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Nucleotides
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ABSTRACT

Nucleotides (NT) are ubiquitous intracellular compounds of crucial importance to cellular function and metabolism. Much
recent interest has focused on NT as components of the non-protein nitrogen fraction of human milk. NT supplementation of
infant formula has now been introduced in several countries. Biological effects of NT have been reported in several fields.
Dietary NT have been shown to have important effects on several components of the immune system: they may enhance
intestinal absorption of iron; they affect lipoprotein and long-chain polyunsaturated fatty acid metabolism; they may alter
intestinal flora; and they have been demonstated to have trophic effects on the intestinal mucosa and liver in several experimental
situations. Clinical studies have shown NT supplementation of infant formula reduces the incidence of diarrheal episodes among
socioeconomically deprived infants, and enhances catch-up growth in infants born small for gestational age. Further work will
continue to try to identify other clinical situations in which NT may have a beneficial role.Nutrition 1998;14:748–751.
©Elsevier Science Inc. 1998
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BIOCHEMISTRY

Nucleotides (NT) are low-molecular-weight intracellular com-
pounds that are integral to numerous biochemical processes. They
are made up of three components: (1) a nitrogenous heterocyclic
base derivative of either a pyrimidine or purine; (2) a pentose
(deoxyribose or ribose), and (3) one or more phosphate groups.1

NT are the 59-phosphate of the corresponding nucleoside (NS).
59-mono- (M), di- (D), and tri- (T) phosphates of the common NS
all occur naturally, hence the inclusion of M, D, and T in the
abbreviations for the various NT, such as ATP, adenosine 59-
triphosphate.

NT participate in many biochemical processes that are essen-
tial to cellular metabolism and they are as follows:

1. As nucleic acids. NT are the monomeric units, or building
blocks, of the nucleic acids, deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA). DNA and RNA consist of
covalently linked chains of NT, and are crucial to the
storage, transfer, and expression of genetic information.

2. In biosynthetic pathways. NT and their derivatives are
activated intermediates in many biosynthesic pathways.
For example, uridine diphosphate is a specific carrier of
sugar residues in the biosynthesis of polysaccharides; uri-
dine diphosphate glucose in the specific donor of glucose
residues in the enzymatic biosynthesis of glycogen.

3. In transferring chemical energy. NS triphosphates act as
energy-rich precursors of mononucleotide units by losing
their terminal phosphate groups. ATP is the universal
currency of energy in biological systems. It acts as a
carrier of phosphate in many important enzymatic reac-
tions involved in the transfer of chemical energy.

4. As co-enzyme components. Adenine NT are components of
three important coenzymes: Nicotinamide adenine dinu-
cleotide (NAD), flavin adenine dinucleotide (FAD), and
coenzyme A (CoA).

5. As biological regulators. Adenosine 39, 59-cyclic phos-
phate (cyclic AMP) is ubiquitous in all forms of life
through its key role in regulating biological processes.
Cyclic AMP is synthesized from ATP by the action of
adenylate cyclase, stimulated by hormones such as adren-
aline and glucagon.

BIOSYNTHESIS OF NT: DE NOVO AND SALVAGE PATHWAYS

NT and nucleic acids are constantly being formed and de-
graded. Formation can be one of two major pathways. NT can be
formed within cells de novo from amino acid precursors glu-
tamine, aspartic acid, glycine, formate, and carbon dioxide. They
can also be synthesized as a salvage pathway by linkage of a
ribose phosphate moeity to free bases formed by the hydrolytic
degradation of nucleic acids and NT. This pathway is simpler and
much less costly in energy than the reactions required of the de
novo pathway and is regulated by the availability of free bases.

Some tissues have a limited capacity for the de novo synthesis
of NT, requiring exogenously supplied bases that can be utilized
by the salvage pathway.2 The intestinal mucosa and bone marrow
hematopoietic cells preferentially utilize the salvage pathway. For
these cells, an exogenous supply can be important for optimal
function.

There is evidence, therefore, that for these rapidly growing
tissues NT are semiessential nutrients. Nutrients may be consid-
ered semiessential if the endogenous supply is shown to be insuf-
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ficient for fully normal function, but their lack does not lead to a
classical deficiency syndrome. The cell or the body may have the
biochemical pathways to synthesize the semiessential compounds,
but provision of an exogenous dietary supply may optimize func-
tion, either by supplying the nutrient or by sparing the cell the cost
of synthesis.

DIGESTION, ABSORPTION, AND METABOLISM OF DIETARY NT

Only a small fraction of total dietary NT are ingested as free
NT. Most are in the form of nucleoproteins that are enzymatically
degraded in the intestinal tract to a mixture of nucleic acids and
their various components. Pancreatic nucleases, supplemented by
phosphoesterases, act on nucleic acids to produce NT. Intestinal
alkaline phosphatase then cleaves the phosphate group from the
NT to form NS, and intestinal NTases and NSases act to produce
free purine and pyrimidine bases.3 The processes required to
digest nucleic acids to NS have been shown to be present in small
intestine from a fetus of 22 wk gestation.4

When nucleic acids are fed to mice, their components are
absorbed mainly as NS.5 At low concentrations of NS there is a
sodium-dependent carrier-mediated transport system with the rate
linearly proportional to the NS concentration. Higher concentra-
tions inhibit this carrier-mediated uptake, with transport occuring
by diffusion.6 Animal studies show that although only small
amounts of NT are absorbed as NT,. 90% of dietary NS and
bases are absorbed. Despite this efficient absorption of NS into the
enterocyte, most are quickly degraded, mainly by the liver and
enterocytes, to uric acid.7 Only about 2–5% of NT and their
derivatives are utilized for tissue synthesis of nucleic acids and
intracellular NT pools. Of the total retained and utilized, 25–50%
is found in the gastrointestinal tract.5 Adenine is the main purine
base utilized and is better retained by fasted than fed animals,
suggesting an effect on the balance between de novo and salvage
pathways.7

NUCLEOTIDES IN MILK

Approximately 15–30% of the total nitrogen in human milk is
non-protein nitrogen8 made up of substances such as urea, free
amino acids, nucleic acids, NT, peptides, creatine, creatinine, uric
acid, ammonia, carnitine, and polyamines.9 NT were first isolated
from human milk some 30 y ago and 13 separate acid-soluble NT
have been found accounting for 2–5% of the total non-protein
nitrogen.10 NT are the largest fraction of nucleic acids and their
metabolites found in human milk.4 Earlier studies suggested that
the NT concentration of human milk decreases with advancing
lactation; milk at 3 mo lactation contains about 75% of the
amounts found in colostrum.11 However, a more recent study that
measured the total potentially available nucleosides rather than
free nucleotides found the concentrations to remain relatively
constant over the first 3 mo of lactation.12

Qualitative and quantitative differences have been demon-
strated in milk from different species. Processed cow’s milk
contains relatively high concentrations of orotate and low levels of
cytidine and adenine.13 Human milk is relatively richer in NT than
ruminant milk. It has also been shown that heat treatment of cow’s
milk produces degradation of NT.14 Infants fed on a conventional
infant formula will therefore receive very little NT.

Supplementation of infant formula with NT was introduced in
Japan from 1965 and in many other countries in the last 15 y. Only
NT in the form of monophosphate salts are used for supplemen-
tation, and the total amount added is between 2 and 5 mg/100 kcal
in the marketed formulas. The intake of NT of those infants fed a
supplemented formula is of the same order as that estimated for
breast-fed infants. In the years of use in Japan and other countries
no deleterious effects have been reported.

BIOLOGICAL EFFECTS OF DIETARY NUCLEOTIDES

The biological effects of NT have been studied in relation to
five main areas: immune function, iron absorption, lipid metabo-
lism, intestinal flora, and intestinal and hepatic morphology and
function. Many of these studies have used animal experimental
models, but some are studies of human infants assessing the
effects of NT supplementation of infant milk formula.

Immune Function

Evidence from animal and human studies supports the theory
that dietary NT are important for the optimal function of several
components of the immune system. Restriction of dietary NT
intake in mice decreases resistance toStaphylococcus aureus15

andCandida albicans,16 due at least in part to an impairment of
cell-mediated immunity. Mice fed an NT-free diet before receiv-
ing a heart allograft transplant showed significant prolongation of
allograft survival compared with mice fed a standard NT-contain-
ing feed.17 These experiments imply that the T lymphocyte is
dependent on exogenous NT for optimal function.

NT also appear to facilitate phagocytosis and increase natural
killer cell (NK) activity. A controlled double-blind study demon-
strated that at 2 mo of age infants fed an NT-supplemented
formula had similar NK activity to breast-fed infants and signif-
icantly higher activity than those receiving non-supplemented
formula.18 Interleukin-2 production by stimulated mononuclear
cells was higher in the NT-supplemented group compared with the
unsupplemented group.

Iron Absorption

Studies on the rat everted gut have found that inosine, hypo-
xanthine, and uric acid all significantly increased iron absorp-
tion.19 It is possible, therefore, that the relatively large NT com-
ponent of human milk may help to explain why breast-fed infants
absorb more than twice as much iron as formula-fed infants,
despite breast milk having lower iron levels than infant formula.20

Lipid Metabolism

There have been several interesting published studies on the
effects of dietary NT on lipoprotein metabolism. Three groups of
infants were studied for 4 wk after birth; a breast-fed group, a
group fed an NT-supplemented formula, and a group fed a stan-
dard non-supplemented formula.21 By 1 mo of age high-density
lipoprotein levels were similarly high and very low-density li-
poprotein levels were similarly low in the breast-fed and the
NT-supplemented groups compared with infants fed a conven-
tional formula. These findings suggest that dietary NT play a role
in hepatic or enterocyte lipoprotein synthesis and may protect
against the early development of atherosclerosis.

Similarly designed studies have measured plasma fatty acid
levels and erythrocyte membrane phospholipid composition.
Long-chain polyunsaturated fatty acids (PUFA) are structural
components of neural membranes and found in high concentra-
tions in the retina and brain. Plasma long-chain PUFA with more
than 18 carbon atoms of thev-6 series significantly increased in
breast-fed infants and infants receiving NT-supplemented formula
compared with those receiving unsupplemented formula.22 These
findings were reflected in changes in erythrocyte membrane phos-
pholipid composition.23

Two mechanisms have been proposed to explain this effect.
Firstly, NT may produce changes in the intestinal flora (see
following section) that may affect long-chain PUFA levels, be-
cause bacteria possess necessary enzymes for fatty acid elongation
and desaturation. Secondly, NT may modulate chain elongation
and desaturation in the enterocyte or in the liver. Human milk,
unlike standard infant formula, provides a readily available supply
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of long-chain PUFA. Recently, infant formula manufacturers have
incorporated long-chain PUFA into their products, particularly
those for preterm infants, but NT supplementation may offer an
alternative approach.

Intestinal Flora

Differences in intestinal flora between breast-fed and formula-
fed infants have been described. Bifidobacteria predominate in the
intestine of breast-fed infants, whereas gram-negative bacteria are
the dominant organism in infants fed cow’s milk formula.24 Bi-
fidobacteria may well confer advantages to the breast-fed infant by
protecting against infection from enteropathogenic organisms.
Separate additions of the five monophosphate NT to a minimal
culture medium were found to stimulate in vitro growth slightly
but significantly. Simultaneous addition of all five stimulated
growth to a greater extent.25

A clinical study compared the gastrointestinal microflora of
three groups of infants: breast-fed, NT-supplemented formula-fed,
and non-supplemented formula-fed.26 The breast-fed infants were
found to have significantly higher percentages of fecal bifidobac-
teria and lower percentages of lactobacilli and enterobacteria than
the formula-fed infants. The infants fed with NT-supplemented
formula had intermediate results but were closer to the infants fed
human milk. However, these findings were not supported by
Balmer et al.27 who found moreEscherichia coliand less bi-
fidobacteria in NT-supplemented infants than in those fed on
standard infant formula.27

Intestinal and Hepatic Morphology and Function

Given that the intestine and liver incorporate proportionately
greater amounts of dietary NT than other organs, it is not surpris-
ing that a major interest of NT function has focused on the effects
of dietary NT supply on intestinal and hepatic morphology and
function. Uauy et al.28 performed a controlled blinded study on
weanling rats of the effect of added NS for a 2-wk period on gut
growth and maturation. Mucosal protein and DNA and villus
height in the proximal intestinal segment were significantly higher
in the NS-supplemented group. Maltase activity was significantly
higher throughout the intestine, suggesting that NS supplemention
enhances maturation as well as growth of the intestine.

In another study on rats recovering from experimentally in-
duced chronic diarrhea, NT supplementation was found to in-
crease DNA concentration and lactase, maltase, and sucrase ac-

tivities, especially in the proximal small bowel.29 Histologic and
electron micrographic studies of such animals showed marked
benefits of NT supplementation.30 Benefits have also been dem-
onstrated following radiation-induced intestinal injury31 and dur-
ing total parenteral nutrition.32 A dietary mixture of NS and NT
was shown to inhibit endotoxin-induced bacterial translocation in
protein-malnourished mice.33

A double-blind study among socioeconomically deprived in-
fants in Chile compared diarrheal episodes in infants fed an
NT-supplemented formula and a standard unsupplemented formu-
la.34 The supplemented group experienced significantly fewer
episodes of diarrhea, suggesting NT may provide protection
against infection.

Weanling mice fed an NT-free diet showed adverse effects on
liver size, function, and composition and on protein synthesis.35

Liver function following liver injury36 and partial hepatectomy37

was improved by a parenterally administered NT and NS mixture.

Growth

György38 reports a study in weanling rats, in which a signifi-
cant improvement of weight gain was observed in groups receiv-
ing a low-protein diet with added NT, compared with control
groups without supplements. NT added to a high-protein diet were
without effect.

Of the clinical studies performed on human infants, detectable
benefits of NT supplementation have not been demonstrated on
any index of growth in normally grown full-term and preterm
infants. This suggests that under normal conditions, if the diet is
otherwise complete, de novo NT synthesis is sufficient to support
normal growth.

One group of infants that theoretically might be expected to
particularly benefit from NT supplementation are those born small
for gestational age. As a group they have impairment of intestinal
structure39 and function40 and this may impair their ability to show
catch-up growth. We postulated that NT supplementation of infant
formula for this group should enhance intestinal repair and recov-
ery and thus allow optimal catch-up growth. In a double-blind
randomized controlled trial we demonstrated improved growth in
weight, length, and head circumference in the NT-supplemented
group.41 This did not appear to be due to any effect on pancreatic
exocrine function,42 leading us to deduce that the benefits of NT
on growth was due to trophic effects on the intestinal mucosa.
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