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Chapter 3 

absTracT

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	
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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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