
EDITORIAL

Dietary nucleic acids and Th1/Th2 balance: a clue to cow's

milk allergy?

Nucleotides consist of a nitrogenous base (either a purine or

a pyrimidine), a pentose sugar (either ribose or 20-deoxy-

ribose) and one or more phosphate groups; nucleosides lack

the phosphate groups. The major purine bases are adenine,

guanine, hypoxanthine and xanthine and the major pyrimi-

dine bases are uracil, thymine and cytosine. Purine and

pyrimidine nucleotides play a major role in cellular func-

tions (Table 1). Purines and pyrimidines can be formed by

de novo biosynthesis, using amino acids as the source of the

nitrogen and some of the carbon atoms. Biosynthesis of

nucleotides consumes a signi®cant amount of energy. Bases

and nucleosides are generated in the digestive tract largely

by bacteria-mediated hydrolysis of DNA, RNA and nucleo-

tides which have been consumed in the diet; these products

of digestion are readily absorbed [1] and provide a source

of precursors for nucleotide synthesis which has a lower

energy cost than de novo synthesis. However, on a typical

Western diet the bulk of purines consumed in the human

diet are excreted as uric acid [2]. Clearly all cellular material

that is consumed in the diet will contain nucleic acids and

nucleotides. Milk too contains nucleic acids (mainly RNA)

and nucleotides. Carlson [3] reported a nucleic acid concen-

tration of 1400 mmol/L in human milk and free nucleotide

and cyclic nucleotide concentrations of 210 and 2±14 mmol/L,

respectively, although the precise nucleotide content and

composition changes during lactation [4,5]. It is often stated

that the concentrations of nucleotides are much lower in

cow's milk than human milk, but close examination of the

literature [6], indicates that this is not strictly so (Fig. 1);

indeed at some points during lactation the concentration of

some of the common nucleotides is higher in cow's milk

than human (Fig. 1). Sheep milk contains very high nucleo-

tide concentrations, several-fold higher than human milk

[6]. Orotate is a major nucleotide of cow's milk [7] and this

nucleotide is, apparently, poorly salvagable by human

infants [7].

Given the wide range of cellular functions of nucleotides

(Table 1), it comes as no surprise that activation of T lym-

phocytes causes a rapid increase in the synthesis of nucleo-

tides [8], which are required immediately for the increase

in metabolism to provide energy and later for sythesis of

nucleic acids (RNA for protein synthesis and DNA for cell

division). Thus, exogenous nucleotides supplied by the diet

could potentially increase immunity by contributing to the

pool of nucleotides available to lymphocytes, and other

leucocytes, and so sparing the need for complete de novo

synthesis. Because nucleic acids and nucleotides are hydro-

lysed to nucleosides before cellular uptake, it is not strictly

necessary to discriminate between nucleic acids, polynu-

cleotides, nucleotides and nucleosides when surveying the

literature.

Yeast RNA increased the number of antibody-producing

cells and the production of immunoglobulin (Ig) M and IgG

in response to T-cell-dependent stimuli but not to T-cell-

independent stimuli or B-cell activators in vitro [9±11].

Depleting cell preparations of CD4� cells nulli®ed the action

of RNA [10]. Adding RNA or nucleotides to the diet of mice

enhanced T-cell-dependent antibody responses [12], increased

survival to bacterial and fungal challenges [13±17], and

promoted allogeneic graft rejection, alloantigen-induced

lymphocyte proliferation and delayed cutaneous hypersen-

sitivity [18,19]. These data suggest that dietary nucleotides

in¯uence immune responsiveness primarily by enhancing

the function of helper T (Th) cells. In accordance with this,

spleen cells from mice fed a nucleotide-rich diet produced

more interleukin-2 (IL-2) [20] and expressed higher levels

of the IL-2 receptor [21] than those from mice fed a

nucleotide-free diet. A nucleotide/nucleoside-enriched diet

resulted in much higher interferon-g (IFNg) and IL-5 pro-

duction by keyhole limpet haemocyanin (KLH)-stimulated

murine spleen cells taken from KLH-sensitized mice than a

nucleotide/nucleoside-free diet [22]; the levels of IFNg and

IL-5 production were enhanced by culturing the cells from

mice fed the nucleotide-free diet in the presence of poly-

nucleotides [22]. The nucleotide-free diet resulted in much

lower levels of mRNA for IL-2, IFNg, IL-4 and IL-5 than

did the diet containing the nucleotide/nucleoside mix [22].

This study indicates that addition of nucleotides to the diet

promotes the activity of both Th1 and Th2 lymphocytes.

Close examination of the data of Jyonouchi et al. [22] leads

to the view that adding nucleotides/nucleosides to the diet

promotes preferential development of the Th1 phenotype

(compared with the nucleotide-free situation), although this

was not discussed in that paper. A paper in the current issue

examines this further [23]. In this study mice were fed a

nucleic acid-free diet or a diet containing nucleic acids (a

50 : 50 mix of salmon DNA and yeast RNA at the level of

1.2 or 2.4% by weight of the diet) for 4 weeks. Mice fed the

nucleic acid-rich diets had lower circulating concentrations

of IgM, IgG, IgE, and IgG1 but not of IgG2a than mice fed

908 q 2000 Blackwell Science Ltd

Clinical and Experimental Allergy, 2000, Volume 30, pages 908±911



the diet without added nucleic acids. Mice fed the nucleic

acid-rich diets and challenged with ovalbumin had lower

circulating concentrations of ovalbumin-speci®c IgE and

IgG1 but not of IgG2a than mice fed the diet without added

nucleic acids. Ovalbumin-stimulated spleen cells from

ovalbumin-sensitized mice fed the nucleic acid-rich diets

produced less IL-4 and IL-10 and more IFNg than cells from

mice fed the diet without added nucleic acids; IL-2 produc-

tion was not different among the dietary groups. It is

concluded that a nucleic acid-free diet results in skewing

towards a Th2-dominated response and that addition of

nucleic acids to the diet promotes a shift towards a Th1-

dominant response. Using the IFNg/IL-4 ratio after oval-

bumin stimulation as an indicator of the Th1/Th2 balance

it can be calculated that the addition of nucleic acids to the

diet at the level of 1.2% increased the ratio from 0.13 to

0.75, while addition of nucleic acids to the diet at the level

of 2.4% further increased the ratio to 1.17. Thus, moving

from a diet devoid of nucleic acids to a diet rich in nucleic

acids promotes a strong shift away from the Th2 and

towards the Th1 phenotype.
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Table 1. Cellular roles of nucleotides

Role Example(s)

Structural component of DNA (cell division) 20-Deoxyriboadenosine 50-monophosphate (dAMP)

20-Deoxyriboguanosine 50-monophosphate (dGMP)

20-Deoxyribocytidine 50-monophosphate (dCMP)

20-Deoxyribothymidine 50-monophosphate (dTMP)

Structural component of RNA (protein synthesis) Adenosine 50-monophosphate (AMP)

Guanosine 50-monophosphate (GMP)

Cytidine 50-monophosphate (CMP)

Uridine 50-monophosphate (UMP)

Source of chemical energy Adenosine 50-triphosphate (ATP)

Intracellular signal transduction Cyclic adenosine 30,50-monophosphate (cAMP)

Cyclic guanosine 30,50-monophosphate (cGMP)

Guanosine 50-triphosphate (GTP)

Guanosine 50diphosphate (GDP)

Regulation of enzyme activity ATP

Adenosine 50-diphosphate (ADP)

AMP

Formation of activated intermediates in biosynthetic reactions Uridine 50-diphospho-glucose (glycogen synthesis)

Cytidine 50-diphospho-diacylglycerol (phospholipid synthesis)

Cytidine 50-diphospho-choline (phospholipid synthesis)

Uridine 50-diphospho-galactose (ceramide and sphinogolipid synthesis)

Component of co-enzymes Co-enzyme A (includes adenosine 50-diphosphate)

Nicotinamide adenine dinucleotide (NAD) and related compounds

(include adenosine 50-monophosphate)

Flavin adenine dinucleotide (FAD) and related compounds (include

adenosine 50-monophosphate)

Covalent modi®cation of proteins Poly ADP-ribosylation (involved in apoptosis)

Fig. 1. Concentrations of nucleotides in human and cow's milk.

Data are taken from [4,6]. GMP was not found in cow's milk at

5±10 days or 1 month lactation and UMP was not found in cow's

milk at 5±10 days or 1 month lactation.



How do the dietary regimens used in these animal feeding

studies relate to the human situation? Most human diets are

rich in nucleic acids and in nucleotides [2]. The few

exceptions to this would include patients receiving nucleic

acid-, nucleotide- or nucleoside-free total parenteral or

enteral nutrition or infants receiving solely nucleic acid-,

nucleotide- or nucleoside-free formula. It is not immedi-

ately apparent what the absolute intake of nucleic acids/

nucleotides/nucleosides is in humans, but the content of

purine bases in common foods and beverages is known [2]

and many foods are very rich in these compounds. On a

typical mixed diet most humans would consume signi®cant

amounts of nucleic acids and nucleotides. In addition,

through dietary protein they consume the substrates for de

novo synthesis of purines and pyrimidines (it should be

noted that, in contrast to a statement made by Sudo et al.

[23] nucleic acids are not essential dietary components). Is

there any evidence in the human setting for an immuno-

logical effect of dietary nucleic acids, nucleotides or nucleo-

sides? Carver et al. [24] compared IL-2 production by blood

mononuclear cells from breast-fed infants or those fed

formulae with and without added nucleotides. Generally,

IL-2 production was higher in the breast-fed and formula

plus nucleotides groups than in the group fed nucleotide-

free formula. While this study agrees with the general

conclusion of Sudo et al. [23] of nucleotides promoting a

Th1 response, it should be noted that Sudo et al. [23] found

no difference in IL-2 production by ovalbumin-stimulated

spleen lymphocytes from mice fed nucleic acid-free or

nucleic acid-containing diets. Carver et al. [24] did not

examine IFNg or IL-4 production, which would have

provided a direct comparison between human infants and

this new animal study.

The paper of Sudo et al. [23] is important because it

examines the in¯uence of dietary nucleic acids on the

balance of Th1 and Th2 responses using an appropriate

model of allergen (ovalbumin) sensitization. It suggests that

one dietary component, nucleic acids (which will provide

the components for nucleotide synthesis), plays a role in

altering the balance between Th1 and Th2 responses. The

role of individual nucleotides in altering this balance

deserves attention. Allergic diseases often develop due to

feeding of cow's milk [25,26] and can be protected against

by breast feeding [27]. As indicated above, cow's milk

reputedly contains lower concentrations of some nucleo-

tides than human milk and certainly has a different pro®le of

nucleotides. Thus, the nucleotide level and pro®le in milk

could play a role in protecting against development of

allergy. During pregnancy the immune response becomes

Th2 skewed [28]. One key factor in preventing the devel-

opment of allergy in the offspring might be the ef®ciency by

which immune responses become redirected towards the

Th1 phenotype after birth. The paper by Sudo et al. [23]

suggests that components of milk (nucleic acids and nucleo-

tides) may play a role in this redirection. The mechanism by

which they might bring about this redirection is unclear.

Bi®dobacteria grow better in the presence of nucleotides

[29] and the faeces of human infants fed breast milk or

formulae containing nucleotides contain more bi®dobacteria,

and less enterobacteria, than those of infants fed nucleotide-

free formula [30±32]. This suggests that dietary nucleotides

might act to alter the composition and balance of the micro-

¯ora in the infant gut. This might in turn play a role in

regulating development of Th1 vs Th2 phenotypes. It was

recently shown that the percentage of faecal micro¯ora con-

tributed by bi®dobacteria was lower in allergic than in

nonallergic 2 year olds [33], although the absolute numbers

of bi®dobacteria were not different. Taken along with the

data of Sudo et al. [23] these observations suggest an

intriguing interaction of effects of dietary nucleotides to

in¯uence Th1/Th2 balance. Sudo et al. [23] have shown in

their study that the effect of dietary nucleic acids on the Th

phenotype is independent of any effect on gut micro¯ora.

It is worth noting that most, if not all, semisynthetic diets

fed to laboratory animals (e.g. standard laboratory chow) do

not contain nucleic acids, nucleotides or nucleosides. Serum

(including fetal calf serum) contains free bases, nucleosides

and nucleotides, the medium used for lymphocyte cultures

contains all of the precursors necessary for nucleotide

synthesis (so long as glutamine is added) and lymphocytes

have a high capacity for de novo nucleotide synthesis [8].

References

1 Sonada T, Tatibana M. Metabolic fate of pyrimidines and

purines in dietary nucleic acids ingested by mice. Biochim

Biophys Acta 1978; 521:55±66.

2 Simmonds HA. Nucleic acids: Physiology, toxicology and

dietary sources. In: Sadler MJ, Strain JJ, Caballero B. eds.

Encyclopedia of Human Nutrition. San Diego and London:

Academic Press, 1999:1302±10.

3 Carlson SE. Human milk nonprotein nitrogen: occurrence and

possible functions. Adv Pediatr 1985; 32:43±70.

4 Gil A, Sanchez-Medina F. Acid-soluble nucleotides of human

milk at different stages of lactation. J Dairy Res 1982; 49:301±

7.

5 Janas LM, Picciano MF. The nucleotide pro®le of human milk.

Pediatr Res 1982; 16:659±62.

6 Gil A, Sanchez-Medina F. Acid-soluble nucleotides of cow's,

goat's and sheep's milks at different stages of lactation. J Dairy

Res 1981; 48:35±44.

7 Barness LA. Dietary sources of nucleotides ± from breast milk

to weaning. J Nutr 1994; 124:128S±30S.

8 Barankiewicz J, Cohen A. Purine nucleotide metabolism in

phytohaemagglutin-induced human T lymphocytes. Arch Bio-

chem Biophys 1987; 258:167±75.

9 Jyonouchi H, Hill RJ, Good RA. RNA/nucleotide enhances

antibody production in vitro and is moderately mitogenic to

910 P. C. Calder

q 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 908±911



murine spleen lymphocytes. Proc Soc Exp Biol Med 1992;

200:101±8.

10 Jyonouchi H, Hill RJ, Voss RM, Ishii E. Immunomodulating

actions of RNA and nucleotides on murine lymphocytes in

vitro. Augmentation of antibody production to T-dependent

antigens and expansion of T-helper cells. J Nutr Immunol

1993; 2:5±24.

11 Jyonouchi H, Zhang-Shanbhag L, Tomita Y, Yokoyama H.

Nucleotide-free diet impairs T-helper cell functions for anti-

body production in response to T-dependent antigens in normal

C57BL/6 mice. J Nutr 1994; 124:475±84.

12 Zhang L, Jyonouchi H, Yokoyama H, Tomita Y. Immunomo-

dulating actions of nucleotides on Ab/Ig production by murine

spleen lymphocytes in vivo and in vitro. FASEB J 1993; 7:A413.

13 Adjei AA, Takamine F, Yokoyama H, Shiokawa K, Matsu-

moto Y, Asato L, Shinyo S, Imamura T, Yamamoto S. The

effects of oral RNA and intraperitoneal nucleoside-nucleotide

administration on methicillin-resistant Staphylococcus aureus

infection in mice. J Parenter Enteral Nutr 1993; 17:148±52.

14 Kulkarni AD, Fanslow WC, Drath DB, Rudolph FB, van Buren

CT. In¯uence of dietary nucleotide restriction on bacterial

sepsis and phagocytic cell function in mice. Arch Surg 1986;

121:169±72.

15 Kulkarni AD, Fanslow WC, Rudolph FB, van Buren CT. Effect

of dietary nucleotides on response to bacterial infections.

J Parenter Enteral Nutr 1986; 10:169±71.

16 Fanslow WC, Kulkarni AD, van Buren CT, Rudolph FB. Effect

of nucleotide restriction and supplementation on resistance to

experimental murine candidiasis. J Parenter Enteral Nutr 1988;

12:49±52.

17 Rudolph FB, Kulkarni AD, Fanslow WE, Pizzini RP, Kumar S,

van Buren CT. Role of RNA as a dietary source of primidines

and purines in immune function. Nutrition 1990; 6:45±52.

18 van Buren CT, Kulkarni A, Rudolph F. Synergistic effect of a

nucleotide-free diet and cyclosporine on allograft survival.

Transplant Proc 1983; 15 (Suppl. 1):2967±8.

19 van Buren CT, Kulkarni AD, Schandle VB, Rudolph FB. The

in¯uence of dietary nucleotides on cell-mediated immunity.

Transplantation 1983; 36:350±2.

20 van Buren CT, Kulkarni AD, Fanslow WC, Rudolph FB.

Dietary nucleotides, a requirement for helper/inducer T lym-

phocytes. Transplantation 1985; 40:694±7.

21 Kulkarni A, Fanslow W, Higley H, Pizzini R, Rudolph F, van

Buren C. Expression of immune cell surface markers in vivo

and immune competence in mice by dietary nucleotides.

Transplant Proc 1989; 21:121±4.

22 Jyonouchi H, Sun S, Sato S. Nucleotide-free diet suppresses

antigen-driven cytokine production by primed T cells: effects

of supplemental nucleotides and dietary fatty Acids. Nutrition

1996; 12:608±15.

23 Sudo N, Aiba Y, Takaki A, Tanaka K, Yu X-N, Oyama N,

Koga Y, Kubo C. Dietary nucleic acids promote a shift in Th1/

Th2 balance toward Th1-dominant immunity. Clin Exp Allergy,

2000; 30:979±987.

24 Carver JD, Pimental B, Cox WI, Barness LA. Dietary nucleo-

tide effects upon immune function in infants. Pediatrics 1991;

88:359±63.

25 Juto P. Elevated serum immunoglobulin E in T-cell-de®cient

infants fed cows milk. J Allergy Clin Immunol 1980; 66:402±

7.

26 Juto P, Bjorksten B. Serum IgE in infants and in¯uence of type

of feeding. Clin Allergy 1980; 10:593±600.

27 Saarinen UM, Kajosaari M. Breastfeeding as prophylaxis

against atopic disease: prospective follow-up study until 17

years old. Lancet 1995; 346:1065±9.

28 Lin H, Mosmann TR, Guilbert L, Tuntipopipat S, Wegmann

TG. Synthesis of T helper 2-type cytokines at the maternal±

fetal interface. J Immunol 1993; 151:4562±73.

29 Tanaka R, Mutai M. Improved medium for selective isolation

and enumeration of bi®dobacterium. Appl Environ Microbiol

1980; 40:866±9.

30 Gil A, Corral E, Martinez A, Molina JA. Effects of the addition

of nucleotides to an adapted milk formula on the microbial

pattern of faeces in at term newborn infants. J Clin Nutr

Gastroenterol 1986; 1:127±32.

31 Stark L, Lee A. The microbial ecology of the large bowel of

breast-fed and formula-fed infants during the ®rst year. J Med

Microbiol 1982; 15:189±203.

32 Bullen CL, Tearle PV, Willis AT. Bi®dobacteria in the intesti-

nal tract of infants: an in vivo study. J Med Microbiol 1976;

9:325±33.

33 Bjorksten B, Naaber P, Sepp E, Mikelsaar M. The intestinal

micro¯ora in allergic Estonian and Swedish 2-year-old children.

Clin Exp Allergy 1999; 29:342±6.

P. C. CALDER

Institute of Human Nutrition

University of Southampton

Bassett Crescent East

Southampton

SO16 7PX

UK

Dietary nucleic acids 911

q 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 908±911


