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S ize at birth is strongly related to a
number of maternal factors includ-
ing parity, length of gestation,

mother’s adult size, and mother’s own
birth weight (1). The importance of ge-
netic factors has come from studies of
monozygous and dizygous twins, where
estimates of heritability of birth weight
range from 30 to 70% (2,3). Ounsted et
al. (4), however, reported that there may
be a stronger relationship between the
birth weight of the mother and that of the
offspring, particularly in infants born
with a low birth weight, and that these
relationships may vary with parity. These
data suggest that not only fetal genes but
also genes that regulate the maternal uter-
ine environment could be important in
determining size at birth.

MATERNAL UTERINE
ENVIRONMENT — Size at birth is
the strongest determinant of perinatal
survival (5), yet in most populations,
mean birth weight is slightly lower than
optimal for offspring survival (6). Thus, it
would appear that all fetal growth is sub-
ject to some degree of restraint by the ma-
ternal uterine environment (7), perhaps
reflecting the importance to the mother of
restricting the nutritional demands of the
fetus if it would threaten her survival in
times of poor nutrition. Although mater-
nal undernutrition may (8) or may not (9)
be a less common determinant of birth
weight in contemporary populations, re-
straint of fetal growth is still evident, par-
ticularly in first pregnancies. First babies
have a lower birth weight and tend to be
thinner than subsequent babies, with a
preserved head circumference and

length, suggesting reduced adiposity.
Postnatally, these babies demonstrate
rapid catch-up growth (1). Such a growth
pattern is evident in infants whose intra-
uterine environment has been affected by
poor placental function, secondary to ma-
ternal hypertension and preeclampsia,
but a similar pattern is also evident in un-
complicated pregnancies, where it is pre-
dicted by maternal factors such as
maternal smoking and the mother’s own
low birth weight (1).

Ounsted et al. (4) were the first to
report a strong association between birth
weight of offspring and maternal birth
weight in their study of small growth-
restrained infants. Thus, restraint of fetal
growth may be inherited through the ma-
ternal line. There may be a close relation-
ship between restraint of fetal growth and
the risk of preeclampsia, which is also
more common in first pregnancies. In a
recent study of over 4,000 pregnancies in
Cambridge (U.K.), we noted that moth-
ers’ first pregnancies were associated with
lower birth weight in the offspring (mean
difference between first and subsequent
pregnancies, 130 g; P � 0.0001) and an
increased risk of pregnancy-induced hy-
pertension (odds ratio, 4.3; 95% CI 2.5–
7.3; P � 0.0001). A mother’s risk of
preeclampsia has also been related to her
own low birth weight (10).

Size at birth can also be affected by
maternal blood glucose levels. This is
most clearly seen in infants of diabetic
mothers, where increased glucose trans-
fer to the fetus results in �-cell hyperpla-
sia, increased insulin secretion, and
greater fetal adiposity. More subtle varia-
tion in maternal glucose levels can also

affect size at birth, as demonstrated in a
study of mothers and offspring with rare
genetic defects of the glucokinase gene
(11), and more recent reports that com-
mon variation in the glucokinase gene
promoter also relates to size at birth (12).
In our own studies of over 4,000 normal
pregnancies, a continuous relationship is
observed between maternal glucose levels
and the birth weight of the offspring (Fig.
1). Interestingly, such variation in mater-
nal glucose levels may be partly transmit-
ted through the maternal line, as risk of
gestational diabetes is also related to low
maternal birth weight (13).

The association between a mother’s
birth weight and the birth weight of her
offspring is likely to be complex and
could relate to in utero programming of
fetal metabolism and epigenetic or genetic
effects. Variation in the mitochondrial ge-
nome is an important candidate, since
this is exclusively transmitted through the
maternal line. The mitochondrial DNA
16189 variant has been reported by our
group to be associated with thinner off-
spring at birth (14). Infants with this vari-
ant showed increased postnatal weight
gain, suggesting that the effect may be me-
diated through the maternal uterine envi-
ronment, although the mechanism is
unclear and these observations have yet to
be confirmed in other populations.

Another potential mechanism whereby
the restraint of fetal growth could be trans-
mitted through the maternal line is in the
inheritance of exclusively maternally ex-
pressed genes, where paternal alleles are si-
lenced by imprinting. Imprinting results in
silencing of either the maternal or paternal
copy of a gene and, therefore, exclusive ex-
pression of the allele inherited from one or
other of the parents (15). Haig (16) pointed
out the inherent conflict between the moth-
er’s need to limit the nutritional demands of
the fetus and the father’s interests in pro-
moting fetal growth, to optimize the chance
of perinatal survival. This led to the hypoth-
esis that imprinted genes evolved to reflect
the competing interests of the mother and
father. Many imprinted genes regulate fetal
growth. In animal models, genes expressed
exclusively from the paternal allele tend to
promote fetal growth, such as IGF2, which
encodes the growth promoter IGF-II. In
contrast, genes expressed exclusively from
the maternal allele tend to reduce fetal
growth, such as IGF2R, which encodes the
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non-signaling type 2 IGF receptor (17). The
extent to which such observations are rele-
vant to human fetal growth is uncertain, as,
although IGF2 is paternally expressed in
humans, there is only variable imprinting of
IGF2R.

We recently identified a common
variant in the maternally expressed gene
H19, which regulates the imprinting and
expression of IGF2 and was associated
with size at birth in two independent co-
horts (Fig. 2) (18). The H19 �2992 vari-

ant was associated with increased cord
blood levels of IGF-II and higher maternal
levels of glucose during pregnancy. H19 is
expressed but does not have a protein
product. It is thought to regulate imprint-
ing of the exclusively paternally expressed
growth promoter IGF2. In our observa-
tional studies of large normal popula-
tions, it was not possible to distinguish
whether the birth size association was di-
rectly due to inheritance of the maternal
allele by the fetus, or indirectly through

effects of the mother’s genotype on the
uterine environment. Data from a study of
a placental-specific igf2 promoter in the
mouse (19) indicate how complex such
interactions may be. Knockout of this
promoter led to an initial compensatory
upregulation of placental nutrient trans-
fer, which could also have affected mater-
nal metabolism, but subsequently there
was failure of this compensatory process
and fetal growth slowed, with a resultant
low birth weight (20).

FETAL GENES AND SIZE AT
BIRTH — A series of elegant animal
knockout experiments have identified the
importance of IGF-I, IGF-II, insulin, and
their respective receptors in regulating fe-
tal growth and size at birth (21). Studies
of rare mutations in humans support the
role of these proteins and receptors in the
regulation of human fetal growth. New-
borns with defects in pancreatic develop-
ment or insulin receptor activation show
reduced fetal growth and adiposity (22).
Individuals born with defects of the IGF1
gene are small at birth, with a particular
reduction in head size (23,24). Intrauter-
ine growth retardation has also been re-
ported in individuals with genetic defects
in the IGF type 1 receptor (IGF1R) (25).
Infants with a reduced or increased copy
number of this receptor are reported to
show reduced or increased fetal and post-
natal growth, respectively (26), indicating
that the copy number of IGF1R may influ-
ence growth in humans. As yet, there have
been no reported human cases with se-
vere mutations of IGF2R, but variable
rates of imprinting and expression of this
gene have been reported in relation to size
at birth (27). Finally, overexpression of
IGF2 has been shown to result in fetal
overgrowth as part of the Beckwith-
Wiedemann syndrome (28) and, very re-
cently, Silver-Russell syndrome has been
shown to be associated with demethyl-
ation of the telomeric imprinting center
ICR1 on chromosome 11p15 and result-
ing over-methylation and underexpres-
sion of IGF2 (29).

Thus, common polymorphisms in
genes regulating expression of the genes
encoding IGF-I, IGF-II, insulin, and their
respective receptors could relate to size at
birth. In population studies, cord blood
levels of IGF-I, IGF-II, and insulin are
positively related to size at birth (30). In
contrast, growth hormone levels tend to
be higher in babies born small for gesta-
tional age, perhaps reflecting the meta-
bolic rather than anabolic role of growth

Figure 1—Maternal glucose levels (post–oral glucose at 28 weeks’ gestation) (n � 4,166) by
parity (A) and relationship with birth weight (B).
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hormone in the perinatal period (31).
Higher levels of the soluble form of IGF2R
and higher levels of IGF2R relative to
IGF-II have been associated with smaller
size at birth and placental weight, sug-
gesting that, as in the mouse, IGF2R may
have a growth inhibitory function (17,
32).

The extent to which the variations in
cord blood hormone concentrations and
size at birth are related to common ge-
netic polymorphisms remains uncertain.
Polymorphisms of the IGF1 gene and, in
particular, a common IGF1 promoter CA
repeat, have been reported to be associ-
ated with size at birth (33,34); however,

these associations have not been con-
firmed in other large population studies
(35). Our group has examined the rela-
tionship between a common variation in
IGF2 and IGF2R and size at birth in large
representative birth cohorts. Whereas
variation in these genes has been associ-
ated with postnatal weight and height
gain, we could not find any association
with size at birth (36,37).

In contrast, variation in the length of
the insulin gene (INS) variable number of
tandem repeats (VNTR) on chromosome
11, which is thought to regulate transcrip-
tion of both INS and IGF2 (38,39), has
been associated with size at birth. We

originally reported an association be-
tween the INS VNTR class III/III genotype
and larger size at birth, particularly in re-
lation to head circumference and, to a
lesser extent, birth length and weight
(40). We subsequently confirmed these
associations with head circumference at
birth, by the identification of an associa-
tion in a second cohort, and by observing
the transmission of the parental class III
allele, excluding potential confounding
by population stratification (41). An asso-
ciation between INS VNTR and size at
birth was also observed in the Pima Indi-
ans of Arizona, but the association was
reversed compared with the previous
study, and class III/III individuals had
lower birth weights (42). Other studies
from Finland and the southwest of En-
gland have failed to replicate any of these
findings (43,44). It is possible that such
associations may be confounded by link-
age disequilibrium with other genetic
variants in this region of chromosome 11,
which is rich in imprinted loci that have
putative effects on IGF2 expression and
fetal growth. Additional confounding
may come from selection of cases, since in
our own study the associations were
strongest in second and subsequent preg-
nancies, where the potential confounding
effects of the maternal uterine environ-
ment and maternal restraint of fetal
growth are less evident (41).

The impetus to identify the common
genetic regulators of size at birth has in-
creased with the observation that size at
birth is an important predictor of adult dis-
ease risk (45). The common IGF1 promoter
CA repeat has been reported to be associ-
ated with size at birth (33,34); however, this
association was not confirmed in a large
population study (35). Our own group has
looked at common variations in insulin re-
ceptor substrate 1 and peroxisome prolif-
erator–activated receptor-�, since both
have been associated with risk of insulin re-
sistance in adult populations. However, we
were unable to confirm any association with
size at birth (46). Common polymorphism
in the G protein �3 subunit gene has been
associated with low birth weight in preg-
nancies without other risks for reduced fetal
growth (47). Other common genetic vari-
ants reported to be associated with size at
birth include variants in angiotensinogen
(48), the small heterodimer partner in a co-
hort of obese children (49); phosphoglu-
comutase locus 1 in girls (50); and the
vitamin D receptor (51), preproneuropep-
tide Y (52), and acid phosphatase in boys
(52a).

Figure 2—Birth weight SD score (SDS) (A) and cord blood IGF-II levels (B) at birth in the
ALSPAC cohort, by mother’s H19 � 2992 genotype, stratified by birth order (“Primip” � mother’s
first child; “Non-primip” � second or subsequent child). Data are means (95% CIs). Firstborn
infants had lower birth weights than infants of subsequent pregnancies. Associations with mother’s
genotype (CC vs. T* [CT or TT]) were only seen in first pregnancies. Taken from Petry et al. (18),
originally published by Biomed Central Ltd.
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Further genetic polymorphisms in
placental alkaline phosphatase in the fe-
tus (53) and maternal aromatic com-
pound-inducible cytochrome P450 and
glutathione-S-transferase genes (54) were
associated with modifications of the ef-
fects of maternal smoking during preg-
nancy on offspring birth weight. Other
maternal genetic polymorphisms that
may influence maternal metabolism and
are reported to be associated with size at
birth include methlenetetrahydrofolate
reductase (55) and G protein �3 subunit
(56).

INTERACTION BETWEEN
FETAL GENES AND THE
MATERNAL UTERINE
ENVIRONMENT — Size at birth is
an important determinant of not only off-
spring perinatal survival but also maternal
survival, and it is likely that it has been the
subject of intense genetic selection pres-
sure throughout human history. It has
been argued that the conflicting interest
of the mother and father in restricting and
promoting fetal growth, respectively, may
be reflected in the evolutionary develop-
ment of imprinted genes of which over
70% are thought to regulate fetal growth
and brain development (15).

We have argued that a thrifty fetal ge-
notype is one that would enhance fetal
growth and postnatal weight gain, thus
enhancing chances of perinatal survival
(57). The INS VNTR class III/III genotype
would be a good candidate for such a
thrifty genotype because it affects size at
birth (40,41,58). Preliminary work in our
Department from the Cambridge Birth
Cohort examining the effects of transmis-
sion of class III genotype in three gene-
rations confirmed the effects of transmis-
sion of class III alleles, particularly from
the father, on size at birth and also indi-
cated that in the mothers inheritance of
class III from their fathers may be associ-
ated with increased glucose levels during
pregnancy. But there is considerable over-
lap. These observations were particularly
marked in second and subsequent preg-
nancies where the effects of maternal con-
straint of fetal growth are least evident.
The data from Innes et al. linking low
birth weight with subsequent risk for pre-
eclampsia (10) and gestational diabetes
(13) suggest that similar transgenera-
tional effects related to inheritance from
the mother may also be associated with
subsequent pregnancy effects on birth
weight.

From our own studies of common

variation in the H19 gene, we observed
that, particularly in first pregnancies, this
genotype is associated with not only size
at birth but also variation in maternal glu-
cose levels during pregnancy (18). Ge-
netic variation was strongly associated
with cord blood IGF-II levels, suggesting
that the primary influence was on fetal
physiology, whereas variation in the
mother’s H19 and IGF2 gene expression is
unlikely to have led directly to lower glu-
cose levels. This leads to the suggestion
that expression of imprinted fetal genes in
the fetus could influence maternal metab-
olism. Further evidence to support this
hypothesis has come from the study of a
knockout mouse model, where lack of fe-
tal expression of the maternally ex-
pressed, imprinted gene p57Kip2 leads to
hypertension, proteinuria, thrombocyto-
penia, decreased anti-thrombin III activ-
ity, and increased endothelin levels
associated with trophoplastic hyperplasia
during late pregnancy in functionally
wild-type mothers (59). After birth of the
pups, mothers’ blood pressure and urine
protein levels return to normal. This
model shows strong similarities to pre-
eclampsia in humans, a condition associ-
ated with the birth of low-weight babies.
Evidence for a role for the fetal genome in
influencing maternal blood pressure in
pregnancy in humans comes from the
finding of higher blood pressures in
women carrying fetuses with Beckwith-
Wiedemann syndrome, where the ge-
netic defect is located within the highly
imprinted 11p15.5 chromosomal re-
gion (60). The likely mechanisms of
such fetal effects on the mother are com-
plex, but recent study of an igf2 placen-
tal promoter-specific knockout mouse
show that the fetus can indeed respond
to poor nutrition by regulating the nu-
tritional transport from the mother, be
it only temporarily (19,20).

CONCLUSIONS — The complexity
of the potential interactions between ma-
ternal and fetal genotype should not be
unexpected given that the delicate bal-
ance between maternal and fetal survival
has been essential for the evolutionary de-
velopment of our species. Genetic selec-
tion perhaps primarily but exclusively
involving imprinted genes has led to a
delicate balance in fetal nutrient demands
and maternal restraint of fetal growth.
That balance may vary by parity, and it
has been argued that as the family size
increases, the rising maternal glucose lev-
els may reflect a biological commitment to

increased prenatal weight gain, thus en-
hancing chances of perinatal survival and
reducing postnatal demands on the
mother. There are now compelling data to
suggest that both maternal gestational di-
abetes and maternal restraint of fetal
growth are associated with future risk for
type 2 diabetes, and further exploration of
these complex interactions between ma-
ternal and fetal genotype may help to elu-
cidate the mechanisms underlying those
associations.

References
1. Ong KK, Preece MA, Emmett PM, Ahmed

ML, Dunger DB: Size at birth and early
childhood growth in relation to maternal
smoking, parity and infant breast-feeding:
longitudinal birth cohort study and anal-
ysis. Pediatr Res 52:863–867, 2002

2. Magnus P: Causes of variation in birth
weight: a study of offspring of twins. Clin
Genet 25:15–24, 1984

3. Little RE, Sing CF: Genetic and environ-
mental influences on human birth weight.
Am J Hum Genet 40:512–526, 1987

4. Ounsted M, Scott A, Moar VA: Con-
strained and unconstrained fetal growth:
associations with some biological and
pathological factors. Ann Hum Biol 15:
119–129, 1988

5. Karn MN, Penrose LS: Birth weight and
gestation time in relation to maternal age,
parity and infant survival. Ann Eugen 16:
147–164, 1951

6. Alberman E: Are our babies becoming
bigger? J R Soc Med 84:257–260, 1991

7. Gluckman PD, Breier BH, Oliver M, Har-
ding J, Bassett N: Fetal growth in late ges-
tation: a constrained pattern of growth.
Acta Paediatr Scand Suppl 367:105–110,
1990

8. Moore VM, Davies MJ, Willson KJ, Wors-
ley A, Robinson JS: Dietary composition
of pregnant women is related to size of the
baby at birth. J Nutr 134:1820–1826,
2004

9. Mathews F, Yudkin P, Neil A: Influence of
maternal nutrition on outcome of preg-
nancy: prospective cohort study. BMJ
319:339–343, 1999

10. Innes KE, Byers TE, Marshall JA, Baron A,
Orleans M, Hamman RF: Association of a
woman’s own birth weight with her sub-
sequent risk for pregnancy-induced hy-
pertension. Am J Epidemiol 158:861–870,
2003

11. Hattersley AT, Beards F, Ballantyne E,
Appleton M, Harvey R, Ellard S: Muta-
tions in the glucokinase gene of the fetus
result in reduced birth weight. Nat Genet
19:268–270, 1998

12. Weedon MN, Frayling TM, Shields B,
Knight B, Turner T, Metcalf BS, Voss L,
Wilkin TJ, McCarthy A, Ben-Shlomo Y,
Davey Smith G, Ring S, Jones R, Golding

Dunger, Petry, and Ong

DIABETES CARE, VOLUME 30, SUPPLEMENT 2, JULY 2007 S153

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/30/Supplem
ent_2/S150/467387/zdc1070700s150.pdf by guest on 18 April 2024



J, Byberg L, Mann V, Axelsson T, Syvanen
AC, Leon D, Hattersley AT: Genetic regu-
lation of birth weight and fasting glucose
by a common polymorphism in the islet
cell promoter of the glucokinase gene. Di-
abetes 54:576–581, 2005

13. Innes KE, Byers TE, Marshall JA, Baron A,
Orleans M, Hamman RF: Association of a
woman’s own birth weight with subse-
quent risk for gestational diabetes. JAMA
287:2534–2541, 2002

14. Casteels K, Ong K, Phillips D, Bendall H,
Pembrey M: Mitochondrial 16189 vari-
ant, thinness at birth, and type-2 diabetes:
ALSPAC study team: Avon Longitudinal
Study of Pregnancy and Childhood. Lan-
cet 353:1499–1500, 1999

15. Reik W, Walter J: Genomic imprinting:
parental influence on the genome. Nat Rev
Genet 2:21–32, 2001

16. Haig D: Altercation of generations: ge-
netic conflicts of pregnancy. Am J Reprod
Immunol 35:226–232, 1996

17. Ludwig T, Eggenschwiler J, Fisher P,
D’Ercole AJ, Davenport ML, Efstratiadis
A: Mouse mutants lacking the type 2 IGF
receptor (IGF2R) are rescued from peri-
natal lethality in IGF2 and IGF1R null
backgrounds. Dev Biol 177:517–535,
1996

18. Petry CJ, Ong KK, Barratt BJ, Wingate D,
Cordell HJ, Ring SM, Pembrey ME, Reik
W, Todd JA, Dunger DB: Common poly-
morphism in H19 associated with birth-
weight and cord blood IGF-II levels in
humans. BMC Genet 6:22, 2005

19. Constancia M, Hemberger M, Hughes J,
Dean W, Ferguson-Smith A, Fundele R,
Stewart F, Kelsey G, Fowden A, Sibley C,
Reik W: Placental-specific IGF-II is a ma-
jor modulator of placental and fetal
growth. Nature 417:945–948, 2002

20. Sibley CP, Coan PM, Ferguson-Smith AC,
Dean W, Hughes J, Smith P, Reik W, Bur-
ton GJ, Fowden AL, Constancia M: Pla-
cental-specific insulin-like growth factor
2 (IGF2) regulates the diffusional ex-
change characteristics of the mouse pla-
centa. Proc Natl Acad Sci U S A 101:8204–
8208, 2004

21. Baker J, Liu JP, Robertson EJ, Efstratiadis
A: Role of insulin-like growth factors in
embryonic and postnatal growth. Cell 75:
73–82, 1993

22. Ogilvy-Stuart AL, Soos MA, Hands SJ, An-
thony MY, Dunger DB, O’Rahilly S: Hy-
poglycemia and resistance to ketoacidosis
in a subject without functional insulin re-
ceptors. J Clin Endocrinol Metab 86:3319–
3326, 2001

23. Woods KA, Camacho-Hubner C, Savage
MO, Clark AJ: Intrauterine growth retar-
dation and postnatal growth failure asso-
ciated with deletion of the insulin-like
growth factor 1 gene. N Engl J Med 335:
1363–1367, 1996

24. Bonapace G, Concolino D, Formicola S,
Strisciuglio P: A novel mutation in a pa-

tient with insulin-like growth factor 1
(IGF-1) deficiency. J Med Genet 40:913–
917, 2003

25. Abuzzahab MJ, Schneider A, Goddard A,
Grigorescu F, Lautier C, Keller E, Kiess
W, Klammt J, Kratzsch J, Osgood D,
Pfaffle R, Raile K, Seidel B, Smith RJ, Cher-
nausek SD: IGF-I receptor mutations re-
sulting in intrauterine and postnatal
growth retardation. N Engl J Med 349:
2211–2222, 2003

26. Okubo Y, Siddle K, Firth H, O’Rahilly S,
Wilson LC, Willatt L, Fukushima T, Ta-
kahashi S, Petry CJ, Saukkonen T, Stan-
hope R, Dunger DB: Cell proliferation
activities on skin fibroblasts from a short
child with absence of one copy of the type
1 insulin-like growth factor receptor
(IGF1R) gene and a tall child with three
copies of the IGF1R gene. J Clin Endocrinol
Metab 88:5981–5988, 2003

27. Wutz A, Smrzka OW, Barlow DP: Making
sense of imprinting the mouse and human
IGF-2R loci. Novartis Found Symp 214:
251–259, 1998

28. Morison IM, Becroft DM, Taniguchi T,
Woods CG, Reeve AE: Somatic over-
growth associated with overexpression of
insulin-like growth factor II. Nat Med
2:311–316, 1996

29. Gicquel C, Rossignol S, Cabrol S, Houang
M, Steunou V, Barbu V, Danton F,
Thibaud N, Le Merrer M, Burglen L, Ber-
trand AM, Netchine I, Le Bouc Y: Epimu-
tation of the telomeric imprinting center
region on chromosome 11p15 in Silver-
Russell syndrome. Nat Genet 37:1003–
1007, 2005

30. Ong K, Kratzsch J, Kiess W, Dunger D:
Circulating IGF-I levels in childhood are
related to both current body composition
and early postnatal growth rate. J Clin En-
docrinol Metab 87:1041–1044, 2002

31. Ogilvy-Stuart AL, Hands SJ, Adcock CJ,
Holly JM, Matthews DR, Mohamed-Ali V,
Yudkin JS, Wilkinson AR, Dunger DB: In-
sulin, insulin-like growth factor I (IGF-I),
IGF-binding protein-1, growth hormone,
and feeding in the newborn. J Clin Endo-
crinol Metab 83:3550–3557, 1998

32. Ong K, Kratzsch J, Kiess W, Costello M,
Scott C, Dunger D: Size at birth and cord
blood levels of insulin, insulin-like
growth factor I (IGF-I), IGF-II, IGF-bind-
ing protein-1 (IGFBP-1), IGFBP-3, and
the soluble IGF-II/mannose-6-phosphate
receptor in term human infants: The AL-
SPAC Study Team: Avon Longitudinal
Study of Pregnancy and Childhood. J Clin
Endocrinol Metab 85:4266–4269, 2000

33. Vaessen N, Janssen JA, Heutink P, Hof-
man A, Lamberts SW, Oostra BA, Pols
HA, van Duijn CM: Association between
genetic variation in the gene for insulin-
like growth factor-I and low birthweight.
Lancet 359:1036–1037, 2002

34. Johnston LB, Dahlgren J, Leger J, Ge-
lander L, Savage MO, Czernichow P,

Wikland KA, Clark AJ: Association be-
tween insulin-like growth factor I (IGF-I)
polymorphisms, circulating IGF-I, and
pre- and postnatal growth in two Euro-
pean small for gestational age popula-
tions. J Clin Endocrinol Metab 88:4805–
4810, 2003

35. Frayling TM, Hattersley AT, McCarthy A,
Holly J, Mitchell SM, Gloyn AL, Owen K,
Davies D, Smith GD, Ben-Shlomo Y: A
putative functional polymorphism in the
IGF-I gene: association studies with type
2 diabetes, adult height, glucose toler-
ance, and fetal growth in U.K. popula-
tions. Diabetes 51:2313–2316, 2002

36. Petry CJ, Ong KK, Wingate DL, Brown J,
Scott CD, The Alspac Study Team, Jones
EY, Pembrey ME, Dunger DB: Genetic
variation in the type 2 insulin-like growth
factor receptor gene and disparity in
childhood height. Growth Horm IGF Res
15:363–368, 2005

37. Gaunt TR, Cooper JA, Miller GJ, Day IN,
O’Dell SD: Positive associations between
single nucleotide polymorphisms in the
IGF2 gene region and body mass index in
adult males. Hum Mol Genet 10:1491–
1501, 2001

38. Bennett ST, Wilson AJ, Cucca F, Nerup J,
Pociot F, McKinney PA, Barnett AH, Bain
SC, Todd JA: IDDM2-VNTR-encoded
susceptibility to type 1 diabetes: domi-
nant protection and parental transmission
of alleles of the insulin gene-linked mini-
satellite locus. J Autoimmunol 9:415–421,
1996

39. Paquette J, Giannoukakis N, Polychrona-
kos C, Vafiadis P, Deal C: The INS 5� vari-
able number of tandem repeats is
associated with IGF2 expression in hu-
mans. J Biol Chem 273:14158–14164,
1998

40. Dunger DB, Ong KK, Huxtable SJ, Sherriff
A, Woods KA, Ahmed ML, Golding J,
Pembrey ME, Ring S, Bennett ST, Todd
JA: Association of the INS VNTR with size
at birth: ALSPAC Study Team: Avon Lon-
gitudinal Study of Pregnancy and Child-
hood. Nat Genet 19:98–100, 1998

41. Ong KK, Petry CJ, Barratt BJ, Ring S,
Cordell HJ, Wingate DL, Pembrey ME,
Todd JA, Dunger DB: Maternal-fetal inter-
actions and birth order influence insulin
variable number of tandem repeats allele
class associations with head size at birth
and childhood weight gain. Diabetes 53:
1128–1133, 2004

42. Lindsay RS, Hanson RL, Wiedrich C,
Knowler WC, Bennett PH, Baier LJ: The
insulin gene variable number tandem re-
peat class I/III polymorphism is in linkage
disequilibrium with birth weight but not
type 2 diabetes in the Pima population.
Diabetes 52:187–193, 2003

43. Bennett AJ, Sovio U, Ruokonen A, Marti-
kainen H, Pouta A, Taponen S, Harti-
kainen AL, King VJ, Elliott P, Jarvelin MR,
McCarthy MI: Variation at the insulin

Genetics of size at birth

S154 DIABETES CARE, VOLUME 30, SUPPLEMENT 2, JULY 2007

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/30/Supplem
ent_2/S150/467387/zdc1070700s150.pdf by guest on 18 April 2024



gene VNTR (variable number tandem re-
peat) polymorphism and early growth:
studies in a large Finnish birth cohort. Di-
abetes 53:2126–2131, 2004

44. Mitchell SM, Hattersley AT, Knight B,
Turner T, Metcalf BS, Voss LD, Davies D,
McCarthy A, Wilkin TJ, Smith GD, Ben-
Shlomo Y, Frayling TM: Lack of support
for a role of the insulin gene variable num-
ber of tandem repeats minisatellite (INS-
VNTR) locus in fetal growth or type 2
diabetes-related intermediate traits in
United Kingdom populations. J Clin Endo-
crinol Metab 89:310–317, 2004

45. Hales CN, Barker DJ: The thrifty pheno-
type hypothesis. Br Med Bull 60:5–20,
2001

46. Mason S, Ong KK, Pembrey ME, Woods
KA, Dunger DB: The Gly972Arg variant
in insulin receptor substrate-1 is not asso-
ciated with birth weight in contemporary
English children: The ALSPAC Study
Team: Avon Longitudinal Study of Preg-
nancy and Childhood. Diabetologia 43:
1201–1202, 2000

47. Hocher B, Slowinski T, Stolze T, Pleschka
A, Neumayer HH, Halle H: Association of
maternal G protein beta3 subunit 825T
allele with low birthweight. Lancet 355:
1241–1242, 2000

48. Zhang XQ, Varner M, Dizon-Townson D,
Song F, Ward K: A molecular variant of
angiotensinogen is associated with idio-
pathic intrauterine growth restriction.
Obstet Gynecol 101:237–242, 2003

49. Nishigori H, Tomura H, Tonooka N, Ka-
namori M, Yamada S, Sho K, Inoue I,
Kikuchi N, Onigata K, Kojima I, Kohama

T, Yamagata K, Yang Q, Matsuzawa Y,
Miki T, Seino S, Kim MY, Choi HS, Lee
YK, Moore DD, Takeda J: Mutations in the
small heterodimer partner gene are asso-
ciated with mild obesity in Japanese sub-
jects. Proc Natl Acad Sci U S A 98:575–
580, 2001

50. Gloria-Bottini F, Lucarini N, Palmarino R,
La Torre M, Nicotra M, Borgiani P, Cosmi
E, Bottini E: Phosphoglucomutase genetic
polymorphism of newborns. Am J Hum
Biol 13:9–14, 2001

51. Lorentzon M, Lorentzon R, Nordstrom P:
Vitamin D receptor gene polymorphism is
associated with birth height, growth to
adolescence, and adult stature in healthy
Caucasian men: a cross-sectional and lon-
gitudinal study. J Clin Endocrinol Metab
85:1666–1670, 2000

52. Karvonen MK, Koulu M, Pesonen U, Uus-
itupa MI, Tammi A, Viikari J, Simell O,
Ronnemaa T: Leucine 7 to proline 7 poly-
morphism in the preproneuropeptide Y is
associated with birth weight and serum
triglyceride concentration in preschool
aged children. J Clin Endocrinol Metab 85:
1455–1460, 2000

52a.Amante A, Gloria-Bottini E: Intrauterine
growth: association with acid phospha-
tase genetic polymorphism. J Perinat Med
18:275–282, 1990

53. Magrini A, Bottini N, Gloria-Bottini F,
Stefanini L, Bergamaschi A, Cosmi E, Bot-
tini E: Enzyme polymorphisms, smoking,
and human reproduction: a study of hu-
man placental alkaline phosphatase. Am J
Hum Biol 15:781–785, 2003

54. Wang X, Zuckerman B, Pearson C, Kauf-

man G, Chen C, Wang G, Niu T, Wise PH,
Bauchner H, Xu X: Maternal cigarette
smoking, metabolic gene polymorphism,
and infant birthweight. JAMA 287:195–
202, 2002

55. Nurk E, Tell GS, Refsum H, Ueland PM,
Vollset SE: Associations between mater-
nal methylenetetrahydrofolate reductase
polymorphisms and adverse outcomes of
pregnancy: the Hordaland Homocysteine
Study. Am J Med 117:26–31, 2004

56. Masuda K, Osada H, Iitsuka Y, Seki K,
Sekiya S: Positive association of maternal
G protein beta3 subunit 825T allele with
reduced head circumference at birth. Pe-
diatr Res 52:687–691, 2002

57. Dunger DB, Ong KK: Endocrine and
metabolic consequences of intrauterine
growth retardation. Endocrinol Metab
Clin North Am 34:597– 615, 2005

58. Ong KK, Phillips DI, Fall C, Poulton J,
Bennett ST, Golding J, Todd JA, Dunger
DB: The insulin gene VNTR, type 2 dia-
betes and birth weight. Nat Genet 21:262–
263,1999

59. Kanayama N, Takahashi K, Matsuura T,
Sugimura M, Kobayashi T, Moniwa N,
Tomita M, Nakayama K: Deficiency in
p57Kip2 expression induces preeclamp-
sia-like symptoms in mice. Mol Hum Re-
prod 8:1129–1135, 2002

60. Wangler MF, Chang AS, Moley KH, Fein-
berg AP, Debaun MR: Factors associated
with preterm delivery in mothers of chil-
dren with Beckwith-Wiedemann syn-
drome: a case cohort study from the BWS
registry. Am J Med Genet A 134:187–191,
2005

Dunger, Petry, and Ong

DIABETES CARE, VOLUME 30, SUPPLEMENT 2, JULY 2007 S155

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/30/Supplem
ent_2/S150/467387/zdc1070700s150.pdf by guest on 18 April 2024


