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OBJECTIVE — An adverse fetal environment may permanently modify the effects of specific
genes on glucose tolerance, insulin secretion, and insulin sensitivity. In the present study, we
assessed a possible interaction of the peroxisome proliferator–activated receptor (PPAR)-�2
Pro12Ala polymorphism with prenatal exposure to famine on glucose and insulin metabolism.

RESEARCH DESIGN AND METHODS — We measured plasma glucose and insulin
concentrations after an oral glucose tolerance test and determined the PPAR-�2 genotype among
675 term singletons born around the time of the 1944–1945 Dutch famine.

RESULTS — A significant interaction effect between exposure to famine during midgestation
and the PPAR-�2 Pro12Ala polymorphism was found on the prevalence of impaired glucose
tolerance and type 2 diabetes. The Ala allele of the PPAR-�2 gene was associated with a higher
prevalence of impaired glucose tolerance and type 2 diabetes but only in participants who had
been prenatally exposed to famine during midgestation. Similar interactions were found for area
under the curve for insulin and insulin increment ratio, which were lower for Ala carriers
exposed to famine during midgestation.

CONCLUSIONS — The effects of the PPAR-�2 Pro12Ala polymorphism on glucose and
insulin metabolism may be modified by prenatal exposure to famine during midgestation. This
is possibly due to a combined deficit in insulin secretion, as conferred by pancreatic �-cell
maldevelopment and carrier type of the Ala allele in the PPAR-�2 gene.
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The fetal origins hypothesis proposes
that metabolic and cardiovascular
disease originates through adapta-

tions made by the fetus in response to an

adverse fetal environment (1). An adverse
fetal environment may alter gene expres-
sion and lead to physiological or morpho-
logical phenotypes associated with

disease (2). Based on this hypothesis, one
can expect the effects of polymorphisms
associated with specific diseases to de-
pend on the type of fetal environment.
Size at birth, a marker of the fetal environ-
ment, has been shown to modulate the
effects of a number of genetic polymor-
phisms (3–6). In particular, there is accu-
mulating evidence for an interaction
between size at birth and the effects of the
Pro12Ala polymorphism of the peroxi-
some proliferator–activated receptor
(PPAR)-�2 gene.

PPAR-�2 is one of three PPAR-� iso-
forms and is a member of the nuclear hor-
mone receptor subfamily of transcription
factors, which regulate transcription of
various genes (7). PPAR-� is implicated in
adipocyte differentiation, regulating glu-
cose, and lipid homeostasis (7). The
PPAR-� gene contains nine exons and
spans �100 kb of genomic DNA on chro-
mosome 3p25 (8,9). Of several mutations
identified on the PPAR-�2 gene, the pro-
line-to-alanine change in codon 12 of
exon B is one (10). The Ala allele reduces
the transcriptional activity of PPAR-� and
may protect against type 2 diabetes com-
pared with the more common Pro/Pro ge-
notype (11,12). In people with low birth
weight, the Pro/Pro genotype has been
shown to be associated with raised sys-
tolic blood pressure, increased insulin re-
sistance, and elevated plasma insulin
concentrations (13,14). Because this as-
sociation was not observed in people with
normal birth weights, it may be con-
cluded that the fetal environment inter-
acts with the effects of the PPAR-�2
Pro12Ala polymorphism. Birth weight is,
however, a summary measure of the fetal
environment. The Dutch famine birth co-
hort study provides the opportunity to
study the direct effects of a specific ad-
verse fetal environment, namely maternal
undernutrition. The Dutch famine birth
cohort consists of people born as term
singletons in the Wilhelmina Gasthuis in
Amsterdam around the time of the Dutch
famine. People who were exposed to fam-
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ine during gestation had higher 120-min
plasma glucose and insulin concentra-
tions at age 50 years compared with peo-
ple prenatally unexposed to famine (15).
The purpose of the current study was to
determine whether famine exposure dur-
ing gestation interacts with the effects of
the PPAR-�2 Pro12Ala polymorphism on
glucose and insulin metabolism.

RESEARCH DESIGN AND
METHODS — Selection procedures
The Dutch famine birth cohort consists of
2,414 men and women born as term sin-
gletons in the Wilhelmina Gasthuis in
Amsterdam between 1 November 1943
and 28 February 1947 (15). All 1,423
members of the cohort who lived in the
Netherlands on 1 September 2002 and
whose current address was available were
invited to the hospital. Of the cohort of
1,423 eligible people, a total of 810 peo-
ple agreed to participate in the study. The
local medical ethics committee had ap-
proved the study, which was also carried
out in accordance with the Declaration of
Helsinki. All participants gave written in-
formed consent.

Exposure to famine
Exposure to famine was defined accord-
ing to the official daily food rations for the
general population aged �21 years (16).
An individual was considered to be pre-
natally exposed to famine if the average
daily food ration of the mother during any
13-week period of gestation contained
�1,000 calories. Based on this definition,
babies born between 7 January 1945 and
8 December 1945 were exposed in utero.
We delineated periods of 16 weeks each
to differentiate between those who were
exposed in late gestation (born between 7
January and 28 April 1945), in midgesta-
tion (born between 29 April and 18 Au-
gust 1945), and in early gestation (born
between 19 August and 8 December
1945). People born before 7 January 1945
and conceived and born after 8 December
1945 were considered as unexposed to
famine in utero.

Study parameters
The medical birth records provided infor-
mation about the mother, the course of
the pregnancy, and the size of the baby at
birth (15). Trained nurses took all mea-
surements and conducted a standardized
interview. We measured height using a
fixed or portable stadiometer and weight
with Seca and portable Tefal scales. Infor-
mation about socioeconomic status, med-

ical history, l i festyle, and use of
medication was obtained in a standard-
ized interview. We defined current socio-
economic s t a tus accord ing to
International Socioeconomic Index of
Occupational Status 92, which is based
on the participant’s, or their partner’s, oc-
cupation, whichever status was highest
(17). After an overnight fast, we per-
formed an oral glucose tolerance test
(OGTT) with a standard load of 75 g. Ve-
nepuncture was performed at 0, 30, 60,
and 120 min after the administration of
the oral glucose load to assess plasma glu-
cose and insulin concentrations. DNA
material was extracted from the fasting
blood sample. Participants with preexis-
tent diabetes, defined as taking oral or in-
jected antidiabetic medication, were
excluded from the OGTT. Plasma glucose
concentrations were measured by stan-
dardized enzymatic photometric assay on
a Modular P analyzer (Roche, Basel, Swit-
zerland) and plasma insulin concentra-
tions by an immunoluminometric assay
on an Immulite 2000 analyzer (Diagnos-
tic Product, Los Angeles, CA). The insulin
assay sensitivity was 15 pmol/l. The
Pro12Ala polymorphism of the PPAR-�2
gene was determined by the PCR restric-
tion fragment–length polymorphism
method. The following primers were
used: forward primer 5�-CAAGC
CCAGTCCTTTCTGTG-3� and reverse
primer 5�-AGTGAAGGAATCGCTT
TCCG-3�.

Statistical methods
Impaired glucose tolerance was defined as
a 120-min glucose level between 7.8 and
11.0 mmol/l. Type 2 diabetes was defined
as a 120-min glucose level of �11.0
mmol/l (18). The ratio of the 30-min in-
crement in insulin to 30-min increment in
glucose concentrations was used as an in-
dex of insulin secretion (19). Insulin re-
sistance was estimated by homeostasis
model assessment (HOMA-IR) (20). The
area under the curve (AUC) was calcu-
lated for insulin according to the follow-
ing formula: [15*log (ins0min)] �
[30* log ( ins30min) ] � [45* log
(ins60min)] � [30*log (ins120min)]/
120. Logarithmic transformations were
applied to glucose, insulin, insulin incre-
ment ratio, HOMA-IR, and BMI values
because they had skewed distributions.
Allele frequencies were estimated by gene
counting, and departure from Hardy-
Weinberg equilibrium was tested using a
�2 test with one degree of freedom. Geno-
types were treated as categorical variables.

We used linear regression analysis to
compare glucose and insulin concentra-
tions and logistic regression to compare
the prevalence of impaired glucose toler-
ance and type 2 diabetes between geno-
type groups and exposure groups.
Possible interactions between the effects
of prenatal famine exposure and the
Pro12Ala polymorphism of the PPAR-�2
gene on glucose/insulin metabolism were
assessed by adding an interaction term
(genotype*exposure) to the regression
equation. We adjusted for sex and BMI in
all analyses. Additional adjustment was
done for maternal and birth characteris-
tics, smoking, and current socioeconomic
status. We considered differences to be
statistically significant if P values were
�0.05.

RESULTS — Genotypes of the PPAR-
�2 Pro12Ala polymorphism were avail-
able for 772 of 810 participants. Sixty-
two of 772 participants had to be
excluded from participating in the OGTT
because they had preexisting diabetes.
The test was not performed on another 35
participants due to the fact that they had
not adhered to fasting instructions (n � 7)
or due to difficulties in venepuncture
(n � 28). Of 675 participants who under-
went an OGTT and for whom a genotype
was available, 280 (42%) had been ex-
posed to famine in utero (Table 1). People
with type 2 diabetes and people with im-
paired glucose tolerance were grouped to-
gether for analysis because of the
relatively small number of people with
type 2 diabetes based on the OGTT (31
cases).

The prevalences of the Pro/Ala and
the Ala/Ala genotypes were 25 and 2%,
respectively (Table 1). The frequency of
the Ala allele was 0.148. The observed
genotype frequencies were in Hardy-
Weinberg equilibrium for all study
groups. The Ala carriers were grouped
together for analysis because of the low
frequency of the Ala/Ala genotype. Ex-
cluding participants with the Ala/Ala ge-
notype from analyses did not change the
results (data not shown). The proportions
of Ala carriers did not significantly differ
between the unexposed group (27%) and
the groups exposed in late (29%), mid
(28%)-, and early gestation (23%). Table
2 shows that there were no significant dif-
ferences between participants carrying
the Pro/Pro genotype and those carrying
the Ala allele in terms of BMI, plasma glu-
cose and insulin concentrations, the prev-
alence of impaired glucose tolerance and
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type 2 diabetes, AUC for insulin, insulin
increment ratio, and insulin resistance.

Participants who were prenatally ex-
posed to famine had 120-min glucose
concentrations that were 0.4 mmol/l
(95% CI 0.1–0.7) higher and 120-min in-
sulin concentrations that were 27 pmol/l
(0–57) higher than the glucose and insu-
lin concentrations of unexposed partici-
pants. The prevalence of impaired
glucose tolerance and type 2 diabetes,
AUC for insulin, insulin increment ratio,
and HOMA-IR did not differ between par-
ticipants exposed and participants unex-
posed to famine in utero.

Table 3 shows that carriers of the Ala
allele in the group exposed to famine dur-
ing midgestation had a higher prevalence
of impaired glucose tolerance and type 2
diabetes than carriers of the Pro/Pro geno-
type (odds ratio adjusted for sex and BMI
2.7 [95% CI 0.9–7.8]). Conversely, in the
group unexposed to famine during gesta-
tion, carriers of the Ala allele had a lower
prevalence of impaired glucose tolerance
and type 2 diabetes compared with carri-
ers of the Pro/Pro genotype (0.6 [0.3–
1.2]). The interaction between famine
exposure in midgestation and carrying
the Ala allele on the prevalence of im-
paired glucose tolerance and type 2 dia-

betes was statistically significant (P �
0.03, Fig. 1). Inclusion of the 62 partici-
pants with known type 2 diabetes who
were excluded from the OGTT yielded
the same results (P � 0.02 for interaction,
data not shown).

Carriers of the Ala allele exposed in
midgestation had a lower AUC for insulin
(	54 pmol/l [95% CI 	117 to 	2]) and
a lower insulin increment ratio (	22
[	42 to 7]) than midexposed participants
with the Pro/Pro genotype. Carriers of the

Table 1—Maternal and birth and adult characteristics according to timing of prenatal exposure to the Dutch famine

Exposure to famine

Born before
In late

gestation
In

midgestation
In early

gestation
Conceived

after All n

General
n 208 116 103 61 187 675 —
Proportion of men (%) 47 41 40 40 52 46 675
Age (years) 59 59 58 58 57 58 
 1 675
Number of participants with Pro/Ala genotype 57 33 25 12 43 170 —
Number of participants with Ala/Ala genotype 3 1 4 2 5 15 —

Maternal characteristics
Age at delivery (years) 29 31* 29 27 29 29 
 6 675
Primiparous (%) 36 22* 21 43 35 33 675
Manual labor (%) 82 73 71 59* 69 73 549
Weight gain (third trimester) (kg) 2.8 0.1* 4.4* 4.9* 3.5 2.9 
 2.9 470
Weight at last antenatal visit (kg) 66.4 63.1* 63.6* 69.3 69.4 66.5 
 8.6 593

Birth outcomes
Gestational age (days) 285 284 286 288* 286 285 
 11 580
Birth weight (g) 3,393 3,208* 3,189* 3,486 3,494 3,366 
 474 675

Adult characteristics at age 58 years
BMI (kg/m²)† 27.7 27.7 27.4 27.4 28.6 27.9 
 1.2 675
Current smoking (%) 22 26 25 33* 23 24 673
Current socioeconomic status (International

Socioeconomic Index of Occupational
Status)

48 52* 52* 47 49 50 
 14 675

Data are means 
 SD, except where given as numbers and percentages. *Statistically significant difference (P � 0.05) compared with participants unexposed to
famine in utero. †Geometric means 
 SD.

Table 2—Geometric means � SD for BMI, plasma glucose and insulin concentrations, and
prevalence of impaired glucose tolerance and type 2 diabetes according to PPAR-�2 gene
polymorphism

Pro/Pro Ala P

n 490 185
BMI (kg/m2) 27.9 
 1.2 28.0 
 1.2 0.64
OGTT

Glucose 0 min (mmol/l) 5.6 
 1.7 5.5 
 1.7 0.19
Glucose 30 min (mmol/l) 8.6 
 2.2 8.6 
 2.2 0.74
Glucose 60 min (mmol/l) 8.2 
 2.1 8.1 
 2.1 0.43
Glucose 120 min (mmol/l) 6.0 
 1.8 5.8 
 1.8 0.11
Insulin 0 min (pmol/l) 57 
 4.0 55 
 4.0 0.29
Insulin 30 min (pmol/l) 297 
 1.8 299 
 1.9 0.95
Insulin 60 min (pmol/l) 386 
 1.8 394 
 1.8 0.74
Insulin 120 min (pmol/l) 254 
 2.1 232 
 2.2 0.12

Prevalence of impaired glucose tolerance
and diabetes (%)

20.6 18.6 0.54

AUC of insulin (pmol/l) 252 
 1.7 252 
 1.7 0.85
Insulin increment ratio 80 
 2.4 84 
 2.4 0.55
HOMA-IR index (mmol � pmol/l2) 14.2 
 2.7 13.5 
 2.6 0.21

P values for differences adjusted for sex, BMI, and prenatal exposure to famine during late, mid-, and early
gestation.
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Ala allele unexposed to famine, on the
other hand, had a higher AUC for insulin
(12 pmol/l [	15 to 44]) and a higher in-
sulin increment ratio (14 [	3 to 35]) than
unexposed participants with the Pro/Pro
genotype. The interactions between fam-
ine exposure in midgestation and carrier-
ship of the Ala allele were both significant
on AUC for insulin and insulin increment
ratio (P � 0.03 and 0.05, respectively).
The participants exposed to famine in
midgestation who carried the Ala allele
also had a lower HOMA-IR compared
with carriers of the Pro/Pro genotype, but

this interaction was not statistically signif-
icant. Additional adjustment for con-
founding variables other than sex and
BMI (including maternal characteristics,
birth weight, gestational age, current
smoking, and current socioeconomic sta-
tus) did not significantly alter the results.
There were no significant interactions be-
tween the Pro12Ala polymorphism and
birth weight in terms of plasma glucose
and insulin concentrations, prevalence of
impaired glucose tolerance and type 2 di-
abetes, AUC for insulin, insulin incre-
ment ratio, and insulin resistance.

CONCLUSIONS — Our find ing s
show that prenatal exposure to famine
during midgestation interacts with the
Pro12Ala polymorphism of the PPAR-�2
gene in influencing the prevalence of im-
paired glucose tolerance and type 2 dia-
betes. The Ala allele of the PPAR-�2 gene
was associated with a higher prevalence of
impaired glucose tolerance and type 2 di-
abetes but only in participants who had
been prenatally exposed to famine during
midgestation. The Ala allele was also as-
sociated with lower insulin concentra-
tions but, again, only in participants who

Table 3—Prevalence of impaired glucose tolerance and type 2 diabetes and geometric means for insulin-associated variables according to
timing of prenatal exposure to the Dutch famine and Pro12Ala polymorphism

Exposure to famine

Born before
(148/60)

In late gestation
(82/34)

In midgestation
(74/29)

In early gestation
(47/14)

Conceived after
(139/48)

Prevalence of impaired glucose tolerance/diabetes
(%)
Pro/Pro 22.5 20.5 15.9 21.7 20.6
Ala 16.9 20.6 31.0 14.3 12.8
All 20.4 20.5 20.4 20.0 18.6
P value* — 0.46 0.03 0.84 —

AUC of insulin (pmol/l)
Pro/Pro 248 245 268 274 247
Ala 270 270 221 218 249
All 255 252 253 260 247
P value* — 0.80 0.03 0.09 —

Insulin increment ratio
Pro/Pro 81 79 91 78 73
Ala 87 86 69 60 95
All 82 81 84 74 79
P value* — 0.65 0.05 0.17 —

HOMA-IR (mmol � pmol/l2)
Pro/Pro 14.1 13.4 13.9 15.0 14.6
Ala 14.1 15.1 12.1 12.7 12.6
All 14.1 13.9 13.4 14.4 14.0
P value* — 0.19 0.56 0.49 —

Frequencies of Pro/Pro/Ala carriers in parentheses.*P values for interaction genotype times famine exposure during late, mid-, and early gestation, adjusted for sex
and BMI.

Figure 1—Prevalence of impaired glucose tolerance and type 2 diabetes (
SE) for participants carrying either the Pro/Pro genotype or the Ala allele
according to timing of prenatal exposure to the Dutch famine. *Indicates a statistically significant interaction between genotype and famine exposure
during midgestation.
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had been exposed to famine during
midgestation.

Although this study is the first to
demonstrate that genetic influences can
be modified by prenatal nutrition, gene-
nutrient interaction regarding the
Pro12Ala polymorphism has been shown
before. Women who carried the Ala allele
and who were given a hypocaloric diet for
6 months had a greater increase in insulin
sensitivity and fasting carbohydrate oxi-
dation and a greater decrease in fasting
lipid oxidation compared with women on
the diet who carried the Pro/Pro genotype
(21).

Our findings differ from the study of
Eriksson et al. (13), who reported that the
effects of low birth weight on raised fast-
ing insulin concentrations and insulin re-
sistance were confined to carriers of the
Pro/Pro genotype. We did not find evi-
dence that the effect of the Pro/Pro geno-
type on fasting insulin concentrations or
insulin resistance is modified by famine
exposure or size at birth. Rather, we
found the highest prevalence of impaired
glucose tolerance and type 2 diabetes in
carriers of the Ala allele who were ex-
posed to famine during midgestation. The
fact that our results diverge from the re-
sults of the study of Eriksson et al. may lie
in the difference between the use of size at
birth and maternal undernutrition as
markers of fetal environment. Size at birth
is a summary measure of fetal growth and
a result of a wide range of maternal, pla-
cental, and fetal factors, of which mater-
nal nutrition is just one. It has been
shown in animals as well as in humans
that restricted maternal nutrition can pro-
duce permanent effects on adult health
without affecting size at birth (22–24).
Our inability to show associations with
birth weight may have resulted from dif-
ferences in population characteristics
such as the older age and the surplus of
women in the Helsinki cohort used in
Eriksson et al.’s study and the interference
of famine exposure in our cohort. Alter-
natively, the fact that, compared with
Eriksson et al.’s study, in our study ma-
ternal nutrition may have had a relatively
large contribution to birth weight com-
pared with placental, fetal, and other
maternal characteristics may have con-
tributed to the discrepancy.

The combination of carrying the Ala
allele and prenatal exposure to famine
during midgestation did not only affect
the prevalence of impaired glucose toler-
ance and type 2 diabetes but also resulted
in lower insulin concentrations and a

lower insulin increment ratio. These find-
ings suggest that this group of people is
insulin deficient. There is evidence that
carrying the Ala allele leads to impaired
insulin secretion of the pancreatic �-cell
(25). On the other hand, the Ala allele
exhibits a reduced ability for transcrip-
tional activity of PPAR-�, leading to im-
proved insulin sensitivity because lower
levels of adipose tissue mass are accumu-
lated (11). Fetal undernutrition has been
shown to decrease the number and func-
tion of �-cells in rats as well as in humans
(26,27). In humans, �-cells are found at
�10–11 weeks of gestation and develop
for the most part during midgestation
(28). It is possible that prenatal famine
exposure in midgestation impairs the de-
velopment of the �-cells, leading to im-
paired insulin secretion. Carrying the Ala
allele may further reduce insulin secre-
tion. We speculate that the combination
of impaired �-cell development and Ala
allele carriership produces a degree of in-
sulin deficiency that can no longer be
compensated for by improved insulin
sensitivity related to carrying the Ala al-
lele.

The interaction between effects of the
Pro12Ala polymorphism and prenatal ex-
posure to famine seemed to involve expo-
sure to famine during midgestation only.
Although participants who were exposed
to famine during late and early gestation
also had higher 120-min glucose concen-
trations predisposing to type 2 diabetes,
we did not find interactions with the
Pro12Ala polymorphism for these
groups. This might indicate that depend-
ing on trimester of exposure to famine,
different mechanisms relating to impaired
glucose tolerance may be affected. As
mentioned above, the Pro12Ala polymor-
phism may have interacted with famine
during midgestation because midgesta-
tion is an important period for the devel-
opment of the �-cells (28).

A limitation of the study is the rela-
tively small sample size. In our cohort,
only 29 participants who carried the Ala
allele had been exposed to famine during
midgestation. Our findings should there-
fore be confirmed by future studies. An-
other limitation is that our finding is a
post hoc finding. We aimed to look for an
interaction between prenatal exposure to
famine and the Pro12Ala polymorphism
on glucose/insulin metabolism but did
not have clear hypotheses about the
direction of the interaction and investi-
gated several glucose/insulin-associated
variables.

In conclusion, our study provides the
first evidence that genetic influences can
be modified by nutrition of the human
fetus in utero. The effects of the PPAR-�2
Pro12Ala polymorphism on the glucose/
insulin metabolism are modified by pre-
natal exposure to famine during
midgestation. This is possibly due to a
combined deficit in insulin secretion, as
conferred by pancreatic �-cell maldevel-
opment and carrier type of the Ala allele in
the PPAR-�2 gene.
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