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Abstract

Background: Non-communicable diseases (NCDs) are the leading cause of death and disability globally, while
malnutrition presents a major global burden. An increasing body of evidence suggests that poor maternal nutrition
is related to the development of NCDs and their risk factors in adult offspring. However, there has been no
systematic evaluation of this evidence.

Methods: We searched eight electronic databases and reference lists for primary research published between 1
January 1996 and 31 May 2016 for studies presenting data on various dimensions of maternal nutritional status
(including maternal exposure to famine, maternal gestational weight gain (GWG), maternal weight and/or body
mass index (BMI), and maternal dietary intake) during pregnancy or lactation, and measures of at least one of three
NCD metabolic risk factors (blood pressure, blood lipids and blood glucose) in the study population of offspring
aged 18 years or over. Owing to high heterogeneity across exposures and outcomes, we employed a narrative
approach for data synthesis (PROSPERO= CRD42016039244, CRD42016039247).

Results: Twenty-seven studies from 10 countries with 62,607 participants in total met our inclusion criteria. The
review revealed considerable heterogeneity in findings across studies. There was evidence of a link between
maternal exposure to famine during pregnancy with adverse blood pressure, blood lipid, and glucose metabolism
outcomes in adult offspring in some contexts, with some tentative support for an influence of adult offspring
adiposity in this relationship. However, the evidence base for maternal BMI, GWG, and dietary intake of specific
nutrients during pregnancy was more limited and revealed no consistent support for a link between these
exposures and adult offspring NCD metabolic risk factors.

Conclusion: The links identified between maternal exposure to famine and offspring NCD risk factors in some
contexts, and the tentative support for the role of adult offspring adiposity in influencing this relationship, suggest
the need for increased collaboration between maternal nutrition and NCD sectors. However, in view of the current
scant evidence base for other aspects of maternal nutrition, and the overall heterogeneity of findings, ongoing
monitoring and evaluation using large prospective studies and linked data sets is a major priority.
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What is already known and what this review adds
We identified several non-systematic, narrative reviews
that focused largely on the developmental origins of
metabolic risk factors and NCD outcomes [1-6]. In
terms of reviews that discussed evidence, two supported
a link between maternal undernutrition and overnutri-
tion and offspring NCDs. In contrast, a recent systematic
review of maternal overnutrition found no consistent
support for a link with cardiovascular risk factors in
adult offspring [7].

To our knowledge, this is the first systematic review to
examine the relationship between various dimensions of
maternal nutritional status during pregnancy or lactation
and blood pressure, blood lipids, and glucose metabol-
ism in adult offspring. Our findings support an associ-
ation between maternal gestational exposure to famine
and offspring metabolic NCD risk factors in some con-
texts, but reveal no consistent support for a relationship
between maternal gestational weight gain (GWG), ma-
ternal weight or body mass index (BMI), or maternal
dietary intake and offspring NCD risk factors. Our find-
ings also show some tentative support for an influence
of adult offspring adiposity in the maternal exposure to
famine—offspring NCD risk factor relationship. Import-
antly, our review exposes the paucity of the current evi-
dence base and considerable heterogeneity across
studies.

Background

Malnutrition represents one of the greatest global health
challenges of our time. In 2015, approximately 462 mil-
lion adults worldwide were underweight and 264 million
women of reproductive age were affected by iron-
amenable anaemia, while 1.9 billion adults were either
overweight or obese [8]. This co-existence of undernu-
trition and over-nutrition, or ‘double burden of malnu-
trition’, is of particular concern in lower middle-income
countries (LMIC).

Meanwhile, unprecedented rates of economic and in-
come growth, urbanisation, and globalisation have led to
a rapid rise in the burden of non-communicable diseases
(NCDs), principally cardiovascular disease (CVD), can-
cers, chronic respiratory diseases, and diabetes. NCDs
are now the world’s leading cause of death and disability,
responsible for 71% of deaths and 60% of disability-
adjusted life years (DALYs) globally in 2015, with the
burden of premature deaths from these diseases also felt
disproportionately in low- and lower middle-income
countries (LLMIC) [9].

Unhealthy diets constitute the largest behavioural risk
factor for NCDs, with 30% of global NCD deaths and
18% of NCD DALYs attributable to dietary risk factors
[9]. Mounting clinical, experimental, and epidemiological
evidence suggests that the influence of dietary nutrition
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on the development of NCDs operates at multiple stages
throughout the life-course, and moreover, between gen-
erations. Specifically, it seems that sub-optimal maternal
nutrition before and during pregnancy can induce
changes in foetal development that predispose offspring
in later life to immediate NCD metabolic risk factors
such as raised blood pressure, high blood lipid levels,
impaired glucose tolerance, and overweight/obesity, and
in turn NCDs [1, 2, 5, 6, 10].

A number of narrative reviews have explored this
relationship, with the focus on the underlying theory
and potential mechanisms [1-6]. Discursive reviews of
the evidence on maternal undernutrition during preg-
nancy have suggested a link with offspring risk of
NCDs [5, 6]. Reviews of the evidence on maternal
overnutrition have been more mixed, with some find-
ing a link with the development of offspring NCDs
and risk factors [5, 6], and others finding no consist-
ent associations [7]. To our knowledge, no study has
systematically reviewed the relationship between vari-
ous dimensions of maternal nutritional status during
pregnancy and lactation and the development of
metabolic risk factors for NCDs in adult offspring.

Such a review is needed to identify critical windows
and intervention focus points for NCD prevention, and
to inform the future work of maternal nutrition and
NCD sectors. It is also an appropriate time to conduct
such a review, given the declaration by the United Na-
tions General Assembly of 2016 to 2025 as the Decade
of Action on Nutrition [11], the respective SDG targets
to end all forms of malnutrition and reduce premature
NCD mortality by one third by 2030 [12], and the
current international focus on collaboration across dif-
ferent sectors. Accordingly, this paper aims to systemat-
ically assess the evidence on the relationship between
maternal nutritional status during pregnancy and lacta-
tion and three metabolic NCD risk factors—elevated
blood pressure, high blood lipid levels, and impaired glu-
cose tolerance—in adult offspring.

Methods

Search strategy and selection criteria

We conducted a systematic review following PRISMA
guidelines (Additional file 1) [13]: PROSPERO regis-
tration numbers: CRD42016039244, CRD42016039247.
We searched CINAHL, Cochrane Database of System-
atic Reviews, Cochrane Register of Controlled Trials,
Database of Abstracts of Reviews of Effects, MEDL
INE, EMBASE, Web of Science, and Global Health
for all studies that included primary data published
between 1 January 1996 and 31 May 2016. We also
reviewed the reference lists of reviews identified dur-
ing screening and of included papers. We did not re-
view grey literature. We used English search terms
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(Additional file 2) but placed no restrictions on the
publication language, populations assessed, or study
design.

The study population was adult offspring (age 18 years
and over). The exposure variable was maternal nutri-
tional status during pregnancy or lactation. We defined
maternal nutritional status broadly to include maternal
exposure to famine (measured by proxy indicators, such
as the official daily rations for the population aged 21
years and over combined with birth date); maternal ges-
tational weight gain (GWG); maternal weight and/or
body mass index (BMI); and maternal dietary intake.
The outcome variable was NCD metabolic risk factors in
adult offspring. Specifically, we studied three NCD meta-
bolic risk factors: blood pressure, blood lipid levels/me-
tabolism, and blood glucose levels/metabolism (the
specific outcome indicators for each study are presented
in Table 1). We did not study outcome measures of off-
spring overweight/obesity, taking the view that the very
large volume of studies on this outcome merited a separ-
ate, future systematic review.

We included records if they presented summary
estimate data on one or more indicators of maternal
nutritional status during pregnancy or lactation, and
measures of at least one of the three NCD metabolic
risk factors for offspring aged 18 years or over. We
excluded studies if they did not include a measure of
maternal nutritional status, or did not include a
measure of one of the three NCD metabolic risk fac-
tors in adult offspring, were not primary research, or
were conducted in animals. In addition, we did not
include studies that focused on mothers with pre-
existing medical conditions, or a diagnosis of pre-
eclampsia or gestational diabetes during pregnancy,
since we were interested in the link between mothers’
nutritional status and offspring NCD metabolic risk
factors in the general population. A specific focus on
the interaction between nutrition and underlying
medical conditions in this relationship would have
added a level of complexity due to the range of
possible medical conditions.

Jessie Pullar (JP), Karla-Maria Perez-Blanco (KP), and
Katharine Noonan (KN) independently screened the
titles and abstracts of the initial 21,659 records. The
Cohen’s «x statistic was calculated at 10% intervals
(approximately every 2000 papers) to check percentage
agreement. Once Cohen’s x exceeded 0.75 (excellent
agreement [41]), KP, and KN screened all remaining
records. Uncertainties were brought to JP, Kremlin
Wickramasinghe (KW), and Nick Townsend (NT), and
disagreements were resolved by group consensus. Eliza-
beth Wilkins (EW) and JP then reviewed all records se-
lected for full text review, resolving any uncertainties by
group consensus with KW and NT.
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Data extraction

From each included full-text study, EW and JP ex-
tracted information on study type; nature of sample,
including sample size and percentage male; offspring
age; maternal nutrition exposure measures; offspring
metabolic risk factor outcomes; and results. Ambigu-
ities were resolved by group consensus. Where data
were unclear or incomplete, the authors were con-
tacted by email, and the study excluded if the infor-
mation was unavailable.

We used a modified, design-specific versions of the
Newcastle-Ottawa scale to assess the quality of included
studies (Additional file 3). The scoring system was based
on the selection of study groups, comparability of
groups, ascertainment of exposure and outcome mea-
sures, and methods to control for confounders.

The main outcomes extracted were differences in
blood pressure, blood lipid, and glucose metabolism in-
dicators for offspring of mothers with different levels of
a given nutritional indicator (see Table 1 for the specific
outcome indicators for each study). We also planned,
where possible, to investigate how the findings were in-
fluenced by the specific risk factor outcome, offspring
sex, gestational timing of exposure, and adult offspring
adiposity. We assessed within-study variability in our
quality scoring when considering the repeatability of
measuring instruments. Owing to the heterogeneity of
the design and outcome measures of included studies, a
meta-analysis was not conducted. Instead, narrative syn-
thesis of data was conducted by EW, with studies
grouped by outcome measure. We used Microsoft Excel
to calculate simple descriptive statistics.

Ethical clearance

Ethical clearance was not required as this is a systematic
review of literature, and anonymised data were used
throughout.

Results

We identified 23,291 records from our database
search and 214 records from other sources, yielding
21,659 records after the removal of duplicates. Fol-
lowing initial screening of these 21,659 records, we
reviewed 116 full-text articles, 27 of which met our
inclusion criteria (Fig. 1).

The included studies were published between 1996
and 2015 and included 62,607 participants in total.
Overall, ten countries were represented: seven from the
World Health Organization’s (WHO) European Region,
two from the Western Pacific Region, and one from the
Region of the Americas. When classified by World Bank
income group, there were seven high-income economies,
two upper-middle-income economies, and one lower-
middle-income economy. Seventeen studies were cohort
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Table 1 Summary of study characteristics
Site Study Number of Age of Exposure Outcome
design participants adult
offspring at
follow-up
De Rooij Netherlands Cohort 672 58 Famine Glucose metabolism (FPG, 120
et al. [14] minute glucose)
De Rooij Netherlands Cohort 783 58 Famine Blood pressure (SBP, DBP)
et al. [15] Blood lipids
Glucose metabolism
Huang China Cohort 33247 (total 32 Famine Blood pressure (prevalence of
et al. [16] N=35025) hypertension)
Lietal. [17] China 2959 (total ~ 43-45 Famine Glucose metabolism: FPG,
N=7874) prevalence of hyperglycemia
Ravelli et al. Netherlands Cohort 702 51-55 Famine Glucose metabolism (FPG, 30
[18] minute glucose, 120 minute
glucose)
Blood lipids
Roseboom  Netherlands Cohort 739 51-55 Famine Blood pressure (SBP, DBP)
etal. [19]
Roseboom  Netherlands Cohort 704 50 Famine Blood lipids (total cholesterol,
et al. [20] LDL, HDL, LDL:HDL, Apo-AT,
Apo-B)
Stanner Russia Cross- 549 52-53 Famine Blood pressure: SBP, DBP
et al. [21] sectional
Stein et al.  Netherlands Cohort 971 56-62 Famine Blood pressure (SBP, DBP,
[22] prevalence of hypertension)
Wang et al. China Cross- 2420 (total 52-53 Famine Blood pressure: (SBP, DBP,
[23] sectional N=6445) prevalence of hypertension)
Blood lipids
Glucose metabolism
Zheng China Cross- 3696 (total  44-51 Famine Blood pressure (SBP, DBP,
et al. [24] sectional N=5040) prevalence of hypertension)
Blood lipids
Glucose metabolism
Loos et al.  Belgium Cross- 800 18-34 GWG, ppBMI Glucose metabolism (FPG, fasting
[25] sectional plasma proinsulin, fasting plasma
insulin, HOMA-IR, HOMA)
Mamun Australia Cohort 2271 21 GWG Blood pressure (SBP, DBP)
et al. [26]
Hochner Israel Cohort 1130 32 GWG, ppBMI Blood pressure (SBP, DBP)
et al. [27] Blood lipids
Glucose metabolism
Hrolfsdottir  Denmark Cohort 308 19-20 GWG Blood pressure (SBP, DBP)
et al. [28] Blood lipids
Glucose metabolism
Mi et al. China Cross- 627 41-47 GWG Blood pressure(SBP, DBP,
[29] sectional BMI prevalence of hypertension)
Blood lipids
Glucose metabolism
Scheers- Sweden Cohort 9816 183 GWG Blood pressure (SBP, DBP,
Andersson prevalence of hypertension)
et al. [30]
Webb et al. Guatemala  Longitudinal 450 21-29 GWG, BMI, dietary  Blood pressure (SBP, DBP)
[31] intake (protein
and micronutrient
supplementation)
Hochner Israel Cohort 1130 32 GWG, ppBMI Blood pressure (SBP, DBP)
et al. [27] Blood lipids

Glucose metabolism
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Table 1 Summary of study characteristics (Continued)
Site Study Number of Age of Exposure Outcome
design participants adult
offspring at
follow-up
Loos et al.  Belgium Cross- 800 18-34 GWG, ppBMI Glucose metabolism (FPG, fasting
[25] sectional plasma proinsulin, fasting plasma insulin, HOMA-IR, HOMA)
Mi et al. China Cross- 627 41-47 GWG, BMI Blood pressure (SBP, DBP)
[29] sectional Blood lipids
Glucose metabolism

Webb et al. Guatemala  Longitudinal 450 21-29 GWG, BMI, dietary  Blood pressure (SBP, DBP)
[31] intake (protein

and micronutrient

supplementation)
Campbell UK Cohort 253 406 Maternal dietary Blood pressure (SBP, DBP)
et al. [32] intake: protein,

animal protein,

fat, carbohydrate,

calcium, vitamin

A, thiamine,

riboflavin, niacin,

vitamin C
Conlisk Guatemala  Longitudinal 429 244 Maternal dietary ~ Glucose metabolism (FPG)
et al. [33] intake: protein

and micronutrient

supplementation
Danielsen  Denmark Cohort 428 20 Maternal dietary Blood pressure (SBP, DBP)
et al. [34] intake: GI, GL Blood lipids

Glucose metabolism

Macleod UK RCT 118 22-23 Maternal dietary ~ Blood pressure (SBP, DBP)
et al. [35] intake: protein Blood lipids

and carbohydrate  Glucose metabolism

supplementation
Roseboom  Netherlands Cohort 739 50 Maternal dietary ~ Blood pressure (SBP, DBP)
et al. [36] intake: protein/

carbohydrate ratio
Rytter et al. Denmark RCT 243 18-19 Maternal dietary Blood lipids (total cholesterol, LDL, HDL, TAG, Apo-ATl,
[37] intake; fish oil Apo-B)

supplementation
Rytter et al. Denmark RCT 180 19 Maternal dietary Blood pressure (SBP, DBP)
[38] intake: fish oil

supplementation
Rytter et al. Denmark Cohort 443 19-20 Maternal dietary Blood pressure (SBP, DBP)
[39] intake: fish oil

supplementation
Shiell etal. UK Cohort 626 27-30 Maternal dietary ~ Blood pressure (SBP, DBP)
[40] intake: meat and

fish consumption

plus low

carbohydrate
Webb et al. Guatemala  Longitudinal 450 21-29 GWG, BMI, dietary  Blood pressure (SBP, DBP)

31]

intake (protein
and micronutrient
supplementation)

GWG, gestational weight gain; BMI, body mass index; ppBMI, pre-pregnancy body mass index; Gl, GlycFPG = Fasting Plasma Glucose; SBP, systolic blood pressure;
DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TAG, triacylglycerides; HOMA-IR, homeostatic model assessment for
insulin resistance

studies, seven were case-control studies, and three were
randomised-controlled trials (RCTs). In total, there were

16  high-quality
(Additional file 4), indicating a low risk of bias overall. =~ BMI, and maternal dietary intake. No studies

and 11 medium-quality

studies

Each of the included studies addressed one or more
of four maternal nutrition exposures: maternal expos-
ure to famine, maternal GWG, maternal weight or
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Records identified through
database searching

Additional records identified
through other sources
(n=214)

Identification

(n=23,291)

1

removed
(n=21,659)

Records after duplicates

21,543 records excluded

No maternal nutrition factor 8486

Screening

l

Pre-existing maternal condition 794

No offspring risk factor measure 10554

Records screened

Not primary research 958
Animal Study 751

-

89 full-text articles excluded

No maternal nutrition factor

(n =21,659)
E ﬂ
3
= Full-text articles assessed for
w -
eligibility
(n =116)

Pre-existing maternal condition
No offspring risk factor measured
Animal Study

Outcome measured in <18 years
Pertinent to review but relevant data unavailable (after

(ST

~

7

U

author contact)
Other* 1

review

(n=27)

Studies included in systematic

Fig. 1 PRISMA flow diagram of systematic review results

*Abeelen et al (2011) studied the association between placenta size and hypertension in offspring. Exposure
to famine was investigated as a potential mediating factor but was not an exposure.

measured maternal nutritional status during lactation.
The characteristics of included studies are summarised in
Table 1; more in-depth findings are presented in the
Supplementary Table 1 (Additional file 5).

Maternal exposure to famine

Eleven studies examined the association between mater-
nal exposure to famine (measured by proxy indicators,
such as the official daily rations for the population aged
21 years and over combined with birth date) and NCD
metabolic risk factors in adult offspring. Six of these
studies were of high quality and five were of medium
quality. There were six cohort studies of the Dutch fam-
ine of 1944—1945, four studies of the Great Chinese fam-
ine of 1958-1961, and one study of the 1941-1944
Leningrad siege. Seven of the eleven studies reported on
offspring blood pressure outcomes, five on blood lipid
outcomes, and seven on glucose metabolism outcomes.
Four of the eleven studies, including the single study of the
Leningrad siege, found no significant differences in blood
pressure [15, 16, 19, 21], blood lipids [21], or indicators of
glucose metabolism [15, 21] between offspring exposed to
famine in utero and unexposed offspring. Conversely, seven
studies, five of the Dutch famine and two of the Chinese
famine, revealed significantly higher blood pressure and/or
prevalence of hypertension [22—24], adversely altered blood

lipids [15, 20, 23, 24], and impaired glucose metabolism [14,
18, 23, 24] in fetally exposed versus non-exposed offspring.
There was no clear evidence of a difference in the nature of
the relationship for different NCD risk factor outcomes.
From the included studies, there was no clear evi-
dence of differences by sex of the offspring. Of the
four papers that stratified findings by sex, two stud-
ies—both of the Chinese famine—observed signifi-
cantly higher blood pressure and blood lipids in
exposed versus non-exposed female but not male off-
spring [23, 24]; one study of the Dutch famine found
the reverse, namely significantly lower high-density li-
poproteins (HDL), which is associated with higher
NCD risk, in exposed versus not exposed male but
not female offspring [15]; while another study of
blood pressure outcomes in offspring of mothers ex-
posed to the Dutch famine revealed no significant sex
differences [22]. There was no clear evidence from
the included studies of differences by timing of gesta-
tional exposure. Of the five studies—all of the Dutch
famine—that stratified results by gestational timing of
exposure, two found that offspring blood pressure
outcomes were independent of the timing of gesta-
tional exposure to famine [14, 19], two found a more
atherogenic blood lipid profile in offspring exposed to
famine in early compared to later gestation [14, 20],
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and one found that offspring exposed to famine in
later gestation had the highest rates of impaired glu-
cose tolerance [18].

However, there was some tentative support for a role
of adult offspring adiposity in influencing the maternal
exposure to famine—offspring NCD risk factor relation-
ship. Of the studies that measured the influence of adult
offspring adiposity or indicators of postnatal nutritional
abundance [15, 17, 18, 20-22], several supported a role
of this variable in the relationship between maternal ex-
posure to famine and NCD risk factors in adult off-
spring. A study of the Chinese famine found evidence
that the association between foetal exposure to severe
famine and the risk of adult hyperglycemia seemed to be
exacerbated in subjects who consumed an energy-dense
diet as adults [17]. A study of the Dutch famine found
that the relationship between gestational exposure to
famine and adult hypertension was attenuated following
adjustment for adult waist circumference, with authors
suggesting that this demonstrated a potential mediating
role for this variable in the association [22], and another
study of the Dutch famine found that while in utero ex-
posure to famine was associated with glucose tolerance
at all adult body mass indices, the highest plasma glu-
cose concentrations were found in those exposed partici-
pants who became obese in adulthood [18]. It is also
worth noting that while the study of the Leningrad Siege
found no difference between subjects exposed to famine
in utero versus infancy in glucose tolerance, insulin con-
centration, blood pressure, lipid concentration, or coagu-
lation factors, the authors did find evidence, in female
subjects, of a significantly stronger association between
obesity and systolic and diastolic blood pressure in those
subjects who had been exposed to famine in utero,
which they interpreted as suggesting that foetal exposure
to famine and adult obesity may operate in synergy to
increase the risk of hypertension [21].

Maternal gestational weight gain (GWG)

Seven studies examined the relationship between ma-
ternal GWG and NCD metabolic risk factors in adult
offspring [25-31]. Four of these also examined the im-
pact of maternal BMI [25, 27, 29, 31]. Six studies were
of high quality and one was of medium quality. Six
measured offspring blood pressure outcomes, three
blood lipid outcomes, and four glucose metabolism
outcomes. Overall, only two of the seven studies re-
vealed a significant association between measures of
maternal weight gain during pregnancy and offspring
NCD metabolic risk factors [27, 28]. One of these—a
Danish cohort study of 308 19-20-year-old males—
found significant positive associations between GWG
during the first 30 weeks of gestation (GWG30) and
adult offspring systolic blood pressure (SBP), plasma
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insulin and homeostatic model assessment for insulin
resistance (HOMA-IR) (for men only), and significant
negative associations between GWG30 and adult off-
spring total cholesterol and low-density lipoprotein
(LDL) cholesterol levels [28]. The other study found
positive relationships between unadjusted maternal
GWG and adult offspring blood pressure and triglycer-
ide concentrations, although these associations were at-
tenuated to non-significance following adjustment for
adult offspring BMI [27]. The remaining five studies
found no significant relationship between maternal
GWG and offspring blood pressure [26, 29-31], blood
lipids [29], or glucose metabolism [25, 29].

There was no clear difference in the results of included
studies according to specific NCD metabolic risk factor
outcome. Only two studies reported results stratified by
sex, but the findings were not consistent. There was insuf-
ficient evidence from the included studies to draw conclu-
sions about the role of gestational timing of exposure in
the GWG-NCD risk factor relationship. Three studies ex-
plored the influence of offspring adiposity [26-28]. Of
these, two cohort studies from Israel and Denmark re-
spectively found that the significant positive associations
between GWG and offspring NCD risk factors were sig-
nificantly attenuated following adjustment for offspring
adult BMI and leptin levels respectively [27, 28]. In the
remaining Australian cohort study, the association be-
tween GWG and offspring blood pressure, while not sig-
nificant in itself, was consistent in size with the
association of maternal GWG with offspring BMI and of
offspring BMI with their blood pressure, further support-
ing an influence of adult adiposity in the relationship [26].

Maternal weight/body mass index (BMI)

Four studies investigated the association between mater-
nal weight or BMI prior to or during pregnancy and off-
spring NCD risk factors [25, 27, 29, 31]. These studies
examined maternal BMI as a continuous variable and
did not analyse results for low’ and ‘high’ maternal BMI
specifically. All were of high quality. Three examined
blood pressure outcomes [27, 29, 31], two blood lipid
outcomes [27, 29], and three glucose metabolism out-
comes [25, 27, 29]. The findings were mixed. Two stud-
ies revealed significant inverse associations between
maternal BMI and offspring NCD risk factors [25, 29].
One of these—a cross-sectional study from China—
found significant inverse associations between maternal
BMI at 15 weeks’ gestation and total cholesterol, LDL
cholesterol, 120-min glucose, and 12-min insulin, al-
though it found no significant associations with offspring
blood pressure, HDL cholesterol, or fasting glucose or
insulin levels [29]. The other—a cross-sectional study
from Belgium—revealed significant inverse associations
between maternal pre-pregnancy BMI (mppBMI) and
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proinsulin, B-cell function, fasting insulin (for females
only), and insulin resistance (for females only), but not
with fasting plasma glucose [25]. Neither of these studies
found significant associations between maternal GWG
and offspring risk factor outcomes. A cohort study from
Israel revealed a significant positive association between
mppBMI and offspring blood pressure, although this
was attenuated to non-significance after adjusting for
adult offspring BMI [27]. The final longitudinal study
found no significant relationship between maternal non-
pregnant BMI (>5.5 months post-partum) and offspring
blood pressure [31]. There is insufficient evidence
from this small number of heterogeneous studies to
suggest differences in the effect of maternal BMI by
offspring risk factor type. Only one study reported
results by sex [25].

Maternal dietary intake

Ten studies examined the relationship between various
aspects of maternal dietary intake on the blood pressure
of adult offspring. Five were of high quality, and five of
medium quality. The findings were again heterogeneous.
Of the five studies that measured levels of maternal pro-
tein and carbohydrate intake [31-33, 35, 36], only one—
a longitudinal study from Guatemala—found a signifi-
cant association with offspring NCD risk factors [33].
This study revealed an inverse relationship between pre-
natal energy intake from supplement and adult fasting
plasma glucose, although only in women. However, of
the three studies that examined the link between the bal-
ance of protein and carbohydrate in the maternal diet
and offspring blood pressure, all revealed a significant
association [32, 36, 40]. One—a cohort study from
Scotland—found that when mothers’ animal protein in-
take was below 50g/day, an increase in carbohydrate in-
take was linked with higher offspring blood pressure,
while at high daily protein intakes above 50g, greater
carbohydrate intake was associated with lower offspring
blood pressure [32]. A Dutch cohort study also reported
a significant inverse association between the ratio of pro-
tein/carbohydrate in mothers’ diets and offspring SBP, in
the third trimester specifically [36], while a second Scot-
tish cohort study found that increasing maternal con-
sumption of meat and fish in the context of a high
protein-low carbohydrate diet in the second half of preg-
nancy was linked with significantly higher adult offspring
blood pressure [40]. Of the three studies (two RCTs and
one cohort study from the same authors in Denmark)
that examined maternal gestational fish oil supplementa-
tion, none found a significant association with offspring
blood pressure [38, 39], blood lipids [37, 39], or glucose
metabolism [39]. A single Danish cohort study that mea-
sured maternal glycemic index (GI) during pregnancy
found a significant positive relationship with offspring
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total cholesterol and HDL cholesterol (borderline), but
not with LDL cholesterol, blood pressure, or glucose
metabolism [34]. There was insufficient information
from these diverse studies to draw conclusions about
differential effects by sex and/or gestational timing of
exposure, nor about the influence of adult offspring
adiposity.

Discussion

This systematic review reveals considerable heterogen-
eity in findings across studies of the impact of various
aspects of maternal nutritional status during pregnancy
on NCD risk factors in adult offspring. There is evidence
of a link between maternal exposure to famine during
pregnancy and adverse blood pressure, blood lipid, and
glucose metabolism outcomes in adult offspring in some
contexts. The evidence base for maternal BMI and
GWG is more limited and currently reveals no consist-
ent support for a link between either of these exposures
and adult offspring NCD metabolic risk factors. Simi-
larly, there is no indication from the currently limited
evidence base of a relationship between the absolute
levels of specific maternal dietary nutrients and off-
spring NCD risk factor outcomes, although there is
some tentative support for a possible link between
the balance of protein and carbohydrate in the mater-
nal diet and offspring blood pressure. This warrants
further investigation. There is insufficient evidence
from the included papers to assess the influence of
offspring sex or gestational timing of exposure. The
findings do, however, show some tentative support for
an influence of offspring adiposity in the maternal ex-
posure to famine—offspring NCD risk factor relation-
ship, with several studies reporting stronger
associations for offspring with high adult adiposity, or
a significant attenuation of associations when control-
ling for this variable.

To our knowledge, this is the first study to systematic-
ally review the evidence on the relationship between
maternal nutrition during pregnancy and the develop-
ment of three key NCD metabolic risk factors in adult
offspring. Our finding of a link between maternal expos-
ure to famine and offspring NCD risk factors in some
contexts is consistent with the findings of existing narra-
tive reviews on the topic [5, 6]. This relationship could
be driven by the ‘predictive adaptive response hypoth-
esis’, a form of developmental plasticity in which in
utero and early life conditions prompt the development
of a phenotype which is adaptive in a ‘predicted’ later life
environment [42]. However, where the predicted envir-
onment does not match the offspring’s actual later life
environment (e.g. where the in utero/early life environ-
ment is nutritionally scarce, but the later life environ-
ment is nutritionally rich), the phenotype developed (e.g.
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one suitable for a nutritionally scarce environment) can
be maladaptive, leading to deleterious health conse-
quences in adulthood [42]. The mechanisms underlying
this plasticity are likely to be multifactorial, but could in-
clude alterations in cell number and/or cell type [43, 44],
altered maternal hypothalamic-pituitary-adrenal axis
activity [45], epigenetic regulation of gene expression
[46, 47], and reduced oxidative capacity [48].

The absence of evidence from our included studies
of a link between maternal BMI and GWG align with
the results of a recent non-systematic review, which
found no consistent associations between maternal
BMI and CVD risk factors in adults [7]. Our findings
in several papers of stronger associations between ma-
ternal exposure to famine and offspring NCD risk fac-
tors in offspring with high adult adiposity, and the
attenuation of associations when controlling for adult
adiposity, are consistent with the hypothesis that the
impact of development in utero depends strongly on
the postnatal environment [42]. Where poor in utero
nutrition is combined with later life exposure to obe-
sogenic environments, the effects in terms of off-
spring’s NCD risk factors and outcomes are likely to
be most severe. This is particularly concerning given
the rapid nutritional transitions taking place within
many developing countries at present.

One key observation to emerge from this systematic
review is that of inconsistencies in the results of papers
apparently measuring the same maternal nutrition
exposure and offspring NCD risk factor. Such mixed
findings may stem from differences in sample popula-
tion, study design including offspring age at follow-up,
variation in definitions or measurements, confounding
variables, and contextual factors, particularly postnatal
environmental life exposures. For the famine studies, for
instance, the fact that significant associations were
observed for most studies of the Chinese and Dutch
famines but not the Leningrad siege might reflect the
fact that the former two famines were preceded and
followed by sufficient nutrition, whereas the population
exposed to the latter was largely malnourished before
the siege and remained malnourished for an extended
period afterwards [21].

The main strengths of this review lie in its systematic
approach and comprehensive scope. Our methodology
was designed to capture all studies on a wide range of
maternal nutrition exposures and three of the four
main NCD metabolic risk factors. To our knowledge,
this is true of no other study to date. One consequence
of this broad scope, however, is the inclusion of hetero-
geneous exposure and outcome measures, which limit
our ability to synthesise findings. Moreover, the large
volume of data returned precludes an in-depth analysis
of each risk factor.
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In terms of individual studies, the risk of residual con-
founding is a major source of bias. Important potential
confounders include fixed genetic variants common to
both mothers and offspring, as well as shared postnatal
dietary and lifestyle factors. Whilst ethical considerations
restrict the use of strict RCTs to minimise confounding
in dietary studies, sibling comparison studies present an
opportunity to reduce confounding due to familial/gen-
etic factors. There was considerable loss to follow-up in
many cohort studies, a trade-off of the need for long
follow-up periods in the assessment of NCD risk factor
outcomes. A further source of bias relates to the ascer-
tainment of maternal nutritional exposures. Most exist-
ing famine studies lack reliable information about the
food intake of individuals during the famine period.
Moreover, associations are complicated by the absence
of appropriate tools to measure dietary intake accurately
in humans.

One of the main contributions of this systematic re-
view is its exposure of the paucity of the current evi-
dence base on the intergenerational links of maternal
nutrition during pregnancy and NCD risk factors in
adult offspring. Existing studies are drawn dispropor-
tionately from high-income countries, particularly in the
European Region, which limits the generalisability of the
findings. Moreover, while a number of studies have ex-
amined the effects of maternal gestational exposure to
famine, our search revealed no records investigating the
effects of chronic energy deficiency, arguably a more
prevalent problem in LMICs today. There are also rela-
tively few studies investigating maternal BMI, GWG,
and specific dietary factors, making it difficult to draw
clear conclusions about the role of these influences on
offspring NCD risk factors. Furthermore, no studies ex-
amined the impact of maternal nutrition during lacta-
tion. Each of these constitute priority areas for future
research, particularly the area of nutrition during lacta-
tion given the potential capacity of good nutrition during
this time period to offset negative effects of poor nutri-
tional exposure in utero [49]. Future studies that stratify
results by sex and gestational timing of exposure and the
measurement of postnatal environmental factors will be
important, as will research to elucidate the biological
mediators and mechanisms underlying the observed
associations.

This systematic review reveals considerable heterogen-
eity in findings across studies. The evidence supports a
link between maternal exposure to famine during preg-
nancy and offspring NCD metabolic risk factors in some
contexts, with some tentative support for an influence of
adult offspring adiposity in this relationship. Based on
an admittedly more limited evidence base, there is no
consistent support for relationships between maternal
GWG, maternal BMI, or maternal dietary intake and
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NCD risk factors in adult offspring. Overall, our findings
support calls for increased collaboration between mater-
nal nutrition and NCD sectors but suggest that a greater
focus on research is needed to identify how these two
sectors can work together to support each other’s aims.

Conclusion and recommendations

Despite calls for increased collaboration and integration of
policies and programmes between the maternal nutrition
and NCD sectors, there remains weak evidence on the link.
Findings of a link between maternal exposure to fam-
ine during pregnancy and offspring NCD risk factors in
some contexts, plus some evidence of a role of adult adi-
posity in influencing this relationship, suggest there is po-
tential for significant co-benefits from collaboration.
However, more research and evidence are needed to inform
how NCD and maternal health sectors can work together
to achieve the Sustainable Development Goals (SDGs).

Abbreviations

BMI: Body mass index; DALYs: Disability-adjusted life years; GWG: Gestational
weight gain; GWG30: Gestational weight gain during the first 30 weeks of
gestation; Gl: Glycemic index; HDL: High-density lipoproteins; HOMA-

IR: Homeostatic model assessment for insulin resistance; LLMIC: Low- and
lower middle-income countries; LDL: Low-density lipoprotein; LMIC: Lower
middle-income countries; mppBMI: Maternal pre-pregnancy BMI; NCDs: Non-
communicable diseases; RCTs: Randomised-controlled trials;

SDGs: Sustainable Development Goals; SBP: Systolic blood pressure;

WHO: World Health Organization

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/541043-021-00241-2.

Additional file 1. PRISMA checklist.
Additional file 2. Search terms.

Additional file 3. Quality scoring rubic.
Additional file 4. Quality Assessment Scores.

Additional file 5. Supplementary Table 1. Findings by maternal nutrition
exposure.

Acknowledgements

The WHO gratefully acknowledges the financial contribution of The Bill &
Melinda Gates Foundation towards the development of systematic reviews
of the evidence on the effects of nutrition interventions.

Role of the funding source
The funder had no input as to the study.

Authors’ contributions

KW and NT conceptualised and designed the project. NR developed the
search strategy and searched databases; KP, KN, EW, and JP systematically
reviewed the literature, extracted and analysed the data, and drafted and
revised the manuscript. KW, NT, and AD critically revised the manuscript. All
authors read and approved the final manuscript.

Funding

This piece of work was commissioned by the World Health Organization
(WHO). EW, KW, and NT were funded by the British Heart Foundation (006/
P&C/CORE/2013/OXFSTATS). JP was funded by the World Health
Organization (OUC13647). NR was employed by the Bodleian Health Care
Libraries.

Page 10 of 11

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

We declare no competing interests. The authors alone are responsible for
the views expressed in this article and they do not necessarily represent the
views, decisions, or policies of the institutions with which they are affiliated.

Author details

'Centre on Population Approaches for NCD Prevention, University of Oxford,
Oxford, UK. ?VicHealth, Carlton, Victoria, Australia. *Health Library, Nuffield
Department of Population Health, University of Oxford, Oxford, UK. “Centre
on Migration, Policy and Society (COMPAS), University of Oxford, Oxford, UK.
°Department of Health, Western Australia, Perth, Australia. ®Department for
Health, University of Bath, Bath BA2 7AY, UK.

Received: 13 February 2018 Accepted: 23 March 2021
Published online: 26 April 2021

References

1. Bruce K, HWM. The developmental origins, mechanisms, and implications of
metabolic syndrome. J Nutr. 2010;140(3):648-52. https://doi.org/10.3945/jn.1
09.111179.

Rinaudo P, Wang E. Fetal programming and metabolic syndrome. Ann Rev
Physiol. 2012;74(1):107-30. https://doi.org/10.1146/annurev-physiol-020911-1
53245.

3. Symonds ME, Sebert SP, Hyatt MA, Budge H. Nutritional programming of
the metabolic syndrome. Nat Rev Endocrinol. 2009;5(11):604-10. https://doi.
0rg/10.1038/nrendo0.2009.195.

4. Wells J. The thrifty phenotype as an adaptive maternal effect. Biol Rev Camb
Philos Soc. 2007;82(1):143-72. https://doi.org/10.1111/}.1469-185X.2006.
00007 x.

5. Pasternak Y, Aviram A, Proaz I, Hod M. Maternal nutrition and offspring's
adulthood NCDs: a review. J Maternal Fetal Neonatal Med. 2013;26(5):439—
44, https://doi.org/10.3109/14767058.2012.745505.

6. Carolan-Olah M, Duarte-Gardea M, Lechuga J. A critical review: early life
nutrition and prenatal programming for adult disease. J Clin Nurs. 2015;
24(23-24):3716-29. https://doi.org/10.1111/jocn.12951.

7. Godfrey KM, Reynolds RM, Prescott SL, Nyirenda M, Jaddoe VWV, Eriksson
JG, et al. Influence of maternal obesity on the long-term health of offspring.
Lancet Diabetes Endocrinol. 2017;5(1):53-64. https://doi.org/10.1016/52213-
8587(16)30107-3.

8. World Health Organization. The double burden of malnutrition. Policy brief.
Geneva: World Health Organization; 2017.

9. Institute for Health Metrics and Evaluation. Global Burden of Disease Results
Tool. 2015 [cited 2017 21 June 2017.]; Available from: http://ghdx.healthda
ta.org/gbd-results-tool.

10.  Godfrey K. The 'developmental origins' hypothesis: epidemiology. In:
Gluckman P, Hanson M, editors. Developmental Origins of Health and
Disease. Cambridge: Cambridge University Press; 2006. p. 6-32.

11. UN General Assembly. United Nations Decade of Action on Nutrition (2016-
2025). Seventieth session Agenda Item 15. 2016. https://reliefweb.int/sites/
reliefweb.int/files/resources/N1608648.pdf.

12. UN General Assembly. Transforming our world: the 2030 Agenda for
Sustainable Development. Seventieth session Agenda Items 15 and 116. 2016.
https//www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E.

13. Moher D, Liberati A, Tetzlaff J, Altman DG, for the PRISMA Group. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA
statement. BMJ. 2009;339(ul21 1):b2535. https://doi.org/10.1136/bmj.b2535.

14.  De Rooij SR, et al. Glucose tolerance at age 58 and the decline of glucose
tolerance in comparison with age 50 in people prenatally exposed to the
Dutch famine. Diabetologia. 2006;49(4):637-43. https.//doi.org/10.1007/
500125-005-0136-9.


https://doi.org/10.1186/s41043-021-00241-2
https://doi.org/10.1186/s41043-021-00241-2
https://doi.org/10.3945/jn.109.111179
https://doi.org/10.3945/jn.109.111179
https://doi.org/10.1146/annurev-physiol-020911-153245
https://doi.org/10.1146/annurev-physiol-020911-153245
https://doi.org/10.1038/nrendo.2009.195
https://doi.org/10.1038/nrendo.2009.195
https://doi.org/10.1111/j.1469-185X.2006.00007.x
https://doi.org/10.1111/j.1469-185X.2006.00007.x
https://doi.org/10.3109/14767058.2012.745505
https://doi.org/10.1111/jocn.12951
https://doi.org/10.1016/S2213-8587(16)30107-3
https://doi.org/10.1016/S2213-8587(16)30107-3
http://ghdx.healthdata.org/gbd-results-tool
http://ghdx.healthdata.org/gbd-results-tool
https://reliefweb.int/sites/reliefweb.int/files/resources/N1608648.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/N1608648.pdf
https://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1007/s00125-005-0136-9
https://doi.org/10.1007/s00125-005-0136-9

Wilkins et al. Journal of Health, Population and Nutrition

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

de Rooij SR, Painter RC, Holleman F, Bossuyt PMM, Roseboom TJ. The
metabolic syndrome in adults prenatally exposed to the Dutch famine. Am
J Clin Nutr. 2007;86(4):1219-24. https://doi.org/10.1093/ajcn/86.4.1219.
Huang C, Li Z, Wang M, Martorell R. Early life exposure to the 1959-1961
Chinese famine has long-term health consequences. J Nutr. 2010;140(10):
1874-8. https//doi.org/10.3945/jn.110.121293.

Li'Y,He Y, Qi L, Jaddoe VW, Feskens EJM, Yang X, et al. Exposure to the
Chinese famine in early life and the risk of hyperglycemia and type 2
diabetes in adulthood. Diabetes. 2010;59(10):2400-6. https://doi.org/10.233
7/db10-0385.

Ravelli ACJ, van der Meulen J, Michels RPJ, Osmond C, Barker DJP, Hales CN,
et al. Glucose tolerance in adults after prenatal exposure to famine. The
Lancet. 1998;351(9097):173-7. https://doi.org/10.1016/50140-673
6(97)07244-9.

Roseboom T, van der Meulen J, Ravelli A, van Montfrans G, Osmond C,
Barker DBO. Blood pressure in adults after prenatal exposure to famine. J
Hypertension. 1999;17(3):325-30. https://doi.org/10.1097/00004872-19991
7030-00004.

Roseboom T, van der Meulen J, Osmond C, Barker D, Ravelli A, Bleker O.
Plasma lipid profiles in adults after prenatal exposure to the Dutch famine.
Am J Clin Nutr. 2000;72(5):1101-6. https://doi.org/10.1093/ajcn/72.5.1101.
Stanner SA, Bulmer K, Andres C, Lantseva OE, Borodina V, Poteen W, et al.
Does malnutrition in utero determine diabetes and coronary heart disease
in adulthood? Results from the Leningrad siege study, a cross sectional
study. Bmj. 1997,315(7119):1342-8. https://doi.org/10.1136/bmj.315.711
9.1342.

Stein AD, Zybert PA, van der Pal-de Bruin K, Lumey LH. Exposure to famine
during gestation, size at birth, and blood pressure at age 59 Y: evidence
from the Dutch famine. Eur J Epidemiol. 2006;21(10):759-65. https://doi.
0rg/10.1007/510654-006-9065-2.

Wang N, et al. "The famine exposure in early life and metabolic syndrome
in adulthood”. Clin Nutr. 2017;36(1):253-9.

Zheng X, Wang Y, Ren W, Luo R, Zhang S, Zhang JH, et al. Risk of metabolic
syndrome in adults exposed to the great Chinese famine during the fetal
life and early childhood. Eur J Clin Nutr. 2012;66(2):231-6. https://doi.org/1
0.1038/ejcn.2011.161.

Loos RJF, Phillips DIW, Fagard R, Beunen G, Derom C, Mathieu C, et al. The
influence of maternal BMI and age in twin pregnancies on insulin resistance
in the offspring. Diabetes Care. 2002;25(12):2191-6. https://doi.org/10.2337/
diacare.25.12.2191.

Mamun AA, O'Callaghan M, Callaway L, Williams G, Najman J, Lawlor DA.
Associations of gestational weight gain with offspring body mass index and
blood pressure at 21 years of age. Circulation. 2009;119(13):1720-7. https://
doi.org/10.1161/CIRCULATIONAHA.108.813436.

Hochner H, et al. Associations of maternal prepregnancy body mass index
and gestational weight gain with adult offspring cardiometabolic risk
factors. Jerusalem Perinatal Family Follow-Up Study. 2012;125(11):1381-9.
Hrolfsdottir L, Rytter D, Olsen SF, Bech BH, Maslova E, Henriksen TB, et al.
Gestational weight gain in normal weight women and offspring cardio-
metabolic risk factors at 20 years of age. Int J Obes. 2015;39(4):671-6.
https.//doi.org/10.1038/ij0.2014.179.

Mi J, Law C, Zhang KL, Osmond C, Stein C, Barker D. EFfects of infant
birthweight and maternal body mass index in pregnancy on components
of the insulin resistance syndrome in china. Ann Internal Med. 2000;132(4):
253-60. https://doi.org/10.7326/0003-4819-132-4-200002150-00002.

Scheers Andersson E, Tynelius P, Nohr EA, Sgrensen TIA, Rasmussen F. No
association of maternal gestational weight gain with offspring blood
pressure and hypertension at age 18 years in male sibling-pairs: a
prospective register-based cohort study. PLOS ONE. 2015;10(3):e0121202.
https://doi.org/10.1371/journal.pone.0121202.

Webb AL, Conlisk AJ, Barnhart HX, Martorell R, Grajeda R, Stein AD. Maternal
and childhood nutrition and later blood pressure levels in young
Guatemalan adults. Int J Epidemiol. 2005;34(4):898-904. https://doi.org/10.1
093/ije/dlyi097.

Campbell DM, Hall MH, Barker DJP, Cross J, Shiell AW, Godfrey KM. Diet in
pregnancy and the offspring's blood pressure 40 years later. BJOG. 1996;
103(3):273-80. https://doi.org/10.1111/}.1471-0528.1996.tb09718 x.

Conlisk AJ, Barnhart HX, Martorell R, Grajeda R, Stein AD. Maternal and child
nutritional supplementation are inversely associated with fasting plasma
glucose concentration in young Guatemalan adults. J Nutr. 2004;134(4):890-
7. https://doi.org/10.1093/jn/134.4.890.

(2021) 40:20

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 11 of 11

Danielsen |, Granstréom C, Haldorsson T, Rytter D, Hammer Bech B, Henriksen
TB, et al. Dietary glycemic index during pregnancy is associated with
biomarkers of the metabolic syndrome in offspring at age 20 years. PloS
one. 2013;8(5):e64887. https.//doi.org/10.1371/journal.pone.0064887.
Macleod J, Tang L, Hobbs FDR, Wharton B, Holder R, Hussain S, et al. Effects
of nutritional supplementation during pregnancy on early adult disease risk:
follow up of offspring of participants in a randomised controlled trial
investigating effects of supplementation on infant birth weight. PloS one.
2013;8(12):¢83371. https://doi.org/10.1371/journal pone.0083371.

Roseboom T, van der Meulen JHP, van Montfrans G, Ravelli ACJ, Osmond C,
Barker D, et al. Maternal nutrition during gestation and blood pressure in
later life. J Hypertension. 2001;19(1):29-34. https://doi.org/10.1097/00004
872-200101000-00004.

Rytter D, Schmidt EB, Bech BH, Christensen JH, Henriksen TB, Olsen SF. Fish
oil supplementation during late pregnancy does not influence plasma lipids
or lipoprotein levels in young adult offspring. Lipids. 2011;46(12):1091-9.
https://doi.org/10.1007/511745-011-3606-5.

Rytter D, Christensen JH, Bech BH, Schmidt EB, Henriksen TB, Olsen SF. The
effect of maternal fish oil supplementation during the last trimester of
pregnancy on blood pressure, heart rate and heart rate variability in the 19-
year-old offspring. Br J Nutr. 2012;108(8):1475-83. https.//doi.org/10.1017/
S0007114511006799.

Rytter D, Bech BH, Halldorsson T, Christensen JH, Schmidt EB, Danielsen |,
et al. No association between the intake of marine n-3 PUFA during the
second trimester of pregnancy and factors associated with cardiometabolic
risk in the 20-year-old offspring. Br J Nutr. 2013;110(11):2037-46. https.//doi.
0rg/10.1017/50007114513001335.

Shiell AW, Campbell-Brown M, Haselden S, Robinson S, Godfrey KM, Barker
DJP. High-meat, low-carbohydrate diet in pregnancy. Hypertension. 2001;
38(6):1282-8. https.//doi.org/10.1161/hy1101.095332.

Fleiss JL, Levin B, Paik MC. The measurement of interrater agreement. In:
Statistical Methods for Rates and Proportions: John Wiley & Sons, Inc; 2004.
p. 598-626.

Bateson P, Gluckman P, Hanson M. The biology of developmental plasticity
and the Predictive Adaptive Response hypothesis. J Physiol. 2014;592(11):
2357-68. https://doi.org/10.1113/jphysiol 2014.271460.

Snoeck A, Remacle C, Reusens B, Hoet JJ. Effect of a low protein diet during
pregnancy on the fetal rat endocrine pancreas. Neonatology. 1990,57(2):
107-18. https://doi.org/10.1159/000243170.

Gopalakrishnan GS, et al. Influence of maternal pre-pregnancy body
composition and diet during early-mid pregnancy on cardiovascular
function and nephron number in juvenile sheep. Br J Nutr. 2007,94(6):
938-47.

Meaney MJ, Szyf M, Seckl JR. Epigenetic mechanisms of perinatal
programming of hypothalamic-pituitary-adrenal function and health. Trends
Mol Med. 2007;13(7):269-77. https://doi.org/10.1016/j.molmed.2007.05.003.
Dunford AR, Sangster JM. Maternal and paternal periconceptional nutrition
as an indicator of offspring metabolic syndrome risk in later life through
epigenetic imprinting: A systematic review. Diabetes Metab Syndr. 2017;17:
39198-1.

Zeisel S. Epigenetic mechanisms for nutrition determinants of later health
outcomes. Am J Clin Nutr. 2009;89(5):14885-93S. https://doi.org/10.3945/a
jcn.2009.271138B.

Desai M, Byrne C, Zhang J, Petry C, Lucas A, Hales C. Programming of
hepatic insulin-sensitive enzymes in offspring of rat dams fed a protein-
restricted diet. Am J Physiol. 1997,272(5 Pt1):G1083-90.

Plagemann A, Harder T, Franke K, Kohlhoff R. Long-term impact of neonatal
breast-feeding on body weight and glucose tolerance in children of
diabetic mothers. Diabetes Care. 2002,25(1):16-22. https://doi.org/10.2337/
diacare.25.1.16.

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


https://doi.org/10.1093/ajcn/86.4.1219
https://doi.org/10.3945/jn.110.121293
https://doi.org/10.2337/db10-0385
https://doi.org/10.2337/db10-0385
https://doi.org/10.1016/S0140-6736(97)07244-9
https://doi.org/10.1016/S0140-6736(97)07244-9
https://doi.org/10.1097/00004872-199917030-00004
https://doi.org/10.1097/00004872-199917030-00004
https://doi.org/10.1093/ajcn/72.5.1101
https://doi.org/10.1136/bmj.315.7119.1342
https://doi.org/10.1136/bmj.315.7119.1342
https://doi.org/10.1007/s10654-006-9065-2
https://doi.org/10.1007/s10654-006-9065-2
https://doi.org/10.1038/ejcn.2011.161
https://doi.org/10.1038/ejcn.2011.161
https://doi.org/10.2337/diacare.25.12.2191
https://doi.org/10.2337/diacare.25.12.2191
https://doi.org/10.1161/CIRCULATIONAHA.108.813436
https://doi.org/10.1161/CIRCULATIONAHA.108.813436
https://doi.org/10.1038/ijo.2014.179
https://doi.org/10.7326/0003-4819-132-4-200002150-00002
https://doi.org/10.1371/journal.pone.0121202
https://doi.org/10.1093/ije/dyi097
https://doi.org/10.1093/ije/dyi097
https://doi.org/10.1111/j.1471-0528.1996.tb09718.x
https://doi.org/10.1093/jn/134.4.890
https://doi.org/10.1371/journal.pone.0064887
https://doi.org/10.1371/journal.pone.0083371
https://doi.org/10.1097/00004872-200101000-00004
https://doi.org/10.1097/00004872-200101000-00004
https://doi.org/10.1007/s11745-011-3606-5
https://doi.org/10.1017/S0007114511006799
https://doi.org/10.1017/S0007114511006799
https://doi.org/10.1017/S0007114513001335
https://doi.org/10.1017/S0007114513001335
https://doi.org/10.1161/hy1101.095332
https://doi.org/10.1113/jphysiol.2014.271460
https://doi.org/10.1159/000243170
https://doi.org/10.1016/j.molmed.2007.05.003
https://doi.org/10.3945/ajcn.2009.27113B
https://doi.org/10.3945/ajcn.2009.27113B
https://doi.org/10.2337/diacare.25.1.16
https://doi.org/10.2337/diacare.25.1.16

	Abstract
	Background
	Methods
	Results
	Conclusion

	What is already known and what this review adds
	Background
	Methods
	Search strategy and selection criteria
	Data extraction
	Ethical clearance

	Results
	Maternal exposure to famine
	Maternal gestational weight gain (GWG)
	Maternal weight/body mass index (BMI)
	Maternal dietary intake

	Discussion
	Conclusion and recommendations
	Abbreviations
	Supplementary Information
	Acknowledgements
	Role of the funding source
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

