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Chapter 1 

Many	studies	have	demonstrated	that	prenatal	undernutrition	is	associated	with	the	development	
of	a	number	of	age-related	diseases	in	later	life.	In	the	late	1980’s	David	Barker	was	the	first	to	
describe	 an	 association	 between	 fetal	 development	 and	 adult	 disease.	 Using	 birth	weight	 as	
a	proxy	for	 fetal	development,	he	found	that	birth	weight	was	 inversely	associated	with	adult	
systolic	 blood	 pressure1.	 Moreover,	 in	 a	 cohort	 of	 men	 born	 in	 Hertfordshire	 between	 1911	
and	1930,	 he	 reported	 that	 those	born	with	 the	 lowest	birth	weights	had	 the	highest	 risk	of	
death	from	ischemic	heart	disease2.	With	this	observation,	the	fetal	origins	hypothesis	was	born,	
suggesting	that	undernutrition	early	in	development,	and	particularly	during	intrauterine	life,	can	
lead	to	permanent	changes	in	physiology	and	metabolism,	which	result	in	increased	disease	risk	
in	adulthood.	After	initial	scepsis	and	much	debate	the	fetal	origins	of	adult	disease	hypothesis	
became	widely	accepted	and	supported	by	many	similar	findings	in	populations	worldwide.	
	 To	experimentally	 test	 the	 fetal	origins	hypothesis	 animal	experiments	are	necessary.	 The	
field	 of	 animal	 research	 regarding	 the	 fetal	 origins	 hypothesis	 has	 expanded	 rapidly	 over	 the	
years,	using	different	species	and	exposures.	Initially	these	were	descriptive,	providing	evidence	
for	the	causal	relationship	between	early	life	exposures	and	metabolic	risk	factors	in	later	life.	
In	the	more	recent	years	the	focus	has	changed	to	unravelling	the	underlying	mechanisms.	This	
has	led	to	an	abundance	of	studies	with	not	always	agreeing	results.	To	study	the	fetal	origins	
hypothesis	 in	 humans,	we	 can	 study	 people	 that	 have	 been	 exposed	 to	 the	Dutch	 famine	 in	
utero.	

ThE DuTch faMinE

The	Dutch	famine	was	a	five	month	period	at	the	end	of	World	War	II	during	which	the	urban	
western	part	of	the	Netherlands	was	struck	by	a	severe	famine.	After	the	south	of	the	Netherlands	
had	been	liberated	by	the	Allied	forces	in	September	1944,	the	Dutch	government	in	exile	called	
for	a	 railway	strike	 to	aid	 the	 liberation	of	 the	provinces	 still	occupied	by	 the	German	 forces.	
Despite	 the	 railway	 strike,	 the	Allies	were	not	 able	 to	pass	 the	 river	Rhine.	As	 a	 reprisal,	 the	
German	administration	put	an	embargo	on	all	food	transports.	Food	stocks	ran	out	in	a	matter	
of	weeks.	Rations	dropped	to	400	to	800	calories	per	day,	less	than	a	quarter	of	the	pre-famine	
levels.	After	 liberation,	the	food	situation	quickly	 improved	and	rations	rose	to	2000	calories3.	
The	famine	was	no	doubt	a	humanitarian	disaster,	but	turned	out	to	be	a	unique	opportunity	to	
study	the	consequences	of	prenatal	undernutrition	on	health	in	later	life.	The	fact	that	the	famine	
lasted	5	months	and	struck	a	population	that	was	well	fed	before	the	famine	in	combination	with	
the	fact	that	food	supplies	improved	quickly	after	liberation,	allowed	us	to	study	the	effects	of	
prenatal	undernutrition	on	specific	parts	of	gestation.	
	 The	Dutch	famine	birth	cohort	is	a	cohort	of	2414	babies,	all	born	as	term	singletons	in	the	
Wilhelmina	Gasthuis	in	Amsterdam	whose	birth	records	have	been	kept.	This	cohort	gave	us	the	
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1
opportunity	to	study	the	effects	of	maternal	undernutrition	during	gestation	of	the	offspring’s	
health.
	 Two	 previous	 rounds	 of	 data	 collection	 at	 age	 50	 and	 58	 have	 shown	 that	 maternal	
undernutrition	during	gestation	has	lasting	negative	consequences	for	the	offspring’s	health.	The	
effects	depend	on	the	timing	during	gestation	and	the	organs	and	tissues	developing	at	that	time.	
Exposure	to	famine	during	any	part	of	gestation	was	associated	with	raised	glucose	levels	at	adult	
age4,5,	possibly	due	to	an	insulin	secretion	defect6.	People	exposed	to	famine	in	early	gestation	
had	altered	blood	coagulation7	and	a	more	atherogenic	lipid	profile8.	Exposure	to	famine	in	early	
gestation	was	 also	 found	 to	 be	 associated	with	 increased	 blood	 pressure	 response	 to	 stress9 
and	an	increase	in,	and	earlier	onset	of	coronary	artery	disease10,11.	Women	who	were	exposed	
to	famine	prenatally	had	more	children,	more	twins	and	started	reproducing	at	an	earlier	age	
compared	to	unexposed	women.	These	women	also	 less	often	remained	childless12.	A	striking	
finding	was	the	fact	 that	the	effects	 found	were	 independent	of	 the	size	of	 the	baby	at	birth,	
which	may	 imply	 that	 adaptations	 that	 enable	 the	 fetus	 to	 continue	 to	 grow	 in	unfavourable	
circumstances	may	have	adverse	health	consequences	in	later	life.
	 In	the	latest	round	of	data	collection,	the	first	evidence	of	transgenerational	effects	of	famine	
exposure	became	clear.	Grandmaternal	exposure	to	famine	during	gestation	did	not	affect	birth	
weight	 or	 prevalence	 of	 cardiovascular	 or	 metabolic	 disease12.	 But	 grandoffspring	 was	 more	
adipose	at	birth,	and	children	of	women	that	had	been	exposed	to	famine	in	utero	had	poorer	
health12.	 This	 first	 indication	 of	 transgenerational	 effects	 of	 famine	 exposure	 is	 in	 line	 with	
evidence	 from	animal	experiments	where	adverse	events	during	gestation	not	only	affect	 the	
offspring	of	that	pregnancy,	but	also	has	effects	on	the	next	generation.	The	effect	of	feeding	rats	
a	 low	protein	diet	during	pregnancy	 for	several	generations	took	three	generations	of	normal	
feeding	 for	 fetal	 growth	 and	 development	 to	 return	 to	 normal13.	 The	 underlying	mechanism	
that	is	thought	to	serve	as	a	memory	of	early	life	exposures	and	leading	to	(transgenerational)	
changes	in	gene	expression	and	potentially	disease	in	later	life	is	epigenetics.

EPigEnETics

Epigenetics	 refers	 to	 processes	 that	 induce	 heritable	 changes	 in	 gene	 expression	 potential	
without	altering	the	gene	sequence14.	One	of	the	major	epigenetic	mechanisms	is	methylation	of	
CpG	nucleotides.	Methylation	of	CpG’s	within	gene	promoters	is	associated	with	transcriptional	
inactivation,	in	contrast,	unmethylated	promoters	are	potentionally	transcriptionally	active15.	In	
addition	to	gene	silencing	by	promoter	methylation,	differential	methylation	of	individual	CpG’s	
can	induce	subtle	changes	in	transcriptional	activity.
	 For	 example,	 feeding	 pregnant	 rats	 a	 protein	 restricted	 diet	 induced	 hypomethylation	 of	
the	 peroxisomal	 proliferator-activated	 receptor	 α	 (PPAR	 α)	 and	 glucocorticoid	 receptor	 (GR)	
promoters	 and	 increased	 the	 expression	of	 PPARα	and	GR	 in	 the	 livers	 of	 juvenile	 and	 adult	
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offspring16,17.	 The	first	 evidence	of	 epigenetic	programming	 after	prenatal	 famine	exposure	 in	
humans	came	from	the	Dutch	famine	families	study18.	Men	and	women	who	had	been	exposed	
to	 famine	 in	 early	 gestation	 had	 hypomethylation	 of	 the	 differentially	 methylated	 region	 of	
insulin-like	 growth	 factor-2	 gene	 compared	 to	 unexposed	 same-sex	 siblings18.	 Further	 studies	
from	 this	 group	 suggested	 that	 the	 effects	 of	 prenatal	 famine	 exposure	 on	 methylation	 are	
sex-	 and	 timing	 specific19.	 Thus,	 both	 animal	 and	 human	 studies	 suggest	 that	 changes	 in	 the	
intrauterine	environment	can	lead	to	altered	gene	expression	via	alterations	in	DNA	methylation,	
possibly	resulting	in	an	increased	susceptibility	to	chronic	disease	in	adulthood20.
	 The	 finding	 that	 the	 developing	 fetus	 is	 sensitive	 to	 its	 environment	may	 be	 relevant	 to	
current	pregnancies.	 The	nutritional	 experience	of	 fetus	exposed	 to	 famine	 in	early	gestation	
may	resemble	that	of	fetus	whose	mothers	suffer	from	hyperemesis	gravidarum,	a	severe	form	
of	nausea	and	vomiting	in	early	pregnancy.	The	results	from	the	Dutch	famine	study	have	shown	
that	 the	 adverse	 effects	 of	 prenatal	 undernutrition	were	 present	 despite	 the	 absence	 of	 any	
effect	on	the	size	of	the	baby	at	birth.	Therefore	the	assumption	that	long	term	consequences	of	
hyperemesis	gravidarum	may	be	limited	because	of	the	normal	birth	weight	of	the	baby	at	birth	
no	longer	holds.	

aiM anD ouTlinE of This ThEsis

The	work	presented	in	this	thesis	explores	different	aspects	of	the	fetal	origins	hypothesis.	
	 Human	studies	on	the	association	between	birth	weight	and	health	 in	 later	 life	have	been	
systematically	reviewed21-24	and	generally	support	the	fetal	origins	hypothesis.	They	show	that	
birth	 weight	 is	 inversely	 related	 to	 systolic	 blood	 pressure22,	 type	 2	 diabetes	 risk23,	 ischemic	
heart	disease21	 and	mortality24.	 The	evidence	 for	 this	hypothesis	 from	animal	 studies	has	not	
been	reviewed.	There	 is	a	 large	body	of	evidence	from	animal	studies	exploring	the	effects	of	
undernutrition	during	gestation	on	the	health	of	the	offspring.	In	these	studies,	different	species	
and	dietary	regimens	are	used.	We	systematically	reviewed	animal	experiments	concerning	the	
fetal	origins	hypothesis	considering	the	effects	on	glucose-	and	insulin	metabolism	(chapter 2)	
and	on	blood	pressure	(chapter 3).	
	 In	chapter 4	the	effects	of	prenatal	exposure	to	the	Dutch	famine	on	hand	grip	strength	are	
reported.	chapter 5	 describes	whether	prenatal	 exposure	 to	 famine	alters	methylation	 levels	
of	 promoter	 regions	 of	 4	 candidate	 genes	 involved	 in	 cardiovascular	 and	metabolic	 disease,	
and	whether	 there	 is	 an	 association	 between	methylation	 levels	 of	 these	 genes	 and	 lifestyle	
and	disease	markers.	The	association	between	methylation	of	 the	promoter	 region	of	 the	GR	
receptor	and	stress	is	described	in	chapter 6.	Whether	the	adverse	effects	of	prenatal	exposure	
to	famine	are	confined	to	the	offspring	or	are	passed	on	to	the	next	generation	is	the	subject	of	
chapter 7.	Maternal	undernutrition	during	pregnancy	is	still	present	in	the	form	of	hyperemesis	
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gravidarum.	chapter 8	 is	 a	 systematic	 review	 of	 the	 literature	 on	 the	 effects	 of	 hyperemesis	
gravidarum	on	the	children.	chapter 9	is	a	summary	of	this	thesis	and	discusses	the	implications	
of	the	findings	reported	here	for	further	research.
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absTracT

The	 fetal	 programming	 hypothesis	 states	 that	 fetal	 undernutrition	 during	 pregnancy	 results	
in	 permanent	 changes	 in	 the	 offspring’s	metabolism.	 A	 large	 number	 of	 animal	 studies	 have	
evaluated	the	effect	of	fetal	undernutrition	on	later	susceptibility	to	type	2	diabetes	with	varying	
results.	
aim:	We	 systematically	 reviewed	 the	 existing	 animal	 literature	 examining	 effects	 of	 prenatal	
undernutrition	on	glucose	and	insulin	metabolism.
Methods:	 An	 electronic	 search	was	performed	 in	Medline	 and	 Embase	 to	 identify	 all	 articles	
that	reported	studies	investigating	the	effect	of	fetal	undernutrition	on	plasma	insulin,	plasma	
glucose	and	beta	cell	mass	in	animal	models.	Summary	estimates	of	the	effect	of	undernutrition	
on	mean	glucose	concentration,	insulin	level,	and	beta	cell	mass	were	obtained	through	meta-
analysis.	
results:	The	search	resulted	in	1827	articles,	of	which	117	were	potentially	eligible,	based	on	title	
and	abstract,	and	49	met	the	selection	criteria	and	were	included	in	the	review.	Prenatal	protein	
restriction	 increased	plasma	glucose	concentrations	(0.42	mmol/l	 (95%	CI	0.07	to	0.77)).	Both	
general	undernutrition	and	protein	 restriction	reduced	plasma	 insulin	concentrations	 (general	
undernutrition:	-0.03	nmol/l	(95%CI	-0.04	to	-0.01),	protein	restricted:	-0.04	nmol/l	(95%CI	-0.08	
to	0.00))	and	beta	cell	mass	(general	undernutrition:	-1.24	mg	(95%	CI	-1.88	to	-0.60),	protein	
restriction:	-0.99	mg	(95%	CI	-1.67	to	-0.31)).	In	all	cases,	heterogeneity	was	significant.	
Conclusions: Despite	significant	heterogeneity,	evidence	from	experiments	in	different	species	
suggests	that	prenatal	undernutrition	–	both	general	or	protein	restriction	–	results	in	increased	
glucose	and	reduced	insulin	concentrations	as	well	as	beta	cell	mass	in	later	life.	
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inTroDucTion

In	 the	 early	 1990s,	 a	 cohort	 study	 of	 64-year-old	 men	 in	 Hertfordshire	 revealed	 an	 inverse	
association	between	birth	weight	and	glucose	concentrations	and	 insulin	 resistance1.	Subjects	
with	the	lowest	birth	weights	were	6	times	more	likely	to	develop	type	2	diabetes	or	impaired	
glucose	tolerance	than	those	with	highest	birth	weights.	These	findings	led	to	the	‘fetal	origins	
hypothesis’,	 stating	 that	 fetal	 adaptations	 to	 reduced	 nutrient	 supply	 predispose	 to	 impaired	
glucose	tolerance	and	type	2	diabetes	in	adult	life2.	Since,	more	than	40	studies	in	populations	
across	the	world	have	investigated	the	association	between	size	at	birth	and	later	risk	of	type	2	
diabetes3.	A	systematic	review	of	human	studies	on	birth	weight	and	type	2	diabetes	confirmed	
an	inverse	relationship	between	birth	weight	and	type	2	diabetes3.	
	 Birth	weight,	however,	is	only	a	proxy	for	poor	maternal	nutrition	during	gestation.	Animal	
models	allow	us	to	experimentally	study	the	effects	of	maternal	undernutrition	during	gestation	
on	 glucose	 and	 insulin	metabolism.	While	 the	 number	 of	 animal	 studies	 is	 increasing,	many	
different	models	 are	 used,	 ranging	 from	 large	 species	 as	 sheep	 to	 small	 rodent	models.	 The	
intervention	studies	include	a	variety	of	different	dietary	regimens,	varying	from	undernutrition	
during	only	part	of	gestation,	to	undernutrition	during	the	entire	pre-	and	early	postnatal	life.	The	
conclusions	of	these	studies	have	been	diverging,	with	some	offering	support	for	the	hypothesis,	
while	others	do	not.	These	inconsistencies	might	be	due	to	the	differences	in	dietary	regimens	or	
strains	or	species	of	animals	used.	Therefore	we	systematically	reviewed	the	literature	on	fetal	
undernutrition	 and	 glucose	 and	 insulin	metabolism	 in	 animal	 studies	 and	 used	meta-analysis	
to	obtain	 summary	estimates	of	 the	effects	of	maternal	nutrition	during	gestation	on	plasma	
glucose,	insulin	and	beta	cell	mass.

METhoDs

search strategy
We	performed	a	search	in	the	electronic	databases	Medline	(1951-January	2011)	and	Embase	
(1980-January	 2011)	 to	 identify	 all	 articles	 that	 reported	 on	 fetal	 undernutrition	 and	 plasma	
insulin,	plasma	glucose	and	beta	cell	mass	as	diabetes-related	outcomes	in	experimental	animal	
studies.	The	search	terms	‘undernourished’,	 ‘(fetal)	malnutrition’,	 ‘famine’,	 ‘starvation’,	 ‘caloric	
restriction’,	 ‘protein	 restriction’,	 ‘low	 protein	 diet’,	 ‘low	 calorie	 diet’,	 ‘pregnancy’,	 ‘diabetes’,	
‘glucose	metabolism’,	‘glucose’,	‘insulin	metabolism’,	‘insulin’	and	‘beta	cell	mass’	were	used.	Only	
articles	written	in	English	were	included.	After	screening	of	titles	and	abstracts,	two	reviewers	
independently	examined	full	text	articles	and	extracted	data	on	study	characteristics,	quality	and	
results.	Reference	lists	of	reviews	and	relevant	papers	were	hand	searched.	
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Study selection
We	included	studies	that	provided	data	describing	outcomes	in	experimental	animal	models	of	
prenatal	undernutrition	 that	 reported	on	plasma	glucose,	plasma	 insulin	or	beta	 cell	mass	as	
measures	of	outcome.	Prenatal	undernutrition	 included	 low	protein	malnutrition	and	general	
caloric	 malnutrition.	 Studies	 had	 to	 report	 outcomes	 in	 comparison	 to	 control	 animals	 that	
were	born	to	a	mother	that	was	normally	 fed	throughout	pregnancy.	Eligibility	was	evaluated	
independently	by	two	readers.	Disagreements	were	resolved	in	consensus	discussions.

Data extraction
Two	reviewers	 independently	extracted	 information	on	study	design,	exposure	period,	animal	
species	 and	 type	 of	 undernutrition.	 To	 assess	 methodological	 quality,	 data	 on	 allocation	
concealment,	randomization,	blinding	and	sample	size	calculation	were	extracted.	When	more	
than	 two	 experimental	 groups	 were	 formed,	 we	 focused	 on	 the	 experimental	 group	 with	
malnutrition	as	early	in	pregnancy	as	possible	and	preferably	limited	to	pregnancy	alone.	When	
outcome	in	offspring	was	measured	at	multiple	time	points,	we	chose	the	oldest	age	at	which	
the	measurements	were	taken.	When	multiple	groups	were	measured	at	different	ages,	both	age	
groups	were	 included.	 If	 results	were	only	displayed	graphically,	outcome	was	read	as	precise	
as	 possible.	 Studies	 that	 reported	 results	 as	mean	 and	 standard	 deviation	 or	 standard	 error,	
and	number	of	animals	per	group	were	used	for	meta-analysis.	Data	on	plasma	glucose,	plasma	
insulin	and	beta	cell	mass	were	converted	to	mmol/l,	nmol/l	and	mg,	respectively.

Statistical analysis
Data	were	analyzed	using	Review	Manager	Version	5.0.	To	examine	potential	publication	bias	we	
constructed	funnel	plots.	We	examined	the	possible	heterogeneity	in	results	across	studies	by	
calculating	the	I²	statistic.	
	 Summary	estimates	of	the	effects	of	undernutrition	were	obtained	using	a	random	effects	
model	for	meta-analysis,	which	accounts	for	both	within-	and	between-	study	variability.	Separate	
estimates	were	obtained	for	model	type	(protein	or	general	malnutrition)	and	outcome	measure	
(plasma	glucose,	 plasma	 insulin	 and	beta	 cell	mass).	 The	 summary	effects	were	expressed	as	
mean	difference	with	95%	confidence	intervals	(CI).	When	significant	statistical	heterogeneity	was	
detected,	the	sources	of	heterogeneity	were	explored	and	subgroup	analyses	were	performed	
for	different	species,	animal	sex,	different	experimental	regiments	or	in	animals	of	different	ages	
at	time	of	measurement.	To	evaluate	the	robustness	of	our	results	against	influential	studies,	a	
leaving-one-out	sensitivity	analysis	was	performed.
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rEsulTs

The	 search	 resulted	 in	 1827	 articles,	 of	 which	 117	 were	 considered	 potentially	 eligible	 after	
screening	titles	and	abstracts	(MV	and	ST).	After	reading	full	text	articles	(MV	and	either	DY,	RP	
or	ST),	49	primary	studies	met	the	inclusion	criteria	and	were	suitable	for	data	extraction	(Figure	
1).	Twenty-six	studies	reported	on	protein	restricted	undernutrition,	one	using	a	mouse	model4, 
and	twenty-five	using	a	rat	model5-29.	Twenty-four	reported	on	general	(caloric)	undernutrition,	
one	study	using	guinea	pigs30,	two	on	a	mouse	model31,32,	five	using	a	sheep	model33-37	and	16	
studies	on	rats7,8,13,38-51.	

figure 1	Literature	search	results	for	publications	reporting	on	prenatal	undernutrition	with	regard	to	
glucose	and	insulin	metabolism.

1827 poten�ally eligible studies iden�fied
(database searches and references lists) 

117 full text ar�cles reviewed

1710 studies were excluded based on the
inclusion criteria and �tle and abstract review  

68 studies excluded for not having the 
required exposure / not repor�ng the outcome of 

interest / not repor�ng data in a form fit for 
meta-analysis / non-animal   

49 studies were included in the meta-analysis

Methodological aspects
Only	one	study	reported	blinding	of	the	investigator52.	Randomization	was	reported	in	twenty-
four	studies,	either	randomization	to	the	dietary	regimen	or	randomly	selecting	the	pups	that	
were	 studied	 from	 the	 litters14,15,17-24,26,28,29,31,32,34-36,39,42,44,48,50,53,54.	None	of	 the	 studies	 reported	a	
sample	size	calculation	or	methods	for	concealment	of	allocation.	Funnel	plots	of	all	six	outcomes	
showed	symmetrical	scattering	of	the	study	results	around	the	summary	estimate.	There	was	no	
evidence	of	a	small	study	effect	or	publication	bias.



20

Chapter 2 

Plasma glucose after prenatal low protein diet
Twenty-two	 primary	 animal	 studies	 provided	 data	 for	 meta-analysis	 (464	 undernourished	
animals,	 464	 controls).	 Twenty-one	 studies	 were	 performed	 using	 rats7-16,18-21,23-29, one using 
a	 mouse	 model4.	 Using	 the	 random	 effects	 model	 we	 found	 a	 higher	 mean	 plasma	 glucose	
level	 in	prenatally	undernourished	animals	compared	to	the	control	group:	a	mean	difference	
of	 0.42	 mmol/l	 (95%	 CI	 0.07	 to	 0.77)	 (Figure	 2).	 The	 results	 showed	 statistically	 significant	
heterogeneity	(I²	89%).	The	heterogeneity	persisted	even	after	separately	pooling	fasting	values,	
stratifying	for	the	sex	of	the	offspring,	or	 limiting	the	analysis	to	Wistar	rats	only.	Offspring	of	
low	 protein	 undernourished	 adults	 that	 were	 older	 than	 6	 weeks	 of	 age	 had	 a	 0.54	mmol/l	
higher	 plasma	 glucose	 level	 (95%CI	 0.16	 to	 0.92)	 compared	 to	 control	 offspring.	 But	 glucose	
concentrations	measured	at	day	0	were	lower	in	undernourished	offspring	compared	to	controls	
with	a	mean	difference	of	-0.62	mmol/l	(95%	CI	-1.34	to	0.11).	In	both	cases,	heterogeneity	was	
substantial,	with	an	I²	of	89%	and	69%	respectively.

figure 2	 Forest	 plot	 of	 mean	 differences	 and	 95%	 CIs	 in	 plasma	 glucose	 concentrations	 (mmol/l)	
after	prenatal	low	protein	undernutrition	in	all	animal	studies.	Study-specific	mean	differences	were	
combined	by	using	a	random-effects	model.	SD,	standard	deviation.	UN,	undernourished.	
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Plasma glucose after prenatal general malnutrition
Twenty	studies	provided	data	on	plasma	glucose	in	offspring	after	prenatal	caloric	malnutrition.	
Twelve	studies	had	been	performed	in	rats7,8,13,38,39,41,43-47,49,51,	one	in	mice31,	one	in	guinea	pigs30, 
and	5	using	a	sheep	model33-37.	In	total,	301	undernourished	animals	were	described,	compared	
to	339	controls.	The	mean	plasma	glucose	level	was	0.05	mmol/l	higher	(95%CI	-0.14	to	0.24)	in	
undernourished	animals	compared	to	controls	(Figure	3).	The	meta-analysis	showed	statistically	
significant	heterogeneity	(I²	84%).	Subgroup	analysis	of	rodent	models	only,	stratifying	for	species,	
fasting	values	or	sex,	did	not	remove	heterogeneity.	Undernourished	animals	measured	at	day	
0	had	a	significantly	lower	plasma	glucose	level,	-0.49	(95%CI	-0.87	to	-0.11)	mmol/l	(I²	78%)	as	
opposed	to	rodents	older	than	6	weeks,	which	had	a	higher	plasma	glucose	level:	0.25	(95%CI	
0.04	to	0.46)	mmol/l	 (I²	79%).	Meta-analysis	of	 the	effects	on	sheep	only	 (71	undernourished	
animals,	79	controls)	showed	no	significant	difference	 in	glucose	concentrations,	with	a	mean	
difference	of	0.03	mmol/l	(95%CI	-0.31	to	0.26)	(I²	43%).	

figure 3	Forest	plot	of	mean	differences	and	95%	CIs	in	plasma	glucose	concentrations	(mmol/l)	after	
prenatal	general	undernutrition	in	all	animal	studies.	Study-specific	mean	differences	were	combined	
by	using	a	random-effects	model.	SD,	standard	deviation.	UN,	undernourished.	
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Plasma insulin after prenatal low protein
Data	 for	meta-analysis	were	 available	 from	nineteen	 experimental	 studies.	One	 study	 used	 a	
pig	model5,	one	used	a	mouse	model4,	and	the	remaining	17	studies	were	performed	 in	a	rat	
model7,8,10,11,13-19,21,24-26,28,29.	The	meta-analysis,	using	data	 from	377	 low	protein	undernourished	
animals	and	382	controls,	showed	a	lower	mean	plasma	insulin	level	in	undernourished	offspring	
compared	 to	 control	 offspring,	 with	 a	mean	 difference	 of	 0.04	 nmol/l	 (95%CI	 -0.08	 to	 0.00)	
(I²	95%)	 (Figure	4).	 The	heterogeneity	persisted	after	 separately	pooling	animals	according	 to	
species,	sex	or	age	or	separately	analyzing	fasting	values.	

figure 4	Forest	plot	of	mean	differences	and	95%	CIs	in	plasma	insulin	concentrations	(nmol/l)	after	
prenatal	 low	 protein	 undernutrition	 in	 all	 animal	 studies.	 Study-specific	 mean	 differences	 were	
combined	by	using	a	random-effects	model.	SD,	standard	deviation.	UN,	undernourished.	

Plasma insulin after prenatal general malnutrition
In	 the	meta-analysis	we	 could	 include	data	 from	21	 studies,	 obtained	 in	330	undernourished	
animals	 and	 358	 controls.	 Fourteen	 experiments	 were	 conducted	 in	 rats7,8,12,13,38,39,43-49,51,	 4	 in	
sheep33,35-37,	2	in	mice31,32	and	one	in	guinea	pigs30.	The	mean	plasma	insulin	level	was	0.03	nmol/l	
lower	(95%CI	-0.04	to	-0.01)	in	the	undernourished	group	compared	to	control	animals,	I²	86%	
(Figure	5).	The	heterogeneity	remained	after	stratification	by	fasting	values,	sex,	rodent	species	
or	age.
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figure 5	Forest	plot	of	mean	differences	and	95%	CIs	in	plasma	insulin	concentrations	(nmol/l)	after	
prenatal	general	undernutrition	in	all	animal	studies.	Study-specific	mean	differences	were	combined	
by	using	a	random-effects	model.	SD,	standard	deviation.	UN,	undernourished.	

In	 rats	 at	 day	 0,	 there	 was	 no	 significant	 effect	 of	 prenatal	 undernourishment	 on	 plasma	
insulin,	with	a	mean	difference	of	0.23	nmol/l	 (95%CI	 -0.67	 to	0.21)	 (I²	 91%).	However,	 adult	
undernourished	rats	had	a	lower	plasma	insulin	level	than	controls,	with	a	mean	difference	of	
0.04	nmol/l	(95%CI	-0.07	to	-0.01)	(I²	91%).	The	four	sheep	studies	(66	undernourished	animals,	
74	controls)	did	not	show	any	difference	in	the	mean	fasting	plasma	insulin	level	(0.00	nmol/l;	
95%CI	-0.01	to	0.01,	I²	4%)33,35-37.	

Beta cell mass after prenatal low protein
Five	rat	studies	reported	beta	cell	mass	of	offspring	(94	undernourished,	92	control	animals)6-8,13,22.	
The	beta	cell	mass	was	lower	in	the	undernourished	offspring	compared	to	control	offspring,	with	
a	mean	difference	of	-1.24	mg	(95%CI	-1.88	to	-0.60)	(Figure	6).	There	was	statistically	significant	
heterogeneity,	I²	97%.
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figure 6 Forest	plot	of	mean	differences	and	95%	CIs	in	beta	cell	mass	(mg)	after	prenatal	low	protein	
undernutrition	 in	 all	 animal	 studies.	 Study-specific	 mean	 differences	 were	 combined	 by	 using	 a	
random-effects	model.	SD,	standard	deviation.	UN,	undernourished.	

Beta cell mass after prenatal general malnutrition
The	9	studies	on	rats	(91	undernourished	and	91	control	animals)7,8,13,38,40,42-44,49	showed	a	reduction	
in	 beta	 cell	mass	 of	 0.44	mg	 (95%CI	 -0.75	 to	 -0.13)	 in	 undernourished	 animals	 compared	 to	
controls.	The	results	showed	statistically	significant	heterogeneity	(I²	94%)	(Figure	7).

figure 7	 Forest	plot	of	mean	differences	and	95%	CIs	 in	beta	cell	mass	 (mg)	after	prenatal	 general	
undernutrition	 in	 all	 animal	 studies.	 Study-specific	 mean	 differences	 were	 combined	 by	 using	 a	
random-effects	model.	SD,	standard	deviation.	UN,	undernourished.

Sensitivity analysis
In	a	series	of	sensitivity	analysis,	we	evaluated	the	robustness	of	our	findings	by	repeating	the	
analyses	a	number	of	times,	each	time	 leaving	one	 study	out	of	 the	meta-analysis.	 If	 a	 study	
appears	to	be	an	outlier,	with	results	very	different	from	the	rest	of	the	studies,	then	its	influence	
will	become	apparent,	as	the	result	without	the	study	would	be	very	much	different	from	the	
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result	of	the	meta-analysis	of	all	the	studies.	All	sensitivity	analyses,	for	each	of	the	six	outcome	
measures	evaluated,	confirmed	the	stability	of	our	analysis.	No	influential	individual	study	could	
be	identified.

Discussion

Although	heterogeneity	in	all	meta-analyses	was	significant,	the	results	suggest	that	both	general	
and	low	protein	undernutrition	during	gestation	results	in	increased	glucose	and	reduced	insulin	
concentrations	and	beta	 cell	mass	 in	 the	offspring.	 These	findings	 generally	 support	 the	 fetal	
origins	hypothesis.
	 The	most	marked	effect	of	prenatal	undernutrition	-both	general	and	low	protein-	was	found	
on	beta	cell	mass.	Undernourished	offspring	had	a	 significant	decrease	 in	beta	cell	mass,	 the	
effect	was	 stronger	 in	 the	 low	protein	 group.	 Prenatal	 low	protein	 diet	 also	 had	 a	 significant	
effect	on	plasma	glucose	concentrations,	which	were	higher	in	undernourished	offspring.	
	 The	effect	of	prenatal	general	malnutrition	depended	on	the	time	at	which	glucose	metabolism	
was	studied.	When	data	from	newborn	rodent	offspring	were	pooled	separately,	these	offspring	
had	a	significantly	lower	plasma	glucose	level,	as	opposed	to	adult	offspring	which	had	higher	
glucose	concentrations.	 In	 the	 low	protein	models	 the	same	effect	of	age	was	seen,	although	
the	 effect	 was	 not	 significant	 in	 newborn	 offspring.	 This	 shows	 that	 prenatal	 undernutrition	
leads	 to	 lower	 glucose	 concentrations	 directly	 after	 birth,	 while	 after	 normal	 postnatal	 diet,	
glucose	concentrations	rise	more	than	in	control	animals.	Biologically,	this	phenomenon	may	be	
similar	to	the	hypoglycaemia	that	is	often	observed	among	infants	who	are	small	for	gestational	
age55.	 Higher	 glucose	 concentrations	 at	 later	 age	 are	 consistent	 with	 the	 findings	 of	 glucose	
intolerance	in	people	prenatally	exposed	to	the	Dutch	famine56,57.	Both	low	protein	and	general	
undernutrition	 models	 showed	 a	 slight	 decrease	 of	 plasma	 insulin	 concentrations,	 which	 is	
consistent	with	reduced	insulin	production	through	decreased	beta	cell	mass.	
	 Meta-analyses	of	animal	studies	are	known	to	show	significant	heterogeneity57,58.	In	line	with	
this,	we	found	severe	statistical	heterogeneity	in	our	meta-analyses,	and	we	have	to	be	cautious	
when	interpreting	the	mean	differences.	Many	different	animal	models	have	been	used	to	study	
the	effects	of	prenatal	undernutrition.	We	find	it	defendable	to	pool	results	of	all	animal	models	
together,	 since	 consistency	 of	 the	 results	would	 indicate	 that	 the	 same	 effects	may	 apply	 to	
different	species	including	humans.	
	 Exploring	potential	sources	of	heterogeneity,	the	subsequent	subgroup	analyses	conducted	
for	animal	model,	species,	age	of	the	animals	at	investigation	and	protocol	(fasted	or	not),	only	
accounted	for	a	small	part	of	the	heterogeneity.	Heterogeneity	could	also	have	been	caused	by	
the	fact	that	some	of	the	articles	that	we	included	were	not	originally	designed	to	 investigate	
the	effect	of	prenatal	undernutrition	on	plasma	glucose	and	insulin	levels	or	beta	cell	mass	as	



26

Chapter 2 

primary	outcome.	This	could	be	an	explanation	for	the	great	variety	in	group	sizes	in	the	studies	
we	identified.
	 Methodological	heterogeneity	was	one	of	the	major	reasons	for	the	heterogeneity	observed.	
The	methodological	quality	of	most	reported	studies	was	poor,	with	only	one	study	reporting	
blinding	of	the	investigators34,	and	less	than	half	of	the	included	studies	reporting	randomization	
of	 the	animals.	None	of	 the	 studies	 reported	a	 sample	 size	 calculation.	 In	 contrast	 to	human	
studies,	randomization,	blinding,	sample	size	calculation	and	planned	analysis	were	not	standard.	
Animal	studies	that	did	not	report	randomization	and	blinding	have	been	shown	to	be	more	likely	
to	 report	 a	 difference	 in	 study	 groups	 than	 studies	 that	 did	 use	 these	methods58.	 Quality	 of	
animal	studies	could	be	improved	by	standardized	reporting.
	 The	findings	from	animal	research	in	this	review	are	in	line	with	evidence	from	human	studies.	
A	prospective	cohort	study	in	India	showed	significantly	lower	cord	blood	insulin	concentrations	
in	babies	born	from	malnourished	mothers,	compared	to	controls.	In	that	study	malnourishment	
was	defined	as	a	BMI	of	less	than	17	kg/m²	59.	In	subjects	prenatally	exposed	to	the	Leningrad	
siege	between	1941	and	1944,	there	was	no	difference	in	concentrations	of	fasting	and	2	hour	
plasma	glucose	during	an	oral	glucose	tolerance	test	compared	to	unexposed	subjects.	In	utero	
exposed	subjects	also	did	not	have	different	plasma	insulin	concentrations	or	an	excess	of	known	
diabetes	or	glucose	intolerance60.
	 Three	 studies	 have	 reported	 on	 the	 long	 term	 effects	 of	 prenatal	 exposure	 to	 the	 Dutch	
famine	 of	 1944-4556,57,61.	 Glucose	 tolerance	 was	 decreased	 in	 subjects	 that	 were	 prenatally	
exposed	to	famine	when	measured	at	both	age	50	and	58	years56,57.	In	a	subset	of	participants,	
an	 intravenous	 glucose	 tolerance	 test	 was	 performed.	 The	 results	 showed	 impaired	 glucose	
tolerance	 in	prenatally	exposed	subjects,	especially	those	exposed	 in	mid	and	early	gestation.	
This	effect	was	suggested	to	be	caused	by	an	insulin	secretion	defect61.	Similarly,	 in	adult	men	
and	 women	 prenatally	 exposed	 to	 the	 Chinese	 famine	 (1959-1961)	 there	 was	 an	 increased	
prevalence	 of	 hyperglycemia	 defined	 as	 increased	 fasting	 plasma	 glucose,	 impaired	 glucose	
tolerance	or	a	previous	diagnosis	of	type	2	diabetes62.	
	 In	summary,	this	systematic	review	shows	that	the	results	from	animal	experiments	support	
the	 fetal	 origins	 hypothesis:	 prenatal	 undernutrition	 leads	 to	 a	 disturbed	 glucose	 and	 insulin	
metabolism	and	a	decrease	in	beta	cell	mass	in	later	life.	
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Objective:	Numerous	experiments	in	animals	have	been	performed	to	investigate	the	effect	of	
prenatal	undernutrition	on	the	development	of	hypertension	in	later	life,	with	inconclusive	results.	
We	systematically	reviewed	animal	studies	examining	the	effects	of	maternal	undernutrition	on	
systolic,	diastolic,	and	mean	arterial	blood	pressure	in	offspring.	
Methods:	A	search	was	performed	in	Medline	and	Embase	to	identify	articles	that	reported	on	
maternal	undernutrition	and	hypertension	in	experimental	animal	studies.	Summary	estimates	
of	 the	 effect	 of	 undernutrition	 on	 systolic,	 diastolic,	 and	mean	 arterial	 blood	 pressure	 were	
obtained	through	meta-analysis.	
results: Of	 the	 6,151	 articles	 identified,	 194	 were	 considered	 eligible	 after	 screening	 titles	
and	 abstracts.	 After	 detailed	 evaluation,	 101	met	 the	 inclusion	 criteria	 and	were	 included	 in	
the	review.	Both	maternal	general	and	protein	undernutrition	increased	systolic	blood	pressure	
(general	undernutrition:	14.5	mmHg,	95%	CI	10.8	to	18.3;	protein	undernutrition:	18.9	mmHg,	
95%	CI	16.1	to	21.8)	and	mean	arterial	pressure	(general	undernutrition:	5.0	mmHg,	95%	CI	1.4	to	
8.6;	protein	undernutrition:	10.5	mmHg,	95%	CI	6.7	to	14.2).	There	was	substantial	heterogeneity	
in	the	results.	Diastolic	blood	pressure	was	increased	by	protein	undernutrition	(9.5	mmHg,	95%	
CI	2.6	to	16.3),	while	general	undernutrition	had	no	significant	effect.	
conclusion:	The	results	of	this	meta-analysis	generally	support	the	view	that	in	animals	maternal	
undernutrition	‒	both	general	and	protein	-	results	in	increased	systolic	and	mean	arterial	blood	
pressure.	Diastolic	blood	pressure	was	only	increased	after	protein	undernutrition.	The	results	
depended	strongly	on	the	applied	measurement	technique	and	animal	model.
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inTroDucTion

The	 fetal	origins	hypothesis	proposes	 that	hypertension	originates	 in utero.	 It	postulates	 that	
undernutrition	during	important	periods	of	growth	and	development	during	fetal	life	can	result	
in	adaptations	in	structure	and	function	of	the	body.	In	the	short	term	these	adaptations	may	be	
beneficial	for	fetal	survival,	but	in	the	long	term	they	can	lead	to	cardiovascular,	metabolic,	and	
endocrine	disease	in	adult	life.	
	 Hypertension	 is	 one	 of	 these	 long-term	 effects	 of	 maternal	 undernutrition1.	 Numerous	
studies,	 in	different	populations,	have	 reported	associations	between	 small	 size	at	birth,	 as	 a	
proxy	 for	 undernutrition	 during	 fetal	 development,	 and	 high	 blood	 pressure	 or	 hypertension	
in	 later	 life2.	 Most	 studies	 found	 an	 inverse	 association	 between	 birth	 weight	 and	 blood	
pressure,	showing	that	small	size	at	birth	is	associated	with	raised	blood	pressure	in	later	life.	A	
systematic	review	of	eighty	studies	on	the	association	between	birth	weight	and	blood	pressure	
demonstrated	that	a	kilogram	increase	in	birth	weight	is	associated	with	a	2	mmHg	decrease	in	
systolic	blood	pressure3.
	 Birth	weight,	however,	is	only	a	proxy	for	maternal	undernutrition	during	gestation	and	the	
epidemiological	 studies	 in	humans	are	non-experimental,	 lacking	 the	ability	 to	derive	definite	
causal	 conclusions.	 Animal	 studies	 can	 be	 used	 to	 experimentally	 investigate	 the	 effects	 of	
maternal	undernutrition	on	blood	pressure	in	the	offspring	in	later	life.	A	variety	of	animal	species,	
including	the	mouse,	rat,	and	sheep,	have	been	used	to	study	this	effect.	The	models	employed	
differ,	 using	 various	 protein:lipid:carbohydrate	 ratios	 of	 the	 maternal	 diet	 during	 gestation,	
and	 varying	 timing	 and	 duration	 of	 dietary	manipulation.	 Some	 of	 these	 animal	 experiments	
observed	significantly	raised	blood	pressure	in	the	offspring	of	undernourished	mothers,	while	
others	did	not.	These	inconsistencies	may	be	due	to	differences	in	dietary	regimens	or	strains	or	
species	of	animals	used	but	also	to	limited	sample	size	and	chance.	We	therefore	systematically	
reviewed	animal	studies	on	maternal	undernutrition	during	gestation	and	blood	pressure	in	the	
offspring	and	performed	a	meta-analysis	to	obtain	precise	summary	estimates	of	the	effects	of	
maternal	undernutrition.

METhoDs

search strategy
We	performed	a	search	in	the	electronic	databases	Medline	(1951	–	August	2011)	and	Embase	
(1980	 –	 August	 2011)	 to	 identify	 articles	 that	 reported	 on	 maternal	 undernutrition	 and	
hypertension	 in	 offspring	 in	 experimental	 animal	 studies.	 The	 search	 terms	 ‘undernutrition’,	
‘malnutrition’,	‘famine’,	‘starvation’,	‘nutrition	disorder’,	‘caloric	restriction’,	‘protein	restriction’,	
‘low	protein	diet’,	‘low	calorie	diet’,	‘blood	pressure’	and	‘hypertension’	were	used.	There	were	
no	language	restrictions.	
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Study selection
We	 included	 papers	 describing	 outcomes	 in	 experimental	 animal	 models	 of	 maternal	
undernutrition	 that	 reported	on	systolic	and/or	diastolic	blood	pressure	and/or	mean	arterial	
pressure	in	the	offspring.	Maternal	undernutrition	included	low	protein	malnutrition	and	general	
caloric	malnutrition.	Studies	had	to	report	outcomes	in	comparison	to	control	animals	that	were	
born	 to	 a	mother	 that	was	 normally	 fed	 throughout	 pregnancy.	 After	 screening	 of	 titles	 and	
abstracts,	 two	 reviewers	 (AFMvA	 and	MVEV)	 independently	 examined	 full	 text	 articles	 from	
potentially	 eligible	 papers.	 Disagreements	were	 resolved	 in	 consensus	 discussions.	 Reference	
lists	of	reviews	and	included	papers	were	hand	searched	to	identify	additional	studies.

Data extraction
From	all	included	papers,	two	reviewers	(AFMvA	and	MVEV)	independently	extracted	information	
on	study	design,	exposure	period,	animal	species	and	type	of	undernutrition,	and	sample	size.	
To	assess	risk	of	bias,	data	on	allocation	concealment,	randomization,	blinding	were	extracted.	
When	more	than	two	experimental	groups	were	formed,	we	focused	on	the	experimental	group	
with	malnutrition	as	early	in	pregnancy	as	possible	and	preferably	limited	to	pregnancy	alone.	
When	outcome	in	offspring	was	measured	at	multiple	time	points,	we	chose	the	oldest	age	at	
which	measurements	were	taken.	Studies	that	reported	on	fetal	blood	pressure	were	excluded.	
If	results	were	only	displayed	graphically,	outcome	was	read	as	precise	as	possible.	Studies	that	
reported	results	as	mean	and	standard	deviation	or	standard	error,	and	number	of	animals	per	
group	were	used	for	meta-analysis.	

Data analysis
Summary	 estimates	 of	 the	 effects	 of	maternal	 undernutrition	were	 obtained	 using	 a	 random	
effects	model	for	meta-analysis,	which	accounts	for	both	within-	and	between-	study	variability.	
Separate	estimates	were	obtained	for	sex,	model	type	(protein	or	general	undernutrition),	and	
outcome	measures	(systolic,	diastolic	blood	pressure	and	mean	arterial	pressure).	The	summary	
effects	were	expressed	as	mean	differences	with	95%	confidence	 intervals	 (CI).	We	evaluated	
heterogeneity	 in	 results	 across	 studies	 by	 calculating	 the	 I²	 statistic,	 which	 describes	 the	
percentage	of	the	variability	in	effect	estimates	that	is	due	to	heterogeneity	rather	than	sampling	
variability.	 When	 significant	 statistical	 heterogeneity	 was	 detected,	 further	 stratification	 was	
applied	 to	 investigate	whether	 heterogeneity	 could	 be	 explained	 by	 different	 animal	 species	
or	method	to	measure	blood	pressure	(tail	cuff	and	 intra-arterial).	To	evaluate	the	robustness	
of	our	results	against	 influential	studies,	a	 leaving-one-out	sensitivity	analysis	was	performed.	
To	 examine	potential	 publication	bias	we	 constructed	 funnel	 plots.	Data	were	 analyzed	using	
Review	Manager	Version	5.1.	
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rEsulTs

The	search	resulted	in	6,151	articles,	of	which	194	were	considered	potentially	eligible.	In	total,	
101	primary	studies	met	the	inclusion	criteria	and	were	used	for	data	extraction	after	reading	
full	text	articles	(AFMvA	and	MVEV)	(Figure	1).	Thirty-four	studies	reported	on	general	(caloric)	
undernutrition;	18	using	a	Wistar	 rat	model4-21	and	4	using	a	Sprague-Dawley	rat	model22-25,	8	
using	a	sheep	model26-33,	2	using	a	guinea	pig	model34,35,	and	2	using	a	mouse	model36,37.	Sixty-
seven	studies	 reported	on	protein	undernutrition;	47	using	a	Wistar	 rat	model38-84,	15	using	a	
Sprague-Dawley	rat	model85-99,	1	using	a	spontaneously	hypertensive	rat	model100,	and	4	using	a	
mouse	model101-104.	The	age	of	the	studied	animals	ranged	from	four	weeks	in	rats	to	three	years	
in	sheep.

figure 1	 Literature	 search	 results	 for	 studies	 reporting	 on	maternal	 undernutrition	with	 regard	 to	
hypertension.

6,151 poten�ally eligible studies iden�fied
(database searches and references lists)  

5,957 studies were excluded based on the 
inclusion criteria and �tle and abstract review 

194 full text ar�cles were reviewed

93 studies were excluded for not having the required 
exposure / not repor�ng the outcome of interest / not 

repor�ng data in a form fit for meta-analysis / non-animal 
or fetal studies    

101 studies were included in the meta-analysis

risk of bias
Forty-five	 studies	 reported	 randomization,	 either	 randomization	 to	 the	 dietary	
regimen5,8-11,13,18,20,21,25,27-30,32,33,40,42,48,70,72,79,81,83,92,93,103,104,	or	randomization	in	selecting	the	pups	from	
the	 litters	 that	were	 studied12,22,24,45,55,57,60,68,74,82,99,102, or both6,7,14,41,67.	 Eighteen	 studies	 reported	
blinding	of	the	investigator27,28,30,31,40,50,51,55-57,62,65,67,81,88,91,103,104.	Only	one	study	reported	that	they	



36

Chapter 3 

performed	 a	 sample	 size	 calculation67.	 Funnel	 plots	 of	 all	 six	 outcomes	 showed	 symmetrical	
scattering	of	the	study	results	around	the	summary	estimate.	There	was	no	evidence	of	a	small	
study	effect	or	publication	bias.

Systolic blood pressure after maternal general undernutrition
Thirty	 studies	 provided	 data	 on	 systolic	 blood	 pressure	 in	 offspring	 after	 maternal	 general	
undernutrition.	Twenty-two	studies	had	been	performed	in	rats4-25,	two	in	mice36,37, one in guinea 
pigs35,	and	five	in	sheep27,28,30-32.	 In	total,	384	undernourished	animals	and	420	control	animals	
were	described.	Mean	systolic	blood	pressure	was	14.5	mmHg	(95%	CI	10.8	to	18.3)	higher	 in	
undernourished	animals	compared	to	controls	(Figure	2).	
	 There	was	considerable	heterogeneity,	with	an	I2	of	92%,	which	persisted	after	stratifying	for	
sex	or	measurement	method.	Stratifying	for	species	did	not	reduce	heterogeneity	in	the	different	
rodent	models.	Meta-analysis	in	sheep	only	(37	undernourished	animals	and	43	controls)	showed	
no	difference	 in	 systolic	blood	pressure	between	undernourished	and	control	 animals,	with	a	
mean	difference	systolic	blood	pressure	of	-1.1	mmHg	(95%	CI	-6.4	to	4.3,	I2	57%).	Stratifying	for		
measurement	method	showed	a	mean	difference	in	systolic	blood	pressure	of	19.7	mmHg	(95%	
CI	15.3	to	24.2,	I2	92%)	in	studies	using	the	tail	cuff	method	and	a	4.2	mmHg	(95%	CI	-1.2	to	9.6,	
I2	81%)	mean	difference	in	studies	using	intra-arterial	catheters.	
	 Three	studies	reported	both	blinding	of	the	investigator	and	randomization	27,28,30.	Separately	
analysing	these	studies	reduced	heterogeneity	(I2	32%)	and	showed	no	significant	difference	in	
systolic	blood	pressure	(2.1	mmHg,	95%	CI	-3.0	to	7.2)	after	maternal	general	undernutrition.	

Systolic blood pressure after maternal protein undernutrition
Fifty-four	 animal	 studies	 provided	 data	 on	 systolic	 blood	 pressure	 in	 offspring	 after	maternal	
protein	undernutrition.	 Fifty	 studies	were	performed	using	 rats40-42,44-71,74,76-78,80-88,90,91,93-95,100	 and	
four	using	a	mouse	model101-104.	We	 found	a	 significantly	higher	mean	systolic	blood	pressure	
in	 animals	 prenatally	 exposed	 to	 a	 low	protein	 diet	 (n	 =	 1,421)	 compared	 to	 control	 animals	
(n =	1,427),	with	a	mean	difference	in	systolic	blood	pressure	of	18.9	mmHg	(95%	CI	16.1	to	21.8)	
(Figure	3).	The	results	showed	considerable	heterogeneity	(I2	91%).	Heterogeneity	persisted	after	
stratifying	the	analysis	for	sex	or	species.	Stratifying	for	measurement	method	showed	a	mean	
difference	in	systolic	blood	pressure	of	19.8	mmHg	(95%	CI	16.8	to	22.8,	I2	91%)	in	studies	using	
the	 tail	 cuff	method	and	a	5.2	mmHg	 (95%	CI	 -2.1	 to	12.6,	 I2	 0%)	mean	difference	 in	 studies	
using	 intra-arterial	 catheters.	Separately	analysing	studies	 that	used	radiotelemetry	showed	a	
non	 significant	 difference	 in	 systolic	 blood	 pressure	 (mean	 difference	 systolic	 blood	 pressure	
8.8	mmHg,	95%	CI	-9.8	to	27.3,	I2	81%).	
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figure 2	Systolic	blood	pressure	after	maternal	general	undernutrition	according	to	sex	of	the	animal	
and	measurement	method

M:	Males,	F:	Females,	TC:	Tail	cuff,	IC:	Intra-arterial,	RT:	Radiotelemetry.	
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figure 3	Systolic	blood	pressure	after	maternal	protein	undernutrition	according	to	sex	of	the	animal	
and	measurement	method
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Figure	3	Continued

M:	Males,	F:	Females,	TC:	Tail	cuff,	IC:	Intra-arterial,	RT:	Radiotelemetry.	

Six	studies	reported	both	blinding	of	the	investigator	and	randomization55,57,67,81,103,104.	Separately	
analysing	 these	 studies	 reduced	 heterogeneity	 (I2	 60%)	 and	 showed	 a	 significant	 but	 smaller	
difference	 in	 systolic	 blood	 pressure	 (9.1	 mmHg,	 95%	 CI	 5.6	 to	 12.6)	 after	 maternal	 protein	
undernutrition.	

Diastolic blood pressure after maternal general undernutrition
Ten	animal	studies	provided	data	on	diastolic	blood	pressure	in	offspring	after	maternal	general	
undernutrition.	Five	studies	had	been	performed	in	rats12,14,16,22,24,	four	in	sheep27,30-32,	and	one	in	
guinea	pigs35.	There	was	no	significant	difference	in	diastolic	blood	pressure	(1.6	mmHg,	95%	CI	
-2.1	 to	5.3	higher	 in	prenatally	undernourished	animals	 (n	=	95)	compared	to	control	animals	
(n	 =	 108)	 (I2	 65%)	 (Figure	 4).	Meta-analysis	 of	 the	 effects	 on	 sheep	 only	 (29	 undernourished	
animals	and	31	controls)	demonstrated	a	non-significant	difference	in	diastolic	blood	pressure	
(-3.5	mmHg,	95%	CI	-7.8	to	0.9,	I2	20%).	Heterogeneity	was	not	further	reduced	by	stratification	
for	other	species,	sex,	or	measurement	method.	Stratifying	for	measurement	method	showed	a	
mean	difference	in	diastolic	blood	pressure	of	0.7	mmHg	(95%	CI	-9.7	to	11.1,	I2	66%)	in	studies	
using	the	tail	cuff	method	and	a	1.8	mmHg	(95%	CI	-2.5	to	6.1,	I2	68%)	mean	difference	in	studies	
using	intra-arterial	catheters.	
	 Two	 studies	 reported	 both	 blinding	 of	 the	 investigator	 and	 randomization27,30.	 Separately	
analysing	 these	 studies	 slightly	 reduced	 heterogeneity	 (I2	 53%)	 and	 there	 was	 no	 significant	
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difference	 in	diastolic	blood	pressure	(-1.8	mmHg,	95%	CI	 -10.6	to	6.9)	after	maternal	general	
undernutrition.	

figure 4	Diastolic	blood	pressure	after	maternal	general	undernutrition	according	to	sex	of	the	animal	
and	measurement	method

M:	Males,	F:	Females,	TC:	Tail	cuff,	IC:	Intra-arterial,	RT:	Radiotelemetry.	

Diastolic blood pressure after maternal protein undernutrition
Data	for	meta-analysis	were	available	from	four	animal	studies.	Three	studies	were	performed	
in	 a	 rat	 model45,48,54	 and	 one	 in	 a	 mouse	 mode101.	 In	 total,	 48	 animals	 had	 been	 prenatally	
exposed	to	a	low	protein	diet	and	40	animals	were	control	fed.	Mean	diastolic	blood	pressure	
was	significantly	higher	in	animals	prenatally	exposed	to	a	low	protein	diet	compared	to	control	
animals	 (mean	 difference	 diastolic	 blood	 pressure	 9.5	mmHg,	 95%	CI	 2.6	 to	 16.3)	 (Figure	 5).	
There	 was	 no	 heterogeneity	 (I2	 0%).	 Stratifying	 for	 measurement	 method	 showed	 a	 mean	
difference	in	diastolic	blood	pressure	of	11.0	mmHg	(95%	CI	-12.6	to	34.6)	in	the	study	using	the	
tail	cuff	method	and	an	11.0	mmHg	(95%	CI	1.2	to	20.8)	mean	difference	in	the	study	using	an	
intra-arterial	 catheter.	 Separately	 analysing	 studies	 that	 used	 radiotelemetry	 showed	 smaller,	
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non	significant	differences	in	diastolic	blood	pressure	(mean	difference	diastolic	blood	pressure	
7.0	mmHg,	95%	CI	-7.7	to	21.6,	I2	48%).	
	 There	were	no	studies	that	reported	both	blinding	and	randomization.

figure 5	Diastolic	blood	pressure	after	maternal	protein	undernutrition	according	to	sex	of	the	animal	
and	measurement	method	

M:	Males,	F:	Females,	TC:	Tail	cuff,	IC:	Intra-arterial,	RT:	Radiotelemetry.	

Mean arterial pressure after maternal general undernutrition
Eleven	animal	studies	provided	data	on	mean	arterial	pressure	in	offspring	after	maternal	general	
undernutrition.	 Two	 studies	were	performed	using	 rats14,18,	 seven	 studies	 using	 sheep26,27,29-33, 
and	 two	 studies	 using	 guinea	 pigs34,35.	 Mean	 arterial	 pressure	 was	 significantly	 higher	 in	
undernourished	(n	=	105)	compared	to	control	animals	(n =	114)	(5.0	mmHg,	95%	CI	1.4	to	8.6,	
I2	71%)	(Figure	6).	
	 Meta-analysis	 of	 the	 effects	 on	 sheep	 only	 (71	 undernourished	 and	 69	 control	 animals)	
showed	less	heterogeneity	but	demonstrated	no	significant	difference	in	mean	arterial	pressure	
(mean	difference	mean	arterial	pressure	1.4	mmHg,	95%	CI	-3.1	to	5.9,	I2	50%).	Heterogeneity	
was	not	lower	after	stratification	for	sex	or	measurement	method.	Stratifying	for	measurement	
method	showed	a	mean	difference	in	mean	arterial	pressure	of	13.0	mmHg	(95%	CI	7.4	to	18.6)	
in	the	study	using	the	tail	cuff	method	and	a	4.2	mmHg	(95%	CI	0.6	to	7.8,	I2	67%)	mean	difference	
in	studies	using	intra-arterial	catheters.	
	 Three	studies	reported	both	blinding	of	the	investigator	and	randomization27,30,34.	Separately	
analysing	 these	 studies	 did	 not	 change	 heterogeneity	 (I2	 66%)	 and	 there	 was	 no	 significant	
difference	 in	mean	 arterial	 pressure	 (2.9	mmHg,	 95%	 CI	 -4.3	 to	 10.2)	 after	maternal	 general	
undernutrition.	
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figure 6 Mean	arterial	pressure	after	maternal	general	undernutrition	according	to	sex	of	the	animal	
and	measurement	method

M:	Males,	F:	Females,	TC:	Tail	cuff,	IC:	Intra-arterial,	RT:	Radiotelemetry.	

Mean arterial pressure after maternal protein undernutrition
Seventeen	 rat	 studies	 reported	mean	arterial	pressure	 in	offspring	after	prenatal	exposure	 to	
a	 low	 protein	 diet38,39,43,45,48,72-75,79,87,89,92,96-99.	 Mean	 arterial	 pressure	 was	 significantly	 higher	 in	
undernourished	 (n =	208)	 compared	 to	 control	 rats	 (n =	201)	 (mean	difference	mean	arterial	
pressure	10.5	mmHg,	95%	CI	6.7	to	14.2,	I2	85%)	(Figure	7).	Heterogeneity	could	not	be	explained	
by	stratifying	for	the	different	rat	species	or	sex.	Stratifying	for	measurement	method	showed	a	
mean	difference	in	mean	arterial	pressure	of	17.5	mmHg	(95%	CI	11.3	to	23.8,	I2	0%)	in	studies	
using	 the	 tail	 cuff	method	 and	 a	 10.7	mmHg	 (95%	CI	 6.6	 to	 14.7,	 I2	 85%)	mean	difference	 in	
studies	 using	 intra-arterial	 catheters.	 Separately	 analysing	 studies	 that	 used	 radiotelemetry	
showed	 smaller,	 non	 significant	 differences	 in	mean	 arterial	 pressure	 (mean	difference	mean	
arterial	pressure	-0.9	mmHg,	95%	CI	-5.9	to	4.2,	I2	0%).	
	 There	were	no	studies	that	reported	both	blinding	and	randomization.
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figure 7	Mean	arterial	pressure	after	maternal	protein	undernutrition	according	to	sex	of	the	animal	
and	measurement	method

M:	Males,	F:	Females,	TC:	Tail	cuff,	IC:	Intra-arterial,	RT:	Radiotelemetry.	

Sensitivity analysis
In	a	series	of	sensitivity	analyses,	we	evaluated	the	robustness	of	our	findings	by	repeating	the	
analyses	a	number	of	times,	each	time	 leaving	one	 study	out	of	 the	meta-analysis.	 If	 a	 study	
appears	to	be	an	outlier,	with	results	very	different	from	the	rest	of	the	studies,	then	its	influence	
will	become	apparent,	as	the	result	without	the	study	would	be	very	different	from	the	result	of	
the	meta-analysis	of	the	remaining	studies.	
	 The	observed	heterogeneity	in	the	meta-analysis	for	diastolic	blood	pressure	after	maternal	
general	undernutrition	was	 largely	due	to	the	study	of	Ozaki	et	al14.	On	removal	of	this	study,	
the	 I2	 decreased	 from	 62%	 to	 27%.	 The	 overall	 summary	 estimate,	 however,	 did	 not	 change	
substantially	 (-0.22	mmHg,	 95%	 CI	 -2.45	 to	 2.00).	We	 could	 not	 identify	 differences	 in	 study	
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design	 or	 characteristics	 in	 the	 study	 of	 Ozaki	 et	 al14	 compared	 to	 the	 other	 studies	 which	
could	explain	the	influence	on	the	heterogeneity.	All	other	sensitivity	analyses,	for	each	of	the	
other	five	outcome	measures	evaluated,	confirmed	the	stability	of	our	analyses.	No	influential	
individual	study	could	be	identified.

Discussion

The	results	generally	support	the	fetal	origins	hypothesis.	We	demonstrated	that	both	general	
and	protein	undernutrition	during	gestation	resulted	in	significantly	increased	systolic	and	mean	
arterial	 blood	 pressure	 in	 the	 offspring,	 while	 diastolic	 blood	 pressure	 was	 only	 significantly	
increased	after	maternal	protein	undernutrition.	The	largest	effect	of	maternal	undernutrition	–	
both	general	and	protein	–	was	found	on	systolic	blood	pressure,	which	was	significantly	increased	
in	prenatally	undernourished	offspring.	This	effect	was	stronger	in	the	protein	undernourished	
animals.	 This	 systematic	 review	 confirms	 the	 substantial	 variability	 in	 results	 from	 animal	
studies	which,	in	most	cases,	cannot	be	attributed	to	chance	variability	only:	heterogeneity	was	
considerable	in	all	meta-analyses.
	 Some	of	the	studies	included	in	this	meta-analysis	used	only	male	or	female	animals,	while	
others	used	both	or	did	not	 specify	 sex.	Only	 two	 studies	explained	 their	 choice	 to	use	male	
animals	alone80,86.	The	authors	of	one	of	these	papers	suggested	that	using	male	animals	only	
reduces	the	variability86.	Furthermore,	the	authors	of	the	other	paper	referred	to	the	finding	that	
male	animals	have	been	shown	to	be	more	vulnerable	to	developmental	programming	effects80,97, 
since	male	fetuses	grow	faster	than	female	fetuses	from	an	early	stage	of	gestation	and	this	makes	
them	more	vulnerable	if	their	nutrition	is	compromised105,106.	Maternal	protein	restriction	in	rats	
has	been	associated	with	fewer	nephrons	and	an	increased	blood	pressure	among	male	but	not	
female	 offspring97.	 Female	 gender	 seems	 to	 be	 relatively	 protective	 against	 the	 hypertensive	
effects	 of	 maternal	 protein	 restriction.	 However,	 this	 protection	 is	 lost	 with	 more	 severe	
protein	restriction97.	The	mechanism	of	this	relative	protection	is	unknown.	This	meta-analysis	
shows,	however,	 that	there	 is	also	 in	 females	a	significant	effect	of	maternal	undernutrition	–	
both	general	and	protein	–	on	systolic	blood	pressure	and	of	protein	undernutrition	on	mean	
arterial	pressure.	In	addition,	the	effects	on	blood	pressure	are	of	similar	size	in	male	and	female	
offspring.
	 When	 looking	 at	 species	 separately,	 we	 found	 that	 sheep	 prenatally	 exposed	 to	 general	
undernutrition	did	not	have	 significantly	higher	blood	pressure.	 This	 in	 contrast	 to	prenatally	
undernourished	rodent	offspring,	where	an	increase	in	systolic	and	mean	arterial	pressure	was	
seen.	The	programming	of	any	outcome	measure,	including	blood	pressure,	may	be	amplified	in	
the	rat.	The	sum	weight	of	the	products	of	conception	relative	to	maternal	weight	is	25-35%	in	
rats	versus	6-10%	in	sheep	and	3-5%	in	humans30.	This	could	very	well	explain	the	fact	that	we	
did	find	an	effect	in	rodent	models,	but	not	in	sheep.	
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In	humans,	the	relation	between	maternal	undernutrition	during	pregnancy	and	blood	pressure	
in	 the	offspring	 is	 less	well	 studied	and	 the	results	are	conflicting.	The	Hungerwinter	Families	
Study,	which	studied	subjects	 from	three	 institutions	 in	 famine-exposed	cities	at	an	age	of	59	
years,	found	that	people	who	had	been	exposed	to	famine	in utero	had	higher	blood	pressures	
as	 adults107.	 The	 Dutch	 famine	 birth	 cohort	 study	 did	 not	 find	 significant	 effects	 of	 prenatal	
famine	exposure	on	blood	pressure	but	observed	that	those	exposed	to	famine	prenatally	had	a	
higher	blood	pressure	response	to	stress108.	In	contrast,	in utero	exposure	to	the	Leningrad	siege	
between	1941	and	1944	or	to	the	Chinese	famine	of	1959-1961	was	not	associated	with	raised	
blood	pressure	in	later	life109,110.	
	 Other	meta-analyses	of	animal	data	showed	marked	heterogeneity111,112.	The	results	of	the	
present	systematic	review	are	in	line	with	this.	Stratifying	for	sex	or	species	did	not	consistently	
explain	the	heterogeneity.	Therefore	we	chose	to	primarily	report	the	pooled	results	of	all	studies,	
since	consistency	of	the	results	would	indicate	that	the	effects	of	maternal	undernutrition	are	
based	on	the	same	mechanisms	and	apply	to	different	species.	However,	the	size	of	the	effect	
might	differ	between	species.
	 We	 explored	 the	 potential	 sources	 of	 heterogeneity	 by	 conducting	 subgroup	 analyses	 for	
animal	model,	animal	 species	and	animal	 sex,	but	 this	accounted	only	 for	a	 small	part	of	 the	
heterogeneity.	Another	possible	source	of	heterogeneity	could	be	the	fact	that	a	portion	of	the	
included	articles	did	not	have	blood	pressure	as	 the	primary	outcome.	This	could	account	 for	
the	variety	in	sample	sizes	we	found	between	the	studies.	Furthermore,	the	fact	that	different	
laboratories	use	differently	composed	diets	in	their	experiments	could	be	another	explanation	
for	the	heterogeneity,	reflecting	the	inconsistencies	in	the	results.	In	a	study	comparing	two	low	
protein	diets,	only	one	affected	postnatal	systolic	blood	pressure65.	The	main	difference	between	
the	 two	 diets	was	 the	 source	 and	 content	 of	 fat.	 That	 study	 demonstrated	 that	 exposure	 to	
low	protein	in utero	does	not	in	itself	determine	the	development	of	hypertension	in	later	life.	
The	balance	of	other	nutrients	within	 the	maternal	diets	appears	 to	play	a	 critical	 role65.	 The	
studies	 included	 in	 our	 meta-analysis	 used	 different	 diets	 for	 the	 low	 protein	 experiments,	
which	 could	explain	part	of	 the	heterogeneity.	Also,	 in	 the	general	malnutrition	experiments,	
different	regimens	were	applied.	Restricted	diets	varied	from	30	to	70%	of	normal	intake.	These	
wide	ranges	of	dietary	restriction	have	undoubtedly	affected	the	outcome	and	attributed	to	the	
reported	 heterogeneity.	 Standardization	 of	 animal	 experiments	will	 improve	 comparability	 of	
these	studies.
	 Methodological	 heterogeneity	must	 also	 be	 discussed	 as	 a	major	 reason	of	 the	 observed	
heterogeneity.	 The	 methodological	 quality	 of	 the	 included	 studies	 was	 poor,	 with	 only	 18	
studies	 reporting	 on	 blinding	 of	 the	 investigators,	 and	 46	 reporting	 on	 randomization,	 either	
when	 allocating	 the	 diet	 or	 selecting	 the	 pups	 for	 the	measurements.	 In	 contrast	 to	 human	
studies,	 randomization,	 blinding,	 and	 sample	 size	 calculations	 are	 not	 standard	 practice	 in	
animal	experiments.	 It	has	been	shown	that	animal	 studies	 that	do	not	 report	 randomization	
and	blinding	are	more	likely	to	report	a	difference	in	the	study	groups	than	studies	that	do	report	
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on	these	methods113.	We	can	support	this	in	our	study.	Separately	analysing	the	methodologically	
sound	studies	resulted	in	a	reduction	or	disappearance	of	the	effect.	Improvements	can	be	made	
on	the	quality	of	animal	studies	by	applying	standards	for	reporting	such	as	those	that	are	routine	
in	human	studies.
	 In	rodent	models,	measurements	of	blood	pressure	are	done	by	the	tail	cuff	method	or	by	
direct	 intra-arterial	measurements	which	 encompass	 both	 direct	 indwelling	 catheters	 and	 24	
hour	radiotelemetry.	Radiotelemetry	is	considered	to	be	a	direct,	minimally	stressful,	continuous	
blood	pressure	measurement114.	There	 is	evidence	suggesting	 that	prenatal	malnutrition	does	
not	primarily	result	in	increased	blood	pressure,	but	in	a	heightened	stress	response	leading	to	
higher	blood	pressure	levels108,114.	This	may	be	reflected	in	our	findings	of	a	greater	difference	
in	 systolic	 blood	 pressure	 and	 mean	 arterial	 pressure	 when	 measurements	 were	 performed	
with	 the	 tail	 cuff	method,	 which	 is	 considered	 to	 be	 a	 source	 of	 stress,	 compared	 to	 direct	
intra-arterial	measurements.	Radiotelemetry	has	only	been	used	in	three	studies	 investigating	
the	 effects	 of	 a	 low	 protein	 diet.	 Separately	 analysing	 studies	 using	 radiotelemetry	 showed	
smaller	and	non	significant	pooled	effect	estimates	compared	with	the	other	methods.	Of	the	
two	studies	that	reported	on	systolic	and	diastolic	blood	pressure,	one	showed	an	 increase	 in	
both	systolic	and	diastolic	blood	pressure101,	while	the	other	reported	no	effect45.	Two	studies	
reported	on	mean	arterial	pressure	after	low	protein	undernutrition,	with	one	study	reporting	
a	very	small	 increase45,	while	 the	other	 reported	no	effect39.	Swali	et al.	 reported	an	 increase	
in	systolic	blood	pressure	when	measurements	were	performed	by	the	tail	cuff	method	while	
radiotelemetry	demonstrated	lower	mean	arterial	pressure	in	the	same	animals	after	low	protein	
undernutrition80.	 These	 results	may	 indicate	 that	 part	 of	 the	 increased	 blood	 pressure	 levels	
found	 after	 prenatal	 undernutrition	may	be	due	 to	 an	 increased	 stress	 response.	 In	 our	 data	
on	 systolic	 and	diastolic	 blood	pressure,	 although	no	 longer	 significant,	 blood	pressure	 levels	
were	still	higher	after	prenatal	undernutrition	when	measured	by	 radiotelemetry.	This	 loss	of	
significance	may	be	caused	by	the	small	number	of	animals.	

conclusion

In	 summary,	 the	 results	 of	 this	 meta-analysis	 generally	 support	 the	 view	 that	 maternal	
undernutrition	–	both	 general	 and	protein	 –	 leads	 to	 an	 increased	 systolic	 and	mean	arterial	
blood	pressure	in	the	offspring	of	most	animals.	Yet,	studies	show	substantial	heterogeneity	in	the	
results	which	could	not	be	sufficiently	explained	by	known	characteristics	of	the	research.	Also,	
the	results	depended	strongly	on	the	applied	measurement	technique	and	animal	model.	Future	
animal	studies	should	improve	their	methodological	quality	by	applying	randomization,	blinding,	
and	sample	size	calculation	techniques,	to	prevent	selection,	performance,	and	detection	bias.	
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background:	 Grip	 strength	 is	 a	 marker	 of	 current	 and	 future	 health.	 Small	 size	 at	 birth	 is	
associated	with	reduced	grip	strength	and	poor	health	in	later	life.	Prenatal	undernutrition	may	
affect	adult	grip	strength.	We	investigated	the	effect	of	prenatal	undernutrition	on	grip	strength	
in	the	Dutch	famine	birth	cohort.
Methods:	 We	 assessed	 grip	 strength	 in	 334	 men	 and	 364	 women	 at	 age	 58,	 born	 as	 term	
singletons	around	 the	time	of	 the	1944-45	Dutch	 famine.	We	compared	grip	 strength	among	
men	 and	 women	 who	 had	 been	 exposed	 to	 famine	 during	 different	 periods	 of	 gestation	 to	
unexposed	subjects.
results:	 Men	 exposed	 to	 famine	 in	 early	 gestation	 had	 a	 4.2	 kg	 (95%CI	 1.0	 to	 7.3)	 greater	
grip	 strength	 compared	 to	 unexposed	men.	 After	 adjustment	 for	 adult	 height	 and	 timing	 of	
participation	in	the	study,	the	association	was	no	longer	significant	(2.9	kg	(95%CI	-0.2	to	6.0)).	
In	women,	prenatal	exposure	to	famine	was	not	significantly	associated	with	grip	strength.	A	1	
kilogram	increase	 in	birth	weight	was	associated	with	an	 increase	of	2.8	kg	(95%CI	1.0	to	4.7)	
in	grip	strength	in	men	and	1.5	kg	(95%CI	0.1	to	2.8)	in	women,	adjustment	for	adult	body	size	
explained	this	relationship.	
conclusions:	There	was	no	evidence	for	significant	independent	associations	between	prenatal	
famine	exposure	and	adult	grip	strength	although	men	exposed	in	early	gestation	appeared	to	
have	increased	grip	strength	explained	by	taller	adult	height.	Consistent	with	previous	studies,	
there	was	a	relationship	between	small	size	at	birth	and	lower	grip	strength.
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inTroDucTion

Handgrip	strength	can	be	used	as	a	marker	of	overall	muscle	strength1.	Decreased	grip	strength	
is	 associated	with	 the	 presence	 of	 chronic	 diseases	 including	 coronary	 heart	 disease,	 stroke,	
chronic	obstructive	pulmonary	disease	and	diabetes	mellitus2.	Grip	strength	is	known	to	decline	
with	age	and	poor	grip	strength	 is	associated	with	 increased	all-cause	mortality3.	Birth	weight	
is	positively	associated	with	adult	grip	strength4,5,	and	therefore	grip	strength	is	thought	to	be	
affected	by	environmental	influences	in	early	life.	
	 The	Dutch	famine	was	a	period	of	severe	food	shortage	in	the	west	of	the	Netherlands	that	
occurred	during	the	last	5-6	months	of	World	War	II.	The	famine	offers	a	unique	opportunity	to	
study	the	effects	of	prenatal	undernutrition	on	health	in	later	life.	Among	several	adverse	health	
effects,	people	conceived	during	the	famine	had	a	more	atherogenic	lipid	profile6	and	an	earlier	
onset	and	a	doubled	rate	of	coronary	artery	disease7.	Also,	people	exposed	to	the	famine	during	
gestation	had	impaired	glucose	tolerance8,9.	Recently,	we	demonstrated	that	people	conceived	
during	the	famine	performed	worse	on	a	selective	attention	test,	a	cognitive	ability	that	is	known	
to	decline	with	age.	This	was	the	first	evidence	in	the	Dutch	famine	birth	cohort	that	suggests	
that	prenatal	undernutrition	is	associated	with	accelerated	aging10.
	 In	 the	 present	 study,	 we	 investigated	 grip	 strength	 in	men	 and	women	 born	 around	 the	
time	of	the	Dutch	famine,	aged	56-61	years.	We	hypothesized	that	people	who	were	prenatally	
exposed	to	famine	would	have	reduced	grip	strength	at	adult	age.

METhoDs

The Dutch famine birth cohort
The	Dutch	 famine	birth	 cohort	members	were	born	as	 term	singletons	between	1	November	
1943	 and	 28	 February	 1947	 in	 the	Wilhelmina	Gasthuis	 in	Amsterdam,	 the	Netherlands.	 The	
selection	procedures	 for	 this	 cohort	 have	been	described	elsewhere9.	At	 age	58,	 1423	of	 the	
2414	original	cohort	members	(58%)	were	still	alive,	living	in	the	Netherlands	and	their	address	
was	known	to	the	investigators.	These	people	were	eligible	for	our	study.	Of	the	group	of	1423	
eligible	people,	810	 (57%)	agreed	 to	participate	at	age	58	years.	All	participants	gave	written	
informed	consent.

Exposure to famine
Exposure	 to	 famine	 was	 defined	 according	 to	 the	 official	 daily	 food-rations	 for	 the	 general	
population	older	than	21	years.	The	official	rations	accurately	reflect	the	variation	over	time	in	
the	total	amount	of	food	available	in	the	west	of	the	Netherlands11.	We	considered	fetuses	to	
have	been	exposed	to	famine	in	utero	if	the	average	daily	rations	during	any	13-week	period	of	
gestation	were	less	than	1000	calories.	Therefore,	people	born	between	7	January	1945	and	8	
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December	1945	were	considered	to	be	exposed	to	famine	 in	utero.	We	defined	periods	of	16	
weeks	each	to	differentiate	between	those	who	were	exposed	to	famine	in	late	gestation	(born	
between	7	January	1945	and	28	April	1945),	in	mid	gestation	(born	between	29	April	1945	and	
18	August	1945)	and	in	early	gestation	(born	between	19	August	1945	and	8	December	1945).	
People	born	before	7	January	1945	(and	were	thus	born	before	the	famine)	and	those	born	after	
8	December	1945	(and	who	had	thus	been	conceived	after	the	famine)	were	considered	to	be	
unexposed	to	famine	in	utero.

study parameters
The	medical	birth	records	provided	information	about	the	mother,	the	course	of	the	pregnancy	
and	the	size	of	the	baby	at	birth9.	Between	September	2002	and	October	2004	at	a	mean	age	
of	58.3	(SD	0.9)	years	participants	visited	the	clinic	where	trained	study	nurses	carried	out	all	
measurements.	As	a	marker	of	muscle	strength,	maximum	grip	strength	was	measured	using	a	
Jamar	handgrip	dynamometer	(PGB,	Bussum,	The	Netherlands)	at	the	clinic	visit.	Grip	strength	
was	measured	three	times	on	each	side,	and	the	maximum	of	these	measurements	was	used	for	
the	analyses.	We	measured	height	using	a	fixed	or	a	portable	stadiometer	and	weight	using	Seca	
scales	or	portable	Tefal	scales.	

Statistical analyses
We	used	linear	regression	analyses	to	compare	the	characteristics	of	individuals	exposed	in	late	
mid	 or	 early	 gestation	with	 characteristics	 of	 those	who	 had	 not	 been	 exposed	 to	 famine	 in	
gestation.	 Linear	 regression	was	 also	 performed	 to	 explore	 the	 association	between	prenatal	
exposure	to	famine	and	maximum	grip	strength	and	between	birth	weight	and	maximum	grip	
strength.	Analyses	were	adjusted	for	current	body	size	by	adding	height	into	the	model.	Further	
adjustments	were	made	for	the	time	at	which	the	subjects	participated	during	the	study	(date)	
since	 this	 contributed	 significantly	 to	 the	 variance	 in	 grip	 strength.	 In	 accordance	 with	 the	
existing	literature,	men	and	women	were	analyzed	separately.	We	considered	differences	to	be	
statistically	significant	if	p<0.05.	Where	p-values	are	given,	they	are	2	sided.	We	used	SPSS	17.0	
for	all	analyses.
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Table 1	General,	birth	and	adult	characteristics	according	to	timing	of	prenatal	exposure	to	the	Dutch	
famine,	men	and	women	separately.

Exposure to famine

born  
before

in late 
gestation

in mid 
gestation

in early 
gestation

conceived 
after

all  
(sD)

MEn

	N 106 56 43 30 99 334

	gestational	age	(days) 283 282 286 291* 285 285	(12)

	birth	weight	(kg) 3.42 3.25* 3.27* 3.51 3.57 3.43	(0.47)

	weight	(kg) 90.5 87.8 85.4 93.9 88.9 89.2	(15)

	height	(m)	 1.77 1.77 1.76 1.79 1.77 1.77	(0.06)

	maximum	grip	strength	(kg) 50.3 50.3 49.7 55.0* 51.5 51.0	(8.4)

WoMEn

	N 107 67 59 33 98 364

	gestational	age	(days) 285 283 285 287 285 285(11)

	birth	weight	(kg) 3.37 3.16* 3.15* 3.41 3.41 3.31	(0.46)

	weight	(kg) 78.2 77.0 76.1 74.3 79.2 77.6	(14)

	height	(m) 1.65 1.64 1.64 1.64 1.64 1.64	(0.06)

	maximum	grip	strength	(kg) 29.3 30.0 29.0 30.0 28.9 29.3	(6.1)

*p<0.05	for	differences	with	born	before	and	conceived	after

rEsulTs

Grip	 strength	 data	 were	 available	 for	 334	 men	 and	 364	 women	 who	 visited	 the	 hospital,	
after	excluding	participants	 (N	=	37)	with	 complaints	of	osteoarthritis,	 rheumatic	disease	and	
neurological	 and	 physical	 complaints	 that	 influenced	 the	 grip	 strength	 measurements.	 The	
birth	weights	of	persons	included	in	the	study	(3363	g)	did	not	differ	significantly	from	the	birth	
weights	of	those	not	included	in	the	study	(3339	g;	p =	0.3).
	 Table	1	shows	the	characteristics	of	the	participants	according	to	timing	of	exposure	to	famine	
in utero.	One-hundred	and	twenty-nine	(39%)	men	and	one-hundred	and	fifty-nine	(44%)	women	
had	been	exposed	to	famine	in utero.	The	control	group	consisted	of	individuals	born	before	the	
famine	 and	 those	 conceived	 and	born	 after	 the	 famine.	 These	 groups	were	 comparable	with	
respect	to	gestational	age,	birth	weight,	adult	weight	and	height	or	maximum	grip	strength	(all	
p>0.05).	Male	 and	 female	 babies	 exposed	 to	 famine	 in	 late	 or	mid	 gestation	were	 lighter	 at	
birth	than	those	not	exposed.	Gestational	age	was	highest	 in	men	exposed	to	 famine	 in	early	
gestation.	 There	was	no	 significant	difference	 in	 adult	 body	 size	 in	 exposed	men	and	women	
compared	to	unexposed	controls.	
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Table	2	shows	the	differences	in	hand	grip	strength	according	to	timing	of	prenatal	exposure	to	
famine	compared	to	non-exposed	participants.	Men	exposed	to	 famine	 in	early	gestation	had	
greater	hand	 grip	 strength	 than	unexposed	men	 (mean	difference	4.2	 kg	 (95%CI	 1.0	 to	 7.3)).	
After	adjustment	for	adult	height	and	timing	of	participation	in	the	study	this	association	was	no	
longer	significant	(2.9	kg	(95%CI	-0.2	to	6.0)).	Prenatal	famine	exposure	in	mid	or	late	gestation	
was	not	associated	with	hand	grip	strength	in	men.	In	women	no	association	was	found	between	
prenatal	exposure	to	famine	and	hand	grip	strength,	neither	in	the	unadjusted	nor	the	adjusted	
analyses.	Addition	of	 birth	weight	or	 age	 to	 the	 linear	 regression	models	 did	not	 change	 the	
associations.

Table 2 Differences	 (and	 95%	 confidence	 intervals)	 in	 hand	 grip	 strength	 (kg)	 in	men	 and	women 
according	to	the	timing	of	prenatal	exposure	to	famine	compared	to	non-exposed	participants	(those	
born	before	or	conceived	after	the	famine).

Late gestation Mid gestation Early gestation

Men Women Men Women Men Women 

Unadjusted -0.6	 
(-3.0	to	1.9)

1.0	 
(-0.7	to	2.7)

-1.2	 
(-3.9	to	1.6)

-0.1	
(-1.9	to	1.7)

4.2	
(1.0	to	7.3)*

0.9	 
(-1.3	to	3.2)

Adjusted	for	height -0.6	 
(-3.0	to	1.7)

1.0	 
(-0.6	to	2.6)

-0.9
(-3.5	to	1.7)

0.1	
(-1.6	to	1.8)

3.4	
(0.4	to	6.5)*

1.0	 
(-1.2	to	3.1)

Height	and	time -1.0	 
(-3.3	to	1.4)

0.7	 
(-0.9	to	2.3)

-1.2	
(-3.8	to	1.4)

-0.0	 
(-1.7	to	1.6)

2.9	
(-0.2	to	6.0)

1.0	 
(-1.2	to	3.1)

*p<0.05	

Considering	 the	whole	 cohort	 irrespective	of	 exposure	 status,	 both	 in	men	and	women	birth	
weight	was	 strongly	 related	with	 adult	 hand	grip	 strength.	An	 increase	of	 1	 kilogram	 in	birth	
weight	was	associated	with	an	increase	of	2.8	kg	in	hand	grip	strength	(95%	CI	1.0	to	4.7)	in	men	
and	1.5	(95%	CI	0.1	to	2.8)	in	women.	After	adjustment	for	age	and	adult	height,	this	association	
was	no	longer	significant.	The	association	was	largely	explained	by	adult	height	(table	3).

Table 3	Differences	(and	95%	confidence	intervals)	in	hand	grip	strength	(kg)	according	to	birth	weight	
(kg)	in	the	Dutch	famine	birth	cohort	(regardless	of	exposure	status).

Men Women 

Unadjusted	 2.8	(1.0	to	4.7)* 1.5	(0.1	to	2.8)*

Adjusted	for	age 2.6	(0.7	to	4.5)* 1.4	(0.1	to	2.8)*

Adjusted	for	height 1.3	(-0.7	to	3.2) 0.1	(-1.3	to	1.5)

Age	and	height 0.9	(-1.0	to	2.9) 0.1	(-1.4	to	1.4)

*p<0.05	
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Discussion

In	this	study,	we	did	not	demonstrate	any	significant,	independent	associations	between	prenatal	
exposure	to	famine	and	adult	grip	strength.	However	men	exposed	to	famine	in	early	gestation	
appeared	 to	 have	 increased	 grip	 strength	 which	 was	 an	 unexpected	 finding.	 As	 reported	 in	
previous	studies,	we	found	a	positive	relationship	between	size	at	birth	and	adult	grip	strength;	
however	in	this	cohort	of	men	and	women,	the	association	was	largely	explained	by	adult	height.
	 The	association	between	famine	in	early	gestation	and	increased	grip	strength	in	men	was	
surprising	 in	 view	of	 earlier	 findings	 describing	 an	 increase	 in	 chronic	 disease	 among	 people	
exposed	to	famine	in	early	gestation.	It	may	represent	a	chance	finding	in	the	context	of	multiple	
comparisons,	alternatively	 it	may	reflect	bias	 in	the	study	design	or	confounding.	For	example	
men	exposed	to	famine	in	early	gestation	also	tended	to	have	a	higher	gestational	age	and	to	be	
younger	as	well	as	taller	and	heavier	in	adulthood.	Certainly	the	association	between	famine	in	
early	gestation	and	increased	grip	strength	in	men	was	not	independent	of	adult	size	and	timing	
of	participation	in	the	study.	However	it	is	also	possible	that	this	was	a	true	association	perhaps	
mediated	through	increased	muscle	size.	There	is	some	evidence	from	studies	in	animal	models	
that	a	period	of	reduced	nutrition	in	early	gestation	can	increase	growth	of	tissues	such	as	bone	
length	possibly	through	an	 increase	 in	 IGF-1	 level12.	However	most	animal	studies	focusing	on	
skeletal	muscle	report	that	prenatal	undernutrition	is	associated	with	reduced	skeletal	muscle	
fibre	number	or	density	even	 in	the	absence	of	an	effect	on	muscle	weight13,14.	Studies	of	the	
effect	of	early	undernutrition	on	human	muscle	are	sparse,	however	another	natural	‘experiment’	
found	that	children	exposed	to	a	period	of	undernutrition	in	late	childhood	were	shorter	and	had	
higher	 appendicular	 lean	mass/height2 after	 the	 age	 of	 65	 years	 but	 there	was	 no	 significant	
effect	on	grip	strength15.
	 The	overall	absence	of	significant,	independent	associations	between	prenatal	exposure	to	
famine	and	adult	grip	strength	could	be	a	true	finding	but	alternative	explanations	also	need	to	
be	considered.	Selection	bias	is	a	common	issue	in	cohort	studies	and	some	information	bias	may	
have	existed	in	this	round	of	data	collection	because	the	most	frail	individuals	were	seen	at	the	
end	of	the	study	for	logistical	reasons.	To	some	extent	this	could	be	addressed	by	adjusting	the	
findings	for	time	seen.	However	allowing	for	the	age	of	the	participants	was	more	problematic	
as	the	exposure	variable	and	age	were	closely	linked.	However	information	bias	with	regard	to	
the	measurement	of	grip	strength	was	likely	to	be	minimal	because	we	used	a	standardised	grip	
strength	measurement	protocol16.	The	age	of	our	cohort	was	comparable	to	cohorts	reporting	
the	relationship	between	birth	weight	and	adult	grip	strength	(Hertfordshire	Cohort	Study,	59-73	
years17	and	a	British	Cohort	Study,	53	years5,18).	Lack	of	power	 is	another	possible	explanation	
for	our	 lack	of	associations.	Although	almost	700	people	participated	in	the	study,	there	were	
only	30	men	exposed	to	famine	in	early	gestation.	These	men	also	had	greater	adult	height	and	
weight,	 although	 the	 difference	was	 not	 significant.	 Our	 study	 size	 is	 smaller	 than	 the	 other	
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cohorts	 reporting	on	 the	 association	between	birth	weight	 and	 adult	 grip	 strength4,5,18-20.	Our	
findings	therefore	need	replication	in	future	studies.
	 Regardless	of	prenatal	famine	exposure	we	also	found,	as	many	other	studies	have	done,	that	
birth	weight	was	positively	associated	with	adult	grip	strength,	 the	association	being	stronger	
for	men	than	for	women4,5,18-21.	The	magnitude	of	our	findings	was	comparable	to	the	findings	
of	these	earlier	studies.	Attenuation	of	the	relationship	between	birth	weight	and	grip	strength	
after	adjustment	 for	adult	 size	has	been	described	previously4,5	and	was	demonstrated	 in	our	
study	with	 loss	 of	 the	 significant	 association	 after	 adjustment	 for	 height.	 One	 explanation	 is	
that	adjusting	for	adult	size	using	height,	also	corrects	for	muscle	size	which	potentially	lies	on	
the	causal	pathway	between	low	birth	weight	and	reduced	adult	grip	strength.	The	number	of	
human	skeletal	muscle	fibres	is	fixed	by	birth	and	there	is	preliminary	evidence	that	 low	birth	
weight	is	associated	with	reduced	myofibre	score	in	later	life22.
	 In	 summary,	 there	 was	 no	 evidence	 for	 significant	 independent	 associations	 between	
prenatal	exposure	to	famine	and	adult	grip	strength	in	this	cohort	although	men	exposed	in	early	
gestation	appeared	to	have	increased	grip	strength	explained	by	adult	taller	height.	Consistent	
with	previous	studies,	there	was	a	relationship	between	small	size	at	birth	and	lower	adult	grip	
strength.
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absTracT

Poor	nutrition	during	fetal	development	can	permanently	alter	growth,	cardiovascular	physiology	
and	metabolic	 function.	Animal	 studies	have	 shown	 that	prenatal	 undernutrition	 followed	by	
balanced	 postnatal	 nutrition	 alters	 DNA	methylation	 of	 gene	 promoter	 regions	 of	 candidate	
metabolic	control	genes	in	the	liver.	
The	aim	of	this	study	was	to	investigate	whether	methylation	status	of	the	proximal	promoter	
regions	of	 four	 candidate	genes	differed	between	 individuals	exposed	 to	 the	Dutch	 famine	 in	
utero.	 In	addition,	we	determined	whether	methylation	 status	of	 these	genes	was	associated	
with	markers	of	metabolic	and	cardiovascular	disease	and	adult	lifestyle.
Methylation	 status	 of	 the	 GR1-C,	 PPARγ,	 LPL	 and	 PI3kinase	 p85	 proximal	 promoters	 was	
investigated	 in	DNA	 isolated	 from	peripheral	blood	 samples	of	759	58	year	old	 subjects	born	
around	the	time	of	the	1944-45	Dutch	famine.
We	 observed	 no	 differences in methylation	 levels	 of	 the	 promoters	 between	 exposed	 and	
unexposed	men	 and	women.	Methylation	 status	 of	 PPARγ	was	 associated	with	 levels	 of	 HDL	
cholesterol	and	triglycerides	as	well	as	with	exercise	and	smoking.	Hypomethylation	of	the	GR	
promoter	was	associated	with	adverse	adult	lifestyle	factors,	including	higher	BMI,	less	exercise	
and	more	smoking.	
The	previously	 reported	 increased	 risk	of	 cardiovascular	 and	metabolic	disease	after	prenatal	
famine	exposure	was	not	associated	with	differences	in	methylation	status	across	the	promoter	
regions	of	these	candidate	genes	measured	in	peripheral	blood.	The	adult	environment	seems	to	
affect	GR	and	PPARγ	promoter	methylation.	
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inTroDucTion

Low	birth	weight	is	associated	with	an	increased	risk	of	chronic	disease	in	later	life.	Studies	around	
the	world	have	shown	that	people	who	were	born	with	low	birth	weight	have	increased	rates	of	
type	2	diabetes,	hypertension	and	cardiovascular	disease	at	adult	age1-3.	These	associations	are	
thought	to	reflect	the	process	by	which	fetal	responses	to	limited	food	supply	induce	permanent	
alterations	in	the	offspring’s	physiology	and	metabolism,	optimizing	its	chances	of	survival	in	the	
short	term	in	a	poor	nutritional	environment	but	possibly	being	detrimental	in	later	life,	especially	
if	food	is	abundant.	The	first	direct	evidence	in	humans	that	such	undernutrition	during	gestation	
increases	the	risk	of	chronic	non-communicable	disease	has	come	from	the	Dutch	famine	birth	
cohort	study.	People	whose	mothers	had	been	exposed	to	this	five	month	period	of	acute	food	
shortage	in	early	pregnancy	had	impaired	glucose	regulation4,5,	a	more	atherogenic	lipid	profile6, 
and	increased	rates	of	cardiovascular	disease7,8	and	women	in	this	cohort	had	increased	rates	of	
breast	cancer	in	adult	life9.	The	effect	size	was	striking;	those	exposed	to	famine	in	early	gestation	
had	a	doubled	rate	of	cardiovascular	disease	compared	to	those	who	had	not	been	exposed	to	
famine	prenatally7.	
	 One	of	the	mechanisms	that	may	play	a	role	in	inducing	such	effects	is	epigenetic	regulation	
of	gene	expression.	Animal	studies	have	shown	that	reduced	food	intake	during	pregnancy	leads	
to	changes	in	the	epigenetic	regulation	of	the	expression	of	transcription	factors	that	play	a	key	
role	in	regulating	glucose	and	lipid	metabolism	in	the	offspring.	For	instance,	feeding	a	protein	
restricted	 diet	 to	 rats	 during	 pregnancy	 induces	 hypomethylation	 of	 the	 PPARα	 (peroxisome	
proliferator-activated	 receptor	 alpha)	 and	 GR	 (glucocorticoid	 receptor)	 promoters,	 increased	
expression	of	the	GR	and	PPARα	and	their	target	genes	and	an	increase	in	the	metabolic	processes	
that	they	control,	namely	β-oxidation	and	gluconeogenesis	in	the	liver	of	the	offspring10,11.	
	 The	first	evidence	that	undernutrition	during	gestation	alters	epigenetic	regulation	in	humans	
has	come	from	Heijmans	et	al.12	who	have	shown	that	prenatal	exposure	to	the	Dutch	famine	
is	 associated	with	decreased	methylation	 levels	of	 the	differentially	methylated	 region	of	 the	
imprinted	insulin-like	growth	factor-2	gene	(IGF2	DMR)	in	peripheral	blood.	The	mean	level	of	
methylation	of	exposed	individuals	was	49%	compared	to	52%	in	unexposed	sibling	controls12.	
The	functional	implication	of	this	small,	but	statistically	significant	difference	is	unclear.	Analysis	
of	15	additional	candidate	genes	revealed	that	methylation	of	six	of	these	loci	was	associated	
with	prenatal	exposure	to	famine,	of	which	three	were	sex-specific13.	The	authors	suggested	that	
these	 epigenetic	 changes	 could	 provide	 a	mechanism	by	which	 the	 prenatal	 nutrition	 affects	
risk	of	 later	chronic	diseases.	The	authors,	however,	did	not	report	whether	such	variations	in	
methylation	 were	 associated	 with	 any	 phenotypic	 characteristic.	 Also,	 there	 is	 an	 increasing	
body	 of	 evidence	 to	 suggest	 that	 adult	 lifestyle	 factors	 can	 also	 affect	 the	 epigenome14.	We	
have	previously	shown	that	prenatal	famine	exposure	affects	lifestyle	choices15	which	might	also	
contribute	to	disease	risk.	Genomic	 imprinting	is	a	phenomenon	whereby	a	gene	is	expressed	
in	a	parent-origin	manner,	with	one	active	and	one	silent	allele.	Many	methylation	studies	have	
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been	limited	to	imprinted	genes,	but	also	non-imprinted	genes	can	been	affected	by	epigenetic	
programming	effects.
	 We	therefore	selected	four	non-imprinted	candidate	genes	with	relevance	to	cardiovascular	
and	metabolic	function.	Peroxisome	proliferator-activated	receptor	gamma	(PPARγ)	is	 involved	
in	insulin	and	lipid	metabolism16.	Glucocorticoid	receptor	(GR)	1-C	regulates	the	stress	response,	
developmental	 processes,	 immune	 responses	 and	 glucose	 metabolism.	 The	 p85α	 regulatory	
subunit	of	phosphatidylinositol	3	kinase	(PI3kinase)	is	involved	in	placental	development	and	fetal	
growth17	and	a	key	component	in	the	insulin	signaling	pathway.	Lipoprotein	lipase	(LPL)	hydrolyses	
lipids	 into	 lipoproteins.	A	 LPL	deficiency	 leads	 to	hypertriglyceridemia18.	 The	expression	of	 all	
four	of	 these	genes	has	been	shown	to	be	persistently	altered	by	maternal	dietary	restriction	
in	animal	models	of	maternal	programming19-22.	We	investigated	whether	methylation	status	of	
their	promoter	regions	differed	between	 individuals	exposed	to	famine	at	different	periods	of	
gestation	compared	to	unexposed	 individuals.	Secondly,	we	 investigated	whether	methylation	
status	of	these	four	genes	was	associated	with	markers	of	metabolic	and	cardiovascular	disease	
or	adult	lifestyle	factors,	and	thus	whether	they	could	explain	the	increased	rates	of	disease	in	
people	who	were	prenatally	exposed	to	the	Dutch	famine.	

METhoDs

Selection procedures 
The	Dutch	 famine	birth	 cohort	 consists	 of	 2,414	men	and	women	born	 as	 term	 singletons	 in	
the	 Wilhelmina	 Gasthuis	 in	 Amsterdam	 between	 1	 November	 1943	 and	 28	 February	 1947.	
The	 selection	 procedure	 and	 subsequent	 loss	 to	 follow	 up	 have	 been	 described	 in	 detail	
elsewhere5,23.	At	age	58,	1,423	of	the	2,414	original	cohort	members	(58%)	were	still	alive,	living	
in	 the	Netherlands	 at	 a	 known	 address.	 The	 study	was	 approved	 by	 the	 local	Medical	 Ethics	
Committee	and	carried	out	in	accordance	with	the	Declaration	of	Helsinki.	All	participants	gave	
written	informed	consent.

Exposure to famine
Exposure	to	famine	was	defined	according	to	the	official	daily	rations	for	the	general	population	
older	 than	21	years.	 The	official	 rations	accurately	 reflect	 the	variation	over	time	 in	 the	 total	
amount	of	food	available	in	the	west	of	the	Netherlands24.	An	individual	was	considered	to	be	
prenatally	exposed	to	famine	if	the	average	daily	food	ration	of	the	mother	during	any	13-week	
period	 of	 gestation	 contained	 less	 than	 1000	 calories.	 Based	 on	 this	 definition,	 babies	 born	
between	 7	 January	 1945	 and	 8	 December	 1945	were	 exposed	 in utero.	We	 used	 periods	 of	
16	weeks	each	to	differentiate	between	people	who	had	been	exposed	in	late	gestation	(born	
between	7	January	1945	and	28	April	1945),	in	mid	gestation	(born	between	29	April	1945	and	
18	August	1945),	and	in	early	gestation	(born	between	19	August	1945	and	8	December	1945).	
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People	 born	 before	 7	 January	 1945	 (and	were	 thus	 born	 before	 the	 famine)	 and	 those	 born	
after	8	December	1945	(and	who	had	thus	been	conceived	after	the	famine)	were	considered	
unexposed.

study parameters
The	medical	birth	records	provided	information	about	the	mother,	the	course	of	the	pregnancy,	
and	 the	 body	 size	 of	 the	 baby	 at	 birth5.	 For	 the	 adult	measurements	 of	 the	 participants,	we	
measured	adult	height	using	a	portable	stadiometer	and	weight	with	a	portable	Tefal	scale.	Blood	
pressure	was	measured	in	duplo	on	two	occasions	(morning	and	afternoon)	using	an	automated	
device	 (Omron	705	CP/IT;	Omron	Healthcare	UK,	West	Sussex,	UK)	and	appropriate	cuff	sizes.	
Mean	systolic	and	diastolic	blood	pressure	was	calculated	using	all	available	measurements.
	 We	performed	an	oral	glucose	tolerance	test	(OGTT)	after	an	overnight	fast	with	a	standard	
load	 of	 75	 grams.	 Participants	with	 pre-existing	 diabetes	 (defined	 as	 taking	 glucose-lowering	
medication)	were	excluded	 from	the	OGTT.	Plasma	glucose	concentrations	were	measured	by	
standardized	enzymatic	photometric	assay	on	a	Modular	P	analyzer	(Roche,	Basel,	Switzerland)	
and	 plasma	 insulin	 concentration	 by	 immuno-luminometric	 assay	 on	 Immulite	 2000	 analyzer	
(Diagnostic	Product	Corporation,	Los	Angeles,	USA).	Type	2	diabetes	was	defined	as	a	2hr	glucose	
level	 of	 >11.0	 mmol/l	 (in	 accordance	 with	 our	 previous	 studies	 and	 the	 1999	World	 Health	
Organization	recommendations4,5,25,26)	or	taking	anti-diabetic	medication.	
	 A	fasting	blood	sample	was	drawn	for	analysis	of	Low	Density	Lipoprotein	(LDL)-cholesterol,	
High	Density	Lipoprotein	(HDL)-cholesterol	and	triacylglycerol.	HDL-cholesterol	and	triacylglycerol	
were	measured	using	an	enzymatic	colorimetric	agent	(Roche)	on	a	P-800	Modular	(Roche).	LDL-
cholesterol	was	calculated	using	the	Friedewald	formula.	Standard	12-lead	electrocardiograms	
(ECG)	were	made	of	all	participants.	Coronary	heart	disease	was	defined	as	the	presence	of	one	
or	more	of	the	following:	angina	pectoris	according	to	the	Rose/WHO	questionnaire27;	Q	waves	
on	the	ECG	(Minnesota	codes	1-1	or	1-2)	or	a	history	of	coronary	revascularization	(angioplasty	
or	bypass	surgery).
	 We	performed	B-mode	ultrasound	examinations	of	the	arterial	walls	of	the	common,	bulb	
and	 internal	carotid	artery	segments.	Details	of	the	measurements	are	described	elsewhere23.	
Mean	carotid	intima	media	thickness	(IMT)	was	defined	as	the	mean	IMT	in	mm	of	the	right	and	
left	common	artery,	common	bulb	and	the	internal	carotid	far	wall	segments.	If	either	the	right	or	
left	value	was	missing	for	any	given	carotid	segment,	the	remaining	available	segment	was	used	
to	calculate	the	mean	carotid	IMT.
	 A	Dutch	translation	of	the	HADS	(Hospital	Anxiety	and	Depression	Scale)	was	administered	to	
all	participants	to	measure	subclinical	depression	and	anxiety	symptoms28.	The	HADS	consists	of	
two	subscales:	a	depression	subscale	(HADS-D,	seven	items,	score	range	0-21,	Cronbach’s	alpha	
0.80)	and	an	anxiety	subscale	(HADS-A,	seven	items,	score	range	0-21,	Cronbach;s	alpha	0.82).	
Cronbach’s	alpha	was	0.88	for	all	14	HADS	items,	indicating	good	internal	consistency.
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Information	on	socioeconomic	status,	medical	history,	and	lifestyle	(smoking,	exercise)	and	the	
use	of	medication	was	 retrieved	 from	a	standardized	 interview.	Current	socioeconomic	status	
was	coded	according	to	International	Socio-Economic	Index	92,	which	is	a	numeric	scale	based	
on	the	person’s	or	his	or	her	partner’s	occupation,	whichever	was	higher29.

Methylation-sensitive PCR
DNA	 was	 extracted	 from	 a	 fasting	 blood	 sample	 and	 stored	 at	 4°C.	 To	 ensure	 maximum	
comparability	 with	 rodent	models	 of	maternal	 undernutrition	 and	 epigenetic	 changes	 in	 the	
offspring,	we	assessed	methylation	status	by	applying	methylation-sensitive	polymerase	chain	
reaction	(PCR)11. 
 For	 analysis	 of	 promoter	 methylation,	 genomic	 DNA	 (400	 ng)	 was	 incubated	 with	 the	
methylation	sensitive	restriction	endonucleases	AciI	and	HinfI	as	instructed	by	the	manufacturer	
(New	England	Biolabs,	Hitchin,	Hertfordshire,	UK).	The	resulting	DNA	was	amplified	using	real	
time	PCR,	which	was	performed	in	a	total	volume	of	25	μl	with	SYBR®	Green	Jumpstart	Ready	Mix	
(Sigma)	as	described	by	the	manufacturer.	A	fragment	of	the	human	PPARα	exon	7	which	does	not	
contain	AciI	or	HinfI	cleavage	sites	was	used	as	an	internal	control	gene.	Primers	were	designed	to	
amplify	regions	containing	HinfI	and/or	AciI	cutting	sites	in	the	proximal	promoters	of	LPL	(chr8:	
19,796,366-19,796,515)	 PI3kinase	 (chr5:	 67,521,933-67,522,282),	 PPARγ	 (chr3:12,392,392-
12,392,591)	and	the	CpG	island	spanning	the	GR	1-C	promoter	(chr5:	142,782,821-142,783,152)	
(see	Lillycrop	et	al21	for	an	overview).	Cycle	parameters	were	94°C	for	2	minutes	then,	40	cycles	
of	95°C	for	30s,	60°C	(GR1-C,	PPARα)	or	55°C	(PPARγ,	LPL)	or	65°C	(PI3	kinase	p85) for	1	minute	
and	72°C	for	1	minute.	Primer	sequences	are	shown	in	Table	1.	All	Ct	values	were	normalized	
to	 the	 internal	 control	 and	each	 sample	 analyzed	 in	duplicate.	Methylation	was	expressed	as	
percentage	methylation	compared	to	the	control	gene.

Table 1	 Primer	 sequences	 (5’	 to	 3’)	 used	 in	 the	 measurement	 of	 promoter	 methylation	 levels	 by	
methylation	sensitive	PCR.

Target gene Primers sequence

PPARα Forward	Primer CGG-AGT-TTA-TGA-GGC-CAT-ATT-C

Reverse	Primer AGG-GAG-ATA-TCA-CTG-TCA-TCC-AG

GR1-C Forward	Primer ATT-TTG-CGA-GCT-CGT-GTC-TG

Reverse	Primer CGC-AGC-CGA-GAT-AAA-CAA-CT

PPARγ Forward	Primer AAC-CCT-TCT-TCA-TTC-TCT

Reverse	Primer CTG-GTT-GAA-TCT-CTA-ATC-A

LPL Forward	Primer GGG-AGG-ACT-GCA-AGT-GAC-AAA

Reverse	Primer CAC-CAA-ACA-CAG-GTT-TAC-ATC-GA

PI3	kinase	p85 Forward	Primer CCC-GCC-CGG-TGT-TCT-TA

Reverse	Primer TTC-CTC-TGC-GTG-CCA-CAG-T
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Statistical methods
Distributions	of	methylation	status	of	the	promoter	regions	for	the	four	candidate	genes	were	
highly	 skewed	 and	 we	 used	 logarithmic	 transformations	 to	 better	 approach	 normality.	 We	
used	 linear	 and	 logistic	 regression	 analysis	 to	 compare	 maternal,	 birth	 and	 adult	 outcomes	
and	methylation	 levels	of	 those	exposed	 in	 late,	mid	or	early	gestation	and	 those	unexposed	
to	 famine	 during	 gestation.	 Adjustments	 were	 made	 for	 maternal	 age,	 sex	 and	 parity.	 In	
investigating	 possible	 associations	 between	 methylation	 status	 and	 markers	 of	 disease,	 we	
report	 regression	coefficients	and	p-values	of	 linear	and	 logistic	 regression	analyses	using	 log	
transformed	methylation	values.	We	considered	effects	to	be	statistically	significant	if	p-values	
were	≤0.05.	SPSS	16.0	(SPSS	Inc,	Chicago	IL)	was	used	for	all	statistical	analyses.	

rEsulTs

Characteristics of the study population
DNA	was	available	from	759	participants.	Their	mean	age	was	58	years	(SD	1);	349	(46%)	were	
men.	A	total	of	319	(42%)	had	been	exposed	to	famine	in	utero,	and	440	(58%)	had	not	been	
exposed	to	famine	prenatally.	Table	2	shows	that	mothers	exposed	to	famine	in	 late	gestation	
were	older	and	 less	often	primiparous	 than	mothers	who	had	not	been	exposed	to	 famine	 in	
pregnancy.	 Babies	 exposed	 to	 famine	 in	 late	 and	mid-gestation	had	 lower	birth	weights	 than	
unexposed	 babies.	 At	 age	 58,	 there	 were	 no	 significant	 differences	 between	 exposed	 and	
unexposed	groups	in	smoking	habits	and	socio-economic	status.	Relative	methylation	levels	of	
the	four	candidate	genes	are	shown	in	Table	3.

Methylation and birth and maternal characteristics
Birth	weight	was	positively	associated	with	GR	methylation	but	not	with	the	methylation	status	
of	the	other	three	genes.	A	1	kilogram	increase	in	birth	weight	was	associated	with	22%	(95%	CI	
4	to	43)	increase	in	GR	methylation	(p	0.02).	There	was	no	association	between	methylation	of	
the	four	genes	and	gender,	maternal	age	or	parity.	

Methylation after exposure to famine in utero
Crude	 and	 adjusted	methylation	 differences	 between	 subjects	 exposed	 in	 late,	mid-	 or	 early	
gestation	 and	 those	 unexposed	 to	 famine	 are	 shown	 in	 Table	 4.	 Exposure	 to	 famine	 during	
gestation	was	not	associated	with	altered	methylation	status	of	the	GR,	LPL,	PPARγ	and	PI3kinase	
promoter.	This	also	applied	after	adjustment	for	sex,	maternal	age	or	parity.	The	associations	did	
not	differ	between	men	and	women	(p	for	all	interaction	terms	>0.05).
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Table 2 Maternal,	birth	and	adult	characteristics	according	to	timing	of	prenatal	exposure	to	the	Dutch	
famine.

Exposure to famine

born 
before

in late 
gestation

in mid 
gestation

in early 
gestation

conceived 
after

all n

general

	Number 235 134 112 73 205 759

	proportion	of	men	(%) 46 44 39 43 50 46 759

	age	(years) 59.3 58.5 58.2 58.0 57.4 58.4	±	1.0 758

Maternal characteristics

	age	at	delivery	(years) 28.9 31.1* 29.0 27.2 28.3 29.0	±	4.9 650

	primiparous	(%) 36.2 20.1* 33.0 42.5 38.0 34.0 759

birth outcomes

	gestational	age	(days) 284 283 286 289* 285 285	±	11 759

	birth	weight	(g) 3389 3196* 3207* 3504 3453 3356	±	472 759

Adult characteristics

	body	mass	index	(kg/m²) 28.6 28.1 28.1 28.0 29.2 28.5	±	4.9 753

	current	smoker	(%) 22 25 26 32 22 24 754

	current	SES	(ISEI-92) 48.5 51.6 52.2 46.8 50.3 49.9	±	14.2 746

Data	are	means	±	SD,	except	where	given	as	numbers	and	percentages
*	p<0.05	compared	to	people	unexposed	to	famine	in	utero.

Table 3	Relative	methylation	according	to	timing	of	prenatal	exposure	to	the	Dutch	famine.

Exposure to famine

born 
before

in late 
gestation

in mid 
gestation

in early 
gestation

conceived 
after

min - max n

Relative methylation

	GRa 0.069 0.073 0.063 0.080 0.065 	0.025	–	20.27 759

 LPLa 0.021 0.022 0.022 0.022 0.020 	0.006	–	0.91 757

	PI3kinasea 0.016 0.019 0.011 0.010 0.020 	0.000	–	14.62 757

	PPARγa 0.031 0.030 0.027 0.028 0.029 	0.000	–	0.74 756

a geometric	mean
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Table 4	 Methylation	 differences	 (%)	 and	 95%	 CI’s	 compared	 to	 unexposed	 subjects	 using	 a	 linear	
regression	model.

Exposure to famine

in late gestation in mid gestation in early gestation

gr

Crude 0.20	(-16.56	to	20.32) -6.20	(-22.82	to	13.88) 5.65	(-16.47	to	33.64)

adjusted* 0.60	(-16.39	to	21.05) -5.26	(-22.04	to	15.14) 6.82	(-15.55	to	35.12)

lPl

Crude 10.52	(-5.64	to	29.43) 12.08	(-5.35	to	32.84) 9.42	(-10.68	to	34.18)

adjusted* 11.07	(-5.35	to	30.34) 12.08	(-5.45	to	32.84) 9.20	(-10.95	to	34.04)

Pi3kinase

Crude 11.96	(-38.55	to	104.21) -30.02	(-63.06	to	32.58) -40.84	(-72.50	to	27.12)

adjusted* 6.18	(-42.25	to	95.03) -32.36	(-64.33	to	28.27) -40.84	(-72.56	to	27.38)

PPARγ

Crude -3.82	(-15.63	to	9.53) -9.15	(-21.02	to	4.50) -6.48	(-20.94	to	10.52)

adjusted* -2.37	(-14.53	to	11.52) -8.70	(-20.63	to	5.02) -6.76	(-21.08	to	10.30)

*	adjusted	for	sex,	maternal	age	and	parity

Methylation and markers of disease
We	tested	for	associations	between	DNA	methylation	status	and	markers	of	cardiovascular	and	
metabolic	disease	as	well	as	lifestyle	factors	predisposing	for	cardiovascular	disease.	Regression	
coefficients	of	these	markers	and	lifestyle	factors	according	to	methylation	levels	are	shown	in	
Table	 5.	 The	 regression	 coefficients	 depict	 the	 size	 and	 direction	 of	 the	 association	 between	
the	disease	markers	and	lifestyle	factors	and	the	methylation	levels.	Increased	GR-1C	promoter	
methylation	status	was	associated	with	lower	score	on	HADS	subscale	anxiety	and	depression,	
lower	self	perceived	health	and	lower	BMI,	higher	levels	of	physical	activity	and	non-smoking.	
Increased	methylation	status	of	PPARγ	promoter	was	associated	with	lower	plasma	triglyceride	
level,	higher	LDL	levels,	higher	levels	of	physical	activity	and	non-smoking.	
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Table 5	Health	outcomes	according	methylation	status.	

n gr
β

p-value lPl
β

p-value PPARγ
β

p-value Pi3 
kinase  

β

p-value

health 

Diabetes 756 -0.09 0.36 -0.11 0.37 -0.07 0.63 0.001 0.97

Glucose	0‡* 585 0.000 0.96 -0.007 0.26 0.008 0.38 0.000 0.87

Glucose	120‡* 566 -0.02 0.07 -0.004 0.80 -0.003 0.88 0.000 0.85

Insulin	0‡* 585 -0.02 0.27 -0.02 0.43 -0.04 0.30 0.001 0.93

Insulin	120‡* 563 -0.04 0.19 0.03 0.41 -0.07 0.17 0.002 0.88

chD 681 -0.06 0.72 0.19 0.27 -0.12 0.58 -0.008 0.87

HDL 755 0.03 0.07 0.01 0.57 0.04 0.05 0.007 0.14

LDL 752 0.01 0.76 -0.04 0.38 0.08 0.15 -0.009 0.41

Cholesterol 756 0.01 0.70 -0.03 0.53 0.06 0.30 -0.007 0.55

Triglycerides‡ 755 -0.03 0.12 -0.001 0.97 -0.08 0.01 -0.007 0.31

RRsys 667 -0.34 0.61 -1.12 0.16 -0.44 0.66 -0.47 0.39

RRdia 667 -0.06 0.88 -0.62 0.17 -0.22 0.69 -0.17 0.18

IMT 666 -0.004 0.95 0.08 0.26 -0.09 0.29 0.03 0.15

HADS	A 731 -0.33 0.003 0.01 0.93 -0.17 0.32 0.05 0.19

HADS	B 731 -0.27 0.01 0.01 0.92 -0.27 0.11 0.03 0.44

Perception	of	health 755 -0.10 0.001 0.008 0.82 -0.09 0.06 -0.006 0.52

Lifestyle	

BMI 751 -0.38 0.02 0.08 0.70 -0.21 0.43 -0.03 0.57

Exercise 630 0.08 0.001 0.04 0.21 0.10 0.02 0.004 0.67

Smoking 754 -0.40 0.0001 0.03 0.80 -0.37 0.003 0.02 0.59

GR,	glucocorticoid	receptor;	LPL,	lipoprotein	lipase;	PI3	kinase,	phosphatidylinositol	3	kinase;	PPAR,	peroxisome	proliferator-
activated	receptor;	CHD,	coronary	artery	disease;	HDL,	high	density	lipoprotein;	LDL,	low-density	lipoprotein;	RRsys,	systolic	
blood	pressure;	RRdia,	diastolic	blood	pressure;	IMT,	intima-media	thickness;	HADS,	Hospital	Anxiety	and	Depression	Scale;	
BMI,	body	mass	index.
β:	 regression	 coefficients	 from	 linear	 or	 logistic	 regression	models	 in	 which	methylation	 values	 were	 log	 transformed.	
Regression	coefficients	depict	the	size	and	direction	of	the	association	between	health	and	lifestyle	factors	and	methylation	
levels	of	the	four	different	candidate	genes.	Significant	associations	are	depicted	in	bold	print.	
‡	values	were	log	transformed	
*	measurements	at	baseline	and	120	minutes.



75

Prenatal famine exposure, health in later life and promoter methylation of four candidate genes

5

Discussion

In	the	present	study,	we	examined	the	epigenetic	state	of	non-imprinted	genes	in	peripheral	blood	
of	adults	exposed	 to	 famine	during	different	periods	of	perinatal	development	 in	comparison	
to	unexposed	controls.	We	did	not	observe	differences in methylation	levels	of	the	promoters	
of	 our	 chosen	 candidate	 genes	 between	men	 and	women	who	 had	 been	 exposed	 to	 famine	
in	either	 late,	mid	or	early	gestation	and	 those	who	had	not	been	exposed.	We	did	find	 that	
increased	methylation	status	of	PPARγ	promoter	was	associated	with	lower	plasma	triglyceride	
level,	higher	LDL	levels,	and	higher	levels	of	exercise	and	non-smoking.	Hypermethylation	of	the	
GR	promoter	was	associated	with	lower	score	on	HADS	subscale	anxiety	and	depression,	lower	
self-perceived	health,	lower	BMI,	and	higher	levels	of	exercise	and	non-smoking.
	 These	data	contrast	with	those	we	previously	reported10,11	in	young	adult	rat	offspring	born	
to	dams	exposed	to	a	similar	level	of	unbalanced	nutrition	throughout	the	whole	of	pregnancy.	
There	are	several	possible	reasons	for	this	difference.
	 First,	the	lack	of	effects	of	prenatal	nutritional	environment	on	methylation	of	the	candidate	
genes	may	be	due	 to	 the	 variable	 levels	 of	 postnatal	 diet	 and	 lifestyle	 factors	which	humans	
experience.	 In	 comparison	 with	 the	 rat	 offspring	 which	 were	 fed	 a	 standardized	 diet,	 such	
dietary	variations	might	 induce	a	variable	degree	of	pre-	and	postnatal	mismatch	and	thus	of	
epigenotype.	Such	masking	of	prenatal	epigenetic	changes,	if	present,	may	be	greater	in	older	
individuals,	 as	was	 the	 case	 for	 the	 adults	 studied	here	 as	 compared	 to	previous	 rat	 studies.	
Support	 for	 this	 concept	 comes	 from	 studies	 of	monozygotic	 twins30	 in	which	 changes	 in	 the	
epigenome	occurred	with	age.	Our	finding	that	 lifestyle	factors	 in	adults	were	associated	with	
the	methylation	of	the	promoters	of	GR1-C	and	PPARγ	is	in	agreement	with	this.
	 A	second	consideration	is	that	epigenetic	processes	are	known	to	be	tissue-specific31.	Whilst	
in	the	present	study	we	only	had	access	to	DNA	isolated	from	peripheral	white	blood	cells,	studies	
in	 rodents	 used	 target	 tissues	 such	 as	 liver11.In	 newborn	 twin	 pairs	methylation	 level	 of	 four	
differentially	methylated	regions	associated	with	the	 IGF2/H19	 locus	varied	in	a	tissue	specific	
manner	in	five	different	tissues	representing	the	different	germ	layers32.	However	other	studies	
may	suggest	that	DNA	methylation	patterns	are	similar	between	tissues31.	It	may	be	that	if	the	
environmental	constraint	occurred	early	on	in	development,	gene	methylation	may	be	altered	in	
three	germ	layers	and	an	imprint	of	this	altered	epigenetic	mark	will	be	detectable	in	all	tissues.	
Methylation	patterns	in	blood	and	perhaps	in	other	readily	available	tissue	may	therefore	provide	
useful	proxy	markers	of	methylation	in	more	metabolically	relevant	tissues.	Indeed,	Heijmans	et	
al12	did	find	changes	in	DNA	methylation	in	peripheral	white	blood	cells,	although	the	changes	
were	small,	occurring	in	imprinted	genes,	and	their	functional	significance	is	not	known.	More	
recently,	 Godfrey	 et	 al	 has	 reported	 in	 two	 independent	 cohorts	 the	methylation	 status	 of	 a	
single	CpG	site	 in	 the	promoter	 region	of	 the	 transcription	 factor	RXRA in	umbilical	 cord	was	
strongly	related	to	childhood	adiposity	in	both	boys	and	girls33.
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In	 the	 present	 study	 we	 used	 methylation	 sensitive	 PCR	 to	 measure	 methylation	 across	 the	
entire	 proximal	 promoter	 region	 of	 our	 candidate	 genes.	 This	method	would	 not	 allow	us	 to	
detect	changes	at	the	level	of	individual	CpGs.	Nevertheless,	this	is	precisely	the	technique	we	
have	previously	used	extensively	 in	rodents10,11,21,34,35	and	in	this	study	we	did	find	associations	
between	the	methylation	status	of	GR1-C	and	PPARγ	with	either	postnatal	metabolic	outcomes	
and/or	postnatal	life	style	factors.	
	 Also,	the	small	number	of	people	exposed	to	famine	in	early	gestation	(n	=	73)	–	the	group	
in	whom	we	previously	found	a	doubled	rate	of	cardiovascular	disease	in	adult	life7	‒	may	have	
limited	our	ability	to	detect	differences.	However,	the	number	of	subjects	in	the	Hungerwinter	
families	study	was	lower	and	did	not	prevent	them	from	finding	a	highly	significant	difference	
in	methylation	 levels	 between	 subjects	 exposed	 to	 famine	 in	 early	 gestation	 and	 unexposed	
subjects12.	Therefore	we	do	not	consider	our	study	underpowered	to	detect	famine	effects	on	
methylation.	
	 In	rats,	 the	hepatic	GR110	promoter,	which	shows	70.6%	homology	with	the	human	GR1-C	
promoter36	 is	 hypomethylated	 after	 prenatal	 low	 protein	 diet21.	 Hypomethylation	 of	 the	
promoter	 is	 associated	with	 an	84%	higher	mRNA	expression21;	 therefore,	GR1-C	was	 a	 likely	
candidate	gene	in	our	study.	Interestingly,	in	both	our	current	study	as	well	as	in	the	previously	
mentioned	 Hungerwinter	 families	 study,	 differences	 in	 GR	methylation	 were	 not	 found	 after	
prenatal	exposure	to	famine13.	Unfortunately,	mRNA	was	not	available	from	the	participants	of	
this	study.
	 Although	this	was	not	our	primary	research	focus,	and	there	is	always	a	possibility	of	type	
1	 errors,	 we	 found	 an	 association	 between	 beneficial	 characteristics	 such	 as	 lower	 levels	 of	
BMI,	 non-smoking	 and	 physical	 activity	 in	 adult	 life	 –	which	 tend	 to	 cluster	 –	 and	 increased	
methylation	status	of	the	GR1-C	promoter.	Smoking	–	which	was	most	strongly	associated	with	
GR	methylation	‒	is	a	well-known	lifestyle	factor	influencing	epigenetic	patterns,	both	in	animal	
models	and	in	humans14.	For	instance,	exposure	of	human	lung	cancer	cells	to	cigarette	smoke	
resulted	 in	demethylation	of	the	promoter	of	the	prometastatic	oncogene	synuclein-gamma37.	
In	DNA	from	peripheral	blood,	cigarette	smoking	has	been	linked	to	hypomethylation	of	genes	
involved	 in	platelet	activation38	and	 serotonin	 regulation39,	findings	 that	fit	with	 the	 idea	 that	
postnatal	influences	also	alter	epigenetic	patterns.	Whether	our	finding	of	smoking	and	increased	
methylation	status	of	the	GR1-C	promoter	has	a	clinical	significance	remains	to	be	investigated.	
We	now	know	from	our	data	that	GR	methylation	is	associated	with	adult	stress	responsiveness,	
although	 these	associations	were	 largely	explained	by	differences	 in	 lifestyle	and	education40.	
Our	current	analyses	suggest	that	GR	hypomethylation	 is	also	associated	with	higher	 levels	of	
depression	and	a	negative	health	perception.	Recent	studies	have	reported	associations	between	
methylation	 status	 at	 birth	 and	 body	 size	 in	 later	 childhood,	 suggesting	 a	 role	 for	 epigenetic	
factors	as	mediators	for	early	life	programming	of	disease	in	later	life33,41.
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Based	on	the	results	of	this	study,	we	can	conclude	that	the	increased	rates	of	chronic	degenerative	
disease	 found	 after	 famine	 exposure	 are	 not	 mediated	 by	 differences	 in	 methylation	 status	
of	 four	genes	of	 strong	candidacy	based	on	animal	and	other	 studies.	This	argues	 for	 further	
studies,	in	particular	to	address	the	interaction	between	pre-	and	postnatal	nutritional	and	other	
environmental	influences,	and	to	explore	the	mechanistic	pathways	underlying	the	association	
between	prenatal	famine	and	later	markers	of	cardiovascular	and	metabolic	disease.	
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absTracT

background: Glucocorticoids	 are	 the	 key	 regulators	 of	 the	 biological	 stress	 response	 and	 act	
by	 binding	 to	 glucocorticoid	 receptors	 (GR).	 Expression	 of	GR	 is	 altered	 by	DNA	methylation.	
Methylation	 patterns	 in	 GR	 promoters	 have	 been	 shown	 to	 be	 highly	 variable	 between	
individuals,	but	little	is	known	about	the	functional	consequences	of	this	variation	for	the	acute	
stress	response.	The	present	study	investigated	associations	between	methylation	status	of	the	
GR	1-C	promoter	and	cortisol,	cardiovascular	and	perceived	stress	responses	to	a	psychosocial	
stress	protocol	in	a	large	healthy	adult	population.
Methods:	A	 total	of	725	overall	healthy	men	and	women,	aged	55-60	years,	participated	 in	a	
standardized	 psychosocial	 stress	 protocol	 consisting	 of	 three	 different	 stressors.	 At	 different	
stages	during	the	stress	protocol,	salivary	cortisol	 levels,	continuous	blood	pressure	and	heart	
rate	(HR)	levels	as	well	as	perceived	stress	were	measured.	Stress	reactivity	was	calculated	as	the	
increase	between	basal	and	peak	measurements.	Methylation	status	of	the	GR	1-C	promoter	was	
assessed	in	DNA	isolated	from	peripheral	blood	samples	using	a	methylation	sensitive	PCR	assay	
for	675	of	the	725	participants.	
results:	A	decrease	 in	methylation	of	the	GR	1-C	promoter	was	associated	with	a	decrease	 in	
stress	reactivity	as	indicated	by	lower	cortisol	and	lower	HR	reactivity.	A	1%	decrease	in	GR	1-C	
methylation	corresponded	with	a	cortisol	decrease	by	0.14%	(95%	CI:	0.03	to	0.25,	p	=	0.02)	and	
an	HR	decrease	by	0.10	bpm	(0.03	to	0.16,	p =	0.003).	Adjusting	for	sex,	lifestyle	and	education	
largely	 abolished	 these	 associations.	 A	 decrease	 in	methylation	 of	 the	 GR	 1-C	 promoter	was	
also	 associated	with	 an	 increase	 in	 stress	 perception	 as	 indicated	 by	 higher	 perceived	 stress	
(0.03	points	[0.00	to	0.06,	p =	0.05]),	lower	perceived	performance	(-0.03	points	[-0.05	to	-0.01],	
p	=	0.02),	and	 lower	perceived	control	 (-0.03	points	 [-0.05	 to	0.00],	p	=	0.04).	After	adjusting	
for	 sex	 and	 educational	 level	 the	 associations	 were	 no	 longer	 statistically	 significant.	 GR	 1-C	
methylation	status	was	not	associated	with	blood	pressure	responses	to	the	stress	protocol.	
Discussion:	Although	effects	were	small,	variation	in	methylation	status	in	the	GR	1-C	promoter	
was	 associated	 with	 physical	 and	 perceived	 acute	 stress	 responses.	 Interestingly,	 these	
associations	could	largely	be	explained	by	differences	in	lifestyle	and	education.	



83

GR promoter methylation and stress response

6

inTroDucTion

The	biological	stress	response	is	largely	regulated	by	steroid	hormones	called	glucocorticoids,	of	
which	cortisol	is	the	most	important	in	humans.	Glucocorticoids	act	by	binding	to	glucocorticoid	
receptors	 (GR)	 and	mineralocorticoid	 receptors	 (MR),	 which	 are	 expressed	widely	 across	 the	
body.	 The	 GR,	 encoded	 by	 the	 NR3C1	 gene	 located	 on	 chromosome	 5q31,	 is	 expressed	 in	
almost	every	cell	in	the	body.	Besides	regulating	the	stress	response	it	regulates	developmental	
processes,	 immune	 responses	 and	 metabolism.	 Responsiveness	 to	 glucocorticoids	 is	 to	 a	
large	extent	determined	by	the	expression	 level	of	 the	GR,	which	 is	controlled	by	a	variety	of	
mechanisms,	including	DNA	methylation1.	In	DNA	methylation,	a	methyl	group	is	added	to	the	5’	
position	of	cytosine	in	CpG	dinucleotides.	Methylation	of	CpG	rich	clusters,	termed	CpG	islands,	
which	often	span	the	promoter	regions	of	genes,	is	associated	with	transcriptional	repression,	
whereas	hypomethylation	of	CpGs	is	associated	with	transcriptional	activity2.	
	 Methylation	 patterns	 in	 GR	 promoters	 have	 been	 shown	 to	 be	 highly	 variable	 between	
individuals3	 but	 little	 is	 known	 about	 the	 functional	 consequences	 of	 this	 variation	 for	 the	
biological	 response	 to	 psychosocial	 stress.	 Oberlander	 et	 al.	 showed	 that	 in	 a	 group	 of	 82	
neonates,	increased	methylation	of	GR	promoter	region	1-F	was	associated	with	increased	cortisol	
responses	 to	 a	 stress	 protocol,	 consisting	 of	 a	 visual	 information	 processing	 task,	 performed	
at	 three	months	 of	 age4.	 These	 study	 results	 suggest	 that	 individual	 variation	 in	methylation	
patterns	of	the	GR	leads	to	differences	in	responses	to	stressful	situations.	In	the	present	study,	
we	hypothesized	that	individual	variation	in	methylation	status	of	the	GR	1-C	promoter	(1-C	being	
a	promoter	broadly	expressed	in	many	tissues	including	the	brain)	at	an	adult	age	is	associated	
with	differences	in	physical	and	perceived	stress	responses	to	a	psychosocial	stress	protocol5.	To	
test	this	hypothesis,	we	used	data	from	the	Dutch	Famine	Birth	Cohort	Study	in	which	both	stress	
responses	as	well	as	GR	1-C	promoter	methylation	status	were	assessed.	Results	from	this	study	
so	 far	 showed	 that	 prenatal	 exposure	 to	undernutrition	was	 associated	with	 increased	blood	
pressure	responses	to	stress6,	but	no	associations	with	cortisol	responses7	or	GR	1-C	promoter	
methylation	status	were	found	(unpublished	data).	

METhoDs

Participants and selection
Participants	were	selected	from	the	Dutch	Famine	Birth	Cohort.	For	this	cohort,	we	included	all	
singleton	babies	born	alive	in	the	Wilhelmina	Gasthuis	(a	teaching	hospital	 in	Amsterdam,	the	
Netherlands)	between	1	November	1943	and	28	February	1947.	We	excluded	those	whose	birth	
records	were	 not	 available	 (1%)	 or	 those	who	were	 born	 prematurely	 (8.9%,	 gestational	 age	
below	259	days)8.	In	all,	2414	men	and	women	were	included,	of	whom	the	population	registry	
of	Amsterdam	traced	2155	(89%).	Of	these,	160	babies	had	not	been	registered	in	Amsterdam	at	
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birth,	328	people	had	died,	213	people	had	emigrated,	157	people	refused	permission	to	record	
their	address,	125	people	were	not	traceable	to	a	current	address,	and	eight	people	requested	
their	 address	 to	 be	 removed	 from	 the	 study’s	 database.	 In	 2002,	we	 invited	 all	 1423	 eligible	
cohort	members	 to	participate	 in	 a	 large	 study	which	 included	a	psychosocial	 stress	protocol	
and	 blood	 withdrawal.	 The	 study	 was	 approved	 by	 the	 local	 Medical	 Ethics	 Committee	 and	
carried	out	in	accordance	with	the	Declaration	of	Helsinki.	All	procedures	were	carried	out	with	
the	 adequate	 understanding	 and	written	 consent	 of	 the	 subjects.	 The	 consent	 form	 included	
information	 stating	 that	 part	 of	 the	 blood	 sample	 taken	would	 be	 used	 for	 genetic	 analyses	
associated	with	chronic	diseases	and	that	for	this	purpose	DNA	would	be	anonymously	stored	
in	the	hospital.	

general study parameters
A	research	nurse	performed	a	standardized	interview	in	which	information	was	obtained	about	
socio-economic	status	(SES),	educational	level,	medical	history,	lifestyle	and	use	of	medication.	
We	asked	the	participants	to	rate	his	or	her	level	of	physical	activity	(1	=	very	active,	2	=	active,	
3	=	little	active).	Educational	level	was	measured	on	a	10-point	scale	(1	=	primary	education	not	
completed,	10	=	university	completed).	We	defined	current	SES	according	to	ISEI	(International	
Socio-Economic	 Index)-92,	 which	 is	 based	 on	 the	 participant’s	 or	 their	 partner’s	 occupation,	
whichever	status	is	higher9.	Values	in	the	ISEI-92	scale	ranged	from	16	(low	status)	to	87.	

Methylation
DNA	material	 was	 extracted	 from	 a	 fasting	 blood	 sample.	 Methylation	 status	 of	 the	 GR	 1-C	
promoter	was	assessed	using	methylation-sensitive	polymerase	chain	reaction	(PCR).	For	analysis	
of	 GR	 1-C	 promoter	methylation,	 genomic	 DNA	 (400ng)	was	 incubated	with	 the	methylation	
sensitive	 restriction	 endonucleases	 AciI	 and	 HinfI	 as	 instructed	 by	 the	 manufacturer	 (New	
England	Biolabs,	Hitchin,	Hertfordshire,	UK).	 The	 resulting	DNA	was	amplified	using	 real	time	
PCR,	which	was	performed	 in	 a	 total	 volume	of	25μl	with	 SYBR®	Green	 Jumpstart	Ready	Mix	
(Sigma)	as	described	by	the	manufacturer.	To	control	for	the	amount	of	DNA	in	each	reaction,	
primers	specific	for	the	human	PPARα	exon	7	were	used,	this	region	does	not	contain	an	AciI	or	
HinfI	cleavage	site,	as	an	internal	control	gene	(Table	1).	Primers	were	also	designed	to	amplify	
the	CpG	island	spanning	the	GR	1-C	promoter5,10.	
	 Cycle	parameters	were	94°C	for	2	min,	then	40	cycles	of	95°C	for	30s,	60°C	for	1	min	and	72°C	
for	1	min.	All	cycle	threshold	values	were	normalised	to	the	 internal	control	and	each	sample	
analysed	 in	 duplicate	 and	 values	 expressed	 relative	 to	 the	 control	 gene.	 Single	 bands	 of	 the	
correct	size	were	verified	by	gel	electrophoresis.
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Table 1	Primer	sequences	used	in	methylation-sensitive	PCR.

gene Forward primer reverse primer

GR	1-C	promoter ATTTTGCGAGCTCGTGTCTG CGCAGCCGAGATAAACAACT

PPARα	exon	7 CGGAGTTTATGAGGCCATATTC AGGGAGATATCACTGTCATCCAG

Psychological stress protocol 
The	stress	protocol	was	performed	in	the	afternoon	(between	1200h	and	1400h),	about	an	hour	
after	participants	had	eaten	a	 light	 lunch.	The	protocol	started	with	a	20-min	baseline	period,	
followed	by	three	5-min	psychological	stress	tests	(Stroop	test,	mirror-tracing	test	and	speech	
test).	The	Stroop	test	and	the	mirror-tracing	test	were	each	followed	by	a	6-min	recovery	period.	
The	speech	test	was	followed	by	a	30-min	recovery	period.	The	Stroop	test	was	a	computerized	
colour-word	conflict	challenge.	After	a	short	introduction,	participants	were	allowed	to	practise	
until	they	grasped	the	meaning	of	the	test.	A	mistake	or	exceeding	the	response	time	limit	of	5	
sec	was	automatically	followed	by	a	short	beep.	In	the	mirror-tracing	test	a	star	had	to	be	traced	
that	could	only	be	seen	in	mirror	image	(Lafayette	Instruments	Corp,	Lafayette,	IN,	USA).	Every	
divergence	 from	 the	 line	 of	 the	 star	 induced	 a	 short	 beep.	 The	 participants	were	 allowed	 to	
practise	one	circuit	of	tracing.	Participants	were	instructed	to	give	priority	to	accuracy	over	speed	
and	were	told	that	most	people	could	perform	five	circuits	of	the	star	without	divergence	from	
the	line.	Prior	to	the	speech	test,	participants	listened	to	an	audio	taped	pre-recorded	scenario	in	
which	they	were	told	to	imagine	a	situation	in	which	they	were	falsely	accused	of	pick	pocketing.	
Participants	were	instructed	to	give	a	3-min	response	to	the	accusations	and	were	given	2	min	
to	prepare	the	response.	The	response	was	recorded	on	video.	Participants	were	told	that	the	
number	of	repetitions,	eloquence	and	persuasiveness	of	their	performance	would	be	marked	by	
a	team	of	communication-experts	and	psychologists.	
	 Continuous	blood	pressure	(BP)	and	heart	rate	(HR)	recordings	were	made	using	a	Finometer	
or	a	Portapres	Model-2	(Finapres	Medical	Systems,	Amsterdam,	the	Netherlands).	We	designated	
six	periods	of	5	min	each	as	measuring	periods.	The	periods	were	defined	as	follows:	baseline	(15	
min	into	the	baseline	period),	Stroop,	mirror-tracing,	speech	test	(including	preparation	time),	
recovery	1	(5	min	after	completing	the	speech	test),	and	recovery	2	(25	min	after	completing	the	
speech	test).	We	calculated	mean	systolic	blood	pressure	(SBP),	diastolic	blood	pressure	(DBP)	
and	 HR	 for	 each	measuring	 period.	 Saliva	 samples	 were	 collected	 using	 Salivettes	 (Sarstedt,	
Rommelsdorf,	 Germany)	 at	 seven	 time	 points	 during	 the	 protocol:	 at	 5	 and	 20	 min	 in	 the	
baseline	period;	at	6	min	after	completion	of	the	Stroop	test;	at	6	min	after	completion	of	the	
mirror-drawing	test;	and	at	10,	20	and	30	min	after	completion	of	the	speech	test.	Saliva	was	
extracted	by	centrifuging	the	Salivettes	and	was	stored	at	-80°C	until	analysis.	Salivary	cortisol	
concentrations	were	measured	using	a	time-resolved	immunofluorescent	assay	(DELFIA)11.	This	
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assay	had	a	lower	detection	limit	of	0.4	nmol/l,	an	inter-assay	variance	of	9-11%	and	an	intra-
assay	variance	of	less	than	10%.
	 Perceived	stress	questionnaires	had	to	be	filled	out	after	each	of	the	three	stress	tests.	The	
questionnaires	consisted	of	six	questions	(How	relaxed	did	you	feel	during	performance	of	the	
stress	task?;	How	stressed	did	you	feel	during	performance	of	the	stress	task?;	How	difficult	did	
you	find	the	task?;	Did	you	feel	committed	to	the	task?;	How	well	did	you	perform?;	How	much	
did	you	feel	in	control).	The	answers	had	to	be	given	on	a	7-point	scale	with	scores	ranging	from	
1	(not	at	all)	to	7	(very	much).

Statistical analyses
Baseline	cortisol	was	calculated	as	the	mean	of	the	first	and	the	second	cortisol	concentration	
measured	during	the	baseline	period.	The	highest	average	SBP,	DBP,	and	HR	value	of	the	5	min	
measuring	 periods	 and	 the	 highest	 of	 the	 seven	 cortisol	 values	were	 designated	 as	 the	 peak	
response	during	the	stress	protocol.	The	increase	from	baseline	to	this	peak	value	was	designated	
as	 stress	 reactivity.	We	 calculated	 a	 total	 perceived	 stress	 score	 by	 adding	 the	 scores	 on	 the	
questionnaires	performed	after	each	stress	task.	
	 We	applied	linear	regression	analysis	to	analyse	associations	between	potential	confounders	
and	 methylation	 status	 of	 the	 GR	 1-C	 promoter	 as	 well	 as	 to	 analyse	 associations	 between	
methylation	status	and	stress	outcomes.	To	investigate	whether	potential	associations	between	
methylation	 status	 of	 the	 GR	 1-C	 promoter	 and	 stress	 outcomes	were	 influenced	 by	 general	
and	 lifestyle	 variables	we	 adjusted	 the	 regression	models	 for	 sex,	 educational	 level,	 smoking	
behaviour	and	physical	activity	level	after	looking	at	the	association	in	a	univariate	way.	We	started	
with	a	crude	model	and	additionally	adjusted	for	potential	confounding	variables.	Methylation	
status	of	the	GR	1-C	promoter	was	highly	skewed	to	the	right	with	a	number	of	large	outliers.	
Because	 the	 outliers	 did	 seem	 clinically	 relevant,	 we	 included	 them	 in	 the	 analyses.	We	 log	
transformed	methylation	status	to	approach	a	normal	distribution.	We	did	the	same	for	cortisol	
concentrations,	which	were	also	highly	skewed	to	the	right.	We	report	effect	sizes	resulting	from	
these	analyses	as	unit	change	per	1%	change	in	methylation	status	in	case	of	normally	distributed	
variables	 (SBP,	DBP,	HR	and	 the	perceived	 stress	 variables)	 and	as	percentage	 change	per	1%	
change	 in	methylation	 status	 in	 case	 of	 cortisol.	 For	 table	 3,	we	 split	 the	methylation	 values	
into	quartiles	and	report	stress	outcomes	according	to	these	quartiles.	We	also	report	p-values	
of	 linear	 regression	 analyses	 using	 the	methylation	 quartiles	 as	 determinant.	We	 considered	
differences	 to	be	statistically	significant	 if	p-values	were	≤	0.05.	We	used	SPSS	16.0	 (SPSS	 Inc,	
Chicago,	IL)	to	perform	the	statistical	analyses.	
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Characteristics of the study population
A	total	of	725	of	the	1423	invited	cohort	members	completed	the	stress	protocol.	We	were	able	
to	determine	the	methylation	status	of	the	GR	1-C	promoter	 in	675	of	these	725	participants.	
Of	the	675	included	individuals,	47%	were	men	(Table	2).	The	mean	age	of	the	study	population	
was	58	years	(SD	1	year).

Table 2	General,	lifestyle	and	medication	use	characteristics	in	the	study	population.

n

GR	1-C	methylation	(range) a 0.064		(0.003	–	20.266) 675

general 

Sex	(%	male) 47 675

Age	(years) 58	(1) 675

Education	b, c 4	(2) 649

SES 50	(14) 667

lifestyle

Current	smoking	(%) 24 674

Alcohol	consumption	(glasses	p/week)	b 6	(14) 664

Activity	level 2.2	(0.6) 630

Medication use

Use	of	systemic	corticosteroid	therapy	(%) 8 675

Use	of	antihypertensive	medication	(%) 24 675

Use	of	antidepressants	or	anxiolytics	(%) 12 675

Use	of	oral	contraceptives	(%) 2 674

Use	of	HRT	(%) 4 675

Data	 are	 given	 as	means	 (SD)	 and	percentages,	 except	where	 given	 as	 a median	or	 bmedian	 (interquartile	 range);	HRT	=	
hormone	replacement	therapy;	c	Educational	level	measured	on	a	10-point	scale	(1	=	primary	education	not	completed,	10	
=	university	completed).

Methylation of GR 1-C promoter
Table	 2	 shows	 that	methylation	 status	 of	 the	GR	 1-C	 promoter	 ranged	 from	 0.003	 to	 20.266	
with	a	median	value	of	0.064	(IQR	0.087).	Men	and	women’s	methylation	status	did	not	differ	
significantly	(p =	0.39)	and	age	was	not	significantly	associated	with	methylation	status	(p =	0.33).	
Education	 was	 significantly	 positively	 associated	 with	 GR	 1-C	 methylation	 status	 (p	 =	 0.03),	
whereas	 SES	was	 not	 (p	 =	 0.51).	 Current	 smoking	was	 negatively	 associated	 (p	 <	 0.001)	 and	
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physical	activity	level	was	positively	associated	(p<	0.001)	with	methylation	status.	Consumption	
of	 alcohol	 was	 not	 associated	 with	 methylation	 status	 (p =	 0.98),	 nor	 was	 use	 of	 systemic	
corticosteroids	(p =	0.80),	antihypertensive	medication	(p =	0.50),	antidepressant	or	anxiolytics	
(p	=	0.58),	oral	contraceptives	(p =	0.89)	or	hormone	replacement	therapy	(p	=	0.37).

Stress reactivity
SBP,	DBP,	HR	 and	 cortisol	 values	 increased	 in	 response	 to	 all	 three	psychological	 stress	 tests.	
Mean	SBP,	DBP	and	HR	responses	to	the	stress	protocol	peaked	during	the	speech	task.	Stress	
reactivity	was	37%	(48	mmHg	[95%	CI:	46	to	49])	for	the	SBP	response,	32%	(21	mmHg	[21	to	
22])	for	the	DBP	response	and	16%	(12	bpm	[11	to	12])	for	the	HR	response.	The	mean	cortisol	
response	peaked	during	the	first	recovery	period	after	the	speech	test.	Stress	reactivity	was	42%	
(geometric	mean	1.7	nmol/l	[1.5	to	1.8]).	

Methylation and stress outcomes
Table	3	shows	that	methylation	of	the	GR	1-C	promoter	was	significantly	positively	associated	
with	physical	stress	reactivity.	With	1%	decrease	in	GR	1-C	methylation,	cortisol	levels	decreased	
by	0.14%	(95%	CI:	0.03	to	0.25,	p	=	0.02)	and	HR	decreased	by	0.10	bpm	(0.03	to	0.16,	p =	0.003).	
However,	when	adjusting	for	sex,	educational	level,	smoking	behaviour	and	physical	activity,	the	
associations	diminished	enormously	and	were	by	far	no	longer	statistically	significant.	Cortisol	
change	after	adjustment	was	-0.08%	(-0.19	to	0.04,	p	=	0.19)	and	HR	change	after	adjustment	
was	-0.04	bpm	(-0.11	to	0.02,	p =	0.21).	This	was	mainly	due	to	the	adjustment	for	smoking	and	
activity	level.	SBP	(p	=	0.57)	and	DBP	(p	=	0.87)	reactivity	were	not	associated	with	methylation	
status	of	the	GR	1-C	promoter.	
	 GR	1-C	methylation	was	significantly	associated	with	 three	of	 the	six	 self	perceived	stress	
variables.	 It	 was	 negatively	 associated	 with	 perceived	 stress	 (0.03	 points	 increase	 per	 1%	
decrease	 in	methylation	 status	 [95%	CI:	 0.00	 to	0.06,	p =	0.05)	 and	positively	with	perceived	
performance	(-0.03	points	decrease	[-0.05	to	-0.01],	p	=	0.02)	and	control	(-0.03	points	decrease	
[-0.05	to	0.00],	p	=	0.04).	Adjusting	for	sex	and	educational	level	diminished	the	strength	of	the	
associations	with	all	perceived	variables,	which	were	no	longer	statistically	significant:	perceived	
stress	(0.02	points	[0.00	to	0.05,	p =	0.10),	perceived	performance	(-0.02	points	[-0.04	to	0.00],	
p	=	0.09),	and	control	(-0.02	points	[-0.04	to	0.01],	p	=	0.16).	Adjustment	for	educational	level	
contributed	more	to	the	abolishment	of	the	associations	than	adjustment	for	sex.
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Table 3 Stress	test	outcomes	according	to	quartiles	of	GR	1-C	methylation	status.

n all Q1 Q2 Q3 Q4 p-value

baseline

Cortisol	(nmol/l)	a 609 3.8	(1.8) 3.7 3.6 3.7 4.0 .14

SBP	(mmHg) 665 128.1	(21.1) 128.3 127.9 127.3 129.1 .80

DBP	(mmHg) 665 66.2	(11.8) 66.6 66.5 65.9 65.6 .38

HR	(bpm) 664 74.1	(10.5) 73.3 73.9 74.4 74.9 .14

Stress reactivity

Cortisol	(nmol/l)	a 433 1.7	(3.7) 1.5 1.6 1.6 2.2 .04

SBP	(mmHg) 665 47.8	(20.8) 48.5 46.8 46.6 49.3 .76

DBP	(mmHg) 665 21.4	(9.1) 21.6 20.9 21.4 21.6 .89

HR	(bpm) 664 11.6	(9.3) 10.7 10.4 11.5 13.9 .001

Perceived stress 

Relaxedness 625 11.5	(3.8) 11.4 11.3 11.4 11.8 .40

Stressfulness 626 11.1	(4.0) 11.5 11.1 10.9 10.7 .08

Difficulty 625 14.4	(3.5) 14.8 14.3 14.7 14.0 .09

Commitment 625 14.7	(4.1) 14.8 14.7 14.9 14.5 .60

Performance 623 9.2	(3.4) 8.7 9.4 9.1 9.6 .04

Control 625 10.1	(3.6) 9.5 10.3 10.0 10.4 .06

Data	are	given	as	means	(SD),	except	where	given	as	a geometric	mean	(geometric	SD);	
p-values	for	difference	between	the	quartiles.

Discussion
 
We	 found	 that	 lower	 level	 of	 methylation	 of	 the	 GR	 1-C	 promoter	 in	 peripheral	 blood	 was	
associated	with	 lower	physical	stress	reactivity	 in	terms	of	 lower	cortisol	and	HR	responses	to	
a	psychosocial	stress	protocol	and	with	higher	levels	of	perceived	stress	variables.	Interestingly,	
these	 associations	 largely	 disappeared	 after	 adjusting	 for	 sex,	 educational	 level,	 smoking	
behaviour	and	physical	activity,	where	the	latter	two	had	the	largest	effect.	This	suggests	that	
variation	in	GR	1-C	methylation	only	has	a	small	functional	effect	on	the	stress	response	and	that	
the	remainder	of	the	effect	can	be	explained	by	differences	in	lifestyle	and	educational	level.
	 Little	is	known	about	the	functional	effects	of	variation	in	methylation	status	in	GR-promoters	
on	 the	 biological	 stress	 response.	 However,	 existing	 data	 does	 seem	 to	 support	 the	 present	
findings	of	a	positive	association	between	methylation	status	and	stress	reactivity.	The	previously	
mentioned	 study	 by	Oberlander	 et	 al.	 showed	 in	 neonates	 that	 increased	methylation	 of	 GR	
promoter	1-F	was	associated	with	increased	cortisol	responses	to	a	stress	protocol4.	In	addition,	
Weaver	 et	 al.	 showed	 in	 rats	who	 received	 little	 care	 of	 their	mothers	 early	 in	 life	 that	 high	
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methylation	status	of	the	exon	17	GR	promoter	(the	homolog	of	the	1-F	region	in	humans)	was	
associated	with	 lower	 GR	 expression	 and	 higher	 corticosterone	 stress	 reactivity12,	 which	was	
suggested	to	be	a	consequence	of	reduced	glucocorticoid	negative	feedback	sensitivity13.
 The	 observation	 of	 an	 association	 between	 educational	 level	 and	 an	 adverse	 lifestyle	
(smoking	and	low	physical	activity)	and	methylation	pattern	of	the	GR-1C	promoter	is	in	itself	an	
interesting	one.	Epigenetic	patterns	have	been	shown	to	be	rather	stable,	but	there	is	increasing	
evidence	 that	 changes	 over	 time	 do	 take	 place14.	 Several	 environmental	 factors	 have	 been	
suggested	to	affect	this	process,	including	circumstances	during	embryonic	development	as	well	
as	factors	 in	adult	 life	such	as	diet,	smoking	and	exposure	to	environmental	pollution15.	Other	
factors	 than	 those	observed	 in	 the	present	 study	may	play	a	 role	 in	 the	observed	association	
between	 environmental	 factors	 and	 GR-1C	 methylation.	 For	 example,	 educational	 level	 and	
physical	activity	may	both	be	strongly	associated	with	diet,	of	which	several	components	such	as	
folate	and	methionine	have	been	shown	to	be	associated	with	DNA	methylation15.	
	 While	 we	 found	 that	 an	 adverse	 lifestyle	 was	 associated	 with	 lower	 methylation	 of	 the	
GR	 1-C	 promoter,	 at	 the	 same	 time	 lower	 physical	 stress	 responses	 were	 observed	 in	 those	
with	 low	GR-1C	methylation.	These	associations	may	 seem	contradictory,	but	fit	 in	a	growing	
body	 of	 evidence	 that	 blunted	 stress	 reactivity	may	 be	 associated	 with	 adverse	 health.	 In	 a	
previous	 report	on	 the	present	cohort,	we	have	shown	that	 lower	cortisol	and	cardiovascular	
stress	responses	are	associated	with	 increased	symptoms	of	depression	and	anxiety	and	poor	
subjective	 health	 perception16,17.	 Others	 have	 shown	 similar	 results18-20.	 Several	 biological	
explanations	can	be	put	forward.	Blunted	reactivity	could	be	due	to	a	failing	stress	response	as	a	
consequence	of	prolonged	stress.	Another	explanation	may	be	that	a	diminished	stress	response	
could	have	adverse	 immunological	 consequences.	Under	certain	circumstances,	 the	biological	
stress	 response	upregulates	 the	 immune	system,	which	 is	beneficial	 for	health21.	A	decreased	
stress	response	may	be	less	able	to	do	so.	Besides	this,	cortisol	is	needed	to	eventually	suppress	
the	inflammatory	response.	A	lack	of	cortisol	may	thus	lead	to	a	prolonged	inflammatory	state	
with	negative	effects	on	health.	
	 Lower	 methylation	 status	 of	 the	 GR	 1-C	 promoter	 was	 also	 associated	 with	 increased	
perception	of	stress:	those	with	lower	levels	of	methylation	felt	more	stressed	during	the	stress	
protocol,	felt	they	had	performed	less	well	on	the	stress	tasks	and	felt	less	in	control.	Again,	this	
seems	at	odds	with	the	decreased	levels	of	cortisol	and	HR	reactions	to	the	protocol.	However,	we	
showed	the	same	in	the	above	referenced	studies	where	symptoms	of	depression	and	anxiety	and	
poor	self-perceived	health	were	also	associated	with	increased	stress	perception	and	decreased	
physical	responses16-17.	This	discrepancy	between	experienced	stress	and	physiological	stress	is	
not	 unique.	 Several	 studies	 have	 found	 only	 small	 or	 no	 associations	 between	 self-perceived	
stress	/emotions	and	biological	stress	 in	the	form	of	cortisol	and	cardiovascular	responses22-24.	
Different	explanations	can	be	put	forward.	The	physical	stress	response	may	be	dysfunctional.	
Individuals	may	not	be	aware	of	their	own	emotions	or	individuals	may	not	be	sincere	in	reporting	
their	thoughts	and	emotions.	
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A	number	of	limitations	to	the	present	study	have	to	be	pointed	out.	We	did	not	assess	GR	1-C	
expression	levels,	which	clearly	would	have	added	relevant	information	to	the	study.	We	assessed	
methylation	status	of	the	GR	1-C	promoter	 in	peripheral	blood	and	do	not	know	whether	this	
is	comparable	to	methylation	status	in	different	parts	of	the	body	implicated	in	the	functional	
regulation	 of	 the	 stress	 response.	We	have	 applied	 a	methylation-sensitive	 PCR	 technique	 to	
assess	DNA	methylation	of	the	GR	1-C	promoter,	this	measures	the	average	methylation	range	
across	the	promoter	region	analysed.	It	is	unknown	whether	the	same	results	would	have	been	
achieved	when	we	would	have	applied	the	nowadays	commonly	used	bisulfite	pyrosequencing	
technique,	which	can	measure	the	methylation	status	of	individual	CpGs.	We	therefore	suggest	
that	 the	present	results	should	be	replicated	 in	a	study	 in	which	GR	1-C	methylation	status	 is	
assessed	by	the	more	sensitive	pyrosequencing	method.	Finally,	effects	of	GR	1-C	methylation	
status	on	stress	responses	were	statistically	significant,	but	small.	Only	about	1%	of	the	variation	
in	the	stress	reactivity	data	was	explained	by	methylation	status.	However,	given	all	the	limitations	
referred	to	above	and	the	fact	that	we	only	measured	methylation	status	in	one	exon	of	eight	
translated	exons	known,	it	may	be	seen	as	remarkable	that	we	found	such	associations	at	all.
	 Major	 assets	 of	 our	 study	 include	 a	 population	 based	 design	 and	 a	 large,	 well-described	
study	 population,	 enabling	 us	 to	 investigate	 the	 potential	 confounding/mediation	 by	 a	 set	 of	
different	variables	 including	basal	characteristics,	 lifestyle	variables	and	use	of	medication.	An	
additional	strength	is	the	use	of	a	psychological	stress	protocol	with	different	types	of	stressors:	
cognitive	and	social	stressors.	Unlike	a	physiological	stress	test,	a	psychological	stress	protocol	
is	 able	 to	activate	 stress	 responses	above	 the	hypothalamic	 level	where	 the	 limbic	 structures	
process	cognitive	and	affective	information25.
	 In	conclusion,	we	found	evidence	for	associations	between	methylation	status	of	the	GR	1-C	
promoter	and	biological	and	perceived	stress	responses.	Interestingly,	these	associations	could	
largely	be	explained	by	lifestyle	and	education.	
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absTracT

Introduction:	We	previously	showed	that	maternal	undernutrition	during	gestation	is	associated	
with	increased	metabolic	and	cardiovascular	disease	in	the	offspring.	Also,	we	found	increased	
neonatal	 adiposity	 among	 offspring	 of	 women	 who	 themselves	 had	 been	 undernourished	
prenatally.	 In	 the	present	study	we	 investigated	whether	 these	 transgenerational	effects	have	
led	to	altered	body	composition	and	poorer	health	in	adulthood	in	the	grandchildren.
subjects: The	adult	 offspring	 (F2)	 of	 a	 cohort	 of	men	and	women	 (F1)	 born	 around	 the	time	
of	 the	1944-45	Dutch	 famine.	We	approached	 the	F2	 through	 their	parents.	Participating	F2s	
(n	=	360,	mean	age	37	yrs)	completed	an	online	questionnaire.
results: Adult	offspring	of	prenatally	exposed	fathers	had	higher	weight	and	BMI	than	offspring	
of	prenatally	unexposed	fathers	(+4.9	kg,	p	=	0.03;	+	1.6	kg/m²,	p	=	0.006).	No	such	effect	was	
found	for	offspring	of	prenatally	exposed	mothers.	We	observed	no	differences	in	adult	health	
between	the	F2	generation	groups.
conclusions: Offspring	of	prenatally	undernourished	fathers,	but	not	mothers,	were	heavier	and	
more	obese	than	offspring	of	fathers	and	mothers	who	had	not	been	undernourished	prenatally.	
We	 found	 no	 evidence	 of	 transgenerational	 effects	 of	 grandmaternal	 undernutrition	 during	
gestation	on	health	of	this	relatively	young	group,	but	the	increased	adiposity	 in	the	offspring	
of	prenatally	undernourished	fathers	may	lead	to	increased	chronic	disease	rates	in	the	future.	
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inTroDucTion

Human	and	animal	studies	have	shown	that	the	fetal	environment	can	affect	the	health	of	an	
individual	throughout	the	life-course.	This	is	thought	to	reflect	programming,	the	process	by	which	
the	same	genotype	can	give	 rise	 to	 several	phenotypes	depending	on	 the	early	environment.	
These	programming	effects	may	even	be	transmitted	across	generations.	Feeding	rats	a	protein	
restricted	 diet	 during	 gestation	 not	 only	 resulted	 in	 higher	 blood	 pressure	 and	 endothelial	
dysfunction	in	the	offspring,	but	also	in	the	grand-offspring1.	Low	protein	diet	during	pregnancy	
led	to	insulin	resistance	in	the	adult	male	and	female	F2	offspring2-4.	There	is	evidence	suggesting	
that	the	glucose	metabolism	of	the	F3	generation	is	also	affected	by	F0	undernutrition5.	In	mice,	
maternal	general	undernutrition	during	gestation	led	to	reduced	birth	weight,	impaired	glucose	
tolerance	and	obesity	in	the	F1	and	F2	generation	in	a	gender	specific	manner6.	
	 Studies	 reporting	 on	 transgenerational	 effects	 of	 prenatal	 undernutrition	 in	 humans	 are	
scarce.	A	historical	study	of	three	generations	in	Overkalix,	Sweden,	reported	that	limited	food	
supply	of	the	grandparents	influenced	grandchildren’s	later	mortality	and	disease	risk	in	a	sex-
specific	 manner,	 partly	 operating	 exclusively	 through	 the	 paternal	 line7.	 We	 have	 previously	
reported	that	individuals	exposed	to	the	Dutch	famine	of	1944-45	in	utero	have	increased	rates	
of	cardiovascular	disease,	type	2	diabetes	and	breast	cancer.	The	first	indications	of	a	potential	
transgenerational	effect	of	prenatal	famine	exposure	described	that	women	prenatally	exposed	
to	the	Dutch	famine	had	slightly	smaller	babies	than	unexposed	women8,	but	later	reports	from	
the	same	group	described	that	first	born	babies	of	women	exposed	to	famine	in	early	gestation	
were	heavier	at	birth9.	
	 We	have	previously	reported	that	prenatal	famine	exposure	affects	adult	health	later	in	life	
and	that	the	effects	of	prenatal	famine	exposure	may	not	be	limited	to	the	immediately	succeeding	
generation.	We	found	increased	neonatal	adiposity	and	poorer	health	among	offspring	of	women	
who	themselves	had	been	exposed	to	 famine	prenatally10.	This	 study,	however,	was	based	on	
parents’	recall	of	their	offspring’s	size	at	birth	and	later	health,	which	may	have	led	to	a	level	of	
inaccuracy.	In	the	study	reported	here	we	contacted	the	offspring	directly	to	measure	their	body	
composition	and	investigate	their	health.

METhoDs 

Participants and selection
The	Dutch	 Famine	Birth	Cohort	 consists	of	 2414	men	and	women	born	as	 term	 singletons	 in	
the	Wilhelmina	 Gasthuis,	 a	 local	 hospital	 in	 Amsterdam,	 between	 1	 November	 1943	 and	 28	
February	1947.	The	selection	procedures	and	loss	to	follow	up	until	2002	have	been	described	
in	detail	elsewhere11;12.	Cohort	members	were	eligible	for	participation	in	this	study	if	they	lived	
in	the	Netherlands	on	September	1st,	2008	and	if	their	address	was	known	to	us.	From	2002	on,	
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31	persons	had	died,	6	had	emigrated,	11	had	an	unknown	address	and	8	had	requested	their	
address	to	be	removed	from	our	database.	A	total	of	1371	eligible	 individuals	were	 invited	to	
participate.	The	study	was	approved	by	the	local	Medical	Ethics	Committee	and	carried	out	 in	
accordance	with	the	Declaration	of	Helsinki.	All	participants	gave	written	informed	consent.

Exposure to famine
The	official	daily	food	rations	for	the	general	population	of	21	years	and	older	were	used	to	define	
exposure	to	famine13.	A	person	was	considered	to	be	prenatally	exposed	to	famine	if	the	average	
daily	food-ration	of	the	mother	during	any	13-week	period	of	gestation	contained	less	than	1000	
calories.	Based	on	this	definition,	babies	born	between	7	January	1945	and	8	December	1945	
had	been	exposed	in	utero.	People	born	before	7	January	1945	and	conceived	and	born	after	8	
December	1945	were	considered	as	unexposed	to	famine	in	utero	and	acted	as	control	groups.

Generations
We	studied	two	generations.	F1	were	the	men	and	women	from	the	Dutch	famine	birth	cohort,	
born	between	November	1943	and	February	1947.	F2	were	the	offspring	of	F1	men	or	women.

Data collection
Information	about	the	mother,	the	course	of	the	pregnancy	and	the	size	of	the	baby	at	birth	(F1)	
was	extracted	from	medical	birth	records12.	Previously,	at	age	58,	F1	participants	visited	the	clinic	
or	were	seen	at	home	where	F1	weight	was	measured	with	Seca	scales	or	Tefal	portable	scales	
and	height	using	a	fixed	or	portable	stadiometer.	We	asked	them	about	the	birth	weight,	birth	
length	and	gestational	age	at	delivery	of	their	children	(F2)10.
	 In	 the	 current	 study,	 all	 F2	 participants	 were	 asked	 to	 give	 information	 concerning	
their	medical	 history,	 lifestyle	 and	 children.	 Data	were	 collected	 by	means	 of	 a	 standardized	
questionnaire	which	was	 filled	 out	 at	 home	 by	 the	 participants	 either	 on	 a	 paper	 or	 using	 a	
web-based	 form.	 The	 questionnaire	 included	 questions	 on	 height,	 weight,	 smoking,	 alcohol	
consumption	and	exercise	behavior.	We	obtained	 information	about	symptoms	or	a	history	of	
cardiovascular,	pulmonary,	psychiatric	and	metabolic	disease	and	medication	use.	The	questions	
concerning	cardiovascular	disease	included	the	Rose	questionnaire14.	Questions	were	combined	
to	achieve	categories	relating	to	cardiovascular	disease,	pulmonary	disease,	hay	fever,	eczema,	
cholesterol,	diabetes	and	hypertension.	For	each	condition,	questions	were	phrased	as	“has	a	
doctor	ever	diagnosed	(condition)”	or	“has	a	doctor	ever	prescribed	medication	for	(condition)”.	

Statistical methods
We	 used	 linear	 regression	 for	 continuous	 variables	 and	 logistic	 regression	 for	 dichotomous	
variables	to	compare	(grand)	maternal,	birth	and	adult	outcomes	of	those	exposed	and	those	
unexposed	to	famine	during	gestation	and	also	to	compare	offspring	of	these	groups.	To	take	into	
account	the	correlation	of	characteristics	between	siblings,	we	used	mixed	models	to	analyze	the	
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association	between	F1	famine	exposure	during	different	stages	of	gestation	and	F2	birth	and	
health	characteristics.	To	deal	with	missing	values,	we	used	multiple	 imputation.	We	adjusted	
for	possible	confounding	factors,	such	as	F2	age,	sex,	birth	weight	and	F1	BMI	and	weight.	We	
report	the	F2	characteristics	stratified	according	to	F1	sex.	We	used	SPSS	19.0	(Chicago,	IL,	USA)	
for	all	analyses.

rEsulTs 

In	the	eligible	population	of	1371	cohort	members	(F1),	483	F2s	were	willing	to	participate	in	the	
current	study.	Of	these,	360	(74.5%)	completed	the	questionnaire.	The	mean	age	at	participation	
was	 37	 years	 (range	 18	 to	 47	 years).	 In	 total,	 135	males	 and	 225	 females	 participated.	 Birth	
weight	or	gestational	age	did	not	differ	between	F1	participants	and	non-participants	(p	>	0.8).
	 F2	of	F1	exposed	men	were	2.1	years	younger	than	offspring	from	unexposed	F1	men	(Table	
1).	Birth	characteristics	were	not	different	between	F2	offspring	of	the	exposed	and	unexposed	F1	
men.	F2	of	F1	exposed	women	had	a	higher	ponderal	index	at	birth	compared	to	F2	of	unexposed	
F1	women	(Table	1).	Exposed	F1	men	and	women	were	comparable	to	unexposed	F1	men	and	
women	with	regards	to	anthropometric	measures	at	age	58.

Table 1	Characteristics	of	F2	participants	according	to	F1	gender.

f1 male f1 female

Exposed unexposed All +/- SD Exposed unexposed All +/- SD 

N 52 99 151 106 103 209

Sex	(%	male) 42 35* 38 46 28* 37

Age	(years) 33.9 36.0* 35.3	+/-	4.7 36.7 38.3* 37.5	±	4.6

Birth	weight	(grams) 3351 3342 3345	+/-	826 3374 3245 3313	±	707

Birth	length	(cm) 50.5 49.4 49.8	+/-	6.4 50.2 50.5 50.3	±	3.4

Ponderal	index	(kg/m³) 27.6 26.3 26.7	+/-	6.2 26.7* 24.7 25.8	±	4.8

Adult	length	(m)	 1.76 1.74 1.75	+/-	0.1 1.76 1.73 1.75+/-	0.1

Adult	weight	(kg)	 78.8‡ 73.5 75.3	+/-	14.4 79.1 78.9 79.0	+/-	18.0

BMI	(kg/m²)® 25.2‡ 23.8 24.3	+/-	3.8 25.0 25.7 25.3	+/-	5.3

*p<0.05
‡	p<0.05	after	correction	for	age	and	sex	of	F2
®geometric	mean	and	SD
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F2 adult body composition 
BMI
Offspring	 of	 exposed	 F1	 fathers	 had	 a	 higher	 BMI	 than	 offspring	 of	 unexposed	 F1	 fathers	
(+1.6	kg/m²,	95%CI	0.5	to	2.6)	after	adjusting	for	F2	sex	and	age	(p	0.006).	Adding	F2	birth	weight	
and	F1	BMI	to	the	model	did	not	change	the	association	(+1.5	kg/m²,	95%CI	0.4	to	2.5,	p	0.005).	
There	was	no	effect	of	maternal	F1	exposure	to	famine	on	the	BMI	of	the	offspring	(unadjusted	
-0.69	kg/m²,	95%CI	-3.5	to	2.1,	p	0.36;	adjusted	-0.60	kg/m²,	95%CI	-1.7	to	0.5,	p	0.30).

Weight 
Offspring	of	exposed	F1	fathers	were	heavier	than	offspring	of	unexposed	F1	fathers	(+4.9	kg	95%CI	
0.8	to	9.1,	p	0.03)	after	adjustment	for	F2	sex	and	age.	This	effect	remained	when	adjustments	
were	made	for	F2	birth	weight	and	F1	weight	(+4.5	kg,	95%CI	0.9	to	8.1,	p	0.01).	Offspring	of	F1	
famine	exposed	mothers	were	not	heavier	than	F2	of	unexposed	mothers	(unadjusted	-1.7	kg,	
95%CI	-5.5	to	2.0,	p	0.36;	adjusted	-0.7	kg,	95%CI	-4.5	to	3.1,	p	0.72).

F2 self-reported health
We	did	not	find	differences	in	the	prevalence	of	cardiovascular	and	pulmonary	disease,	hay	fever,	
eczema,	elevated	cholesterol,	diabetes	or	hypertension	between	offspring	of	men	and	women	
exposed	 to	 famine	 during	 gestation	 and	 offspring	 of	 unexposed	men	 and	women	 (all	 p>0.1)	
(Table	2).	
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Table 2	Prevalence	of	F2	self-reported	disease*	according	to	F1	gender	

f2 of f1 men  f1 exposed f1 unexposed all

N 52 99 151

Cardiovascular	% 5.9 2.0 3.4

Pulmonary	% 9.8 8.2 8.7

Hay	fever	% 19.6 30.6 26.8

Eczema	% 25.5 24.5 24.8

Cholesterol	% 0.0 2.0 1.3

Diabetes	% 0.0 2.0 1.3

Hypertension	% 3.9 2.0 2.7

F2 of F1 women exposed unexposed all

N 106 103 209

Cardiovascular	% 1.9 4.0 3.0

Pulmonary	% 4.9 5.0 4.9

Hay	fever	% 20.6 18.0 19.3

Eczema	% 19.4 24.0 21.7

Cholesterol	% 0.0 0.0 0.0

Diabetes	% 1.0 0.0 0.5

Hypertension	% 3.9 5.0 4.4

*	defined	as	answering	confirmative	to	questions	phrased	as	“has	a	doctor	ever	diagnosed”	or	“has	a	doctor	ever	prescribed	
medication	for”	the	different	conditions.	

Discussion

In	 this	 study	we	 found	 that	 offspring	 of	 fathers	 that	 had	 been	 exposed	 to	 famine	 prenatally	
were	heavier	and	had	a	higher	BMI	than	offspring	of	unexposed	fathers.	This	effect	remained	
after	adjustment	 for	birth	weight	and	paternal	weight	and	BMI.	We	could	not	demonstrate	a	
transgenerational	effect	on	health	among	offspring	of	prenatally	exposed	men	or	women.
	 These	findings	fit	within	the	growing	body	of	evidence	that	transgenerational	non-genomical	
inheritance	specifically	takes	place	in	the	paternal	line.	For	instance,	embryonic	exposure	to	the	
endocrine	disruptor	 vinclozolin	 increased	a	 variety	of	 adult	 onset	diseases	 in	 the	 subsequent	
generations	specifically	through	the	paternal	line15;16.	Dietary	exposures	have	also	been	shown	
to	produce	transgenerational	effects	through	the	male	line;	in	Sprague-Dawley	rats,	high	fat	diet	
consumption	of	fathers	induced	impaired	glucose	tolerance	and	insulin	secretion	in	their	female	
offspring17.	 In	mice,	paternal	 low	protein	diet	 induced	altered	expression	of	genes	 involved	 in	
lipid	and	cholesterol	metabolism	in	liver	of	the	offspring,	compared	to	offspring	of	control	fed	
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male	mice.	 These	 expression	 differences	were	 thought	 to	 be	 the	 result	 of	 alterations	 of	 the	
epigenome18.
	 There	is	evidence	that	prenatal	exposure	to	the	Dutch	famine	induced	epigenetic	alterations	
in	 the	 F1	 generation	 that	 persist	 throughout	 life19;20.	 It	 is	 unknown	whether	 these	 epigenetic	
alterations	are	transmitted	to	the	next	generation,	and	whether	they	are	sex-specific	so	that	they	
could	 explain	 the	 transgenerational	 effects	 that	we	 found	only	 in	 the	paternal	 line.	 Although	
epigenetics	is	a	very	likely	mechanism	explaining	transgenerational	effects	in	model	organisms,	
in	humans	other	mechanisms	may	also	play	a	role.
	 The	transgenerational	effects	we	found	may	also	have	been	transmitted	through	environmental	
factors	 such	 as	 food	 preferences	 and	 physical	 activity.	 Although	 the	 transgenerational	 effects	
reported	here	were	also	seen	after	adjustment	for	paternal	BMI	and	weight,	parental	obesity	is	
known	to	be	associated	with	the	level	of	overweight	and	obesity	in	children21	and	it	significantly	
alters	the	risk	of	obesity	in	adulthood22.	Parents	are	responsible	for	the	quality	and	availability	
of	the	food	in	the	home,	and	their	food	habits	will	be	adopted	by	their	children23.	Children	from	
obese	or	overweight	 families	have	been	shown	 to	have	a	higher	preference	 for	 fatty	 foods,	a	
lower	liking	of	vegetables	and	lower	physical	activity	than	children	from	lean	families24.	We	have	
reported	previously	that	people	who	were	conceived	during	the	Dutch	famine	were	twice	as	likely	
to	consume	a	high-fat	diet	and	to	have	a	tendency	to	be	less	physically	active25.	Transgenerational	
propagation	of	unhealthy	 lifestyle	patterns	may	have	contributed	to	the	 increased	weight	and	
BMI	of	F2	of	exposed	F1	men.
	 Previously,	we	found	that	participants	who	were	themselves	exposed	to	famine	prenatally,	
rated	 their	 offspring’s	 health	 more	 often	 as	 poor	 than	 did	 unexposed	 participants10.	We	 set	
out	 this	 study	 to	 investigate	 the	 self-reported	 health	 of	 the	 F2	 offspring,	 but	 we	 could	 not	
demonstrate	any	effects	of	F1	famine	exposure	in	utero	on	the	health	of	the	F2	generation.	A	
number	of	methodological	issues	may	explain	the	fact	that	we	did	not	find	an	effect	on	F2	health.	
The	studied	group	consisted	of	only	360	people,	which	limits	the	power	to	detect	an	effect.	The	
statistical	power	to	detect	effects	was	further	reduced	since	the	mean	age	of	the	F2	participants	
was	37	years,	which	is	relatively	young	when	studying	the	prevalence	of	chronic	disease.	Also,	
our	analyses	are	based	on	self-reported	health	questionnaires	which	are	a	fairly	crude	measure	
of	health.	
	 In	 conclusion,	we	 did	 not	 find	 a	 transgenerational	 effect	 of	 prenatal	 famine	 exposure	 on	
grand-offspring’s	health	 in	this	study,	but	we	found	increased	weight	and	BMI	among	F2	of	 in	
utero	famine	exposed	men.	These	results	warrant	further	follow	up	of	the	health	of	the	F2	as	
they	age,	since	their	increased	adiposity	may	predispose	them	to	increase	disease	risk	later	on.	
Also,	they	suggest	that	transmission	through	the	paternal	line	may	occur,	future	studies	in	this	
cohort	will	 investigate	mechanisms	 that	may	 elucidate	 the	 biological	 processes	 that	 underlie	
these	findings.
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absTracT

background: There	 is	 evidence	 that	 hyperemesis	 gravidarum	 (HG)	 is	 associated	 with	 a	
predominance	of	female	fetuses,	lower	birth	weight	and	shorter	gestational	age	at	birth.	As	the	
adverse	effects	of	prematurity	and	 low	birth	weight	on	disease	 risk	 in	 later	 life	have	become	
increasingly	clear,	the	repercussions	of	HG	might	not	be	limited	to	adverse	perinatal	outcomes.	
Objectives: To	summarise	the	evidence	on	short	and	long	term	outcomes	of	pregnancies	with	
HG.
search strategy: A	 literature	 search	was	 conducted	 in	 the	 electronic	 databases	Medline	 and	
Embase.
Selection criteria: Studies	were	 included	 that	 reported	 on	 the	 fetal,	 neonatal	 and	 long	 term	
outcome	of	pregnancies	complicated	by	HG.	
Data collection and analysis: Two	authors	 independently	selected	studies	and	extracted	data.	
Meta-analysis	was	performed	using	Review	Manager	software.
Main results: Women	 with	 HG	 during	 pregnancy	 were	 more	 likely	 to	 have	 a	 female	 child	
(OR	1.27,	95%	CI	1.21	to	1.34).	They	were	also	more	likely	to	have	babies	with	low	birth	weight	
(LBW,	<2500	kg)	(OR	1.42,	95%	CI	1.27	to	1.58),	small	for	gestational	age	(SGA)	(OR	1.28,	95%	CI	
1.02	to	1.60)	and	to	deliver	premature	(OR	1.32,	95%	CI	1.04	to	1.68).	There	was	no	association	
with	Apgar	scores,	congenital	anomalies	or	perinatal	death.	One	study	described	an	association	
between	HG	and	testicular	cancer	in	the	offspring.	
conclusions: HG	 is	 associated	with	 a	 higher	 female/male	 ratio	 of	 the	 offspring	 and	 a	 higher	
incidence	of	 LBW,	SGA	and	prematurity.	 Little	 is	 known	about	 the	 long	 term	health	effects	of	
babies	born	to	mothers	whose	pregnancies	were	complicated	by	HG.



107

Consequences of hyperemesis gravidarum for offspring: a systematic review and meta-analysis 

8

inTroDucTion

Many	 women	 suffer	 from	 nausea	 and	 vomiting	 in	 early	 pregnancy,	 the	 incidence	 has	 been	
estimated	 to	 be	 up	 to	 50	 to	 70	 per	 cent	 of	 pregnancies1.	 Hyperemesis	 gravidarum	 (HG)	 is	 a	
severe	form	of	nausea	and	vomiting	during	pregnancy.	HG	is	associated	with	fluid,	electrolyte	
and	acid-base	 imbalance,	nutrition	deficiency	and	weight	 loss	often	severe	enough	to	require	
hospital	admission.	Symptoms	typically	start	at	4-8	weeks	of	pregnancy	and	continue	to	week	
14-16	of	pregnancy2,3.	HG	occurs	in	0.3	to	2%	of	pregnancies4,	and	is	associated	with	significant	
maternal	morbidity5.
	 It	 is	unclear	whether	HG	has	short	or	 long	term	effects	on	the	offspring.	Most	 frequently,	
studies	on	HG	report	the	effects	as	perinatal	outcome,	including	birth	weight	and	gestational	age.	
The	reported	effects	of	HG	on	birth	weight	and	gestational	age	are	conflicting,	with	some	studies	
reporting	shorter	gestational	age	and	lower	birth	weight	associated	with	HG	pregnancies4,	and	
others	 reporting	no	effects6.	A	 large	body	of	evidence	 from	epidemiologic	and	animal	 studies	
suggests	 that	undernutrition	during	pregnancy	 increases	 the	 risk	of	disease	 in	 later	 life7-9.	HG	
may	thus	be	hypothesised	to	have	long	term	health	effects	due	to	suboptimal	fetal	nutrition.
	 As	the	long	term	effects	of	HG	are	unclear	and	the	short	term	consequences	that	are	reported	
are	inconsistent,	the	aim	of	this	review	is	to	summarise	the	available	evidence	regarding	the	fetal	
outcome	and	the	long	term	effects	of	pregnancies	complicated	by	HG.	

METhoDs

search strategy
We	performed	an	electronic	search	to	identify	all	studies	that	report	on	the	short	and	long	term	
outcomes	 of	 HG.	We	 searched	 Central,	Medline	 (1953	‒	 January	 2011)	 and	 Embase	 (1980	‒ 
January	 2011)	 using	 a	 search	 strategy	 with	 keywords:	 ‘hyperemesis	 gravidarum’,	 ‘pernicious	
vomiting	of	pregnancy’,	‘neonate’,	‘infant’,	‘newborn’	and	‘long	term	effects’.	Reference	lists	of	
review	articles	and	primary	studies	were	checked	to	identify	cited	articles	not	captured	by	the	
electronic	search.

Study selection
Studies	were	selected	in	a	two-stage	process.	First,	two	reviewers	(MV	and	TR)	scrutinized	titles	
and	 abstracts.	 Studies	 were	 selected	 if	 they	 reported	 on	 neonatal	 outcome	 of	 pregnancies	
complicated	by	HG	and	were	written	in	English.	Full	manuscripts	were	obtained	of	all	selected	
studies.	Second,	 in-	and	exclusion	decisions	were	made	after	 independent	examination	of	 the	
full	manuscript	of	 selected	references	by	 two	reviewers	 (MV	and	AA).	 Inclusion	criteria	were:	
(1)	patients	diagnosed	with	and/or	admitted	for	HG,	(2)	reported	neonatal	outcomes	including	
low	birth	weight	 (LBW),	 small	 for	gestational	age	 (SGA),	 sex	of	 the	offspring,	perinatal	death,	
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prematurity,	congenital	anomalies	and	long	term	health	outcomes.	Both	studies	that	reported	
on	single	and	multiple	pregnancies	were	included.	Studies	that	did	not	report	a	control	group	
were	excluded.	Any	disagreements	were	resolved	by	consensus.
	 Two	independent	reviewers	(MV	and	AA)	extracted	the	data.	Meta-analyses	were	conducted	
(Review	Manager	(RevMan)	version	5.0,	The	Cochrane	Collaboration,	2008.).	All	outcomes	were	
evaluated	with	a	random	effects-model.	Dichotomous	outcomes	were	pooled	as	an	odds	ratio	
(OR)	with	95%	CI.	Differences	were	 statistically	different	 if	95%	CI	did	not	encompass	1.	Data	
were	plotted	 in	forest	plots.	The	 I²	 test	was	used	to	assess	statistical	heterogeneity.	Subgroup	
analyses	were	performed	for	case	control	and	cohort	studies	separately.	MOOSE	guidelines	were	
followed10.	

rEsulTs

The	search	resulted	in	205	studies.	After	screening	titles	and	abstracts,	163	studies	were	excluded	
because	they	did	not	report	on	neonatal	outcome	of	pregnancies	complicated	by	HG.	Another	2	
were	excluded	due	to	the	language	criterion.	40	papers	were	retrieved	for	complete	assessment	
(Figure	1).	24	articles	reported	on	short	and	long	term	outcomes	as	described	above4,6,11-32	(Table	
1).	Quality	of	reporting	was	limited;	a	clear	definition	of	the	reference	group	was	not	always	given.	
Most	studies	reported	singleton	pregnancies	only.	 In	some	studies,	 it	was	not	stated	whether	
twin	pregnancies	were	included.	There	were	11	cohort	studies,	12	case	control	studies	and	one	
cross	 sectional	 study.	 Four	 studies	 were	 conducted	 prospectively,	 all	 others	 retrospectively.	
Meta-analysis	was	conducted	for	studies	that	provided	dichotomous	data.	

sex of child
Thirteen	 studies	 reported	 on	 gender	 of	 the	 offspring11-13,16,18,21,24,26-29,31,32.	 All	 studies	 confirmed	
the	higher	female/male	ratio	in	pregnancies	complicated	by	HG,	overall,	55%	of	the	offspring	in	
the	HG	pregnancies	was	female,	compared	to	49%	in	the	control	group,	pooled	odds	ratio	1.27	
(95%	CI	1.21	to	1.34),	heterogeneity	was	moderate	(I²=54%	(p	=	0.01)	(Figure	2A).	

Low birth weight
Five	studies	reported	on	delivering	a	low	birth	weight	baby	(<2500	grams)4,6,18,26,31.	Having	a	low	
birth	weight	baby	with	a	birth	weight	of	less	than	2500	grams	occurred	in	6.4%	of	HG	pregnancies,	
compared	to	5.0%	in	control	pregnancies	(OR	1.42,	95%CI	1.27	to	1.58).	There	was	no	significant	
heterogeneity	in	results	across	the	different	studies	(I²=0%	(p	=	0.42))	(Figure	2B).
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sga
The	percentage	of	infants	being	small	for	gestational	age	(SGA)	was	reported	in	4	studies4,18,31,32.	
Women	with	HG	during	 pregnancy	were	more	 likely	 to	 have	 a	 baby	 born	 SGA,	 this	 occurred	
in	17.9%	of	HG	pregnancies,	compared	to	12.7%	 in	control	pregnancies	 (OR	1.28	95%	CI	1.02	
to	 1.60).	 There	 was	 significant	 heterogeneity	 across	 the	 different	 studies	 for	 SGA	 (I²	 =	 87%	
(p	<	0.0001))	(Figure	2C).	

Preterm delivery
Eight	studies	reported	on	preterm	delivery6,18,19,24,26,29,31,32.	Premature	delivery	occurred	 in	7.4%	
of	HG	pregnancies	compared	to	5.8%	in	control	pregnancies.	Having	HG	during	pregnancy	was	
associated	with	an	increased	risk	of	delivering	before	37	weeks	gestation	(OR	1.32,	95%	CI	1.04	
to	1.68).	There	was	significant	heterogeneity	in	the	results	(I²	=	74%	(p	=	0.0003))	(Figure	2D).

figure 1	Study	selection	process

205 poten�ally eligible studies iden�fied
(database searches and references lists)

40 full text ar�cles reviewed

163 studies were excluded based on �tle 
and abstract review

2 studies excluded based on language criterion

16 studies excluded for not having the 
required exposure / not repor�ng the 
outcome of interest / no control group

24 studies were included in 
the systema�c review
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figure 2	 Perinatal	 outcome:	 Sex	 of	 offspring	 (a),	 Low	 birth	 weight	 (<2500	 grams)	 (b),	 Small	 for	
gestational	age	(c),	Preterm	(<37	weeks)	(D),	Perinatal	death	(E),	Apgar	score	<7	(f)	and	Congenital	
anomalies	(g).

A Sex of offspring

B Low birth weight 

C Small for gestational age 
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D Preterm delivery

E Perinatal death

f apgar score <7
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g congenital anomalies

Perinatal deaths
Seven	studies	reported	on	perinatal	deaths4,6,12,17,18,29,32.	Perinatal	deaths	occurred	in	0.7%	of	HG	
pregnancies	and	in	0.6%	of	control	pregnancies	(OR	0.92,	95%	CI	0.61	to	1.41).	Heterogeneity	
was	moderate	(I²	=	42%	(p	=	0.11))	(Figure	2E).

apgar
Apgar	scores	<7	at	5	minutes	were	reported	in	4	studies6,18,19,32.	No	difference	was	found	in	the	
incidence	of	5	minute	Apgar	 scores	<7,	 this	occurred	 in	1.9%	of	HG	pregnancies	and	2.3%	of	
control	pregnancies	(OR	1.01,	95%	CI	0.78	to	1.32).	Heterogeneity	was	not	significant	(I	²=	7%	
(p	=	0.36))	(Figure	2F).

congenital anomalies
Six	 studies	 compared	 the	number	of	 congenital	anomalies	 in	 children	born	 to	HG	mothers	 to	
control	 offspring12,15,17,19,22,29.	 Three	 studies	 provided	 data	 suitable	 for	 pooling.	 There	 was	 no	
difference	in	the	number	of	congenital	anomalies	in	HG	pregnancies	(3.1%)	compared	to	controls	
(3.2%)	(OR	1.17,	95%	CI	0.68	to	2.03).	There	was	no	significant	heterogeneity	in	results	across	the	
different	studies	(I²	=	0%	(p	=	0.87))	(Figure	2G).	
	 Three	 other	 studies	 reported	 on	 specific	 congenital	 anomalies.	 A	 cohort	 study	 reported	
several	 congenital	 malformations	 associated	 with	 HG	 including	 undescended	 testicles,	 hip	
dysplasia	and	Down	syndrome22.	A	case	control	study	of	children	born	with	an	oral	cleft	showed	
an	association	between	early	onset	HG	and	a	reduced	risk	of	giving	birth	to	a	child	with	an	oral	
cleft15.	Another	case	control	study	reported	an	 increase	 in	central	nervous	system	and	related	
skeletal	malformations	in	offspring	of	HG	mothers	(OR	4.0)17.

Long term effects
No	studies	were	found	that	were	conducted	specifically	with	the	purpose	to	follow	up	the	children	
born	after	a	pregnancy	complicated	by	HG	in	the	long	term.	One	study	reported	the	neurological	
development	of	children	at	one	year	of	age	and	the	obstetric	history	of	their	mothers.	There	was	
no	observed	difference	in	outcome	associated	with	HG25.
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The	only	long	term	effect	was	an	association	of	HG	and	testicular	cancer.	In	a	case	control	study	
of	men	under	age	40	with	testicular	cancer,	eight	patient	mothers	reported	excessive	nausea	as	
a	complication	of	the	index	pregnancy,	compared	to	two	control	mothers.	The	risk	was	greatest	
for	nausea	requiring	hospital	treatment20.	

subgroup analyses
Figure	3	shows	the	summary	estimates	 for	the	different	study	types,	as	well	as	 the	combined	
summary	 estimates.	 For	 the	 outcome	 SGA	 and	 congenital	 anomalies	 this	 analysis	 was	 not	
possible	because	these	studies	were	all	of	the	same	type.	The	subgroup	analyses	show	that	the	
observed	heterogeneity	was	not	consistently	caused	by	one	type	of	study.	

figure 3	Perinatal	outcome,	subanalyses	based	on	study	design	and	overall	summary	estimates:	Sex	
of	offspring	(a),	Low	birth	weight	(<2500	grams)	(b),	Preterm	(<37	weeks)	(c),	Perinatal	death	(D)	and	
Apgar	score	<7	(E)

a sex of child

figure 3	Perinatal	outcome,	subanalyses	based	on	study	design	and	overall	summary	estimates:	Sex	
of	offspring	(a),	Low	birth	weight	(<2500	grams)	(b),	Preterm	(<37	weeks)	(c),	Perinatal	death	(D)	and	
Apgar	score	<7	(E)

a sex of child
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B Low birth weight

c Preterm delivery
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D Perinatal death

E apgar score <7
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Discussion

This	 systematic	 review	 evaluates	 the	 outcome	 of	 pregnancies	 complicated	 by	 HG.	 HG	 during	
pregnancy	 is	 associated	 with	 a	 higher	 female/male	 ratio	 of	 the	 offspring	 and	 with	 a	 higher	
incidence	of	a	child	small	for	gestational	age,	with	birth	weight	less	than	2500	grams	and	with	
preterm	delivery.	The	search	retrieved	only	two	studies	reporting	long	term	effects.	Neurological	
development	at	the	age	of	one	year	was	not	affected	by	HG	during	pregnancy25.	There	was	an	
association	of	HG	and	the	development	of	testicular	cancer	in	later	life20.	There	was	no	statistically	
significant	 difference	 in	 Apgar	 scores,	 congenital	 anomalies	 or	 perinatal	 death	 between	 HG	
pregnancies	compared	to	control	pregnancies.	However,	heterogeneity	was	significant.
	 The	 mechanism	 underlying	 the	 higher	 prevalence	 of	 female	 offspring	 after	 pregnancies	
complicated	by	HG	 is	 thought	 to	 be	hormonal.	 Serum	human	 chorionic	 gonadotrophin	 (hCG)	
is	often	stated	as	the	most	 likely	cause	of	HG.	The	highest	 incidences	of	HG	occur	at	the	time	
hCG	 peaks33.	 Furthermore,	 HG	 has	 an	 increased	 incidence	 in	multiple	 gestations34	 and	molar	
pregnancies35,	both	conditions	associated	with	elevated	hCG	levels.	The	fact	that	hCG	is	higher	in	
women	bearing	a	female	child36	might	explain	the	association	of	a	female	fetus	and	HG.	
	 Although	meta-analysis	 showed	 an	 increased	 risk	 of	 low	 birth	weight	 babies,	 SGA	 babies	
and	prematurity,	the	effects	are	modest.	The	most	clinically	relevant	effect	is	probably	for	SGA	
babies,	17.9%	in	HG	pregnancies	compared	to	12.7%	in	control	pregnancies.	The	increased	risk	
of	 low	birth	weight	 could	possibly	 be	due	 to	prematurity,	 but	 this	 cannot	be	 concluded	with	
certainty	since	different	studies	were	included	in	the	3	different	meta-analyses	because	not	all	
studies	provided	data	for	all	outcomes.
	 Three	 studies	 investigated	 whether	 the	 effects	 of	 HG	 were	 mediated	 through	 maternal	
weight	gain	during	pregnancy18,24,30.	All	found	an	association	of	lower	weight	gain	or	weight	loss	
during	 pregnancy	 and	 adverse	 neonatal	 outcomes,	 such	 as	 lower	 birth	weight.	 In	 one	 study,	
no	 difference	 in	 SGA	 was	 reported	 when	 comparing	 HG	 pregnancies	 to	 controls,	 but	 when	
comparing	HG	women	with	less	than	7	kg	weight	gain	during	pregnancy	with	HG	women	with	
≥7	kg	weight	gain,	the	risk	of	a	SGA	infant	was	increased	(OR	1.5,	95%	CI	1.0-2.2)18.	This	study	
also	compared	Apgar	scores	of	babies	from	women	with	HG	with	7	or	more	kilograms	weight	
gain	to	those	of	babies	from	women	with	<7	kg	weight	gain.	Babies	of	women	with	<7	kg	weight	
gain	had	an	increased	risk	of	having	a	5	minute	Apgar	score	less	than	7	(OR	5.0,	95%	CI	2.6	to	
9.6)	compared	to	babies	from	women	without	HG18.	The	authors	concluded	that	HG	itself	is	not	
a	risk	factor	for	adverse	outcomes,	but	these	outcomes	are	the	consequence	of	the	low	weight	
gain	associated	with	HG.	These	findings	are	in	correspondence	with	findings	from	a	retrospective	
cohort	study	investigating	weight	gain	during	pregnancy.	In	this	study	low	maternal	weight	gain	
during	pregnancy,	defined	as	<0.27	kg	/	week,	was	associated	with	 low	birth	weight,	preterm	
labour	 and	preterm	delivery37.	Accordingly,	 a	 population-based	 cohort	 study	 investigating	 the	
effects	of	 low	weight	gain	 in	women	with	normal	prepregnancy	BMI	found	an	 increased	odds	
ratio	for	SGA	infants	in	women	that	gained	less	than	25	lb	(11.34	kg)	during	pregnancy38.	These	
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studies	stress	the	importance	of	appropriate	maternal	weight	gain	during	pregnancy	in	order	to	
achieve	healthy	birth	outcomes	in	women.	
	 As	mentioned,	the	search	retrieved	only	two	studies	reporting	on	long	term	health	effects20,25.	
The	reported	association	of	HG	and	testicular	cancer	in	later	life	is	proposed	to	be	due	to	hormonal	
disbalance.	Apart	from	higher	levels	of	hCG,	estradiol	is	elevated	in	HG	pregnancies	compared	to	
controls.	Exposure	to	higher	levels	of	estrogen	in utero	might	be	a	cause	of	undescended	testes	
thereby	leading	to	a	higher	risk	of	testicular	cancer	in	later	life17,20,39.
	 Other	long	term	health	effects,	such	as	cardiovascular	and	metabolic	disease	have	not	been	
studied,	even	though	there	is	ample	evidence	from	human	and	animal	studies	that	undernutrition	
during	gestation	 increases	the	risk	of	developing	chronic	diseases7-9.	Also,	meta-analyses	have	
shown	that	birth	weight	was	inversely	related	to	systolic	blood	pressure40	and	type	2	diabetes	
risk41.	Moreover,	 not	 all	 long	 term	 effects	 of	 prenatal	 environmental	 influences	 act	 via	 birth	
weight.	Studies	of	babies	born	after	the	Dutch	Famine	show	that	exposure	to	the	famine	in	early	
gestation	has	no	effect	on	birth	weight,	but	is	associated	with	adverse	health	effects42.	Therefore,	
follow	up	of	children	born	after	an	HG	pregnancy	seems	to	be	warranted.
	 The	 substantial	 heterogeneity	 between	 the	 studies	 can	 be	 due	 to	 both	 clinical	 and	
methodological	heterogeneity.
	 Clinical	heterogeneity	is	partly	due	to	the	difficulty	in	defining	the	condition.	In	most	studies,	
Fairweather’s	definition	for	HG	 is	used.	This	defines	HG	as	a	condition	of	 intractable	vomiting	
during	pregnancy,	leading	to	fluid,	electrolyte	and	acid-base	imbalance,	nutrition	deficiency	and	
weight	loss,	often	severe	enough	to	require	hospital	admission2.	A	weakness	of	this	definition	is	
the	fact	that	it	does	not	include	an	estimate	of	the	severity	of	the	condition,	apart	from	the	need	
for	admission.	Different	hospitals	may	have	different	admission	policies,	and	it	 is	also	possible	
that	what	is	regarded	as	severe	vomiting	in	one	population	may	be	taken	as	normal	vomiting	in	
another.	The	threshold	for	hospitalization	is	highly	individual.	This	decision	can	be	influenced	by	
psychological	and	practical	matters,	which	contribute	to	the	variability	in	the	diagnosis.	
	 The	included	studies	were	conducted	in	a	variety	of	countries,	with	different	demographic	
profiles.	 The	 incidence	 of	 HG	 is	 thought	 to	 vary	 across	 different	 cultures43,	 which	 will	 have	
contributed	 to	 the	 clinical	 heterogeneity.	 Not	 every	 study	 specified	 the	 demographic	 profile	
of	their	study	population.	As	a	recent	study	has	shown,	adverse	pregnancy	outcomes	after	HG	
might	be	largely	explained	by	maternal	characteristics,	including	ethnicity32.	
	 Methodological	heterogeneity	can	be	due	to	the	fact	that	more	than	50%	of	included	studies	
are	case	control	studies,	of	which	most	retrospective.	Due	to	these	matters	of	study	design	the	
reported	effects	may	be	overestimated.	Subgroup	analyses	according	to	the	different	study	types	
gave	 no	 consistent	 explanation	 of	 the	 observed	 heterogeneity;	 we	 cannot	 conclude	 that	 the	
heterogeneity	was	caused	by	one	type	of	study.	In	all	cases,	separately	analysing	the	study	types	
would	not	have	led	to	different	conclusions.	A	consequence	of	retrospective	study	design	is	the	
possibility	of	recall	bias,	with	regard	to	reported	nausea	and	prepregnancy	weight.
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Future	research	on	HG	and	consequences	for	the	offspring	should	include	stating	a	clear	definition	
of	HG	and	complete	documentation	of	maternal	characteristics	such	as	ethnicity,	prepregnancy	
weight	 and	 weight	 gain	 during	 pregnancy,	 allowing	 for	 comparison	 between	 studies	 and	
populations.	Moreover,	not	only	outcome	directly	postpartum	should	be	documented,	but	a	long	
term	follow	up	of	these	babies,	focussing	on	cardiovascular	and	metabolic	functioning	should	be	
conducted.
	 In	conclusion,	 this	meta-analysis	 reports	 that	women	with	HG	during	pregnancy	are	more	
likely	 to	 give	 birth	 to	 a	 girl	 and	 have	 a	 higher	 risk	 of	 giving	 birth	 to	 a	 LBW	or	 SGA	 child	 and	
to	deliver	prematurely.	As	 little	 is	 known	about	 the	 long	 term	health	 consequences	on	 these	
children,	there	is	a	need	for	follow	up.
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This	 thesis	 focuses	 on	 the	 fetal	 origins	 hypothesis,	 which	 states	 that	 undernutrition	 during	
important	periods	of	growth	and	development	can	lead	to	permanent	changes	in	the	physiology	
and	metabolism	of	the	body.	Since	it	was	formulated	by	David	Barker	in	the	late	1980’s,	a	large	
body	of	evidence	has	been	assembled	to	support	the	hypothesis;	varying	from	direct	evidence	
from	experiments	in	animal	models	to	evidence	from	large	observational	human	cohort	studies.	
In	recent	years,	underlying	mechanisms	have	been	 investigated	and	the	relevance	of	the	fetal	
origins	of	health	and	disease	for	current	pregnancies	has	been	further	explored.	The	research	
reported	in	this	thesis	further	adds	to	this	field	in	science.
 chapters 2	and	3	are	systematic	reviews	that	summarize	the	available	evidence	from	animal	
experiments	of	the	effects	of	prenatal	undernutrition	on	blood	pressure	and	glucose	metabolism.	
chapter 2	focusses	on	the	effects	of	prenatal	undernutrition	on	glucose	and	insulin	metabolism	
and	beta	cell	mass.	The	meta-analysis	showed	that	-despite	significant	heterogeneity	in	the	studies	
-	prenatal	protein	restriction	increased	plasma	glucose	concentrations	in	later	life	(0.42	mmol/l	
(95%	 CI	 0.07	 to	 0.77)).	 Both	 general	 undernutrition	 and	 protein	 restriction	 reduced	 plasma	
insulin	concentrations	in	later	life	(general	undernutrition:	-0.03	nmol/l	(95%CI	-0.04	to	-0.01),	
protein	restricted:	-0.04	nmol/l	(95%CI	-0.08	to	0.00))	and	beta	cell	mass	(general	undernutrition:	
-1.24	mg	(95%	CI	-1.88	to	-0.60),	protein	restriction:	-0.99	mg	(95%	CI	-1.67	to	-0.31)).	chapter 
3	presents	a	systematic	review	and	meta-analysis	on	the	effects	of	prenatal	undernutrition	on	
blood	pressure.	We	concluded	that	both	maternal	general	and	protein	undernutrition	increased	
systolic	blood	pressure	 in	 later	 life	 (general	undernutrition:	14.5	mmHg,	95%	CI	10.8	 to	18.3;	
protein	undernutrition:	18.9	mmHg,	95%	CI	16.1	to	21.8)	and	mean	arterial	pressure	(general	
undernutrition:	5.0	mmHg,	95%	CI	1.4	to	8.6;	protein	undernutrition:	10.5	mmHg,	95%	CI	6.7	to	
14.2).	Here	also,	there	was	substantial	heterogeneity	in	the	results.	Diastolic	blood	pressure	was	
increased	by	protein	undernutrition	(9.5	mmHg,	95%	CI	2.6	to	16.3),	while	general	undernutrition	
had	no	significant	effect.	Both	reviews	have	shown	that	evidence	from	experiments	in	different	
species	 has	 shown	 that	 prenatal	 undernutrition	 results	 in	 increased	 glucose,	 reduced	 insulin	
concentrations,	 reduced	 beta	 cell	 mass	 and	 generally	 increased	 blood	 pressure	 in	 later	 life,	
therefore	generally	supporting	the	fetal	origins	hypothesis.
 chapter 4	describes	the	effect	of	prenatal	exposure	to	the	Dutch	famine	on	adult	hand	grip	
strength.	Previous	studies	have	shown	that	those	exposed	to	the	Dutch	famine	during	gestation	
have	worse	health	than	those	unexposed	to	famine	during	gestation.	Since	hand	grip	strength	
is	a	marker	of	adult	health,	our	hypothesis	was	that	hand	grip	strength	might	be	affected	after	
prenatal	exposure	to	the	Dutch	famine.	Contrary	to	our	expectations,	we	found	that	men	exposed	
during	early	gestation	had	greater	hand	grip	strength	compared	to	unexposed	men.	This	could	
however	largely	be	explained	by	adult	height.
	 In	chapter 5	we	describe	whether	epigenetic	changes	may	play	a	role	in	the	programming	
effects	of	prenatal	exposure	to	famine	on	adult	health	as	they	have	been	found	in	the	Dutch	famine	
birth	cohort	study.	Epigenetics,	and	specifically	methylation,	is	thought	to	be	a	likely	mechanism	
that	stores	early	 life	experiences.	For	our	study,	we	considered	 four	candidate	genes,	all	with	
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cardiovascular	and	metabolic	 relevance,	and	measured	methylation	at	 the	proximal	promoter	
sites.	We	found	no	evidence	of	effects	of	prenatal	exposure	to	famine	on	the	methylation	status	
of	 these	four	genes.	This	means	that	the	phenotypic	effects	we	have	found	are	unlikely	to	be	
mediated	by	altered	methylation	 levels	 in	 these	genes.	We	also	 studied	at	methylation	 levels	
and	markers	of	adult	health	and	lifestyle,	and	observed	that	methylation	of	GR	and	PPARγ	were	
associated	with	 lifestyle	 factors	 such	as	 smoking,	BMI	and	exercise,	 suggesting	 that	postnatal	
factors	also	influence	methylation	patterns	.
 chapter 6	 described	 the	 association	 between	 GR	 methylation	 and	 stress	 response	 in	 a	
subsample	of	 the	Dutch	 famine	birth	cohort.	We	found	that	a	decrease	 in	methylation	of	 the	
GR1-C	promoter	was	 associated	with	 a	decrease	 in	 stress	 activity,	 indicated	by	 lower	 cortisol	
levels	and	lower	heart	rate	activity.	These	associations	could	be	largely	explained	by	differences	
in	lifestyle	and	education.	
	 In	chapter 7 we	investigated	whether	the	offspring	of	people	who	were	exposed	to	famine	
prenatally	were	less	healthy	than	the	offspring	of	unexposed	people,	 in	other	words,	whether	
the	effects	of	prenatal	 famine	exposure	pass	down	generations.	 In	 this	 young	population,	we	
found	that	children	of	prenatally	exposed	men	were	heavier	and	had	a	higher	BMI	than	children	
of	unexposed	men.	 In	women,	we	 found	no	 transgenerational	effects.	We	 found	no	evidence	
of	 transgenerational	effects	of	prenatal	 famine	exposure	on	health	 in	 this	 relatively	 young	F2	
sample,	but	the	increased	adiposity	 in	the	offspring	of	prenatally	undernourished	fathers	may	
lead	to	increased	chronic	disease	rates	in	the	future.
	 In	chapter 8	we	report	on	a	study	describing	the	consequences	of	a	clinical	condition	that	
resembles	the	nutritional	condition	a	fetus	experienced	during	the	Dutch	famine;	hyperemesis	
gravidarum	 (HG).	 Studies	 concerning	 this	 severe	 form	 of	 nausea	 and	 vomiting	 during	 early	
pregnancy	mainly	 focus	 on	 treatment	 of	 the	 pregnant	women,	 but	 little	 is	 known	 about	 the	
effects	for	the	offspring.	We	preformed	a	systematic	review	and	meta-analysis	to	summarize	the	
evidence	on	short	and	long	term	outcomes	of	pregnancies	complicated	by	HG.	We	found	that	HG	
is	associated	with	a	higher	female/male	ratio	in	the	offspring	and	a	higher	incidence	of	low	birth	
weight,	being	born	small	 for	gestational	age	and	prematurity.	Apart	from	a	case	control	study	
describing	an	association	between	HG	and	testicular	cancer	in	the	offspring,	little	is	known	about	
the	long	term	consequences	of	HG	on	the	health	of	the	offspring.

Discussion

animal studies
Animal	 experiments	have	 contributed	much	 to	our	understanding	of	disease.	Not	only	 in	 the	
field	of	Developmental	Origins	of	Adult	Disease	(DOHaD),	but	also	in	the	development	of	medical	
therapies.	The	majority	of	medical	therapies	in	use	today	has	initially	been	developed	and	tested	
in	animals.	In	a	systematic	review	evaluating	how	often	highly	cited	animal	studies	translate	to	
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successful	 human	 research,	 the	 authors	 conclude	 that	 none	 of	 the	 highly	 cited	 studies	were	
negative1.	 Less	 than	 half	 of	 the	 studies	 were	 of	 good	 methodological	 quality	 and	 that	 few	
included	 random	allocation	of	 animals	 or	 blinding	of	 outcome	assessment,	while	 the	median	
citation	 count	 of	 these	 studies	was	 889.	 For	 these	 animal	 studies	 the	 results	 of	 only	 a	 third	
could	be	 replicated	 in	human	 randomized	 trials	 and	 just	one	 tenth	of	 the	 interventions	were	
subsequently	approved	for	use	in	patients1.	
	 There	 are	 differences	 between	 animal	 studies	 and	 the	 situation	 in	 humans	 that	 make	
comparison	difficult.	 For	 reasons	of	 cost	and	efficiency,	most	animal	experiments	are	done	 in	
very	young	and	healthy	animals,	not	reflecting	the	conditions	 in	many	human	diseases.	Many	
animal	studies	are	limited	to	male	animals,	restricting	the	generalizability	of	the	study	to	female	
animals,	let	alone	the	human	situation.	Generalizability	might	also	be	impaired	by	the	fact	that	
animals	 are	 kept	under	 extremely	 controlled	 circumstances.	Also,	 pathophysiology	 in	 animals	
and	humans	is	not	always	comparable.	
	 It	 appears	 self-evident	 that	 the	 quality	 of	 the	 design	 of	 an	 animal	 experiment	will	 affect	
its	scientific	validity,	but	this	had	received	little	attention	in	the	field	of	translational	medicine.	
The	existing	evidence	 shows	 that	 these	 issues	are	 crucial,	 just	 like	 in	human	 studies2.	Animal	
studies	reporting	on	interventions	in	emergency	medicine	were	three	times	more	likely	to	report	
a	positive	result	if	the	publication	did	not	report	randomization	of	blinding3.	A	systematic	review	
on	 treatment	 of	 acute	 ischemic	 stroke	 showed	 larger	 benefit	 of	 treatment	with	 lower	 study	
quality4,5.	One	review	found	large	overstatements	of	the	reduction	of	infarct	volume	in	animal	
stroke	studies	without	randomization	or	blinding	compared	to	randomized	or	blinded	studies5.	
Human	studies	support	these	facts;	clinical	 trials	 that	did	not	report	blinding,	concealment	of	
allocation	or	(double)	blinding	report	larger	treatment	effects	than	trials	that	did	report	on	these	
methodological	issues6-8.	Publication	bias	is	another	factor	that	plays	an	important	role	in	animal	
studies.	 Again	 in	 the	 field	 of	 experimental	 stroke,	 a	 meta-analysis	 was	 conducted	 including	
525	publications.	Of	 these,	only	 ten	 (2%)	did	not	 report	 at	 least	one	 significant	effect	on	 the	
outcome	measures9.	This	suggests	that	negative	or	neutral	animal	studies	are	published	much	
less	frequently	than	positive	studies.
	 In	this	thesis,	we	have	systematically	reviewed	the	evidence	from	animal	studies	for	the	fetal	
origins	hypothesis	 regarding	 glucose	metabolism	and	hypertension.	 Experiments	 to	 study	 the	
effects	of	maternal	malnutrition	during	gestation	on	the	health	of	the	human	offspring	would	be	
unethical,	for	obvious	reasons.	We	therefore	rely	on	animal	experiments	to	gain	insight	in	the	
effect	of	changes	 in	the	maternal	diet	for	the	offspring.	We	conclude	that	the	methodological	
quality	as	well	as	the	reporting	of	these	studies	is	poor.	In	the	field	of	prenatal	undernutrition,	
different	experimental	diets	are	used,	which	makes	comparison	difficult.	It	has	been	described	
that	exposure	to	low	protein	diets	in	fetal	life	does	not	in	itself	determine	the	development	of	
hypertension	in	adult	 life.	The	balance	of	the	nutrients	within	the	maternal	diets	appeared	to	
play	a	critical	role	in	the	programming	effect	in	the	offspring10.	There	is	also	a	need	for	improving	
the	methodological	quality	of	animal	studies.	Reporting	should	be	done	according	to	standards	
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similar	to	those	applied	in	human	studies.	In	order	to	avoid	publication	bias,	animal	studies	could	
be	registered	comparable	to	the	registration	of	clinical	trials.	These	measures	will	help	reducing	
publication	bias	while	improving	reliability	and	reproducibility	of	animal	studies.	

Epigenetics 
Until	recently,	organisms	were	thought	to	convey	their	properties	to	their	offspring	by	genetic	
inheritance.	The	mechanisms	leading	to	the	effects	of	maternal	undernutrition	during	gestation	
on	the	health	of	the	offspring,	however,	are	not	sufficiently	explained	by	this	model.	
	 The	 term	 epigenetics	 was	 first	 proposed	 by	 developmental	 biologist	 Conrad	Waddington	
in	 the	 1940s,	 who	 used	 it	 to	 explain	 how	 a	 multicellular	 organism	 could	 develop	 from	 one	
genome11.	Later,	others	have	defined	epigenetics	as	“the	study	of	mitotically	and/or	meiotically	
heritable	 changes	 in	gene	 function	 that	 cannot	be	explained	by	changes	 in	DNA	sequence”12.	
The	 first	 molecular	 factor	 that	 was	 identified	 was	 DNA	 methylation	 in	 the	 1970s13	 followed	
by	 histone	modification	 in	 the	 1990s14.	 In	 DNA	methylation,	methylation	 of	 the	 5’position	 of	
cytosine	suppresses	gene	expression	by	modulating	the	access	of	the	transcription	machinery	
to	the	chromatin	or	by	recruiting	methyl-binding	proteins15.	Unlike	genetic	information,	which	is	
extremely	stable,	epigenetic	marks	are	reversible,	responding	to	endogenous	and	environmental	
signals.
	 Epigenetic	modifications	are	a	likely	explanation	for	how	influences	in	the	early	environment	
can	lead	to	permanent	changes	in	metabolism	thereby	changing	long-term	disease	risks.	It	is	no	
surprise	then,	that	many	studies	have	been	conducted	to	elucidate	the	role	of	epigenetics	in	the	
field	of	DOHaD.	
	 Animal	 experiments	 have	 shown	 how	 maternal	 dietary	 restriction	 resulted	 in	 altered	
methylation	patterns	of	genes	 in	the	offspring16,17.	These	methylation	patterns	appeared	to	be	
stabile,	as	they	were	present	 in	both	 juvenile	and	adult	offspring17,	and	were	passed	down	to	
the	next	generation18.	Methylation	then	seems	to	act	as	a	memory	of	an	event	 long	after	the	
exposure	has	ceased.	This	apparent	stability	 is	 in	sharp	contrast	with	another	characterization	
of	epigenetics;	reversibility	which	is	necessary	for	the	dynamic	epigenome	to	interact	with	the	
environment.
	 DNA	methylation	 is	 the	 only	 epigenetic	 mechanism	 directly	 affecting	 the	 DNA	molecule.	
CpG	dinucleotides	are	the	main	target	for	DNA	methylation.	CpG	islands,	DNA	sequences	where	 
CpG	dinucleotides	are	clustered,	are	found	at	the	5´	promoter	regions	of	housekeeping	genes.	
A	 large	 body	 of	 evidence	 suggests	 that	 CpG	 island	 methylation	 of	 these	 promoter	 regions	
affects	transcription.	Recently,	however,	also	non-promoter	CpG	islands	are	identified	(UMR´s,	
unmethylated	 regions).	 These	 UMR´s	 can	 become	 methylated	 and	 potentially	 modify	 gene	
expression19.	Non-CpG	methylation	has	also	been	described.	In	this	case,	methylation	does	not	
involve	 protein-binding	 sites,	 but	 the	 gene	 body	 is	 methylated.	 These	 findings	 illustrate	 the	
complexity	of	DNA	methylation	and	the	importance	of	investigating	regions	outside	CpG	islands	
and	promoters	in	future	studies.	To	make	matters	even	more	complex,	DNA	methylation	acts	in	
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concert	with	histone	modifications,	mediated	by	methyl-	or	histone-binding	proteins	influencing	
gene	expression20.	Future	studies	should	not	focus	on	one	epigenetic	mechanism,	but	investigate	
combinations	of	the	mechanisms	leading	to	a	better	understanding	of	the	epigenetic	process.	
	 The	changes	in	methylation	levels	that	are	found	in	humans	as	a	result	of	changes	in	maternal	
diet	appear	to	be	much	smaller	than	those	found	in	animal	studies.	A	study	measuring	5	CpG’s	
in the IGF2 DMR	found	that	children	whose	mother	did	and	did	not	take	400	ugram	of	folic	acid	
per	day	in	the	periconceptional	period	has	whole	blood	methylation	levels	of	49.5%	and	47.4%	
respectively21.	 The	first	 study	describing	altered	methylation	 levels	 after	prenatal	 exposure	 to	
the	Dutch	famine	found	a	methylation	difference	of	5%	in	people	exposed	to	famine	prenatally	
compared	to	their	unexposed	siblings22.	In	contrast,	in	animals	differences	of	up	to	200%	(relative	
to	the	control	group)	are	being	described23.	Furthermore,	it	is	unknown	whether	this	change	in	
methylation	 is	 associated	with	alterations	 in	expression	nor	whether	 it	 is	 linked	 to	disease	 in	
humans.
	 Other	considerations	that	must	be	made	in	future	epigenetic	studies	are	the	animal	model	
or	 tissue	 to	 use,	 the	 technique	 used	 to	measure	 (either	 genome-wide	 or	 gene-specific),	 the	
timing	of	measurement	(perhaps	measuring	methylation	levels	longitudinally),	which	could	help	
understand	the	sequence	of	events	and	the	stability	(or	plasticity)	in	time.

Implications for future research 
Years	of	research	in	the	field	of	fetal	origins	and	on	the	Dutch	famine	have	shown	that	maternal	
undernutrition	during	fetal	development	has	 lasting	negative	consequences	for	the	offspring’s	
health.	Extrapolating	this	to	current	pregnancies	implies	that	the	environment	of	the	developing	
embryo	 is	 of	 importance.	 There	 are	 studies	 showing	 that	 undernutrition	 during	 the	 earliest	
phases	of	pregnancy,	even	before	implantation,	can	permanently	increase	the	offspring’s	blood	
pressure24.	 This	 suggests	 that	 even	 the	 very	early	pre-implantation	embryo	environment	may	
have	long	term	consequences	for	the	health	of	the	individual.	An	increasing	body	of	evidence	
suggests	 that	 this	 is	 the	 case	 for	 assisted	 reproductive	 techniques	 (ART).	 Randomly	 assigning	
embryos	to	two	different	commercially	available	IVF	culture	media	showed	a	difference	in	mean	
birth	weight	of	200	grams25.	 Long	 term	 follow	up	of	 children	born	after	assisted	 reproductive	
techniques	has	demonstrated	that	IVF	children	have	higher	systolic	and	diastolic	blood	pressure	
and	higher	 fasting	glucose	 levels	 compared	 to	controls	 conceived	spontaneously26.	Total	body	
fat	also	seems	to	be	increased27.	Girls	born	after	ICSI	pregnancies	are	more	adipose	at	puberty	
compared	 to	 girls	 born	 after	 spontaneous	 pregnancies28.	 Recently,	 alterations	 in	 vessel	 wall	
properties	have	been	shown	among	ART	children29.
	 In	 this	 thesis	 we	 discussed	 the	 outcomes	 of	 pregnancies	 complicated	 by	 hyperemesis	
gravidarum.	Recently,	the	first	 long	term	consequences	of	this	condition	have	been	described.	
Offspring	exposed	 to	hyperemesis	gravidarum	 in	utero	was	 significantly	more	 likely	 to	have	a	
psychological	 and	 behavioral	 disorder	 compared	 to	 unexposed	 siblings.	 Depression,	 bipolar	
disorder	and	anxiety	were	the	most	frequent	reported	disorders30.	This	finding	strengthens	our	
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conclusion	that	children	born	after	pregnancies	that	are	complicated	by	hyperemesis	should	be	
followed	up	to	document	the	long	term	consequences	of	the	condition.	
	 Not	only	in	the	field	of	ART	or	hyperemesis	gravidarum,	but	more	in	general	for	all	studies	
comparing	interventions	during	pregnancy	to	improve	neonatal	health,	the	focus	should	expand	
to	outcomes	later	in	life.	Follow	up	studies	should	investigate	whether	children	born	after	these	
pregnancies	 have	 an	 altered	 cardiometabolic	 risk	 profile	 due	 to	 influences	 during	 the	 crucial	
phases	in	early	life.
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Dit	proefschrift	gaat	over	de	“fetal	origins”	hypothese.	Deze	hypothese	stelt	dat	ondervoeding	
van	de	 foetus	tijdens	belangrijke	perioden	van	groei	 en	ontwikkeling	 kan	 leiden	 tot	blijvende	
aanpassingen	 in	de	 fysiologie	en	de	structuur	van	het	 lichaam.	Deze	aanpassingen	zouden	op	
latere	leeftijd	kunnen	leiden	tot	een	verhoogd	risico	op	ziekte.	David	Barker	heeft	deze	hypothese	
geformuleerd	in	de	jaren	80,	en	sindsdien	is	veel	bewijs	gevonden	voor	deze	hypothese;	zowel	
bewijs	uit	dierexperimenten	als	uit	grote	observationele	studies	in	mensen.	In	de	laatste	jaren	is	
veel	onderzoek	gedaan	naar	de	onderliggende	mechanismen	en	naar	de	relevantie	van	de	fetal	
origins	hypothese	voor	huidige	zwangerschappen.	Het	onderzoek	dat	wordt	beschreven	 in	dit	
proefschrift	draagt	bij	aan	dit	onderzoeksgebied.
 hoofdstuk 2 en 3 zijn	systematische	reviews	en	meta-analyses	(kwantitatieve	samenvattingen)	
die	het	beschikbare	bewijs	 samenvatten	uit	dierexperimenten	over	de	effecten	van	prenatale	
ondervoeding	op	bloeddruk	en	glucose	metabolisme.
 hoofdstuk 2 focust	op	de	effecten	van	prenatale	ondervoeding	op	het	glucose	en	 insuline	
metabolisme	 en	 op	 de	 hoeveelheid	 bèta	 cellen	 (de	 cellen	 in	 de	 alvleesklier	 die	 insuline	
produceren).	De	meta-analyse	liet	zien	dat,	ondanks	significante	heterogeniteit	,	prenatale	eiwit	
ondervoeding	leidt	tot	een	verhoogde	glucose	concentratie	in	het	bloed	(0.42	mmol/l	(95%	BI	
0.07	 tot	 0.77)).	 Zowel	 algemene	 als	 eiwit	 ondervoeding	 verlagen	de	 insuline	 concentraties	 in	
het	bloed	(algemene	ondervoeding:	-0.03	nmol/l	(95%	BI	-0.04	tot	-0.01),	eiwit	ondervoeding:	
-0.04	nmol/l	 (95%	BI	 -0.08	tot	0.00))	en	de	hoeveelheid	bèta	cellen	 (algemene	ondervoeding:	
-1.24	mg	(95%	BI	-1.88	tot	-0.60),	eiwit	ondervoeding:	-0.99	mg	(95%	BI	-1.67	tot	-0.31)).
 hoofdstuk 3 is	een	meta-analyse	en	geeft	een	systematisch	overzicht	van	de	wetenschappelijke	
literatuur	wat	 betreft	het	 bewijs	 uit	 dierproeven	over	 de	 relatie	 tussen	ondervoeding	 van	de	
moeder	 tijdens	 de	 zwangerschap	 en	 bloeddruk	 bij	 de	 nakomelingen.	 Deze	meta-analyse	 laat	
zien	 dat	 zowel	 algemene	 ondervoeding	 als	 eiwit	 ondervoeding	 van	 de	moeder	 leidt	 tot	 een	
verhoogde	systolische	bloeddruk	 (algemene	ondervoeding:	14.5	mmHg,	95%	BI	10.8	 tot	18.3;	
eiwit	ondervoeding:	18.9	mmHg,	95%	BI	16.1	tot	21.8)	en	verhoogde	gemiddelde	arteriële	druk	
(algemene	ondervoeding:	5.0	mmHg,	95%	BI	1.4	tot	8.6;	eiwit	ondervoeding:	10.5	mmHg,	95%	
BI	6.7	to	14.2).	Diastolische	bloeddruk	was	alleen	verhoogd	na	eiwit	ondervoeding	(9.5	mmHg,	
95%	 BI	 2.6	 tot	 16.3),	 terwijl	 algemene	 ondervoeding	 geen	 effect	 had.	 Ondanks	 significante	
heterogeniteit	toont	deze	meta-analyse	aan	dat,	in	verschillende	diersoorten,	ondervoeding	van	
de	moeder	over	het	algemeen	leidt	tot	een	verhoogde	bloeddruk	bij	de	nakomelingen.
	 In	hoofdstuk 4	wordt	de	relatie	tussen	handknijpkracht	en	blootstelling	aan	de	Hongerwinter	
voor	de	geboorte	onderzocht.	Het	is	bekend	dat	handknijpkracht	een	maat	is	voor	gezondheid,	
en	aangezien	het	Hongerwinteronderzoek	heeft	laten	zien	dat	mensen	die	voor	de	geboorte	zijn	
blootgesteld	aan	de	Hongerwinter	minder	gezond	zijn,	was	onze	hypothese	dat	hand	knijpkracht	
wellicht	 verminderd	 zou	 zijn	 bij	 deze	 mensen.	 Het	 tegenovergestelde	 bleek;	 wij	 vonden	 dat	
mannen	die	 zeer	vroeg	tijdens	de	ontwikkeling	waren	blootgesteld	aan	ondervoeding	grotere	
knijpkracht	hadden	dan	mannen	die	niet	waren	blootgesteld	aan	ondervoeding	voor	de	geboorte.	
De	relatie	werd	grotendeels	verklaard	door	lengte	op	volwassen	leeftijd.
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In	hoofdstuk 5 hebben	wij	 onderzocht	 of	 epigenetische	 veranderingen	 een	 rol	 spelen	 bij	 de	
gezondheidseffecten	die	zijn	gevonden	bij	de	mensen	die	voor	de	geboorte	zijn	blootgesteld	aan	
de	Hongerwinter.	Methylering,	één	van	de	epigenetische	mechanismen,	regelt	de	aansturing	van	
genen,	en	bepaalt	zo	of	een	gen	actief	is	of	niet.	Het	idee	is	dat	invloeden	vroeg	in	het	leven	een	
“epigenetische	afdruk”	achterlaten	op	genen.	In	deze	studie	hebben	wij	vier	genen	onderzocht	
die	allen	betrokken	zijn	bij	hart-	en	vaatziekten	en	bij	metabole	aandoeningen.	Wij	hebben	geen	
bewijs	gevonden	dat	blootstelling	aan	de	Hongerwinter	voor	de	geboorte	leidt	tot	veranderingen	
in	 de	methylering	 van	 deze	 genen.	 Dit	 betekent	 dat	 de	 verhoogde	 gevoeligheid	 voor	 ziekten	
die	eerder	is	gevonden	bij	de	mensen	die	blootgesteld	waren	aan	de	Hongerwinter	niet	wordt	
gemedieerd	 door	 veranderde	 methylering	 van	 deze	 genen.	 In	 deze	 studie	 hebben	 wij	 wel	
gevonden	dat	methylering	wordt	beïnvloed	door	lifestyle	factoren	zoals	roken,	BMI	en	beweging.	
Dit	suggereert	dat	invloeden	later	in	het	leven	methylering	ook	nog	kunnen	beïnvloeden.	
 hoofdstuk 6	beschrijft	het	verband	tussen	methylering	van	de	glucocorticoid	receptor	en	de	
stress	reactie	bij	mensen	die	voor	hun	geboorte	waren	blootgesteld	aan	de	Hongerwinter.	We	
vonden	dat	verminderde	methylering	van	de	receptor	was	geassocieerd	met	een	verminderde	
stress	 reactie;	 dit	 bleek	 uit	 lagere	 cortisol	 spiegels	 en	 lagere	 hartslagstijging	 bij	 stress.	 De	
gevonden	 associaties	 konden	 grotendeels	 worden	 verklaard	 door	 verschillen	 in	 levensstijl	 en	
opleidingsniveau.
	 In	hoofdstuk 7 hebben	we	onderzocht	of	de	kinderen	van	mensen	die	voor	hun	geboorte	
waren	blootgesteld	aan	de	Hongerwinter	minder	gezond	waren	dan	de	kinderen	van	mensen	
die	niet	waren	blootgesteld	aan	de	Hongerwinter	voor	hun	geboorte.	Met	andere	woorden;	of	
de	gevolgen	van	blootstelling	aan	de	Hongerwinter	voor	de	geboorte	wordt	overgedragen	aan	
de	volgende	generatie.	Wij	hebben	gevonden	dat	kinderen	van	mannen	die	blootgesteld	waren,	
een	hoger	BMI	hadden	dan	kinderen	van	mannen	die	niet	waren	blootgesteld.	Bij	kinderen	van	
vrouwen	werden	geen	effecten	gevonden.	In	de	relatief	jonge	onderzoeksgroep	konden	we	geen	
verschillen	vinden	op	het	gebied	van	ziekte	of	gezondheid.	Maar	het	resultaat	dat	kinderen	van	
blootgestelde	mannen	 dikker	 zijn	 zou	 een	 eerste	 teken	 kunnen	 zijn	 van	 een	 verhoogd	 ziekte	
risico	in	de	toekomst.
 hoofdstuk 8	beschrijft	een	systematische	review	en	meta-analyse	van	alle	beschikbare	studies	
over	hyperemesis	gravidarum	(HG)	en	de	effecten	op	de	kinderen.	HG	is	ernstige	misselijkheid	
en	braken	in	het	begin	van	de	zwangerschap.	Deze	aandoening	zou	gezien	kunnen	worden	als	
een	vorm	van	ondervoeding	van	de	foetus	vertoont	daarmee	gelijkenis	met	de	voedingstoestand	
van	de	foetus	na	blootstelling	aan	de	Hongerwinter.	Studies	over	HG	gaan	voornamelijk	over	de	
behandeling	van	de	zwangere,	er	zijn	weinig	gegevens	over	de	gevolgen	voor	de	kinderen	die	na	
een	dergelijke	zwangerschap	worden	geboren.	In	onze	studie	vonden	wij	dat	HG	geassocieerd	is	
met	laag	geboortegewicht,	te	klein	gewicht	voor	de	termijn	en	prematuriteit.	HG	komt	relatief	
vaker	voor	bij	zwangerschappen	van	meisjes	dan	jongens.	Behalve	een	patiënt-controle	waarin	
een	associatie	tussen	zaadbalkanker	en	HG	werd	beschreven	is	er	weinig	bekend	over	de	lange	
termijn	gevolgen	van	HG	voor	de	kinderen.
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Allereerst	 een	 woord	 van	 dank	 aan	 alle	 deelnemers	 aan	 dit	 onderzoek,	 de	 mensen	 van	 het	
Hongerwinter	cohort.	Het	is	heel	bijzonder	dat	velen	van	hen,	en	hun	kinderen	(opnieuw)	bereid	
waren	deel	te	nemen.	
	 Mijn	 promotoren,	 Prof.dr.	 P.M.M.	 Bossuyt,	 en	 Prof.dr.	 J.A.M.	 van	 der	 Post,	 beste	 Patrick	
en	 Joris,	 hartelijk	 bedankt	 voor	 jullie	 betrokkenheid	 bij	 dit	 onderzoek.	 Van	 jullie	 deskundig	
commentaar	werden	de	stukken	alleen	maar	beter.
	 Dr.	R.C.	Painter,	beste	Rebecca.	Zonder	jou	was	dit	boekje	er	nooit	geweest,	jij	was	het	die	
mij	naar	het	AMC	haalde	vanuit	Alkmaar.	Knap	hoe	je	met	zo’n	drukke	agenda	altijd	tijd	vond	om	
betrokken	te	zijn	bij	alle	stukken,	dank	je!
	 Dr.	T.J.	Roseboom,	beste	Tessa.	Ik	had	me	geen	betere	begeleider	kunnen	wensen!	Dit	project	
was	niet	altijd	makkelijk,	en	het	heeft	veel	gevergd	van	onze	diplomatieke	kwaliteiten.	We	hebben	
heel	wat	gezucht	en	soms	gemopperd,	maar	gelukkig	konden	we	er	uiteindelijk	altijd	om	lachen!	
Het	was	een	groot	plezier	om	met	je	samen	te	werken.
	 Mijn	 mede-Hongerwinter-onderzoekers,	 Susan	 en	 Annet.	 Susan,	 wat	 ontzettend	 fijn	 dat	
jij	 terugkwam	 bij	 het	 onderzoek.	 Behalve	 dat	 het	 erg	 handig	was	 om	 iemand	 in	 de	 buurt	 te	
hebben	die	alles	over	het	onderzoek	wist	was	het	vooral	heel	erg	gezellig.	Zowel	op	de	KEBB	
als	 op	 congres-reisjes	 en	ook	buiten	het	werk.	 Ik	wens	 je	heel	 veel	 succes	met	 jouw	verdere	
wetenschappelijke	carrière.
	 Annet,	de	start	was	misschien	wat	stroef,	maar	al	snel	konden	wij	het	prima	vinden.	Onderzoek	
doen	wordt	een	stuk	 leuker	als	 je	het	samen	doet,	en	 jij	was	de	 ideale	onderzoekspartner	(of	
moet	ik	zeggen	‘mattie’?).	We	hebben	samen	heel	wat	leuke	reisjes	gemaakt	waar	ik	met	veel	
plezier	op	terugkijk,	het	weekend	in	Southampton	samen	met	Fleur	en	Inge	was	superleuk!
	 Inge,	 Esther,	 Mariska,	 Teodora,	 Lotty	 en	 alle	 andere	 KEBB-collega’s,	 bedankt	 voor	 de	
gezelligheid,	op	en	buiten	het	werk.
	 Gré,	spil	van	de	KEBB,	dank	je	voor	je	praktische	hulp,	zeker	deze	laatste	maanden.
	 Gynaecologen,	 collega-assistenten,	 verpleegkundigen,	 poli-medewerkers	 en	 alle	 anderen	
van	 de	 afdeling	 Gynaecologie	 en	 Verloskunde	 in	 het	 Zaans	Medisch	 Centrum,	 vanaf	 dag	 één	
voelde	ik	me	op	mijn	plek	in	Zaandam,	dank	daarvoor!
	 Mijn	paranimfen,	Carianne	en	Fleur.	Carianne,	 toevallig	kwamen	wij	allebei	 terecht	 in	Het	
Paars	Kot	18	jaar	geleden.	Ondanks	het	feit	dat	ik	Antwerpen	na	een	aantal	jaren	verliet	bleef	
onze	vriendschap.	Ik	bewonder	jouw	carrière,	en	ben	blij	dat	je	mijn	paranimf	bent.
	 Fleur,	jij	schreef	het	ook	al,	vanaf	dag	één	op	de	KEBB	onafscheidelijk,	dat	is	toch	wel	heel	
bijzonder!	Mijn	KEBB-tijd	heeft	me	behalve	dit	proefschrift	ook	een	goede	vriendin	opgeleverd	
(ook	al	ben	jij	wat	meer	‘roze’	en	ik	wat	meer	‘grijs’..),	en	daar	ben	ik	blij	om!	Fijn	dat	jij	naast	me	
staat	bij	mijn	verdediging.
	 Manon	en	Liesbeth,	altijd	gezellig	als	we	elkaar	zien!	Er	zijn	al	heel	wat	etentjes,	uitjes	 in	
Amsterdam	en	daarbuiten	en	vakanties	geweest,	en	nu	dit	proefschrift	af	is	zullen	er	nog	velen	
volgen.	Manon,	nu	mijn	congres-reisjes	voorbij	zijn	zullen	we	zelf	vakantiebestemmingen	moeten	
verzinnen.
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Alle	andere	vrienden	en	vriendinnen,	dank	voor	jullie	vriendschap!
	 Lieve	mama,	jij	en	papa	hebben	ons	altijd	gesteund	in	alle	keuzes	die	wij	maakten.	Zonder	die	
vrijheid	was	dit	boekje	er	niet	geweest.	Het	is	jammer	dat	papa	dit	niet	mee	heeft	kunnen	maken.	
Annemarie	en	Hans,	Saskia	en	Jurjen,	het	al	altijd	gezellig	als	wij	bij	elkaar	zijn,	bedankt	voor	jullie	
belangstelling.	Anne	en	Hans,	ik	ben	benieuwd	naar	mijn	kleine	neefje!
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Marjolein	Veenendaal	werd	op	21	januari	1976	geboren	in	Ermelo	als	oudste	in	een	gezin	van	
drie	dochters.	Zij	bracht	haar	jeugd	door	in	Leiderdorp,	McLean	(VS)	en	Apeldoorn.
	 Na	 de	 middelbare	 school	 werd	 zij	 uitgeloot	 en	 begon	 zij	 in	 Antwerpen	 aan	 de	 studie	
Geneeskunde.	 Na	 drie	 jaar	 hield	 zij	 het	 daar	 voor	 gezien,	werd	 opnieuw	 uitgeloot	 en	 startte	
in	 1998	 met	 de	 studie	 Medische	 Biologie	 aan	 de	 Universiteit	 van	 Amsterdam.	 Deze	 studie	
werd	 in	2002	cum laude	afgesloten.	 In	2001	werd	zij	uiteindelijk	 toch	 ingeloot	voor	de	studie	
Geneeskunde	aan	de	Universiteit	van	Amsterdam.	In	2006	behaalde	zij	haar	artsexamen	en	ging	
werken	als	ANIOS	in	het	Medisch	Centrum	Alkmaar.	Na	een	jaar	begon	zij	op	de	afdeling	Klinische	
Epidemiologie,	Biostatistiek	en	Bioinformatica	in	het	AMC	aan	het	promotieonderzoek	dat	heeft	
geleid	tot	dit	proefschrift.	
	 Op	1	januari	2012	begon	zij	aan	de	opleiding	tot	gynaecoloog	in	het	Zaans	Medisch	Centrum.




