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Does soy-based infant formula
cause ADHD?

‘Lonnerdal and associates have convincingly
demonstrated that infants fed soy formula will absorb
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via bile. However,
eoflatal Mn absorp-
n is greater than in
adults 9,10]. Neonatal animals exposed to Mn in
high concentrations show decreased brain DA as
well as behavior deficits similar to those of
ADHD children11,12].

Soy-based infant formulae have high con-
centrations of Mn, up to 80 times the levels
found in human breast milk [131. Since there is
an absence of Mn homeostasis in the first
few months of life, human neonates fed soy-
based formula tend to absorb considerably
more Mn than breastfed infants [o. Some
investigators feel that the relatively high Mn
levels found in head hair in soy formula-fed
neonates is an indication that neurotoxic expo-
sure has occurred. Given the evidence that Mn
toxicity affects DA systems, investigators

considerably higher amounts of M
breastfed infants. Thus, ingestion of

‘To date, a causal chain between
formula feeding, trace mineral
status and behavior deficits have
not been mentioned in the
breastfeeding literature’

brain than
-based formula
nt’

esize a causal relationship between neo-
exposure to soy-based infant formula and
ADHD [s].

The Mn-ADHD hypothesis

In 1983, Collip and associates reported that a
group of infants exposed to soy-based formula
had significantly higher Mn levels in head hair
than breastfed infants [s]. In this same paper, they
also reported that a group of older ADHD chil-
dren had head hair Mn levels almost twice those
of a matched non-
ADHD control group.
They speculated that
neonatal exposure
through soy-based
infant formula could
be a determinant of
later ADHD. Unfor-
tunately, this was not a prospective study in that
the ADHD cohort were not followed from
infancy, nor were detailed nutritional histories
taken to determine if head hair Mn values were
related to earlier soy-based formula exposure.
Similarly, other studies showing higher Mn levels
in the hair of children with ADHD have not
been prospective in nature. It remains to be seen
how Mn values in head hair, growing at a rate of
one inch per month, could link the behavior of a
school-aged child to infant Mn exposure. What
is known to date is summarized below.

Mn toxicity
A plethora of studies have shown that toxic
exposure to Mn will result in compromised
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DA metabolism [14-201. Mn, is a powerful oxidant of DA,
explaining its ability to induce toxic lesions in dopaminergic
regions [21-26]. Over-absorption of Mn results in DA receptor
destruction or inactivation through membrane damage medi-
ated by free radicals or cytotoxic quinones arising from the
effect of Mn in catalyzing DA auto-oxidation [27]. Furthermore,
Mn has a unique disposition for neuromelanin, as contained in
the pigmented dopaminergic neurons of the substantia nigra.
With overabsorption of the metal, excess free radicals potenti-
ate lipid peroxidation and result in tissue destruction in DA
systems [28]. Mn is also a powerful scavenger of the superoxide
radical, O,, required for initiation of lipid hydroperoxide
activity and it is feasible that lipohydroperoxides may influence
receptor binding of DA by altering membrane processes (e.g.,
Na-K-ATP[adenosine 5 -triphosphatase]), via Mn-influenced
neuronal oxygen reduction homeostasis [29].

Neonatal absorption of Mn
The clinical risk of Mn to the neonate has been the topic of
numerous investigations [10,13,19,29-32]. Mn stores do not accrue
prenatally, thus the infant may be particularly susceptible to
Mn deficiency [107. For example, premature and low birth-
weight infants have a high risk of developing Mn deficiency,
with serious survival consequences o]. Thus, it is imperative for
the neonate to absorb adequate amounts of Mn and in fact, Mn
absorption is much higher in neonates than adults. Three
mechanisms may account for higher Mn absorption in the
neonate: a general ‘leakiness’ of the gut, .
relatively low bile flow during early life What rem
and tissue sites with high affinity for Mn
that eventually become saturated. This
would allow young animals to accrue Mn
from sources otherwise low in Mn, such as
breast milk [97. Animal models demo
strate intestinal neonatal absorption of
80% as compared to the 1-2% in ad
example, a nodal point in the achi
occurs 14-15 days after bir
absorption gradually decre
In addition to other orgaf’si nters the neonatal brain
at a much higher rate than th brain. Infants are therefore
at considerable risk of neurotoxicity upon exposure to excess
amounts of Mn [9-12,35,36]. In fact, it has been found that imma-
ture animals are adversely affected by ingestion of seemingly
small additional doses of Mn, with neurological injury from this
exposure that includes abnormalities in areas, such as the frontal
cortex and nigrostriatal DA system. Lonnerdal and associates
have convincingly demonstrated that infants fed soy formula
will absorb considerably higher amounts of Mn in the brain
than breastfed infants. Thus, ingestion of soy-based formula in
infancy could impair brain development ).

Patterns of neonatal nutrition

Breastfeeding has declined significantly since the early part of
this century, concomitant with the widespread availability of

ot Min absorption
eflected in DA

infant formulae. Women selecting to breastfeed declined to an
all time low in the early 1970s. Even though there has been a
slight resurgence, only about 50% of women in the USA initiate
breastfeeding and with many fewer continuing for as long as
six months [371. The prevalence of breastfeeding varies among
socioeconomic groups. For example, Caucasian, well-educated
women are more likely to breastfeed than minority, poorly-edu-
cated women [37,38]. In general, low income and/or minority
women have less access to prenatal education regarding the ben-
efits of breastfeeding as well as fewer support systems to enable
them to breastfeed. In addition, low-income women can receive
free formula through participation in the Women, Infant and
Children’s (WIC) supplemental nutritional program [39-421. A
further influence on the decision to breastfeed has been acceler-
ated re-entry of women into the Warlforce following childbirth.
Many women who initiate breastféegling change to supplemen-
tation with formula or discoiiti
upon returning to work [41,4
6 months is approximately 1

ration of breastfeeding for
e roughly 50% of women

ost investigators have focused on clinical
as diarrhea, respiratory ailments, otitis media,
3llitus and dental caries. The exceptions have been
studies that show intellectual superi-
ority of breastfed verses formula-fed
children. The best known and most
impressive of these was that of Lucas
and associates, published in 1992.
They reported an 8.3 point average
IQ advantage in preterm children
who consumed mother’s milk in the early weeks of life as con-
trasted with infants who received no maternal milk [4s51. The
infants were tube fed, controlling for the interpersonal benefits
of the nursing process and the contrasts properly adjusted for
socioeconomic and educational factors. While most behavior-
ists assume that the cognitive benefits of breastfeeding are asso-
ciated with mother—child intimacy, the Lucas study suggests
that the significant effects are attributable to the nutritional
advantages of breast milk. Could another advantage be that the
child is also being protected against over-absorption of Mn? To
date, a causal chain between formula feeding, trace mineral sta-
tus and behavior deficits have not been mentioned in the
breastfeeding literature [4s).

diabetes
s unknown is

Ongoing research

We have now conducted three rodent studies in which the
effects of neonatal ingestion of Mn have been determined by
examination of tissue absorption, striatal DA levels and neu-
rodevelopmental/neurocognitive status [11,12,47). These stud-
ies are the first to suggest the two known effects of dietary
neonatal Mn, excessive brain absorption and striatal DA
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depletion, are directly related to behavioral deficits similar to
those that are found among children with ADHD, who have
specifically lowered capacities for impulse control and mental
set. Since rats cannot survive without maternal breast milk,
these were Mn supplementation, rather than formula-feeding
studies. We are now extending this paradigm to rhesus mon-
keys, a species that can be bottlefed from birth, contrasting
the effects of soy formulae with varying levels of Mn concen-
tration. It has already been shown in this species that neona-
tal exposure to soy formula will result in higher tissue Mn
absorption. What remains unknown is whether or not Mn
absorption level will be reflected in DA and/or behavioral
deficits. We are also in the early phase of two prospective
studies with human neonates whose eventual behavioral out-

Does soy-based infant formula cause ADHD?

Conclusions

While the studies to date are highly suggestive of a link between
soy-based formula and ADHD, a causal chain linking Mn inges-
tion, Mn absorption, neurotoxic damage and behavioral deficit
has not been irrefutably demonstrated. Should this hypothesized
relationship receive scientific support, the public health conse-
quences can be readily appreciated. At this time, it would seem
prudent to advocate breastfeeding for at least the first six months
of life, not only as a precautionary measure but also because the
other health and behavioral benefits of breastfeeding have been
clearly demonstrated.

comes will be known in a few years.

References 10

1 Swanson JM, Sergeant JA, Taylor E,
Sonuga-Barke EJS, Jensen PS, Cantwell
DP Attention-deficit Hyperactivity
Disorder and Hyperkinetic Disorder. 11
Lancet 351, 429-433 (1998).

2 Swanson JM, Castellanos XF, Murias JM,
Kennedy J. Cognitive
neuroscience of Attention Deficit
Hyperactivity Disorder. Current
Opin. Neurobiol. 8, 263-271 (1998).

5 Pihl RO, Parks M. Hair element content 12
in learning disabled children. Science 198,
204-206 (1977).

4 Marlowe M, Bliss L. Hair element
concentrations and young children’s
behavior at school and home.
J.Orthomolecular Med. 9, 1-12 (1993). 5

5 Cawte J. Psychiatric sequelae of
manganese exposure in the adult
and neonatal nervous syste .
J. Psychiatry 19, 211- 217 (1 14

6  Zhang G, Liu D, HefP
manganese on learnifg
children. Chinese J. Pre
156-158 (1995).

7 Crinella FM, Cordova E, Ericson JE.
Head hair levels of Manganese in children
with attention deficit disorder and
aggression. Proceedings of the 15™ Annual
Meeting of the International Society for
Neurotoxicology. Little Rock, AR, USA, 16
October 1997.

8 Collip PJ, Chen S'Y, Maitinsky S.
Manganese in infant formulae and
learning disability. Ann. Nutr. Metab, 27, 7
488-494 (1983).

9 Lonnerdal B. Manganese nutrition of infants.
Manganese in health and disease. 175-191
(1994).

15

Keen CL, Bell JG, Lonnerdal B. The
effect of age on manganese uptake and
retention from mild and infant formulae
in rats. J. Nutr. 116, 395-402 (1986).

Tran TT, Chowanadisai W, Crinella
Chicz-DeMet A, Lonnerdal B. ct
manganese supplementation onatal
rats on tissue mineral accugaulati

neurodevelopmental S
Neurotoxicology 23, 63

, 6155651 (2002).

L rdal B, Keen CL, Ohtake M,
TamuraT. Iron, zinc, copper and
manganese in infant formulae . Am. J. Dis.
Child. 137, 433-437 (1983).

Chandra SV, Shukla GS, Saxena D.
Manganese induced behavioural
dysfunction and its neurochemical
mechanism in growing mice. J.
Neurochem. 33, 1217-1221 (1979).

Donaldson J, McGregor D, La BellaF
Manganese neurotoxicity: A model for
free radical mediated neurodegeneration?
Can. J. Physiol. Pharmacol. 60, 1398—
1405 (1982).

Kimura M, Yagi N, Itokawa V. Effect of
subacute manganese feeding on serotonin
metabolism in the rat. J. Toxicol. Environ.
Health 4, 701-707 (1978).

Mustafa SJ, Chandra SV. Levels of 5-
hydroxytryptamine, dopamine and
noradrenaline in whole brain of rabbits in
chronic manganese toxicity. J. Neurochem.
18, 931-933 (1971).

19

20

21

22

23

24

arrett RE, Costa E. Selective
audate nucleus dopamine

otonin during chronic manganese

o-. i
digyidle administration to squirrel

monkeys. Experientia 15, 1140-1141
(1969).

Sloot WN, van der Sluijs-Gelling AJ,
Gramshergen JBP. Selective lesions by
manganese and extensive damage by iron
after injection into rat striatum or
hippocampus. J. Neurochem. 62, 205-216
(1994).

Subhash MN, Padmashree TS. Regional
distribution of dopamine B-hydroxylase
and monoamine oxidase in the brains of
rats exposed to manganese. Fed. Chem.
Toxicol. 28, 567-570 (1990).

Eriksson H, Magiste K, Plantin LO et al.
Effects of manganese oxide on monkeys as
revealed by a combined neurochemical,
histological and neurophysiological
evaluation. Arch. Toxicol. 61, 46-52
(1987).

Pentschew A, Ebner FF, Kovatch RM.
Experimental manganese encephalopathy
in monkeys: A preliminary report. J.
Neuropathol. Exp. Neurol. 22, 488-499
(1963).

Yamada M, Ohno S, Okayasu | et al.
Chronic manganese poisoning: A
neuropathological study with
determination of manganese distribution
in the brain. Acta Neuropathol. 70, 273
278 (1986).

Eriksson H, Tedroff J, Thuomas K-Aet al.
Manganese induced brain lesions in
Macaca fasicularis as revealed by positron
emission tomography and magnetic
resonance imaging. Arch. Toxicol. 66,
403-407 (1992).

www.future-drugs.com

91



Crinella

25

26

27

28

29

30

31

32

Gupta SK, Murthy RC, Chandra SV. chloride through drinking water. J. Neurochem. 40 Feinstein JM, Berkelhamer J, Bruszka M
Neuromelanin in manganese 36, 683687 (1981). et al. Factors related to early termation of
exposed primates. Toxicol. Lett. 6, 17-20 53 Lonnerdal B, Keen CL, Hurley LS. breastfeeding in an urban population.
(1980). Manganese binding proteins in human and Pediatrics 78, 210-215 (1986).

Donaldson J, Barbeau A. Metal ions in cow’s milk. Am. J. Clin. Nutr. 41, 550-559 41 Hill PD. Predictors of breastfeeding
neurology and psychiatry. Manganese (1985). duration among WIC and non-40. Kirinij
neurotoxicity: Possible clues to the etiology  ,,  Mena 1. The role of manganese in human N, Shiono PH. Early formula

of human brain disorders. In Neurology and disease Ann. Clin. Lab. Sci. 4, 487-491 supplementation of breastfeeding. Pediatrics
Neurobiology . Gabay S, Harris T, Ho BT (1974). 88, 745-750 (1991).

(Eds). AlanR. Liss Inc., New York, N, 35 Hatano S, Aihara K, Nishi kYI, Usui T. 42 Guillen AD, Faden RR, O'Campo P, Paige
USA, 259-285 (1985). Trace elements (copper, zinc, manganese DM. Determinants of breastfeeding in a
Donaldson J, La Bella FS, Gesser D. and selenium) in plasma and erythrocytes rural WIC population. J. Hum. Lact. 8, 11—
Enhanced autooxidation of dopamine as a in relation to dietary intake during infancy. 15 (1992).

possible basis of manganese neurotoxicity. J. Pediatr. Gastroenterol. Nutr. 4, 87 (1985). 45 Scott JA,, Binns CS. Factors associated with
Neurotoxicol. 2, 53-64 (19_81)' o 36 Kirchgessner M, Schwartz FJ, Roth-Maier

Graham DG. Catecholamine toxicity: A DA. Changes in the metabolism (retention,

proposal for the molecular pathogenesis of absorption, excretion) of copper, zinc and

manganese neurotoxicity and Parkinson's manganese in gravidity and lactation. In: 4

disease. Neurotoxicol. 5, 83-96 (1984). Trace element metabolism in man and

Bell JG, Keen CL, Lonnerdal B. Higher animals. Canberra: Australian Academy of ons for stopping. N. Z. Med. J.
retention of manganese in suckling than in Sciences 1981. , 355-357 (1995).

adult rats is not due to maturation 37 Kirchgessner M, Weigand E, Schwartz mslag N, Michels D. Milk, money and

madness. Westport, CN: Bergin & Garvey
1995.

46 Lucas A, Morley R, Cole TJ, Lister G,
Leeson—Payne C. Breast milk and
subsequent intelligence quotient in children
born preterm. Lancet 339, 261-264
(1992).

47 Tran TT, Chicz-DeMet A, Chowanadisai
W, Crinella FM, Lonnerdal B. (Submitted).
Effect of manganese supplementation
combined with iron deficiency on tissue

orgia, 1987. Pediatrics 87, mineral accumulation, striatal dopamine

66 (1991). levels and cognitive status.

differences In manganese uptake by rat Absorption of zinc and manganese i
small intestine. J. Toxicol. Environ. Health relation to age. In: Trace elemenigme

26, 387398 (1989).

Pastuskzoko A, Gordon-Majszak W,
Dabrowiecki Z. Dopamine uptake in
striatal synaptosomes exposed to
peroxidation in vitro. Biochem. Pharmacol.
32, 141-146 (1985).

Chandra SV, Shukla GS. Effect of
manganese on synthesis of brain
catecholamines in growing rats. Acta
Pharmacol. Toxociol. 48, 349-354 (1980).
Chandra SV, Shukla GS. Concentrations of
striatal catecholamines in rats given mangal

92

Expert Rev. Neurotherapeutics 3(2), (2003)



