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Abstract

Plain language summary

Background Prenatal growth is shaped by genetic and environmental influences. Prenatal
exposure to famine, particularly later in gestation, stunts growth and leads to lower birth
weight. Here, we evaluated the effect of prenatal famine exposure on the expression of
genetic influences on birth weight and how this relationship shapes associations between
the early environment and metabolic disease risk in later life.

Methods We analysed data from the Dutch Hunger Winter Families Study, including 283
individuals conceived in the months before the 1944-45 Dutch Famine and therefore
exposed during mid-to-late gestation, 145 conceived during the famine and thus exposed in
early gestation, and 161 unexposed controls with available obstetric records and genetic
data. Genetic influences on birth weight were assessed using a polygenic index (PGI). We
tested for gene-environment interactions between the birth weight PGl and the timing of
famine exposure, and examined whether deviations from genetically predicted birth weight
were associated with fasting glucose and waist circumference in adulthood.

Results While the birth weight PGl explains 14% of the variation in birth weight in controls
(r=0.38,p <0.001), genetics does not have a detectable influence on birth weight in famine-
exposed individuals, particularly those exposed in mid-to-late gestation (r=0.10, p =0.09)
(Pinteraction<0.001). Six decades later, being born lighter than genetically predicted is
associated with increased fasting glucose levels and waist circumference in those exposed
to famine in mid-to-late gestation as compared to controls (Pinteraction<0-04).

Conclusions Prenatal exposure to famine during mid-to-late gestation overrides genetic
influences on birth weight and modifies the relationships that are observed between birth
weight and metabolic risk factors in later life.

Growth before birth is influenced by both
genetic and environmental factors during
pregnancy. In this study, we examined
whether prenatal exposure to the Dutch
Famine affected how strongly genes
influenced birth weight, and whether this had
long-term health consequences. We found
that exposure to famine late in pregnancy, but
not early, greatly reduced birth weight and
markedly restricted the effect of genetic
influences on birth weight. These prenatal
effects played out later in life. Among indivi-
duals exposed later in pregnancy, failure to
achieve a birth weight consistent with their
genetic predisposition translated into higher
blood sugar levels and larger waist cir-
cumference in adulthood as compared with
unexposed controls. Our findings indicate
that severe undernutrition during pregnancy
can override genetic influences on early
growth and shape long-term disease risk.

Gene-environment interactions are widely recognized as a critical
mechanism linking nature and nurture. However, their empirical isolation
in human populations remains challenging. On one hand, this difficulty
may stem from limited statistical power, as the contributions of indivi-
dual genetic and environmental factors to variation in common traits are
often modest. On the other hand, some environmental exposures are partly
shaped by an individual’s genetic make-up (e.g., genetic influences on diet,

socioeconomic status, or smoking behavior), complicating the identification
of environmental exposures that are truly exogenous'™.

This study leverages a well-documented exogenous environmental
exposure—the Dutch Famine. Also known as the Dutch Hunger Winter,
this severe wartime famine at the end of World War II in the Netherlands
provides a quasi-experimental setting to examine the effects of prenatal
famine exposure on a range of human traits’. We, as well as others, have
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previously reported that this environmental exposure has a marked effect on
birth weight, in particular when occurring later in gestation””. Likewise,
genome-wide association studies have identified a series of genetic variants
that, when combined into a polygenic index, explain a substantial propor-
tion of the variance in birth weight'®"*. Through the analysis of genome-
wide genetics data, we recently ruled out substantial correlations between
genetic variation, prenatal famine, and later-life outcomes'’. Taken together,
birth weight may be a trait that is especially well-suited to investigate gene-
environment interactions in the context of prenatal famine exposure, as well
as the potential influence of such interactions on long-term health
outcomes'*™".

Using data from the Dutch Hunger Winter Families Study (DHWES),
we first confirm the major impact of prenatal famine on birth weight in mid-
to-late, but not early gestation. We also establish the influence of common
genetic variation on birth weight in our cohort using a polygenic index (PGI)
for birth weight. Next, we evaluate the interaction between prenatal famine
exposure and genetic predisposition in their effects on birth weight, while
ruling out any correlation between the two. Finally, we examine whether
deviations from genetically predicted birth weight in famine-exposed
individuals have implications for metabolic risk factors in later life, as
expressed by fasting glucose and waist circumference.

Methods

Historical background: the Dutch Hunger Winter of 1944 to 1945
The Dutch famine occurred between 26 November 1944 and 12 May 1945
and began as a result of a food-supply embargo by German occupying forces
in early October 1944, a consequence of wartime policies that severely
restricted civilian access to food. The severity and widespread nature of the
famine are well documented™”. Prior to the famine, nutrition in the
Netherlands had been generally adequate. Official rations fell below
900 kcal/day in late November 1944, and were as low as 500 kcal/day by
April 1945. The famine ended a week after liberation 5 May 1945, after
which available food supplies rapidly increased by Allied efforts.

Study population

The Dutch Hunger Winter Families study (DHWES) is described in detail
elsewhere'®". Famine-exposed individuals and non-exposed individuals
born 2 years before and after the famine (time controls) were identified from
the review of archival obstetric records. Data collection was conducted from
2003 to 2005, approximately six decades after the famine. Participants were
interviewed, participated in a clinic exam, and DNA was extracted from
blood samples and sent for genotyping'*'’. The analysis sample for this
study was formed from participants for whom birth weight and genetic data
were available, including 161 time controls, 145 individuals exposed to
famine in early gestation, and 283 individuals exposed in mid-to-late
gestation (n = 589). Additional details on the recruitment process and study
population are found in Supplementary Fig. 1.

In line with the Declaration of Helsinki, we obtained ethical approval
both from the Institutional Review Board of Columbia University Medical
Center and from the Medical Ethical Committee of the Leiden University
Medical Center (LUMC) (P02.082). The study participants provided writ-
ten consent during clinical examinations.

Assessment of birth weight, gestational age, sex, firstborn sta-
tus, and maternal age

Birth weight, gestational age, sex, information on whether the participant
was the firstborn (firstborn status), and maternal age at delivery were
obtained from the birth records of the famine-exposed individuals and the
time controls. Birth weight was recorded in grams (g) and rounded to the
nearest 10 g. Gestational age was measured in days and estimated from the
last menstrual period of the mother and the date of birth of the child.

Assessment of adult health outcomes
Fasting glucose was measured from serum samples using 'H-NMR
(Nightingale Health Ltd., Helsinki, Finland; biomarker quantification

version 2021)***2. The measurement of waist circumference (at the level of
iliac crests, intersection with midaxillary line) was carried out to the nearest
1 mm with the use of a non-extensible measuring tape (Hoechstmass).
Height was measured to the nearest millimeter using a portable stadiometer
(Seca), and body weight was measured to the nearest 100 g by a portable
scale (Seca). BMI was subsequently calculated from these measures (weight

(kg)/[height (m)]?).

Famine exposure definitions

A participant was categorized as being exposed to any famine if their mother
was exposed to <900 kcal/day for a minimum of 10 weeks during or
immediately preceding pregnancy'*'***’. The gestational period was esti-
mated from the last menstrual period of the mother recorded on the
obstetric record and the date of birth of the child. Exposure to any famine
included participants with a maternal last menstrual period date between 20
April 1944 and 30 July 1945. The effect of prenatal famine exposure on birth
weight is largely confined to individuals exposed later in pregnancy, and
those exposed periconceptionally show little to no effect’. We therefore
defined exposure based on timing of conception: individuals conceived
during the famine (maternal last menstrual period date between 26
November 1944 and 12 May 1945) were classified as exposed in early
gestation, while those conceived before the famine (maternal last menstrual
period date between 20 April and 25 November 1944) were classified as
exposed in mid-to-late gestation (Fig. 1A). This approach allows us to
distinguish exposure groups with well-established differences in birth
weight outcomes, while maximizing the number of participants within each
group. To note, any famine exposure group is composed of individuals
exposed in early (n = 145) and in mid-to-late (n = 283) gestation, as well as
those conceived shortly after the famine period ended (n=51) (Supple-
mentary Fig. 1).

10-week famine exposure group definitions. We considered the
mother exposed in gestational weeks 1-10, 11-20, 21-30, or 31 to
delivery if these gestational time windows were entirely contained
within this period and had an average exposure of <900 kcal/day during
an entire gestation period of 10 weeks. As the famine lasted 6 months,
some participants were exposed to famine during two adjacent 10-week
periods. In chronological order, pregnancies with LMP between 30
April 1944 and 24 August 1944 were considered exposed in weeks 31 to
delivery; between 9 July 1944 and 15 October 1944 in pregnancy weeks
21-30; between 17 September 1944 and 24 December 1944 in preg-
nancy weeks 11-20, between 26 November 1944 and 4 March 1945 in
pregnancy weeks 1-10. Individuals with an LMP between 4 February
and 12 May 1945 were exposed to an average of <900 kcal/day for less
than 10 weeks before conception and up to 8 weeks post-conception,
and are denoted as the weeks 9-0 weeks group. The distribution of
individuals classified as exposed in early and mid-to-late gestation
across these 10-week exposure windows can be found in Supplementary
Table 1.

Genotype data and birth weight polygenic index

The genetic database for DHWFS has been described previously"”. Briefly,
genotyping and quality controls were performed by the Human Genomics
Facility at the Erasmus University Medical Center (Rotterdam, The Neth-
erlands) using the Infinium Global Screening Array (version 24 v3.0 Bead
Chip Arrays. Illumina Inc., San Diego, USA). The genotype data were
imputed to the 1000G P3v5 reference panel™.

We measured participants’ genetic predisposition toward lower/higher
birth weight using a polygenic index. Polygenic indices summarize genome-
wide genetic influences on a trait as revealed from genome-wide association
studies (GWAS). In their simplest form, polygenic indices are computed as
the average weighted count of trait-associated alleles, where the weights are
defined by GWAS regression coefficients”. To compute the birth weight
PGI, following the practice of the Social Science Genetic Association
Consortium”, we analyzed results from the largest available GWAS on birth
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Fig. 1 | Associations of prenatal famine exposure with observed birth weight.

A Gestational timing of exposure to famine in the Dutch Hunger Winter Families
Study. The figure shows individual gestations of 283 individuals exposed to famine in
mid-to-late gestation (orange lines), 145 individuals exposed in early gestation
(purple lines), and 161 time controls (green lines). Each gestation is plotted as a
single horizontal line. The start of the line is the date of the mother’s last menstrual
period. The end of the line is the participant’s date of birth. Individual gestations are
plotted from the top of the graph to the bottom, ordered by last menstrual period
date. The shading of each line represents 10-week gestational windows; within
exposure and control groups, lighter colors indicate earlier gestational windows and
darker colors indicate later windows. The x-axis shows the date. The vertical lines
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show the start and end of the famine exposure period (November 26, 1944 to May 12,
1945). B Birth weight distribution in controls and individuals exposed to famine in
early and mid-to-late gestation. The black line indicates the mean per group, and the
shaded area represents the density of the data points. C The association between
prenatal famine exposure and observed birth weight was assessed using multi-
variable linear regression models. Points indicate the adjusted mean differences in
birth weight between famine-exposed (mid-to-late (n = 283) and early (n = 145)
gestation) and control (n = 161) groups, accounting for sex, firstborn status, and
gestational age, and error bars represent 95% confidence intervals. Estimates are
reported in grams.

Table 1 | Population characteristics

Controls (n =161) Early gestational exposure (n = 145) Mid-to-late gestational exposure (1 =283) p value
Gestational age [weeks], mean + SD 40.6+1.3 406+1.5 40.0+1.5 7.1x10°°
Sex [males], n (%) 72 (44.7) 71 (49.0) 134 (47.3) 0.750
Firstborn [yes], n (%) 77 (47.8) 70 (48.3) 116 (41.5) 0.244
Adult age [years], mean + SD 59.2+2.0 58.5+0.5 59.0+0.5 3.5x1077

Values are shown as the mean + standard deviation or count (valid %) for famine-exposed (split into exposure in early gestation and mid-to-late gestation) and controls of the study population. Comparing

the three categories by ANOVA (two-sided) or chi-square test (two-sided), as appropriate.

weight'’ using the LDpred?2 software, which takes into account patterns of
linkage disequilibrium when defining SNP-specific weights from GWAS
results'”. To summarize the polygenic index computation process, SNPs in
the selected GWAS results, DHWFS genotype data, and HapMap3+ var-
iants reference were first matched and extracted by taking the intersection of
the three variant datasets. Next, correlation matrices indicating the linkage
disequilibrium (LD) between variants were created using the HapMap3
reference data. Finally, the ‘auto’ model within LDPred2 requires the tuning
parameters of SNP heritability (h’'SNP) and the prior proportion of variants
assumed to be causal (p). We estimated h*SNP within the LDPred2 software
from LD-score regression applied to the GWAS summary statistics for birth
weight. We set the prior value of p as a sequence with a length of 30 evenly
spaced on a logarithmic scale from 1 x 107 to 0.3.

To account for potential residual population stratification, the birth
weight PGI was residualised for the first ten principal components (PCs)
estimated from the genome-wide SNP data using the ‘PC-AiR’ method from
the GENESIS R package, which accommodates data that includes genetic
relatives”. For analysis, the residualised birth weight PGI were standardized
to have a mean of 0 and a standard deviation of 1 in the sample popula-
tion (n = 640).

Statistics and reproducibility

All analyses, as well as the generation of graphs, were performed with the R
programming environment (version 4.3.1). Figures were created using
BioRender (https://biorender.com/). Regression models included covariates
for factors known to be associated with birth weight: gestational age, sex, and
firstborn status™". It has been shown that the effect of famine exposure on
birth weight is dependent on the timing of the exposure’. Therefore, we
performed all analyses examining famine exposure in early and mid-to-late
gestation. We additionally performed analyses with the full group of famine-
exposed individuals.

Prenatal famine exposure and birth weight. Multivariable linear
regression was used to test the associations of prenatal famine exposure
with birth weight using the following model:

BW =ﬁ0 + ﬁl * expeurly + ﬂz * €XPiglare T ﬁ3 * sex
+ B, * gestational age + B * first born status + ¢

where BW denotes birth weight, expe,, exposure to famine in early
gestation, and eXpm;d.jate €Xposure to famine in mid-to-late gestation.
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Sensitivity analyses of the effect of prenatal famine exposure on
birth weight. As a sensitivity analysis, we first re-estimated the associa-
tion between prenatal famine exposure and birth weight using the
aforementioned model with additional adjustment for maternal age at
delivery. To further test the robustness of the observed effects, analyses
were repeated after excluding individuals born preterm (gestational age
<37 weeks) or with a low birth weight (<2500 g). To obtain more fine-
grained effects of exposure timing during gestation, the association
between prenatal famine and birth weight was examined using 10-week
gestational exposure windows that have previously been used in this
cohort'*"*”’. In the regression analysis, the two indicators of famine
exposure were replaced with indicator variables identifying exposure
within each of the gestational time windows.

Prenatal famine exposure and birth weight PGI. Univariable linear
regression models were first used to test the association between the birth
weight PGI and observed birth weight:

BW =B, + B, * BW PGI + ¢

where BW denotes birth weight and BW PGI birth weight polygenic index.

To rule out potential gene-environment correlation between prenatal
famine exposure and birth weight genetics, we compared birth weight PGIs
of famine-exposed with control participants using multivariable linear
regression'’:

BW PGI =ﬁ0 + /31 * expearly + ﬁz * €XPrid—late + /‘;3 * sex
+ B, * gestational age + B * first born status + €

where BW PGI denotes birth weight polygenic index, eXpeay exposure to
famine in early gestation, and eXppiq_iate €Xposure to famine in mid-to-late
gestation.

Gene-environment interaction. To investigate the modification of
genetic association with birth weight by prenatal famine exposure, we
first tested the association between the birth weight PGI and observed
birth weight using Spearman correlation and multivariable linear
regression stratified per exposure group:

BW =, + B, * BW PGI + B, * sex + f3; * gestational age
+ B, * first born status + ¢

where BW denotes birth weight and BW PGI birth weight polygenic index.

We then fitted multivariable linear models in which the dependent
variable was birth weight and famine exposure, birth weight PGI, and a
product term modeling their interaction (famine exposure * birth weight
PGI) were the predictor variables:

BW =, + B, * (exp  BW PGI) + B, * exp + f3; * BW PGI
=+ B, * sex + B * gestational age + B * first born status + ¢

where BW denotes birth weight, exp exposure to famine in either early or
mid-to-late gestation, and BW PGI birth weight polygenic index.

Deviation from genetically predicted birth weight and aduit
outcomes

First, multivariable linear regression models were used to assess the asso-
ciation between famine exposure and adult fasting glucose, adjusted for age
and sex:

adult outcome = By + B, * exp + B, * sex 4 f3; * adult age + ¢

where exp denotes exposure to famine in either early or mid-to-late
gestation.

Next, deviation from genetically predicted birth weight was calculated
by subtracting observed birth weight from the birth weight PGI (birth
weight PGI minus observed birth weight; both in standard deviation units).
The association of this deviation with adult fasting glucose was then
examined using Spearman correlation and multivariable linear regression
stratified by exposure group:

adult outcome = 3, + B, * gen.BW deviation + B, * sex + f3; * adult age
+ B, * gestational age + f; * first born status + ¢

where gen. BW deviation denotes the difference between the birth weight
polygenic index and birth weight.

To formally test for an interaction, multivariable linear regression
models were fitted in which the dependent variables were fasting glucose
and famine exposure, genetically predicted birth weight deviation, and a
product term modeling their interaction (famine exposure * genetically
predicted birth weight deviation) were the predictor variables. These models
were adjusted for age, in addition to the previously mentioned birth weight
related factors:

adult outcome = B, + B, * (exp * gen. BW deviation) + f3, * exp +f;
+ gen. BW deviation 4 3, * sex + B * adult age
+ B * gestational age + B, * first born status + €

where gen. BW deviation denotes the difference between the birth weight
polygenic index and birth weight and exp exposure to famine in either early
or mid-to-late gestation.

These analyses were repeated for waist circumference and BMI as
additional metabolic risk factors.

Results

Population characteristics

Within the Dutch Hunger Winter Families Study, data on birth weight and
genotypes were available for 283 individuals exposed to famine in mid-to-
late gestation, 145 exposed to famine in early gestation, and 161 unexposed
“time controls” born at the same institution as the exposed individuals either
before or after the famine period (Fig. 1A). Famine-exposed individuals in
mid-to-late gestation had on average a 4-day shorter gestational age com-
pared to those exposed in early gestation and controls (p=7.1 x 107°). As
expected, those exposed to famine in early gestation were on average slightly
younger than those exposed in mid-to-late gestation and controls at the time
of follow-up (p=3.5x 1077). No differences were observed in sex or first-
born status (Table 1). Characteristics for any famine exposure can be found
in Supplementary Table 2.

Prenatal famine exposure and birth weight

We first reproduced previous observations that mid-to-late, but not early
gestational famine exposure, is associated with a lower birth weight in our
dataset (Fig. 1B, C and Supplementary Table 3)*’. Famine exposure in mid-
to-late gestation was associated with a 230 g decrease in birth weight
compared to controls (95% CI: —318 to —141; p=4.7 x 107). In contrast,
individuals exposed in early gestation showed no difference in birth weight
from controls (8 = —33 g, 95% CI: —133-68; p = 0.53) (Fig. 1C). Additional
adjustment for maternal age at delivery did not materially change these
estimates (Supplementary Fig. 2). These findings were also unchanged after
excluding preterm and low birth weight births, indicating that the observed
effects are not driven by these extreme cases (Supplementary Table 4 and
Supplementary Fig. 3). Finally, we repeated this analysis using more finely
defined 10-week gestational exposure windows previously applied in this
cohort'**?, which confirmed the same overall pattern of associations
(Supplementary Fig. 4).
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Fig. 2 | Associations of prenatal famine exposure with birth weight

polygenic index. A Scatterplot of the association between the birth weight polygenic
index (PGI) and observed birth weight in the control group only (r=0.38, R* = 0.14,
p=5.5x107). Solid line shows the estimated mean regression line and the shaded
band denotes 95% confidence intervals around this estimate. The Spearman cor-
relation coefficient is shown. B Birth weight PGI distribution in controls and indi-
viduals exposed to famine in early and mid-to-late gestation. The black line indicates
the mean per group and the shaded area represents the density of the data points.

Controls -~t-\ﬁs»—«.«{k§$ﬁ§{ym o .

Mid-late gestation -

Early gestation -

4 2 0 2 4
Birth weight PGI [SDS]

C The association between prenatal famine exposure and birth weight PGI was
assessed using multivariable linear regression models. Points indicate the adjusted
mean differences in birth weight PGI between famine-exposed (mid-to-late

(n =283) and early (n = 145) gestation) and control (n = 161) groups, accounting for
sex, firstborn status and gestational age, and error bars represent 95% confidence
intervals around these estimates. Estimates are reported in standard deviation (SD)
units of the birth weight PGL.

Birth weight PGl and birth weight

We evaluated the performance of the polygenic index (PGI) of birth weight
based on results from a large GWAS' in our population by testing its
association with observed birth weight among control participants
(n=161). The PGI explained 14% of the variation in birth weight
(p=5.5x1077), showing that the PGI captured a sizeable proportion of the
genetic influences on variation in birth weight (Fig. 2A).

Prenatal famine exposure and birth weight PGl

To exclude a correlation between birth weight genetics and famine expo-
sure (for example, due to selective survival according to genotype), which
would violate the assumptions when testing gene-environment interactions,
we compared the birth weight PGI between famine-exposed individuals and
controls (Supplementary Table 3). The birth weight PGI did not differ
between famine-exposed individuals and controls. The effect estimates,
however, suggested a potential modest reduction among those exposed in
early gestation, with a less pronounced difference among those exposed in
mid-to-late gestation (for early gestation f=-0.18SD, 95% CL
—0.40-0.04; p=0.10; for mid-to-late gestation f§=—0.08 SD, 95% CL
—0.28-0.11; p = 0.39) (Fig. 2B, C).

Interaction between prenatal famine exposure and birth

weight PGI

We first compared effect sizes for associations of the birth weight PGI with
birth weight among famine-exposed and unexposed individuals. While the
birth weight PGI was moderately correlated with birth weight among
controls (7eontrol = 0.38, p = 5.5 x 1077), the correlation was strongly reduced
in those exposed to famine in mid-to-late gestation (fiid.to-late = 0.10,
p=0.09). In a multivariable analysis, the birth weight PGI was associated
with an increase of 210 g in birth weight per SD increase in the PGI among
control individuals (95% CI: 142-277; p=9.5x107°). In contrast, this
increase was reduced to 54 g (95% CI: 6-102; p = 0.03) per SD increase in the
PGI among those exposed in mid-to-late gestation. In those exposed to
famine in early gestation, the correlation between PGI and birth weight

(Tearty = 0.15, Peqriy = 0.07) and the multivariable association (8 =81 g, 95%
CI: —2-163; p = 0.06) was also reduced as compared to controls, although to
a lesser extent (Fig. 3). An interaction test confirmed that the effect of birth
weight PGI on birth weight was reduced in individuals exposed to famine
compared to controls independent of the timing of exposure during
gestation (Pinceraction fOr exposure in mid-to-late gestation =3.1 x 107%
Pinteraction fOT €xposure in early gestation = 3.2 x 1072).

Deviation from genetically predicted birth weight and risk factors
for metabolic disease

In adulthood, exposure to prenatal famine was associated with risk factors
for metabolic disease in the Dutch Hunger Winter Families Study’*”'. Here,
we focus on fasting glucose and waist circumference, and first confirmed
their association with prenatal famine exposure in the subset of individuals
with complete birth weight and genotype data analyzed here. Specifically, in
our analysis sample, famine exposure in mid-to-late gestation was asso-
ciated with a 0.21 SD increase in fasting glucose levels (95% CI: 0.01-0.40;
p=0.04) and a 0.26 SD increase in waist circumference (95% CI: 0.07-0.45;
p=0.007) as compared with controls. These effects were attenuated for
those exposed in early gestation (fasting glucose: f=0.14 SD, 95% CIL:
—0.09-0.37; p=0.23; waist circumference: S=0.16SD, 95% CL
—0.06-0.39; p =0.15).

Our earlier analysis implied that famine exposure, in particular in mid-
to-late gestation, impeded individuals to attain a birth weight in line with
their genetic potential. To explore whether this interaction had con-
sequences on metabolic risk factors in later life, we examined whether
deviations from genetically predicted birth weight (calculated as birth
weight PGI minus observed birth weight) were associated with fasting
glucose levels or waist circumference in adulthood. Among individuals
exposed to famine during mid-to-late gestation, being born lighter than
genetically predicted was associated with a higher adult fasting glucose level.
Specifically, our stratified analyses revealed that being born 1 SD lighter than
the genetically predicted birth weight was associated with a 0.20 SD increase
in fasting glucose levels (95% CI: 0.07-0.32; p = 0.003). This association was
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Fig. 3 | Gene-environment interaction between genetic predisposition for birth
weight and prenatal famine exposure. The figure shows scatterplots of associations
between the birth weight polygenic index (PGI) and observed birth weight in

famine-exposed participants in mid-to-late gestation (A) and in early gestation (B),
compared to controls. Solid lines show estimated mean regression lines, and shaded
bands denote 95% confidence intervals around these estimates. Spearman correla-
tion coefficients and p values for the interaction term are shown. C The association
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between the birth weight PGI and birth weight was assessed using multivariable
linear regression models. Points indicate the mean change in birth weight per 1 SD
increase in birth weight PGI adjusted for sex, first-born status, and gestational age,
and presented separately for individuals exposed in mid-to-late (n = 283) and early
(n = 145) gestation and controls (n = 161), and error bars represent 95% confidence
intervals around these estimates. Estimates are reported in grams.

absent among controls and those exposed early in gestation. An interaction
test confirmed that the effect was confined to mid-to-late exposure
(pinteraction =0.04; Flg 4).

Similarly, the effect of deviations from genetic birth weight on adult
waist circumference was different for mid-to-late gestation exposure to
famine as compared with controls (Pinteraction = 0.01), whereas no difference
was observed for early gestation exposure compared to controls
(Pinteraction = 0.10) (Fig. 5). Among controls, being born lighter than
genetically predicted was associated with a lower waist circumference, with a
1 SD lower birth weight corresponding to a 0.20 SD decrease in waist cir-
cumference (95% CL: —0.39 to —0.004; p = 0.048). This effect was absent in
famine-exposed individuals, and in those exposed during mid-to-late
gestation, the effect size shifted in the opposite direction (p > 0.05). Findings
for BMI were comparable to those for waist circumference (Supplementary
Table 5 and Supplementary Fig. 5). As a sensitivity analysis, we assessed
whether associations between deviations from genetically predicted birth
weight and adult outcomes were independent of one another by mutually
adjusting models for fasting glucose, BMI, and waist circumference.
Although effect estimates differed slightly after mutual adjustment, the
overall patterns remained consistent, indicating largely independent asso-
ciations (Supplementary Figs. 6-8). Lastly, the individual associations
between birth weight and the birth weight PGI and these adult outcomes are
provided in the Supplementary Material (Supplementary Tables 6 and 7).

Results for the any famine exposure group, which combines the dif-
ferent exposure groups to increase sample size and assess timing-
independent effects, can be found in the Supplementary Material (Supple-
mentary Figs. 9 and 10).

Discussion

We investigated the interplay between genetic and environmental factors in
shaping the relationship between famine exposure, birth weight, and meta-
bolic risk factors in individuals who were exposed to the Dutch Hunger
Winter of 1944-1945 in utero. First, we replicated previous findings that
famine exposure during mid-to-late gestation, but not early gestation, is
associated with lower birth weight®”. We then extended prior research by
demonstrating that this effect is not driven by genetic differences”, such as
those that could arise from selective fetal or infant survival and would intro-
duce correlation. Crucially, we found that prenatal famine exposure largely
overrides the effect of genetic influences on birth weight. Finally, we explored
the implications of this interplay for metabolic disease risk in later life.

Our findings corroborated existing literature reporting that individuals
exposed to prenatal famine in the later stages of gestation, but not in early
gestation, have lower birth weights compared to controls’. Notably, this
pattern is consistent with the fact that fetal weight gain accelerates rapidly
toward the end of gestation, making birth weight particularly sensitive to
nutritional constraints during this period”. When examining potential
genetic selection related to fetal growth traits under famine conditions, we
found no discernible differences in birth weight polygenic index between
individuals exposed to famine and the control group. These results are in
line with previous research from our cohort that similarly found no evidence
of genetic selection based on BMI genetics or other health and behavioral
traits, suggesting a low likelihood of selection bias due to genetic variation
across these traits in our cohort"’.

Our study investigated how prenatal famine exposure may alter the
impact of genetic predisposition on birth weight. We observed a strong

Communications Medicine | (2026)6:209


www.nature.com/commsmed

https://doi.org/10.1038/s43856-026-01495-9

Article

A BWPGI< BWobs BWPGI > BWobs

Pint = 0.01

Glucose [SDS]

4 2 0 2 4
BWpgi - BWops [SDS]

—— Controls (r =-0.03)
—— Mid-late gestation (r =0.15)

G
Mid-iate D —
Early - l—‘:—|
Controls - }—05—|
04 0.2 00 0.2 0.4

Change in glucose per 1 SD lower birth
weight than genetically predicted
(95% Cl) [SDS]

Fig. 4 | Deviation from genetically predicted birth weight and adult fasting
glucose. Scatterplots of associations between the deviation from genetically pre-
dicted birth weight (polygenic index (PGI) minus observed birth weight) and fasting
glucose, in famine-exposed participants in mid-to-late gestation (A) and in early
gestation (B), compared to controls. Solid lines show estimated mean regression
lines and shaded bands denote 95% confidence intervals around these estimates.
Spearman correlation coefficients and p values for the interaction term are shown.
C The association between the deviation from genetically predicted birth weight and

B BWPGI < BWobs : BWPGI > BWobs

44 X ! Pt = 0.14
5‘ i °
a 2
0,
3
Q 0+
o
3> oo
(D o o® .

=24 ° E Ld o

S N T N

BWpg| - BWops [SDS]

—— Controls (r =-0.03)
—— Early gestation (r= 0.05)

fasting glucose was assessed using multivariable linear regression models. Points
indicate the mean change in fasting glucose per 1 SD lower birth weight than
genetically predicted, adjusted for sex, first-born status, gestational age, and adult
age, and presented separately for individuals exposed in mid-to-late (n = 283) and
early (n = 145) gestation and controls (n = 161), and error bars represent 95%
confidence intervals around these estimates. Estimates are reported in standard
deviation (SD) scores of fasting glucose. Fasting glucose was log-transformed prior
to the calculation of the Z scores.

association between the birth weight PGI and birth weight among the
control group. This effect was markedly reduced among individuals exposed
to famine in mid-to-late gestation, the time-point at which we observed the
strongest effects of famine exposure on birth weight. The effect of the PGI on
birth weight was also notably attenuated for those exposed in early gestation,
although to a lesser degree compared to those exposed in mid-to-late
gestation. Few studies have investigated environmental factors that might
modulate the link between genetics and fetal growth. One study found that
maternal BMI during gestation modestly moderates the PGI-birth weight
relationship in offspring', whereas another study found no evidence of
effect modification by maternal smoking”. These findings highlight the
challenge in detecting strong gene—environment interactions and the need
for further research on factors that might modify the effect of genetic pre-
disposition on birth weight. Our study provides a valuable example of how
an environmental influence can override the effect of genetic make-up in
humans.

Lastly, we explored whether the inability to attain a birth weight in line
with one’s genetic potential due to famine exposure is linked to metabolic
risk factors in adulthood. Among those exposed to famine in mid-to-late
gestation, a lower than genetically predicted birth weight was associated with
higher fasting glucose levels—an association that was absent in early
gestation and control groups. In contrast, among controls, a lower than
genetically predicted birth weight was associated with a lower waist cir-
cumference, suggesting a potentially protective effect. This pattern was

absent in individuals exposed to early gestation and reversed among those
exposed in mid-to-late gestation. Together, these findings suggest that
famine-related reductions in prenatal growth during mid-to-late gestation
may be involved in the risk of metabolic disease later in life. They also
underscore how prenatal environmental factors may modify the pathways
linking birth weight to long-term health outcomes, including cardiovascular
disease and type 2 diabetes™".

To date, numerous studies assessing the effects of prenatal famine
exposure on later health have identified early gestation as a critical period for
long-term health outcomes, linking it to increased rates of chronic diseases
and mortality’**. Additionally, DNA methylation has been proposed as a
potential mechanism linking prenatal adversity to later-life health out-
comes, and differences in DNA methylation have also been predominantly
observed in individuals exposed to famine during early gestation’’~**. Here,
our findings illustrate that famine exposure in mid-to-late gestation may
also contribute to disease risk later in life, which could in part be through its
association with lower birth weight and interaction with birth weight
genetics. Further studies will be required to assess the broader relevance of
the interplay between the prenatal environment, birth weight and genetic
predisposition for birth weight in long-term health.

We acknowledge limitations. First, our study was limited to individuals
who survived to at least age 58. For example, previous studies have reported
amodest increase in infant mortality in famine-affected cities of the western
Netherlands®. Therefore, any impact of famine exposure or lower birth
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genetically predicted birth weight and waist circumference was assessed using
multivariable linear regression models. Points indicate the mean change in waist
circumference per 1 SD lower birth weight than genetically predicted, adjusted for
sex, firstborn status, gestational age, and adult age, separately for individuals exposed
in mid-to-late (n = 283) and early (n = 145) gestation and controls (n = 161), and
error bars represent 95% confidence intervals around these estimates. Estimates are
reported in standard deviation (SD) units of waist circumference.

weight on severe health complications leading to early mortality would
result in an underestimation of the full impact of prenatal famine exposure
in our analyses. Second, while PGIs based on common genetic variation are
valuable tools for estimating genetic predisposition, they are incomplete
measurements of genetic influences on traits, which may reduce the sta-
tistical power of our analysis. Nevertheless, our PGI showed a strong
association with birth weight in our control population, also in the context of
other birth weight PGI studies'*****. Third, follow-up of the cohort extends
only to the sixth decade of life, precluding analysis of lifespan and other
long-term outcomes. Fourth, the cohort studied is relatively small, and our
analysis could only include the subset of members for whom birth records
were available; our relatively small sample size limits the precision with
which effects can be detected. Finally, the generalizability of our findings
warrants consideration. The Dutch Hunger Winter affected a previously
well-nourished population of predominantly European ancestry, and the
famine was characterized mainly by severe caloric restriction with relatively
stable macronutrient composition’w. As such, the observed effects are more
likely driven by undernutrition rather than specific nutrient deficiencies.
However, evidence from more recent analyses suggests that reductions in
protein intake during the most extreme phases of the famine may have
contributed to long-term health outcomes®. These historical and
population-specific circumstances may limit direct extrapolation to other
famine settings, particularly those involving prolonged malnutrition, dif-
ferent nutritional profiles, or populations with different genetic back-
grounds. Nonetheless, our findings may still inform a broader

understanding of how severe caloric restriction during pregnancy can
influence fetal growth, its association with genetics, and later-life
metabolic risk.

Conclusion

Famine exposure in mid-to-late gestation can override the effect of genetic
influences on birth weight, and this interplay between nature and nurture
can have long-term consequences for metabolic disease risk. Our findings
highlight how genetic and environmental factors interact to influence health
trajectories and may provide insights into the mechanisms linking prenatal
adversity, birth weight, and adult disease susceptibility.

Data availability

Source data for the main figures in the manuscript with statistical analyses
are provided in Supplementary Data file 1. The DHWES data underlying
this article are not publicly available due to privacy considerations. They can
be requested through contact with B.T.H. (b.theijjmans@lumc.nl) and
shared for replication purposes if replication is conducted within the secure
Leiden University Medical Center network environment. Timelines
involved in securing access to data vary according to the complexity of the
request.

Code availability
The code developed to perform the analyses described is available at https://
git.lumc.nl/mjtacubert/dhwfs-bw-pgi.

Communications Medicine | (2026)6:209


https://git.lumc.nl/mjtaeubert/dhwfs-bw-pgi
https://git.lumc.nl/mjtaeubert/dhwfs-bw-pgi
www.nature.com/commsmed

https://doi.org/10.1038/s43856-026-01495-9

Article

Received: 28 July 2025; Accepted: 23 February 2026;
Published online: 12 March 2026

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Schmitz, L. & Conley, D. Modeling gene-environment interactions
with quasi-natural experiments. J. Pers. 85, 10-21 (2017).

Plomin, R., DeFries, J. C. & Loehlin, J. C. Genotype-environment
interaction and correlation in the analysis of human behavior. Psychol.
Bull. 84, 309-322 (1977).

Belsky, D. W. et al. Genetics and the geography of health, behaviour
and attainment. Nat. Hum. Behav. 3, 576-586 (2019).

Krapohl, E. et al. Widespread covariation of early environmental
exposures and trait-associated polygenic variation. Proc. Natl. Acad.
Sci. USA 114, 11727-11732 (2017).

Burger, G. C. E., Drummond, J. C. & Sandstead, H. R. Malnutrition and
Starvation in Western Netherlands: September 1944-July 1945
(General State Print. Office, 1948).

Stein, A. D., Zybert, P. A., van de Bor, M. & Lumey, L. H. Intrauterine
famine exposure and body proportions at birth: the Dutch Hunger
Winter. Int. J. Epidemiol. 33, 831-836 (2004).

Heijmans, B. T. et al. Persistent epigenetic differences associated with
prenatal exposure to famine in humans. Proc. Natl. Acad. Sci. USA
105, 17046-17049 (2008).

Smith, C. A. The effect of wartime starvation in Holland upon
pregnancy and its product. Am. J. Obstet. Gynecol. 53, 599-608
(1947).

Susser, M. & Stein, Z. Timing in prenatal nutrition: a reprise of the
Dutch Famine Study. Nutr. Rev. 52, 84-94 (1994).

Warrington, N. M. et al. Maternal and fetal genetic effects on birth
weight and their relevance to cardio-metabolic risk factors. Nat.
Genet. 51, 804-814 (2019).

Juliusdottir, T. et al. Distinction between the effects of parental and
fetal genomes on fetal growth. Nat. Genet. 53, 1135-1142 (2021).
Privé, F., Arbel, J. & Vilhjaimsson, B. J. LDpred2: better, faster,
stronger. Bioinformatics 36, 5424-5431 (2021).

Zhou, J. et al. Genetic analysis of selection bias in a natural
experiment: investigating in-utero famine effects on elevated body
mass index in the Dutch Hunger Winter Families Study. Am. J.
Epidemiol 194, 1959-1966 (2024).

Trejo, S. Exploring the fetal origins hypothesis using genetic data.
Soc. Forces 102, 1555-1581 (2024).

Caspi, A. et al. Moderation of breastfeeding effects on the 1Q by
genetic variation in fatty acid metabolism. Proc. Natl. Acad. Sci. USA
104, 18860-18865 (2007).

Ghirardi, G. The development of body mass index from adolescence
to adulthood: a genotype-family socioeconomic status interaction
study. Soc. Sci. Med. 384, 118539 (2025).

Dols, M. J. L. &van Arcken, D. J. A. M. Food supply and nutrition in the
Netherlands during and immediately after World War Il. Milbank Mem.
Fund. Q. 24, 319 (1946).

Lumey, L. H. et al. Cohort profile: the Dutch Hunger Winter families
study. Int. J. Epidemiol. 36, 1196-1204 (2007).

Cheng, M. et al. Accelerated biological aging six decades after
prenatal famine exposure. Proc. Natl. Acad. Sci. USA 121, 24 (2024).
Wirtz, P. et al. Quantitative serum nuclear magnetic resonance
metabolomics in large-scale epidemiology: a primer on -omic
technologies. Am. J. Epidemiol. 186, 1084-1096 (2017).

Soininen, P., Kangas, A. J., Wirtz, P., Suna, T. & Ala-Korpela, M.
Quantitative serum nuclear magnetic resonance metabolomics in
cardiovascular epidemiology and genetics. Circ. Cardiovasc. Genet.
8, 192-206 (2015).

Taeubert, M. J. et al. Adults prenatally exposed to the Dutch Famine
exhibit a metabolic signature associated with a broad spectrum of
common diseases. BMC Med. 22, 309 (2024).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Tobi, E. W. et al. DNA methylation as a mediator of the association
between prenatal adversity and risk factors for metabolic disease in
adulthood. Sci. Adv. 4, eaao4364 (2018).

1000 Genomes Project Consortium et al. A global reference for human
genetic variation. Nature 526, 68-74 (2015).

Dudbridge, F. Polygenic epidemiology. Genet Epidemiol. 40, 268-272
(2016).

Becker, J. et al. Resource profile and user guide of the Polygenic Index
Repository. Nat. Hum. Behav. 5, 1744-1758 (2021).

Conomos, M. P., Miller, M. B. & Thornton, T. A. Robust inference of
population structure for ancestry prediction and correction of
stratification in the presence of relatedness. Genet. Epidemiol. 39,
276-293 (2015).

Wilcox, A. J. & Skjaerven, R. Birth weight and perinatal mortality: the
effect of gestational age. Am. J. Public Health 82, 378-382 (1992).
Bohn, C. et al. Birth weight increases with birth order despite
decreasing maternal pregnancy weight gain. Acta Paediatr. 110,
1218-1224 (2021).

Voskamp, B. J. et al. Association between fetal sex, birthweight
percentile and adverse pregnancy outcome. Acta Obstet. Gynecol.
Scand. 99, 48-58 (2020).

Stein, A. D. et al. Anthropometric measures in middle age after
exposure to famine during gestation: evidence from the Dutch famine.
Am. J. Clin. Nutr. 85, 869-876 (2007).

Kiserud, T. et al. The World Health Organization fetal growth charts:
concept, findings, interpretation, and application. Am. J. Obstet.
Gynecol. 218, S619-S629 (2018).

Pereira, R. D., Rietveld, C. A. & van Kippersluis, H. The interplay
between maternal smoking and genes in offspring birth weight. J.
Hum. Resour 61, 1020-11266R2 (2022).

Huang, X. et al. Birth weight and the risk of cardiovascular outcomes: a
report from the Large Population-Based UK Biobank Cohort Study.
Front. Cardiovasc. Med. 9, 827491 (2022).

Knop, M. R. et al. Birth weight and risk of type 2 diabetes mellitus,
cardiovascular disease, and hypertension in adults: a meta-analysis
of 7 646 267 participants from 135 studies. J. Am. Heart Assoc. 7,
008870 (2018).

Lumey, L. H., Stein, A. D. & Susser, E. Prenatal famine and adult
health. Annu. Rev. Public Health 32, 237-262 (2011).

Wiegersma, A. M., Roseboom, T. J. & de Rooij, S. R. Women exposed
to famine in early gestation have increased mortality up to age

76 years. Paediatr. Perinat. Epidemiol 39, 236-241 (2024).

Lumey, L. H., Li, C., Khalangot, M., Levchuk, N. & Wolowyna, O. Fetal
exposure to the Ukraine famine of 1932-1933 and adult type 2
diabetes mellitus. Science 385, 667-671 (2024).

Lumey, L. H., Ekamper, P., Bijwaard, G., Conti, G. & van Poppel, F.
Overweight and obesity at age 19 after pre-natal famine exposure. Int.
J. Obes. 45, 1668-1676 (2021).

Tobi, E. W. et al. Early gestation as the critical time-window for
changes in the prenatal environment to affect the adult human blood
methylome. Int. J. Epidemiol. 44, 1211-1223 (2015).

Tobi, E. W. et al. Prenatal famine and genetic variation are
independently and additively associated with DNA methylation at
regulatory loci within IGF2/H19. PLoS ONE 7, €37933 (2012).

Tobi, E. W. et al. DNA methylation differences after exposure to
prenatal famine are common and timing- and sex-specific. Hum. Mol.
Genet. 18, 4046-4053 (2009).

de Zwarte, I. J. J., Ekamper, P. & Lumey, L. H. Infant and child mortality
in the Netherlands 1935-47 and changes related to the Dutch famine
of 1944-45: a population-based analysis. Popul. Stud. 12, 1-19
(2023).

Stinson, S. E. et al. The interplay between birth weight and obesity in
determining childhood and adolescent cardiometabolic risk.
EBioMedicine 105, 105205 (2024).

Communications Medicine | (2026)6:209


www.nature.com/commsmed

https://doi.org/10.1038/s43856-026-01495-9

Article

45. Conti, G., Poupakis, S., Ekamper, P., Bijwaard, G. E. & Lumey, L. H.
Severe prenatal shocks and adolescent health: evidence from the
Dutch Hunger Winter. Econ. Hum. Biol. 53, 101372 (2024).

Acknowledgements

This research was supported by US National Institutes of Health Grant
R0O1AG066887. Genetic data on birth weight have been contributed by the
EGG Consortium using the UK Biobank Resource and have been
downloaded from www.egg-consortium.org.

Author contributions

M.J.T.,D.W.B.,L.H.L.,and B.T.H. designed the analysis. L.H.L. designed the
cohort. D.C.C., L.H.L., D.W.B., and B.T.H. designed the genetic data
collection. T.B.K.,,M.J.T.,J.Z.,SW.,TW.,D.C.C.,L.H.L.,,D.W.B.,and B.T.H.
developed the genetic data resource. M.J.T., K.K., and J.Z. analyzed the
data. M.J.T. and B.T.H. drafted the manuscript. M.J.T., KK., J.Z., T.B.K,,
D.C.C,C.L,SW, TW., DW.B. LH.L., and B.T.H. contributed to critical
revision of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43856-026-01495-9.

Correspondence and requests for materials should be addressed to
Bastiaan T. Heijmans.

Peer review information Communications Medicine thanks Thorkild
Sorensen, Juho Kuula and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

Communications Medicine | (2026)6:209

10


http://www.egg-consortium.org
https://doi.org/10.1038/s43856-026-01495-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsmed

	Prenatal famine exposure restricts genetic effects on birth weight with implications for metabolic disease risk
	Methods
	Historical background: the Dutch Hunger Winter of 1944 to 1945
	Study population
	Assessment of birth weight, gestational age, sex, firstborn status, and maternal age
	Assessment of adult health outcomes
	Famine exposure definitions
	10-week famine exposure group definitions

	Genotype data and birth weight polygenic index
	Statistics and reproducibility
	Prenatal famine exposure and birth weight
	Sensitivity analyses of the effect of prenatal famine exposure on birth weight
	Prenatal famine exposure and birth weight PGI
	Gene-environment interaction

	Deviation from genetically predicted birth weight and adult outcomes

	Results
	Population characteristics
	Prenatal famine exposure and birth weight
	Birth weight PGI and birth weight
	Prenatal famine exposure and birth weight PGI
	Interaction between prenatal famine exposure and birth weight PGI
	Deviation from genetically predicted birth weight and risk factors for metabolic disease

	Discussion
	Conclusion
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




