi cantly different at P=0.05

At present, primarily in the fi eld of medical sciences, increasing attention is being paid 
to the physiological effects of endogenous transmethylation and the methyl-donor compounds 
participating in the methylation cycle, as well as to the study of their role in the human 
metabolism, in its regulation, and in the control of various gene functions (CORBIN & ZEISEL, 
2012). Methylation defects are demonstrably linked to an increased risk of numerous diseases 
(including tumorous diseases). Knowledge of the connection between defects in methylation 
and demethylation processes and the development of various diseases will enable us to 
infl uence and, if necessary, to normalize the “available” methyl pool of the body in order to 
preserve or, in the case of destabilization, to restore the methyl balance (TIRABOSCHI et al., 
2004; DEL BEN et al., 2016). This question can be approached through chemical-biochemical 
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means and via natural resources and nutrition (SÁRDI et al., 2009; BLÁZOVICS et al., 2012). The 
quantitative dependence of HCHO and methyl-donor compounds on the age and development 
of the plant part was previously verifi ed in the case of watermelon (SÁRDI & TYIHÁK, 1998) 
and bean plants (SÁRDI & STEFANOVITS-BÁNYAI, 2006), larger quantities being observed in 
younger plant parts than in older ones. The early developmental stage was chosen, because 
the main purpose was to fi nd plant sources rich in methyl-donor compounds. The quantities 
of these compounds showed signifi cant cultivar dependence even at the early burgeoning 
stage and were also signifi cantly infl uenced by the plan part. A considerable amount of 
choline was detected in the seeds and high concentrations of carnitine in the fruit fl esh.

The average carnitine content in the fruit fl esh of the sour cherry genotypes was 91.8 
mg/100 g of fresh mass and 101.6 mg/100 g of dry mass, considerably exceeding the 
published data for the plants (KNÜTTEL-GUSTAVSEN & HARMEYER, 2007). The average choline 
content in the seed kernels of burgeoning sour cherry fruit was 49.2 mg/100 g of fresh mass 
and 81.6 mg/100 g of dry mass, which, based on data in the literature (ZEISEL et al., 2003), 
could make them a good plant source for choline. The average choline content of the stalk 
was 7.68 mg/100 g of fresh mass and 7.95 mg/100 g of dry mass, which could contribute to 
its well-known health benefi ts.

3. Conclusions

The results confi rm that, by systematically extending the range of plant species examined, it 
is possible to fi nd new sources of compounds with proved role in human health preservation. 
The consumption of biologically active compounds of natural origin is less likely to lead to 
dangerous overdoses than that of synthetic compounds currently available, further 
emphasising the benefi t of natural sources. Because the plants’ methyl donor pool is a less 
researched area, our examination may give new information in the case of any plant origin 
food recommended for consumption. If the seeds are to be used as food supplement, it is 
important to examine not only benefi cial components, but also possible harmful compounds, 
such as amygdaline, which occurs in various quantities in drupes and whose benefi cial or 
harmful effect is very controversial (PARK et al., 2005; MILAZZO et al., 2007).

*

This work was funded by the National Agricultural Research and Innovation Centre, Hungary, R&D Project No. 
GD003, GD004/2017.

References

BAK, I., LEKLI, I., JUHASZ, B., VARGA, E., VARADI, J., GESZTELY, R., SZABO, G., SZENDREI, L., BACSKAY, I., VECSERNYES, 
M., ANTAL, M., FESUS, L., BOUCHER, F., LEIRIS, J. & TOSAKI, A. (2006): Cardioprotective mechanisms of Prunus 
cerasus (sour cherry) seed extract against ischemia-reperfusion-induced damage in isolated rat hearts. Am. J. 
Physiol. Heart C., 291, 1329–1336.

BAK, I., LEKLI, I., JUHASZ, B., VARGA, E., VARGA, B., GESZTELYI, R., SZENDREI, L. & TOSAKI, A. (2010): Isolation and 
analysis of bioactive constituents of sour cherry (Prunus avium) seed kernel: an emerging functional food. J. 
Med. Food, 13, 905–910.



305SZÜGYI & SÁRDI: METHYL-DONOR COMPOUNDS IN SOUR CHERRY

Acta Alimentaria 47, 2018

BASTOS, C., BARROS, L., DUENAS, M., CALHELHA, R.C., QUEIROZ, M.J.R.P., SANTOS-BUELGA, C. & FERREIRA, I.C.F.R. 
(2015): Chemical characterisation and bioactive properties of Prunus avium L.: The widely studied fruits and 
the unexplored stems. Food Chem., 173, 1045–1053.

BLÁZOVICS, A., NYIRÁDY, P., ROMICS, I., SZŰCS, M., HORVÁTH, A., SZILVÁS, Á., SZÉKELY, E., SZENTMIHÁLYI, K., BEKŐ, G. 
& SÁRDI, É. (2012): How can cancer-associated anemia be moderated with nutritional factors and how do Beta 
vulgaris L. ssp. esculenta var. rubra modify the transmethylation reaction in erythrocytes in cancerous 
patients? -in: SILVERBERG, D.S (Ed.) Anemia. InTech Open Access Publisher, Rijeka. pp. 93–114.

BURKE, P.J. & KOCH, T.H. (2001): Doxorubicin-formaldehyde conjugate, doxoform: induction of apoptosis relative 
to doxorubicin. Anticancer Res., 21, 2753–2760.

BURSAL, E., KÖKSAL, E., GÜLCIN, I., BILSEL, G. & GÖREN, A.C. (2013): Antioxidant activity and polyphenol content of 
cherry stem (Cerasus avium L.) determined by LC-MS/MS. Food Res. Int., 51, 66–74.

CORBIN, K.D. & ZEISEL, S.H. (2012): Choline metabolism provides novel insights into non-alcoholic fatty liver 
disease and its progression. Curr. Opin. Gastroen., 28, 159–165.

DAVIS, C.D. & UTHUS, E.O. (2004): DNA methylation, cancer susceptibility, and nutrient interactions. Exp. Biol. 
Med., 229, 988–995.

DEL BEN, M., POLIMENI, L., BARATTA, F., PASTORI, D. & ANGELICO, F. (2016): The role of nutraceuticals for the 
treatment of non-alcoholic fatty liver disease. Brit. J. Clin. Pharmaco., 83, 88–95.

FORD, E.S. & MOKDAD, A.H. (2001): Fruit and vegetable consumption and diabetes mellitus incidence among U.S. 
adults. Prev. Med., 32, 33–39.

GOPAL, D.V.R.S., SREENIVASULU, P. & NAYUDU, M.V. (1990): Effect of Bavistin on lipid metabolism in groundnut 
(Arachis hypogaea L.) leaves infected with peanut green mosaic virus (PGMV). Physiol. Mol. Plant. P., 37, 
1–8.

HOOMAN, N., MOJAB, F., NICKAVAR, B. & POURYOUSEFI-KERMANNI, P. (2009): Diuretic effect of powdered Cerasus 
avium (cherry) tails on healthy volunteers. Pak. J. Pharm. Sci., 22, 381–383.

HUSZTI, S. & TYIHÁK, E. (1986): Formation of formaldehyde from S-adenosyl-L- (methyl-3H) methionine during 
enzymic transmethylation of histamine. FEBS Letters, 209, 362.

KNÜTTEL-GUSTAVSEN, S. & HARMEYER, J. (2007): The determination of L-carnitine in several food samples. Food 
Chem., 105, 793–804.

KOTSOPOULOS, J., HANKINSON, S.E. & TWOROGER, S.S. (2010): Dietary betaine and choline intake are not associated 
with risk of epithelial ovarian cancer. Eur. J. Clin. Nutr., 64, 111–114.

MILAZZO, S., LEJEUNE, S. & ERNST, E. (2007): Laetrile for cancer: A systematic review of the clinical evidence. 
Support Care Cancer, 15, 583–595.

MUDD, S.H., BROSNAN, J.T., BROSNAN, M.E., JACOBS, R.L., STABLER, S.P., ALLEN, R.H., VANCE, D.E. & WAGNER, C. 
(2007): Methyl balance and transmethylation fl uxes in humans. Am. J. Clin. Nutr., 85, 19–25.

NÉMETH, ZS.I. (2002): A formaldehid és természetes generátorai, mint a környezeti hatások jelző molekulái a 
csertölgy ontogenezisének korai szakaszaiban. (Formaldehyde and its natural generators as marker molecules 
of environmental effects in the early ontogenesis of European turkey oak). Dissertation, University of West 
Hungary, 8.

NICULESCU, M.D. & ZEISEL, S.H. (2002): Diet, methyl donors and DNA methylation: interactions between dietary 
folate, methionine and cholin e. J. Nutr., 132, 2333S–2335S.

NUCCIO, M.L., RUSSELL, L.B., NOLTE, K.D., RATHINASABAPATHI, B., GAGE, D.A. & HANSON, A.D. (2001): The 
endogenous choline supply limits glycine betaine synthesis in transgenic tobacco expressing choline 
monooxygenase. Plant J., 16, 487–496.

PARK, H.J., YOON, S.H., HAN, L.S., ZHENG, L.T., JUNG, K.H., UHM, Y.K., LEE, J.H., JEONG, J.S., JOO, W.S., YIM, S.V., 
CHUNG, J.H. & HONG, S.P. (2005): Amygdaline inhibits genes related to cell cycle in SNU-C4 human colon 
cancer cells. World J. Gastroentero., 11, 5156–5161.

SÁRDI, É. & STEFANOVITS-BÁNYAI, É. (2006): Relationship between peroxidase activity and the amount of fully 
N-methylated compounds in bean plants infected by Pseudomonas savastanoi pv. Phaseolicola. Acta Phyisiol. 
Plant., 28, 523–528.

SÁRDI, É., STEFANOVITS-BÁNYAI, É., KOCSIS, I., TAKÁCS-HÁJOS, M., FÉBEL, H. & BLÁZOVICS, A. (2009): Effect of 
bioactive compounds of table beet cultivars on alimentary induced fatty livers of rats. Acta Alimentaria, 38, 
267–280.

SÁRDI, É. & TYIHÁK, E. (1998): Change of biotransformation steps of formaldehyde cycle in water-melon plants after 
infection with Fusarium oxysporum. Acta Biol. Hung., 49, 353–362.

SASS-KISS, A., KISS, J., MILOTAY, P., KEREK, M.M. & TÓTH-MARKUS, M. (2005): Differences in anthocyanin and 
carotenoid content of fruits and vegetables. Food Res. Int., 38, 1023–1029.



306 SZÜGYI & SÁRDI: METHYL-DONOR COMPOUNDS IN SOUR CHERRY

Acta Alimentaria 47, 2018

SEYMOUR, E.M., LEWIS, S.K., URCUYO-LLANES, D.E., TANONE, I.I., KIRAKOSYAN, A., KAUFMAN, P.B. & BOLLING, S.F. 
(2009): Regular tart cherry intake alters abdominal adiposity, adipose gene transcription, and infl ammation in 
obesity-prone rats fed a high fat diet. J. Med. Food, 12, 935–942.

SZABÓ, T. (2007): Az északkelet-magyarországi meggy tájfajta szelekció eredményei és gazdasági jelentősége 
(Results and economic importance of the North Eastern Hungarian sour cherry landrace cultivar selection). 
Dissertation, Corvinus University of Budapest, p. 46.

TIRABOSCHI, P., SABBAGH, M.N., HANSEN, L.A., SALMON, D.P., MERDES, A., GAMST, A., MASLIAH, E., ALFORD, M., THAL, 
L.J. & COREY-BLOOM, J. (2004): Alzheimer disease without neocortical neurofi brillary tangles: “a second 
look”. Neurology, 62, 1141–1147.

TYIHÁK, E., BOCSI, J., TÍMÁR, F., RÁCZ, G. & SZENDE, B. (2001): Formaldehyde promotes and inhibits the proliferation 
of cultured tumour and endothelial cells. Cell Proliferat., 34, 135–141.

VIVEKANANDA, J., AWASTHI, V., AWASTHI, S., SMITH, D.B. & KING, R.J. (2000): Hepatocyte growth factor is elevated in 
chronic lung injury and inhibits surfactant metabolism. Am. J. Physiol. Lung C., 278, 382–392

YOSHIMOTO, M., WAKI, A., OBATA, A., FURUKAWA, T., YONEKURA, Y., FUJIBAYASHI, Y., CHANG, J.C., GROSS, E.A. & 
BARROW, S.C. (2004): Radiolabeled choline as a proliferation marker: Comparison with radiolabeled acetate. 
Nucl. Med. Biol., 31, 859–865.

ZEISEL, S.H., MAR, M.H., HOWE, J.C. & HOLDEN, J.M. (2003): Concentrations of choline-containing compounds and 
betaine in common foods. J. Nutr., 133, 1302–1307.

ZEISEL, S.H. (2012): Dietary choline defi ciency causes DNA strand breaks and alters epigenetic marks on DNA and 
histones. Mutat. Res., 733, 34–38.


