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Abstract

Background: Maternal overnutrition during pregnancy predisposes the offspring to
cardiometabolic diseases.

Objectives: This systematic review and meta-analysis aimed to investigate the as-
sociation between maternal overnutrition and offspring's blood pressure (BP) and the
effect of offspring's obesity on this association.

Data sources: PubMed, EMBASE, Clinicaltrials.gov, CENTRAL.

Study selection and data extraction: Human studies published in English before
October 2021 were identified that presented quantitative estimates of association
between maternal overnutrition just before or during pregnancy and the offspring's
BP.

Synthesis: Random-effect model with the DerSimonian and Laird weighting method
was used to analyse regression coefficients or mean differences.

Results: After selection, 17 observational studies (140,517 mother-offspring pairs)
were included. Prepregnancy body mass index (ppBMI) showed positive correlation
with BP in offspring (regression coefficient for systolic: 0.38 mmHg per kg/mz, 95%
confidence interval (Cl) 0.17, 0.58; diastolic: 0.10 mmHg per kg/m2, 95% Cl10.05, 0.14).
These indicate 1.9 mmHg increase in systolic and 0.5 mmHg increase in diastolic BP
of offspring with every 5 kg/m2 gain in maternal ppBMI. Results on coefficients ad-
justed for offspring's BMI also showed association (systolic: 0.08 mmHg per kg/mz,
95% Cl 0.04, 0.11; diastolic: 0.03 mmHg per kg/mz, 95% CI 0.01, 0.04). Independent
from ppBMI, gestational weight gain (GWG) showed positive correlation with systolic
BP (systolic BP: 0.05 mmHg per kg, 95% CI 0.01, 0.09), but not after adjustment for
offspring's BMI. Mean systolic BP was higher in children of mothers with excessive
GWG than in those of mothers with optimal GWG (difference: 0.65 mmHg, 95% Cl
0.25, 1.05).

Conclusions: Independent from offspring's BMI, higher prepregnancy BMI may in-
crease the risk for hypertension in offspring. The positive association between GWG

and offspring's systolic BP is indirect via offspring's obesity. Reduction in maternal
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1 | BACKGROUND

The global obesity challenge is growing dramatically in reproductive-
aged women,! increasing their prepregnancy body mass index
(ppBMI). In addition, based on the US Institute of Medicine (IOM)
guidelines, about 40% of women show an excessive gestational
weight gain (GWG) according to their ppBMI in Western countries.?
Maternal obesity may influence foetal and neonatal growth by de-
velopmental programming and predispose offspring to obesity and
cardiovascular diseases including hypertension.® This programmed
elevation of blood pressure (BP) tracks from early life periods into
adulthood resulting in a global burden of cardiovascular mortality.i'4
Modulation of foetal gene expression by maternal overnutrition
seems to be more important than genetic factors in determining car-
diometabolic health in later life.>® There is a stronger association of
offspring's BMI with maternal ppBMI compared to paternal BMI.”¢
Thus, the evaluation of early life factors contributing to elevated BP
is highly relevant.

Most studies confirm a link between high ppBMI or excessive
GWG (used as proxies for early nutritional environment just
before and during pregnancy) and offspring's obesity inde-
pendent from socio-demographic and lifestyle-related fac-
tors.””? However, the data about association between maternal
overnutrition and offspring's BP remain controversial 104 Only
one systematic review has described a relationship between
ppBMI and offspring's systolic BP (SBP), which the authors
suggested may be mediated via offspring's obesity, with hyper-
tension developing as a complication of the child's obesity.*
However, recent studies suggest direct association between
ppBMI and offspring's BP independent from offspring's actual
nutritional state.'®!” These controversies could be resolved by
a meta-analysis.

Research on the impact of GWG (independent from ppBMI) on

offspring's BP is also conflicting.*?*8

It is yet to be clarified whether
the assumed effect of maternal overnutrition during pregnancy on
offspring's BP is mediated by offspring's obesity or the intrauterine
environment acts also directly on BP.}18

Therefore, we aimed to systematically review the literature and
perform a meta-analysis on the impact of maternal overnutrition
(1) just before or (2) during pregnancy on offspring's BP. We also
aimed to analyse the potential influence of offspring's obesity on
these associations and to assess the impact of maternal overnutri-

tion in different trimesters of the pregnancy. We hypothesised that
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obesity and treatment of obesity in children of obese mothers are needed to prevent

blood pressure, developmental programming, gestational weight gain, hypertension, maternal

Synopsis

Study question

We aimed to clarify the effect of the maternal overnutri-
tion just before and during pregnancy separately on off-
spring's blood pressure in a meta-analysis. In addition, we
investigated the mediating effect of offspring's obesity on

these associations.

What is already known?

Increasing evidence suggests that maternal overnutrition
during pregnancy influences the developmental program-
ming leading to cardiometabolic diseases including obesity
and hypertension in the offspring.

What this study adds?

Our meta-analysis provided evidence that higher maternal
prepregnancy body mass index is associated with higher
blood pressure even in lean offspring. We found that ex-
cessive gestational weight gain is also associated with
higher systolic blood pressure in the offspring, but it may
act indirectly via offspring's adiposity.

independent from offspring's obesity, a positive correlation exists
between maternal overnutrition just before and during pregnancy
and offspring's BP.

2 | METHODS

2.1 | Datasources and search strategies

Our search was conducted in MEDLINE, EMBASE, Clinicaltrials.
gov and CENTRAL databases until 20th October 2021 indepen-
dently by two investigators. This meta-analysis was conducted
according to a preregistered protocol, which we registered
on PROSPERO (CRD42018102622). The completed Preferred
Reporting Items for Systematic Reviews and Meta-Analyses

t19

checklist™ can be found in Table S1. Disagreements were resolved
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by a third investigator. All relevant studies were identified using
predefined search terms. The search strategy and the data extrac-

tion procedures are in the Text S1.

2.2 | Study selection

The included studies had to provide data about maternal overnutri-
tion just before or during singleton pregnancy in healthy mothers
along with offspring BP data. We excluded studies that provided
data only of mothers with preeclampsia/eclampsia and did not give
relevant data of healthy mothers. However, we included articles
which published data of mixed populations that applied proper ad-
justment for these pathological conditions. Further exclusion crite-
ria were as follows: animal experiments, non-English studies, studies
providing maternal data only after birth and twin pregnancies. We
did not use restriction on offspring's age or study design.

2.3 | Quality assessment

Risk of bias was assessed by the Quality in Prognosis Studies
(QUIPS).2° Two independent investigators performed the qual-
ity assessment separately. Disagreements were resolved by a
third author. QUIPS covers six main domains: Study Participation,
Study Attrition, Prognostic Factor Measurement, Outcome
Measurement, Study Confounding, Statistical Analysis and
Reporting. For each item of the domains, ‘yes’, ‘no’,/partly’ or ‘un-
clear’ was used. An overall rating for each domain was assigned
as carrying ‘low’, ‘moderate’ or ‘high’ risk of bias defined in the
footnote of Table S2.

2.4 | Statistical analysis

We used the random effect models with the DerSimonian and Laird
weighting method in meta-analysis to give a summary point estimate
along with a 95% confidence interval (95% Cl). With regard to the
association between maternal nutritional state and offspring's pa-
rameters, we analysed either regression coefficients or weighted
differences in means (WMD) of offspring's parameters by categories
of maternal overnutrition.

If maternal nutritional state was defined as ppBMI or GWG and
the articles provided BP increase for other than 1 unit of these pa-
rameters, we converted regression coefficients for 1 unit. When
possible, we converted standardised (beta) and unstandardised
(B) regression coefficients into one another as described earlier.?!
Since corresponding standard deviations were not always available
for this conversion, we performed analyses with both B and beta
coefficients.

To test whether the association is at least partly the direct ef-
fect of maternal overnutrition or only indirect via offspring's actual
nutritional state (eg BMI, weight, fat mass), we analysed regression

coefficients or WMDs in two models: data adjusted for offspring's
actual nutritional state (M2) and without this adjustment (M1).
Several cofactors could influence the association between ma-

ternal overnutrition and offspring's BP: maternal cofactors (age,zz’25

26-28

smoking during pregnancy, gestational age,?’"®! breast feed-

ing,%? socioeconomic status /SES/®%) or offspring's covariate (birth-

t,2934 30’35). If the available data allowed, we performed

weigh age, sex
the sensitivity analysis for these major cofactors by excluding those
studies, in which the regression coefficients were not adjusted for
these important cofactors (Text S1). Preeclampsia/eclampsia have
been shown to increase the BP in the offsprings"’; thus, it could influ-
ence the association between maternal overnutrition and offspring's
BP. Therefore, we considered it carefully during the literature selec-
tion process.

We carried out meta-analysis if data from at least three stud-
ies were available for a given association. If duplicate studies were
found in the same population, the larger population was selected for
the given data set. To assess heterogeneity, I-squared statistics were
calculated. I-squared statistics represents the percentage of effect
size heterogeneity that cannot be explained by random chance.
Heterogeneity could be interpreted as moderate (30%-60%), sub-
stantial (50%-90%) or considerable (above 75%).%” To test the
presence of publication bias (small-study effect), we assessed the
symmetry of the funnel plots visually. All statistical analyses were
performed with Comprehensive Meta-analysis Software Version 3
and Stata 11 SE.

3 | RESULTS
3.1 | Search, selection and characteristics of the
studies

Our systematic search produced 7833 records. After careful screen-
ing, 30 observational studies were eligible for qualitative synthesis.

11,16,38-48

Thirteen articles were not appropriate for meta-analysis

(flow chart, Figure 1). The reason of their exclusion can be found in
Table $3.Theremaining 17 articles were analysed'®12-1417.18,22,23:49-57
(Table 1). Fifteen of them reported ppBM|1214:18.22.23.49.52-5557
GWG (total012141751.5657 o maximum?318495052) and offspring's
BP as continuous variables and provided regression coefficients
for describing their links. Ten of these provided B coefficients and
the remaining 5 articles beta standardised coefficients (Table S4).
Adjustments of the coefficients for different maternal or offspring's
cofactors (indicated in Table S4) allowed sensitivity analyses. Five
studies excluded mothers with pathological pregnancies (maternal
hypertension or diabetes mellitus), and 4 applied proper adjustment
for these conditions (see Table S4).

Four articles (2 of them exclusively) provided data on offspring's
BP by GWG categories based on the 2009 IOM guidelines 1341756
In the majority of the studies, prepregnancy body weight was
self-reported for the assessment of ppBM|.121418:2851-57 Three
studies investigated the impact of GWG in different trimesters on
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FIGURE 1 Flow chart of the study selection procedure

offspring's BP.124%>! For the measurement of offspring's BP, stan-
dardised methods were applied in all included studies. SBP was ana-
lysed in all studies, diastolic BP (DBP) only in 14.12131718:2349-57 The
number of studies reporting mean arterial pressure or the presence
of hypertension alone or as part of metabolic syndrome was not
sufficient for statistics. Adjustment for offspring's actual nutritional
state (BMI, body weight and fat mass index) in 13 studies (Table S4)

Records Records . - Records identified Additional
— . . . . Records identified
identified identified through CENTRAL through records
= | [through PubMed || through EMBASE ditabase ClinicalTrials identified
-.% database database . database through other
s . . searching :
2 searching searching (n=82) searching sources
= (n=2137) (n=5581) (n=28) (n=5)
35
v v v v A4
—/
Records after duplicates removed (n=4765)
)
[=7:]
£
5
o Records excluded based on title and
S Records screened
> abstract
(n=4765)
(n=4516)
—
— v
Full-text articles assessed Full-text articles excluded because
- for eligibility |  theydid not meet inclusion and
= (n=249) exclusion criteria
3 (n=219)
w
v
- Studies included in 13 articles excluded:
qualitative synthesis »| - Due to the timing (15-35th
(n=30) gestational weeks or body mass index
(BMI) prior to delivery) of maternal
o weight measurement data cannot be
] v
3 pooled (n=7)
£ Studies included in - Did not provide sufficient
quantitative synthesis categorical outcomes by
(meta-analysis) prepregnancy BMI for statistical
— (n=17) analysis (n=3)
- Statistical data could not be pooled
(n=2)
- Duplicate study within the same
data source providing the same type
of outcomes of a smaller population
(n=1)

allowed the separate analysis of this variable as a potential mediating
factor (M2).

The included 17 articles were published from 1997 to 2019. Data
of 140,517 mother-offspring pairs were involved in our analysis. The
number of participants (mother-offspring pairs) ranged 70-89829
per study. Caucasians were the dominant ethnic group, mostly
from Europe and the United States. Twelve articles were prospec



EITMANN ET AL.

0'¢s

8'0S

L6y

0TS

0'1s

7’19

0'0s

S'6v

00

£0S

6’61

0'0s

Sév
019

8¢S

0'¢s

0°00T
(%) @len

S,

(60T-99) L'

LL1-L9T

8-9'S

9-G

11-¥

6-C

€87
(1eaA) 23y

sanysiia3oeeyd s Sundsyio

JU/80 T F0'2T lIngdd
an

8497 FO'TT DM
/3N L' F 6€T lNgdd

/8196 F0o'eT Ingdd
AM/33 1°0 :DMD

/3 (F'7€-T'LT) €12 ‘liNgdd
3 8'GF 6T :OMD

LW/ €% F 9°€Z liNgdd

[Ny FT
‘OMD

(as¥)
9)e]S |euol}lIINU 3Y3 JO SN|eA ueajn

0T :DMD AISSIXD

G0T :5z<Ingdd

/°/S IOMD DAISSIXD
€'G€ :Gz<Ingdd

0TS :DOMD SAISS2IXD

an
0°SY " DMD DAISSIIXD

G'1Z :Sz<Ingdd

2°LT “DOMD AISSIIXD
¥'€Z :5z<lingdd

9'62 :5z<lingdd
€85

IDMD DAISSIIXD
8'€e
:Gz<ingdd

(94) uoIIINUISAO
JO 92Ud|eARId

“(@8ueu a|134enbia)ul) UBIPAW 10 9SUEL JO UOIIBIASP PJEpUE)S F UeaW Ul passaldxa si a8y,

‘Xapul ssew Apoq Adueudaidaud ‘||Ngdd ‘ejep ou ‘gN :uie3 3y3iam [euol}eisad ‘OAND :suolleInaIqqy

v FETE

9V +6¢C

v-G1
v-GT
T's+6¢C
1€-0¢
0'GF66C
S'GF¥'8C
L'EE-EVT

8'G +6¢C

Ts+goe
LE-SC

SYFT6C

cr-LT

(9°82-2°82) '8¢

0€-6¢

€€-€¢
(1e2A) 28y

SO13S149)0BIRYD |BUIDIEN

174

(d110358€IP) BTHL
(o110354s) OE VL

(Ispow pa3snipeun) /£8
(Iopow pajsnlpe) £/0T

0L6
898
€€5°0T
81G

8vCT

(OMD) 61T
(Ing dd) ooz

T6ET
(OMD) 8TTE
(Ingdd) geLs
¥£0€

¥STS

oL

S00%

8EY

62868

9zis 9|dwes

euyd ,,'8T0z ‘wel
MN ¢'S00 ‘SHaq0Y

VSN ;710 ‘Butad
VSN ;2002 ‘U0
eljeIsny ,, ‘00T Jo|me]
[9€1S| ,'£66T “10eT

929819 ‘GTOT ‘Noljeyde.ey|
[9€JS] o;‘ZTOT 42UY20H
VSN ,5'6T0T ‘llinteH
ellesisny .. ‘9TOC ‘Pej|leD

SPUBlBYIAN BYL , ‘STOT ‘PIellleD
SPUEBISYISN 3YL ;‘0TOT ‘uewspes

AN ¢;'0T0C “J9sel
puejesz MaN ,.‘'STOT “leliaa

wnigleg

‘uapams ‘eluolsy ‘uieds ‘snudAD ‘Ajey
‘Aesuni ‘Auewtag . ‘€T0Z ‘0ssny ofj2Q

929319 1.'STOT ‘Deleq

USPaMS . ‘GTOT ‘UOSSIapuy

AJ3UN0d “4aqWnu 32U3I343J “4EdA “Uoyiny

S9IpN3s papnoul 8y} Jo soisuvloeteys 1 379VL



EITMANN ET AL.

Wi LEYJﬂ

Paediatric and

tive,10'12'14'17'22'23'49'51'53'55

and only 5 articles were retrospective
cohort studies.*®°0>43657 Al studies reported women who had full-
term pregnancies. Three studies focussed exclusively on adults (18-
32 years).'®°%57 Some studies reported data of the same population
at different time points (Project Viva and the Jerusalem Perinatal
Study).}2141852 When both studies were applicable, the larger pop-
ulation was selected for the analysis of the given data set. The ma-

jority of the studies contained pooled data of males and females.

3.2 | Study quality

Results of the risk of bias assessment are found in Table S2. ‘Study
participation’ and ‘Statistical analysis and reporting’ domains were
evaluated as low or moderate risk of bias in all studies. The domains
‘Prognostic factor measurement’ (maternal nutritional state) and
‘Outcome measurement’ (offspring's BP) were judged to carry low
risk of bias in all studies. In contrast, in 66.0% of the prospective
studies, the high dropout rate caused selection bias (‘Study attrition’).
Only 29.0% of the studies showed a high risk of bias in the domain
‘Study confounding’, since they did not report how the important

cofactors were accounted for in the analysis. One study showed the
highest risk of bias because it was rated as high risk in two domains

First author, year (Reference)

Systolic blood pressure
Perng 2014"

Gaillard 2015%
Gademan 2013”
Gaillard 2016

Daraki 2015

\L_]{-‘

Perinatal Epidemiology

(‘Study Attrition’ and ‘Study Confounding’).?® The study with the

lowest risk of bias was rated in all domains as low risk.”®

3.3 | Linear type of association between
ppBMI and offspring's BP

The analysis of studies that investigated the linear type of association
between ppBMI and offspring's BP showed strong positive correlation:
regression coefficient for systolic: 0.38 mmHg per kg/m2, 95% C1 0.17,
0.58; diastolic: 0.10 mmHg per kg/m?, 95% CI 0.05, 0.14 (Figure 2, un-
adjusted model M1). These results indicate 1.9 mmHg increase in SBP
and 0.5 mmHg increase in DBP of offspring with every 5 kg/m? gain in
maternal ppBMI. Concerning SBP sensitivity, analyses of the most im-
portant covariates provided similar results. Adjustment for breast feed-
ing abolished the associations with DBP. Similar results were obtained
when we analysed beta (standardised) regression coefficients (Table S5).
Analysis of B coefficients adjusted for the offspring's actual nu-
tritional state (adjusted model M2) also showed positive associations
(Figure 3). All covariates except for breast feeding were taken into
consideration in this analysis of DBP. The sensitivity analysis for the
important cofactors (except for breast feeding) and analysis of beta
coefficients also confirmed positive association (Table S5).

B regression coefficients o
(95% Cl) Weight

0.15 (0.15, 0,15) 13.23
0.15(0.11, 0.19) 13.17
0.16 (0.09, 0.23) 13.02
0.33(0.12,0.57) 11.36

Hochner 2012"

Roberts 2005”

Lawlor 2004%

Derraik 2015

Subtotal (I-squared = 100.0%)

Diastolic blood pressure

0.40 (-0.07,0.88)  7.61
0.44(0.15,0.73)  10.35
0.55(0.55,0.55)  13.23
0.65(0.20,0.91)  9.37

+* 0.79 (0.20, 1.00) 8.68
0.38 (0.17, 0.58) 100.00

Daraki 2015 *

Gaillard 2016 -t
Gaillard 2015" ™

Roberts 2005

Gademan 2013 ——

Hochner 2012%
Derraik 2015>

-0.07 (-0.51, 0.40) 1.10
0.00(-0.15,0.17)  7.33
0.03 (-0.03,0.08)  25.03
0.11(0.11,0.11)  37.73
0.13 (0.07,0.19)  23.90
0.29 (0.05,0.52)  3.79

. 0.44(-0.01,0.89) 1.12

Subtotal (I-squared = 57.8%) <> 0.10 (0.05, 0.14) 100.00
NOTE: Weights are from random effects analysis
| |
-1 0 1 B (mmHg per kg/m?)

FIGURE 2 Regression coefficients (B) describing the association between prepregnancy body mass index and offspring's systolic (upper
panel n = 28,682 mother-offspring pairs) or diastolic blood pressure (lower panel n = 19,385 mother-offspring pairs). The coefficients are not
adjusted for offspring's actual nutritional state (model 1). Horizontal bars indicate 95% confidence intervals (95% Cl). Diamonds show the

overall point estimate with 95% Cl
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B regression coefficients o

First author, year (Reference) (95% Cl) Weight
Systolic blood pressure
Gaillard 2016" re—— 0.04(-0.20,0.28)  1.96
Gaillard 2015% —o— 0.06 (0.00, 0.11) 17.40
Perng 2014™ . 0.06 (0.06, 0.06) 34.20
Gademan 2013% o— 0.07 (0.00, 0.14) 13.98
Hochner 2012 ——— 0.08 (-0.21, 0.36) 1.36
Fraser 2010" - 0.11(0.09, 0.13) 30.12
Lawlor 2004% . — 0.38 (0.04, 0.72) 0.97
Subtotal (I-squared = 75.2%) <> 0.08 (0.04, 0.11) 100.00
Diastolic blood pressure
Hochner 2012 -0.00(0.23,0.23)  0.36
Gaillard 2015" - 0.00 (-0.05,0.05)  8.29
Gaillard 2016" lo—— 0.02 (-0.15,0.20)  0.64
Fraser 2010" o 0.03 (0.01, 0.04) 85.37
Gademan 2013% —— 0.07 (0.01, 0.13) 5.34
Subtotal (I-squared = 0.0%) o 0.03 (0.01, 0.04) 100.00
NOTE: Weights are from random effects analysis
T T
1 0 1 B (mmHg per kg/m’)

FIGURE 3 Regression coefficients (B) adjusted for offspring's actual nutritional state (model 2) describing the association between
prepregnancy body mass index and offspring's systolic (upper panel n = 26134 mother-offspring pairs) or diastolic blood pressure (lower
panel n = 16603 mother-offspring pairs). Horizontal bars indicate 95% confidence intervals (95% Cl). Diamonds show the overall point

estimate with 95% ClI

3.4 | Linear type of association between
GWG and offspring's BP

Positive linear correlation of GWG (in all cases adjusted for ppBMI)
was detected with offspring's SBP, but not with DBP (Figure 4,
M1). This result indicates 0.05 mmHg increase in offspring's SBP
with every 1 kg GWG (independent from ppBMI). All studies in this
analysis considered maternal hypertension and diabetes (apply-
ing either exclusion or proper adjustments for these conditions).
Similar results were obtained with analysis of beta coefficients.
However, sensitivity analysis for all cofactors except for birth-
weight and SES showed weak association between GWG and SBP
(Table S5).

In model 2, analyses of B coefficients for GWG and BP demon-
strated only weak association (Figure 5, M2). These findings suggest
that maternal overnutrition during pregnancy may act indirectly via
the offspring's actual nutritional state on SBP. Additional analyses
of cofactors and analysis of beta coefficients did not change these
results (Table S5).

Although, analyses on GWG involved studies of different age
groups, the studies on the youngest and oldest offspring pre-
sented similar data. Therefore, age does not appear to influence our
results.1018
The number of available studies allowed the analysis of the first

trimester GWG only in M2. We did not find relevant association

(B for SBP: 0.02 mmHg per kg, 95% Cl -0.01, 0.04, I? = 0%; DBP:
0.02 mmHg per kg, 95% CI -0.03, 0.07; I? = 42.2%).124951

3.5 | Association between GWG (according to IOM
categories) and offspring's BP

Our categorisation-based analysis excluded offspring of mothers
with suboptimal GWG. In model M1, our meta-analysis indicated
0.65 mmHg higher mean SBP in children of mothers with excessive
GWG compared with those who gained weight within the recom-
mended range (Figure 6). In model M2, the analysis showed similar
difference with smaller reliability. These findings are in accordance
with those of the analyses of the previous linear models. Here, we
could analyse DBP only in M2 and did not find relevant difference
(0.23 mmHg, 95% Cl -0.21, 0.675).13175¢ Data of these analyses

were adjusted only for offspring's age and sex.

3.6 | Publication bias

Visual inspection of the funnel plots suggested no small-study ef-
fect except for studies of Figure 2, but analysis of beta instead of B
showed similar results. Thus, the results of our analyses appear not

to be influenced by small-study effect.
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First author, year (Reference) (95% Cl) Weight
Systolic blood pressure
Perng 2014 -0.02 (-0.12, 0.08) 14.55
Gaillard 2015* 0.02 (-0.04, 0.06) 28.09
Gaillard 2016" 0.06 (-0.01, 0.13) 20.96
Andersson 2015 0.08 (0.03, 0.11) 31.82
Hochner 2012*° 0.21 (0.00, 0.41) 4.56
Subtotal (I-squared = 53.7%) 0.05 (0.00, 0.09) 100.00
Diastolic blood pressure
Andersson 2015”° -0.02 (-0.04,0.00)  40.20
Gaillard 2015" 0.01 (-0.04, 0.06) 28.33
Gaillard 2016" 0.03 (-0.02, 0.08) 26.31
Hochner 2012"® 0.17 (0.00, 0.35) 5.16
Subtotal (I-squared = 64.5%) 0.01 (-0.03, 0.05) 100.00
NOTE: Weights are from random effects analysis
T T
-5 .5 B (mmHg per kg)

FIGURE 4 Regression coefficients (B) describing the association between gestational weight gain and offspring's systolic (upper panel
n = 96424 mother-offspring pairs) or diastolic blood pressure (lower panel n = 95587 mother-offspring pairs). The coefficients are not

adjusted for offspring's actual nutritional state (model 1). Horizontal bars indicate 95% confidence intervals (95% Cl). Diamonds show the
overall point estimate with 95% Cl

B regression coefficients

%

First author, year (Reference) (95% CI) Weight
Systolic blood pressure
Perng 2014 e -0.09 (-0.20, 0.01) 17.05
Karachaliou 2015 —_— -0.08 (-0.19, 0.04) 15.09
Gaillard 2015% 0.01 (-0.04, 0.06) 35.30
Gaillard 2016™ 0.04 (-0.04, 0.10) 26.47
Hochner 2012" 0.06 (-0.14, 0.26) 6.09
Subtotal (I-squared = 40.8%) -0.01 (-0.06, 0.04) 100.00
Diastolic blood pressure
Karachaliou 2015 0.00 (-0.08, 0.09) 15.69
Gaillard 2015% 0.01 (-0.04, 0.06) 44.36
Gaillard 2016 0.03 (-0.02, 0.08) 36.59
Hochner 2012 0.06 (-0.11, 0.23) 3.36
Subtotal (I-squared = 0.0%) 0.02 (-0.01, 0.05) 100.00
NOTE: Weights are from random effects analysis
T T
-3 3 B ( mmHg per kg)

FIGURE 5 Regression coefficients (B) adjusted for offspring's actual nutritional state (model 2) describing the association between
gestational weight gain and offspring's systolic (upper panel n = 7349 mother-offspring pairs) or diastolic blood pressure (lower panel
n = 6276 mother-offspring pairs). Horizontal bars indicate 95% confidence intervals (95% Cl). Diamonds show the overall point estimate with

95% ClI
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First author, year (Reference)

Weighted mean differences  Weight

(95% Cl) %
Unadjusted
Perng 2014" —_— 0.08 (-1.05, 1.21) 12.32
Dello Russo 2013% —_— 0.70(0.27, 1.13) 85.68
Tam 2018 2.00 (-0.80, 4.80) 2.00
Subtotal (I-squared = 0.0%) <> 0.65 (0.25, 1.05) 100.00
Adjusted
Perng 2014* e 0.07 (-1.14, 1.28) 20.08
Dello Russo 2013* —— 0.20 (-0.29, 0.69) 32.75
Fraser 2010" —_— 1.25 (0.60, 1.90) 30.03
Tam 2018" 2.00 (0.58, 3.42) 17.45
Subtotal (I-squared = 72.5%) <> 0.80 (0.00, 1.59) 100.00
NOTE: Weights are from random effects analysis
T T
-2 0 5 Weighted mean difference (mmHg)

FIGURE 6 Differencesin mean systolic blood pressure values without (model 1, upper panel n = 5213 mother-offspring pairs) and with
adjustment for offspring's actual nutritional state (model 2, lower panel n = 10,603 mother-offspring pairs) in offspring of mothers with
excessive gestational weight gain (GWG) compared with those of adequate GWG. Horizontal bars indicate 95% confidence intervals (95%

Cl). Diamonds show the overall point estimate with 95% Cl

4 | COMMENT

4.1 | Principal findings
Our meta-analysis demonstrated early-onset positive linear associa-
tion between ppBMI and offspring's SBP even in children independ-
ent from the most important covariates: maternal age, SES, smoking
during pregnancy, gestational age, breast feeding, birthweight, off-
spring's age and sex. Our results on coefficients adjusted for off-
spring's nutritional state indicate an, at least partly, direct effect of
ppBMI on SBP and DBP independent from offspring's adiposity.
Our meta-analysis showed positive correlation between GWG
and offspring's SBP, independent from ppBMI and important cofac-
tors. We also found higher SBP in offspring of mothers with excessive
GWG as compared with those of adequate GWG. The relationship
was attenuated by additional adjustment for offspring's nutritional
state; therefore, the association between GWG and offspring's SBP
appears to be indirect, mediated via offspring's adiposity.

4.2 | Strengths of the study

Our meta-analysis is the first to demonstrate the impact of ppBMI
and GWG separately on offspring's BP. Further strengths include
the separate investigation of direct versus indirect influence of
offspring's nutritional state, the high number of participants and
exclusion of twin pregnancies and preeclampsia/eclampsia. Low
heterogeneity and thorough analysis of the important covariates
showed reliability of conclusive results.

4.3 | Limitations of the data

Limitations include the involvement of retrospective studies, the lack
of investigation of sex differences and self-reported prepregnancy
weight in most of the studies. However, self-reported and measured
maternal weight have been reported to be strongly correlated.>®
Offspring of diabetic or hypertensive mothers have been shown
to have higher BP,>?°° but eight studies did not completely exclude
mothers with hypertension or diabetes mellitus and did not apply
adjustment for these conditions. Thus, maternal hypertension and
diabetes may have biased our analyses of ppBMI. However, these
conditions did not bias our conclusive results on GWG. Although the
offspring's mean age range was wide, we took it into consideration

in the interpretation of our data.

4.4 | Interpretation

In accord with earlier observations, our results suggest that preg-
nancy overnutrition is related to higher risk for hypertension, car-
diovascular events and mortality in later life.*8:612 \We observed
weaker association of maternal ppBMI with offspring's DBP than
SBP. This association was independent from the most important co-
factors except for breast feeding. Since in model 2 we could test
all cofactors except breast feeding, we cannot exclude its potential
influence. Interestingly, the effect of ppBMI in model 2 appears to
be attenuated in young adults indicating the increasing influence of
offspring's adiposity with a\ge.u’18 This could explain in part the con-
troversies in the literature.
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Independent from ppBMlI, higher GWG is also associated with
offspring's obesity. This observation highlights the justification
of the separate analysis of GWG and the importance of avoiding
excessive weight gain during pregnancy even in normal-weight
women.” ! We found positive correlation of GWG and offspring's
SBP. However, the association was weaker if the coefficients were
adjusted for offspring's birthweight or actual nutritional state.
That means that offspring's adiposity plays a crucial role in the
development of high SBP. Maternal GWG has been shown to be
associated with high birthweight which also predicts later adi-
posity. Thus, birthweight is on the pathway between GWG and
offspring's BP in the same way as offspring's BMI.%% We found
an elevation of SBP in offspring of mothers with excessive GWG;
thus, GWG may have an additional impact on the risk of hyperten-
sion, as suggested qualitatively by the trends in previous studies
on adult offspring.1>°

Therefore, reduction of obesity in childhood could help to pre-
vent the development of hypertension and complications arising
from early life exposures. Since the first trimester GWG reflects the
maternal fat deposition and it is the main period of the organogen-

49

esis, its separate analysis is especially importan Although some

studies suggest its positive association with offspring's BP,*%>

we
could not confirm it due to the lack of available data without ad-
justment for offspring's nutritional state. In our model 2, the first
trimester GWG did not correlate with offspring's BP in accordance
with the results of total GWG. However, offspring of mothers with
excessive GWG tended to show higher SBP even after adjustment
for offspring's actual adiposity. Since these data were not adjusted
for birthweight, its mediating role is possible.

In contrast to earlier reviews,®*°

which suggested only indirect
relationship between ppBMI and offspring's BP, our meta-analysis
demonstrated, at least partly, a direct association. However, our
results suggest indirect effect of GWG on offspring's SBP via off-
spring's obesity. Our results could be explained by different mech-
anisms of intrauterine programming modified by ppBMI and GWG.
In addition to genetic predisposition, maternal prepregnancy obe-
sity reflects maternal fat accumulation and low-grade inflammation,
while GWG also reflects fluid expansion and growth of the foetus,
placenta and uterus.?

Investigation of the underlying mechanisms in animal exper-
iments revealed an additive effect of maternal obesity and ges-
tational maternal high-fat diet (HFD) on BP regulation.®* As a
direct consequence of maternal obesity, hypertension develops in
juvenile offspring of obese dams even before the onset of their
own adiposity (before hyperleptinemia and insulin resistance). It
is attributed to selective resistance to leptin, a key hypothalamic
regulator of metabolic and cardiovascular systems leading to sym-
pathetic nervous system overactivity to stress and increased renal
norepinephrine concentration and renin expression.és’{’é Since the
anorexigenic leptin effects are suppressed in offspring of obese
mothers, they become obese and hyperleptinemic furtherinducing
obesity and hypertension. Activation of central melanocortins via
leptin-mediated or independent pathways could also worsen their

| @b
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hypertension (ie indirect programming of hypertension through
greater adiposity in offspring of obese dams).®” Gestational ma-
ternal HFD or high-saturated-fat diet can induce a hypothalamic
proinflammatory state and impair central leptin and insulin sig-
nalling in the offspring.f’8 Prenatal hypothalamic inflammation
contributes to renin-angiotensin system overactivity resulting in
prenatally programmed hypertension in offspring.®* In addition,
high glucose and amino acid load due to maternal overnutrition
contributes to permanent hyperinsulinemia and increased risk for
obesity and obesity-related hypertension in the offspring.69 Thus,
maternal overnutrition is shown to exhibit transgenerational ef-
fects probably through epigenetic modifications and cardiometa-

bolic changes in the offspring.”®

5 | CONCLUSIONS

In conclusion, our meta-analysis demonstrates the determining
role of both ppBMI and excessive GWG (independent of ppBMI)
on offspring's BP. Furthermore, it highlights the need of effec-
tive preventive strategies such as nutritional corrections before
conception and during pregnancy. Our findings support the role
of offspring's adiposity in the association between GWG and off-
spring's BP. This finding emphasises the importance of prevention
of obesity especially in children of obese otherwise healthy moth-
ers to prevent high BP. Further long-term studies are necessary to
confirm the impact of maternal overnutrition on the development
of hypertension in adult offspring and to analyse the trimester-
specific effect of GWG.
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