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Abstract

Objective We aimed to summarize the association between gestational diabetes mellitus (GDM) and its
intergenerational cardiovascular diseases (CVDs) impacts in both mothers and offspring post-delivery in existing
literature.

Methods PubMed, Embase, Web of Science, and Scopus were utilized for searching publications between January
1980 and June 2024, with data extraction and meta-analysis continuing until 31 July 2024. Based on a predefined
PROSPERO protocol, studies published as full-length, English-language journal articles that reported the presence of
GDM during pregnancy and its association with any CVD development post-delivery were selected. All studies were
evaluated using the Newcastle-Ottawa Scale. Maximally adjusted risk estimates were pooled using random-effects
meta-analysis to assess the risk ratio (RR) of GDM, and overall and subtypes of CVDs in both mothers and offspring
post-delivery.

Results The meta-analysis was based on 38 studies with a total of 77,678,684 participants. The results showed a

46% increased risk (RR 1.46, 95% Cl 1.34-1.59) for mothers and a 23% increased risk (1.23, 1.05-1.45) for offspring of
developing overall CVDs after delivery, following a GDM-complicated pregnancy. Our subgroup analysis revealed that
mothers with a history of GDM faced various risks (20% to 2-fold) of developing different subtypes of CVDs, including
cerebrovascular disease, coronary artery disease, heart failure, and venous thromboembolism.

Conclusions These findings underscore the heightened risk of developing various CVDs for mothers and offspring

affected by GDM, emphasizing the importance of preventive measures even right after birth to mitigate the burden
of CVDs in these populations.
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Background

Gestational Diabetes Mellitus (GDM) is characterized by
elevated blood sugar levels. It is primarily diagnosed dur-
ing the second or third trimester of pregnancy in women
who do not have a pre-existing diabetic condition [1]. It
is a prevalent metabolic disorder, affecting approximately
1% to over 30% of pregnancies [2]. In the year 2021, the
American Heart Association (AHA) issued a statement
underscoring the importance of considering adverse out-
comes during pregnancy, such as hypertensive disorders,
gestational diabetes, preterm delivery, small-for-gesta-
tional-age delivery, pregnancy loss, and placental abrup-
tion, when evaluating the risk of cardiovascular diseases
(CVDs) in individuals with a history of pregnancy [3].
Notably, the risk remains elevated up to 25 years after
pregnancy, particularly in the window of 8 to 15 years
after delivery [4].

Emerging evidence suggests that offspring born to
pregnancies complicated by GDM are at elevated risk
of developing cardiovascular disorders later in life [5, 6].
Exposure to GDM in utero has been linked to cardiovas-
cular risks, including elevated levels of total cholesterol
and systolic blood pressure in offspring from mid-child-
hood to adolescence [5, 7]. However, data on the inter-
generational impact of GDM on CVDs remains scarce,
let alone a notable absence of a comprehensive systematic
review and meta-analysis examining these impacts on
overall and various subtypes of CVDs among mother-off-
spring pairs affected by GDM-complicated pregnancies.

Our review sought to explore the connections between
GDM and the subsequent occurrence of overall CVDs as
well as distinct types of CVDs in both mothers and off-
spring following childbirth. Specifically, considering that
the existing body of literature primarily originates from
Western populations, our objective is to evaluate the
potential differences in outcomes for the Asian demo-
graphic. We put forth the hypothesis that women with a
history of GDM and their offspring might be confronted
with an elevated risk of CVD development. Due to the
intimate interplay between maternal and offspring health
throughout the pregnancy period, our findings could
offer valuable insights into the underlying pathophysiol-
ogy linking GDM and the emergence of intergenerational
CVDs, and subsequently raise public awareness regard-
ing postnatal care, particularly emphasizing early inter-
vention, to enhance cardiovascular well-being for both
mothers and offspring.

Methods

Search Strategy and Selection Criteria

We conducted the systematic review and meta-analysis
according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) statement for
standard protocols [8]. An investigator (L.-].L.) oversaw
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the search strategy. References for this systematic review
were identified through searches of four main databases
(i.e., PubMed, Embase, Web of Science, and Scopus) for
articles published between January 1, 1980, and June
30, 2024. Grey literature including case reports, work-
ing papers, government documents, white papers and
evaluations were not included. Since we were interested
in the intergenerational impact of maternal GDM on
cardiovascular outcomes, we included two topics in our
review. They are “Topic 1—maternal GDM and postpar-
tum maternal CVD” and “Topic 2—maternal GDM and
offspring CVD”. Search terms for these two topics are
described in detail in Supplementary Table 1. Articles
resulting from these searches and relevant references
cited in those articles were reviewed, among which those
reporting non-human subjects, written in non-English
language or without full-text available were excluded.
Flow charts of detailed literature searching on each topic
are shown in Supplementary Fig. 1. This review was regis-
tered at PROSPERO International Prospective Register of
Systematic Reviews (https://www.crd.york.ac.uk/PROS-
PEROY/) with the registration No. CRD42023438259.

Data Extraction and Assessment of Quality

During the literature searching phase, two investiga-
tors (C.S. & B.T.) independently selected eligible studies
(based on title and abstract, followed by full-text articles)
and extracted the relevant data. Results were verified and
discrepancies (if any) were evaluated by a third investiga-
tor (L-J.L.). A clear set of pre-specified inclusion criteria
and exclusion criteria was established prior to the data
extraction. Studies published as full-length and English-
language articles in peer-reviewed journals that reported
the presence of GDM during pregnancy and its asso-
ciation with any CVD development post-delivery were
included. Excluded studies were those published as case
reports, reviews, letters, and conference abstracts. Non-
full-length articles, non-English publications, and stud-
ies conducted on animal models were also excluded. The
first phase was conducted in title and abstract screen-
ing (C.S., & B.T.), and the second phase was conducted
in full-text screening (C.S., & B.T.). Subsequently, two
investigators (C.S. & B.T.) performed the quality assess-
ments for all papers based on the Newcastle-Ottawa
Scale Criteria (NOSC) [9, 10] and a third investigator (L.-
J.L.) assessed the findings independently. The maximum
score of 9 points in the NOSC is distributed in three
aspects based on the study groups, namely selection of
study groups (four points), comparability of groups (two
points), and ascertainment of exposure and outcomes
(three points) for case—control and cohort studies. We
used the points to further categorize the publication
quality into low risk of bias (between 7 and 9 points),
high risk of bias (between 4 and 6 points), and very high
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risk of bias (between 0 and 3 points) [9, 10]. The inter-
rater agreement between the two investigators, C.S. and
B.T., was 95% for the data extraction phase and 90% for
the quality assessment phase. In cases of disagreement,
the senior investigator, L.-].L., reviewed the discrepancies
and made the final decision.

Once all papers were identified for both topics, study
characteristics such as the name of the first author, coun-
try of study conduction, number of participants, mean
age, race/ethnicity, years of follow-up, GDM diagnostic
guidelines, assessment of CVDs outcomes, effect size,
and adjustments model were tabulated. Studies that
detailed information on maternal GDM during index
pregnancy and intergenerational CVDs diagnosis after
delivery were further included in the meta-analysis. Stud-
ies that were identified to be at higher risk of bias were
assigned a lower weightage in the calculation for overall
effect size.

Data synthesis and analysis

Data analysis was conducted between 1st August 2023
and 31 July 2024. Due to the various effect sizes reported
in papers, we calculated risk ratio (RR) using random-
effects meta-analysis to represent estimates reported
from different studies, including hazard ratio (HR), inci-
dence rate ratio (IRR), and odds ratio (OR). For studies’
estimates stratified by comorbidity of type 2 diabetes
(T2D) or overweight/obesity, an overall estimate was
calculated based on the prevalence of within population
T2D or overweight/obesity [9].

The risk estimate with the greatest degree of statistical
adjustment was included in the meta-analysis. Statisti-
cal heterogeneity was assessed with the Cochran Q-test
[10] and I? statistic, defining levels as mild, moderate,
substantial, and high heterogeneity based on I? values
falling within the ranges of 0-25%, 25-50%, 50-75%,
and 75-100%, respectively [11, 12]. Publication bias was
assessed visually with funnel plots and with the Egger
[13, 14] (linear regression method) and Begg-Mazumdar
[15] regression tests (rank correction method), and a
p-value<0.05 was considered representative of statisti-
cally significant publication bias [13, 15]. All analyses
were conducted with Stata, version 17.0 (Stata Corpora-
tion, College Station, Texas, USA). All P values were from
2-sided tests, and the results were deemed statistically
significant at p <0.05 unless stated otherwise.

Subgroup Analysis

To comprehensively explore subgroup differences and
potential sources of observed heterogeneity, we con-
ducted a series of subgroup analyses based on vari-
ous study characteristics. Firstly, we presented overall
CVDs outcomes, and stratified further based on sub-
types of CVDs outcomes based on individual studies. We
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categorized different CVDs conditions into the following
subtypes: coronary artery disease (CAD), angina pecto-
ris, heart failure, arrhythmia, valve disorders, peripheral
artery disease, venous thromboembolism (VTE), car-
diovascular procedures, cerebrovascular disease (CeVD)
and aortic dissection (Supplementary Table 2). Sec-
ondly, based on the overall CVDs, we performed strati-
fied meta-analyses based on study characteristics, such
as study race/ethnicity (exclusive Asian vs. mixed popu-
lation yet primarily composed of Caucasians), median
duration of follow-up (>10 years vs. < 10 years), method
for ascertaining GDM (medical code vs. self-reporting),
and study quality (low risk of bias vs. moderate-to-high
risk of bias). To assess the potential mediating role of
subsequent development of T2D underlying the asso-
ciation between GDM and overall CVDs, we examined
the risk ratio for overall CVDs in women who had T2D
comorbidity and those who did not specify. Thirdly, we
conducted subgroup analyses in associations of overall
CVDs stratified by major covariates, such as BMI, life-
style factors, socioeconomic status, pregnancy compli-
cations, and systemic comorbidities. Q-test based on
one-way ANOVA was conducted using the R package
(R 4.2.2), and statistical significance for any difference
in estimates between subgroups was determined with a
two-sided p-value threshold of <0.10.

Results

Study characteristics and summaries in systematic review
Supplementary Table 3 summarizes the characteristics
and quality scores of the 36 studies involving mothers
(n=74,890,936, follow-up range: 1 day to 46 years after
index pregnancy) and the 6 studies involving offspring
(n=14,260,765, follow-up range: at birth to 40 years after
index pregnancy) within the context of GDM-related
pregnancies. The majority of these studies were cohort
studies (n=33), with a small subset being cross-sectional
studies (#=7), and two identified as case-control stud-
ies. These studies were further analysed to categorize the
studied outcomes of interest into overall CVD outcomes
and various subtypes of CVDs, as illustrated above.

GDM and overall CVD outcomes in mothers

Among the studies that presented CVDs outcomes in
mothers, fourteen out of the 33 studies were conducted
in the US [16-29], four in Canada [4, 30-32], five in
Sweden [33-37], two in Iran [38, 39], three in the UK
[40—42], while the remaining six were in Denmark [43],
France [44], Netherlands [45], South Korea [46], China
[47], Israel [48], and New Zealand [49], respectively.
The sample sizes in these studies ranged from 391 to
2,201,352, and the ages of the study populations spanned
from under 20 to over 65 years old. The reported inci-
dence rates of overall CVDs varied from 14 to 1,818 cases
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per 1000 person-years (Supplementary Table 3). GDM
was defined based on either medical reports/diagnostic
codes or self-reported. Aside from medical reports and
self-reported CVDs definition, clinical diagnostic assess-
ments for CVDs included coronary computed tomog-
raphy angiography [34, 38], electrocardiogram findings
[19, 24, 38], echocardiogram [50], and cardiac-specific
enzymes [19]. While the majority of articles reported a
positive association between GDM and a 1.04- to 3.18-
fold increased risk of maternal overall CVD outcomes
post-index pregnancy, five studies reported a null asso-
ciation [22, 27, 29, 38, 45].

GDM and overall CVD outcomes in offspring

The six papers that reported CVD outcomes amongst
offspring were conducted in the United States [51], the
Czech Republic [52], Canada [53], Denmark [54], Israel
[55], and France [56], respectively. The sample sizes
ranged from 128 to 11,318,691, and the ages of the study
populations spanned from birth to 40 years. The reported
incidence rates ranged from 22 to 94 cases per 100,000
person-years (Supplementary Table 3). GDM at index
pregnancy was all defined via clinical guidelines or diag-
nostic codes [51-56], while offspring CVDs outcomes
were defined via national registries [51, 53, 54], hospital
databases [55], or clinical diagnostic assessments such as
two-dimensional electrocardiography [52] and neuroim-
aging or pathohistological examination [56].

All studies demonstrated a positive association
between GDM-complicated pregnancy and a 1.19 to
2.24-fold increased risk of offspring overall CVDs fol-
lowing birth. Notably, Leybovitz-Haleluya et al. [55]
observed a 60% higher risk of CVDs development in off-
spring born to mothers managed with oral treatment of
insulin compared to those managed with diet and exer-
cise alone. Moreover, Darmency-Stamboul et al. [56]
reported a higher incidence of perinatal arterial ischemic
stroke among boys compared to girls (59% vs. 41%), while
Guillemette et al. [53] did not find any significant interac-
tion between the sex of offspring and CVDs outcomes.

Meta-analysis of GDM and postpartum CVDs development
in mothers

Table 1; Fig. 1A summarizes key study characteristics,
including study population details, locations, follow-up
periods, pre-pregnancy BMI, sample sizes, methods for
defining GDM and CVDs, and effect sizes with 95% con-
fidence intervals. Most studies made statistical adjust-
ments for maternal age, race/ethnicity, and BMIL In a
meta-analysis of thirty-three studies, women with GDM
were found to have a higher risk of developing overall
CVDs (RR 1.46, 95% CI 1.34-1.59) over follow-up peri-
ods from one day to 46 years. Among these studies, 19
had low bias risk [4, 16, 18, 19, 23, 29-32, 34, 36, 38,
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40-43, 45, 46, 48], while 13 had high bias risk [17, 20, 21,
24, 27, 28, 34, 35, 37, 39, 44, 47, 49], and one had very
high bias risk [26] (Table 1). The analysis showed signifi-
cant heterogeneity (I>=95.44%), and a p-value less than
0.001 from Cochran’s Q test, indicating significantly sub-
stantial variability among all publications (Fig. 1A). Pub-
lication bias assessment using Egger’s and Begg’s tests,
along with a funnel plot (Supplementary Fig. 2), indicated
no evidence of bias, with Egger’s test result (»=0.76) and
Begg’s test result (p=0.61) supporting this conclusion.

For various CVDs subtypes, women with GDM exhib-
ited significantly elevated risks in different categories:
coronary artery disease (1.53; 1.32-1.76), heart fail-
ure (1.38; 1.17-1.62), venous thromboembolism (1.18;
1.00-1.39), cardiovascular procedures (2.10; 1.63-2.70),
peripheral artery disease (2.00; 1.62-2.48), arrhythmia
(1.48; 1.46-1.50), angina pectoris (2.03; 1.44-2.85), as
well as overall CeVDs (1.27; 1.11-1.44) including isch-
emic stroke/TTIA (1.52; 1.30-1.78), and haemorrhagic
stroke/intracranial haemorrhage (1.44; 1.15-1.78), com-
pared to women without a history of GDM (Fig. 2).

Subgroup analyses based on study characteristics such
as race/ethnicity, sample size, follow-up duration, diag-
nostic methods for GDM, comorbidities of Type 2 Dia-
betes (T2D), overweight or obesity, and study quality
grading did not show significant differences in pooled
risk ratios (Supplementary Fig. 3) (all Q-test p>0.10).
For instance, studies indicated a similar heightened risk
of overall CVDs outcomes in women who are overweight
or obese (1.51; 1.27-1.80) compared to the general popu-
lation of women (1.47; 1.34-1.62) (p=0.44). Addition-
ally, findings revealed that women with T2D did not
have an increased risk of overall CVDs outcomes (1.40,
1.13-1.75) in comparison to those without T2D (1.47,
1.34-1.62) (p=0.69).

Further subgroup analyses revealed significant dif-
ferences between subgroups when adjusting for major
confounders. Notably, it showed significant differences
if certain key confounders were not adjusted for in the
association between GDM and postpartum CVDs in
mothers, namely maternal pre-pregnancy BMI at study
entry (Yes vs. No: 1.39, 1.32-1.56 vs. 1.63, 1.36—1.94;
p=0.06), parity (Yes vs. No: 1.36, 1.25-1.48 vs. 1.55,
1.34-1.81; p=0.095), and comorbidities (Yes vs. No: 1.37,
1.26-1.49 vs. 1.60, 1.37-1.86; p=0.07) (Supplementary
Fig. 4).

Meta-analysis of GDM and CVDs development in offspring

Table 2; Fig. 1B summarizes key characteristics of the five
included studies, detailing study population, location, fol-
low-up years, pre-pregnancy BMI, offspring BMI, ascer-
tainment methods, sample sizes for GDM in mothers
and CVDs in offspring, and effect sizes with 95% CI. The
meta-analysis revealed that offspring born to mothers



Page 5 of 15

320

(2024) 23

Chen et al. Cardiovascular Diabetology

Awoyda1935AY pue ‘asnedousu

AJ1ea ‘(3uabe Bullamo-|0121s9joyd ‘AisuapadAyue ‘Ulidse) (82) 695 sieak
uolesIpaw ‘(elwapidijsAp 4o ‘sayagelp ‘UoisuaadAy) saseasip  S§T1-81'L 1D %56 @D-Uou 'sA €0l SN ‘Hoyod €04
£ usjenaid ‘Auio}daisisAy ‘ssnedousu Ajies ‘Bupiouds ‘g ‘9.l ‘9by 'L YH 085 Y60'EL IN (1) L'ZS WaD 06€'L 0€€'6LT  URIPAN aAladsold [zy] e 12 99
Aoueubaid is1y e 151y Je 9pedIp pue #15'8C
‘Ay11ed ‘(SISOQUIOIY) SNOUSA pue ‘a1n|ie) A3UpIy dIUoIYD ‘Uoisuapad L/aM0hs sieak uapams zzoz [s¢€)
-AY 's319qeIp) QAD JO Uonezileydsoy awn-isiy Je pue Aoueubaid 89’1760 1D %56 BIVIEITRY] Yadd 1J0y0d 91} ‘B33 Jopa
£ Aue uj sanipicuowod ‘uopenys Ajiwe ‘Bupjows ‘|Ng ‘be [eussiepy YL YH 65 pazijewdsoH IIN IIN 166'7C () 0LT  6ETYEL'T URIPIN -Dadsonay  -pad Iejnel.
(%80€y  (9£91) 61°€S
(@ uiwenA pue 9g UILeIA "D UIWIBYA 490y, 'SA9L6'GS) WQ@s-uou s91e1S
e} ‘ABIaUd) s10108) A1R3RIP ‘ANAIIDE [BDISAYd [PUOIEAIDAI ‘BUBOWS  7/7-1T| D %56 IND-UoU 'SA SA(LETL) pajun ‘Hoyod zeoz 61l
¥ ‘BUPULIP [OYOD|e 'SN1elS DILIOUOD3-0120S ‘|G AHdIUYIa/a08l ‘aby 8140 €€6:aHD  WAD AUsago Sb'SH INAD 96 5707l anIDadsold HEREYL:Y]
(yse-L¢
(%t "sA 4Ol
AI03sIY @AD [eusaled pue [eusaiew ‘uibuo jo A13unod A11sago A> %81) WJD-uou sleak Siewuag
-ueubaid-aid ‘9duapisal ‘uoneyigeyod “Koueubaid Buunp Busows Sy I-GE'L 1D %56 SANAD :ANsaqo [(ofmzd 791 'Apnis poyod 70T
8 'uonednpa 'Kianiap 15y Je dbe ‘Aiued Kaniep 1siy Jo pouad awi| oL YH il 078581 €se’lc Aoueubaid-ald  YDI) /Z UBIPAN  98K'Z00'L UBIPaN  @AIDadsonRy  [G] e 319 NA
elwapidijadAy Jo sa1agelp ‘uoisuanadAy Jo Alolsly ‘buijows ‘NG uspams
‘uIbLI0 Jo A13UN0D ‘AIAIISP 31043q Jeak 3y} Ul snieys Juawkolduwa 1§51 '67°1 1D %56 374 1J0Y0d aAl} €707 [8€]
8 |aA3] uoiedNPa ‘Alied ‘KIaAISp Jo Jeak Jepusied ‘abe [eulalepy O L 4H ¥SL 1888 aHI IIN (Tel) 1es 697'9¢ IIN (€9)9LT  TSEL0TT URIPSN -Dadsoid |e e dwnid
(9°8z-00€C
40I) 0v'ST (LETT-8€61 YOI
Aoueubaud 6/°0¢ foueubaid
SLIDAIIDP JO Jagquunu [e10) pU ‘40415 JO AIO3SIY AjiLuey /€ SIS [PWIOU "SA [eulIou 'sA €20C [9€] e
"UOIDIRJUI [eIPIEIOAL JO AIOSIY AlILUB ‘UIRLS [RIDUBUY ‘[9AS] [EUOL  OF'L-29°0 1D %56 -0I3Psoiayie (SV0E-SL¥T (€46 ueip (60°€2-500C Uspamsje 38 uosssmer
[ -ednpa ‘s1eak g obe je xopul sseus Apog parioda ‘bupiows ‘9by 76040 IIN Aeuoiod Auy YO 05/4C  -oW) $9-05 ¥l YOI 05 LZ WAD IIN 87501 IN  -UORDS-SS01)  WIOYISpas
sieak uapams
Auedpue 60740l 1D %S6 (€0 EYFL6 “1oyod 3l €20z [6€]
9 [9A3] UOREINPA ‘AIDIULS ‘BuBOWS ‘UoIsuSHadAL d1UoIL NG 7190 818l 6€9¢ IIN L0y ole IIN 6v6'GL  uesy ->adsonay  [e 19 uspliH
((95—¢¥ HOI
€6 'SA (S5 s91e1s €20
01D %S6 g0 1S) WaD sieak pajun ‘Hoyod [LE]e e
/ NG pue 'uoisuanadAy ‘sa3aqgelp ‘9oei patiodal-}as ‘A1aAlep Je aby 871 YH 16€ -uou 'sA @D 74 16 07Xy  9ADadsosldy  SUNOjUNoD
INQZLuspuadap-awn ‘yuig
wiR3a.d “AIaAiep 03 Joud JeaA | SUOLeDIPaL JeNdSeAolpied ‘Bul
Sows ‘eisduie)pa-aid ‘syiiig snoinid Jo Jaquunu ‘1a1ed Ayualew (LSFETESA puejeaz
pea| yum paiaisibalun ‘snyeys Juapisal ‘Ajuoyiny yyesH [euoibay L91-0L'L 1D %56 /SFETE) WAD siedk  MaN ‘Moyod 20z [15]
9 ‘snye3s uoneAudap [eusaiew ‘pouad Aiaiep ‘9be ‘Aidiuyg €ELYH 49 0eL 65711 uou 'sAINdD 87980 00l oMdedsonay iR Aled
Kianpp
pue Joge| 4o suoedl|dwod snoiAdid pue SUW0DINO SAILIOCE UM (€9F 2 0€ $3181G Pajun
Aoueubaid snoinaid ‘eiwapidijsAp pue ‘sa3agelp ‘uoisuspadAy 96'L-CSL 1D %S6 SAGGFLLE) '|lPUOIRAISSCO 20z [0€]
S |eUaMIe ‘sugey bupjows ‘A11sago ‘AYdIuyle JUaAS Xapul Je aby €1 YH 7l Iz IIN 0/1'€9 INADOUSANAD 088 '##6 SIB9AG  oandadsonay B33 1pong
(LSFLLTsA (LSF6HSTSA 0T
SINOIARYSQ W3y ‘(INg) Xopul ssew Apoq ‘uoisuapadAy /' 1-0€'L 1D %56 09F762) WAD TOFL LT WAD wopbuny 7] e 32 noj
8 pue sa19geIp ‘GAD JO KIoisiy Ajiwej ‘soiydeibowapornos ‘aby 051 HH €/8'07  -UoU 'SANOD szel -UOUSANAD 97/ 07T IIN payun ‘Uoyod -nodojeypipy
uolssaidap |ereuaid pue
daH AISAIISP JO W3 1e SDUSpISal [eUISYeW JO A)jesns ‘Adoueubaid
Buunp abe1A0D pIedIPa| AISAIRP JO JeaK 195 BIRp Ul ISqWnuU se1e1s ¥zt [67]
Aoueubaid ‘Bupjows pue A115ago ‘uoisuaiadAy d1uoiyd bunsixaaid 607-650 1D %S6 pajun ‘Woyod e 19 Syueg
9 uolssaidap Adueubaidaid ‘Kiaaiap Jo awin 1e abe [euisiely 91l ¥H [«d} 18/ /509 op/pg  Ieak | 9ADadsOld  -UBULSYDY
(sosed u) (as (sese>  (gs ‘ueaw) (;w (@s ‘ueaw)
3103s (ID%S6 (sieakuosiad QAd |esan0 (s ‘ueaw) ‘ueaw) ‘(4eak) u) W@o /by) A>ueubaid ‘(1e3k) Loueu (u)  (1e3p)
bui YUM ‘YY4/4O0 000001 4od) Jojusw (;w/6%) 3urodpuaie Jojusw xapurle |Ng -baid xapuije  sajdwes dn uonedxo (1eap)
-pein auwisnlpy /YH) 9ZIs 1083 9leidUIPDU|  -uleldSY N [eusdlely by [eusslely  -uteusdsy  Adueubaid-ald 9By Jeussrepy |e101  -mojjo4 ‘« Apns Joyiny

SISA|euy-e1a| 10J PAPN|DUI SISEISIP 1B|NDSBAOIPIED) [[BISAO0 WNIedsOd pue SN[ Sa1ageIp [BUOEISH [BUISIE UO SIIPNIS JO SDIisLaldeley)) | ajqel



Page 6 of 15

320

(2024) 23

Chen et al. Cardiovascular Diabetology

(¢1o) L6z (o) L'6C

INg pue NS UON NS UON sieak s31815
‘aejul AB1aua (10} Auane [eisAyd ‘Sejur joyode ‘smels Bupows #4760 1D %56 (9€0) (@90 67 PaNuUN Moyod /10T [vel e
9 ‘onjel A119A0d 0} SWodUI AJlue) ‘UonedNPa ‘AIdIULIa/a0e) '9bY 75140 S 678 L1€INaD 6y WAD 5SS IIN [TI'8 Uedy  2ARdSOld 19 WONSOYS
%66 ¥E< sieak 810z [v] e
eisdwepsaid  €/1-09'L 1D %56 %C ¥8 ¥E€-0C T'SC epeue)1oyod 33 uosduwies
8 pue ‘popad awi ‘UoeAudap djuIou022010s ‘Aiied 9By 99'L YH wl 897'8¢ 95¢€'/9 IN  %6G5s1ehoz>  £990/0'L  01dn  eandadsonay  -alzusypy
(%L 'sA (r's) €€ 5123k
ApluYIz ‘oisuspRdAY pue ‘uonedipauw 0/ 1810 1D %56 ¥9vIL %6¢) WdD-uou IN@D-Uou 'sA 6'C uelp 3N ‘Hoyod 810z [ev]
£ Bunamol-pidi paguasaid ‘Bupjows ‘|Ng ‘SjauInb pussumol ‘oby 160 4y 8y /jons 8LL'6 'SAWAD A0 (#'S) €€ WaD 6659 e eAmdadsonsy  [eisAleg
(Soe-10¢ (Lov—671
1D%S6 ‘€0€) '1D%S6 ‘7'Sh)
W@S-UoN WQ@S-UoN
(ece-LLe O1r-8L€
INg pue 9¢-50 i/ euibue 12%S6 D%S6 s91e15
‘ejul ABIaud 210} ‘AYIAIDE [BDISAYd ‘DXEIUI [OUOD[e ‘SNJe)S Buijows 1D %56 payiodal-jjas 1°76) WaO 1'6€) WO pajun ‘Hoyod 610z [97]
¥ ‘oljel Apanod 03 awodul Ajiey ‘Uoednpa ‘A1dIuyia/ael ‘aby 7140 N Inoyum aHd G0E  AnusApmisily  :Anua Apnis iy 7978 IIN aAnDadsold e 13 esaldd
sieak
2|Wa(0123s|0yD1dAY ‘UoisuaRdAY G/ 1-96'0 1D %56 Iyl uel|‘Hoyod 6107 [11] e
[/ 'Aunide [ea1sAyd ‘abeluedsiw Jo Aiolsly ‘Ajued jeusaiew ‘NG ‘9by 671 YH /1S ¥l Il 80€'y UeIpay 2ADads0ld 19 11BI00GRY
HoN!
pue yuiq wilaid ‘sadAigns daH ‘[AyredoAwolpied winjeduad] (% SA
WDdd) s2insodxa sy Jo Yoea se |[am se ‘suonelsab ajdinwi ‘bul 9/) seIdueUbHId sieak SIS
-jows ‘asnge bnip ‘Alsao ‘sayaqelp bulsixa-aid ‘aseasip Asupiy D %56 pajedyjdwodun 897 PaNuN ‘HWoyod 6107 [8l]°[e
/ 21UOJYD ‘DUIODU PIOYISNOY UBIPaW ‘snjejs adueinsul ‘adel ‘aby €1 YH 174 ¥87'E 9£9'/01 SANAD :AUsaq0 87 SP0'799'L Uelpaly  oAidadsonRy 19 Inoeuly
9C
{(Bumolieu ovnsgie @®) 1
Jeuiwn| suoneddwod A>  suonedidwod S918)5 6107
uoljeulwexa | DD ayy bulobiapun usym abe pue  7z'S—€0°T 1D %S6 %07 <) -ueubaid-uou sa - Adueubaid-uou pajiun ‘1oyod rdNRE]
v Yo sy ye abe ewspidipedAy ‘N1H ‘Gz 'sness bupows ‘|Ng 9'€ YO avo Auy IIN 87l (1'6)60ENAD  'SA(Y) ECINAD 88 N 2A30edsonsy  UUBWIYDIM
188
JQH pue asnedousw (+av>g0) (£9'25
Je 9be ‘aypieusu je abe 43N ead yAead 301071 DIAH DL €£1-6501D %56 avdeni Y4OI) s1eak eulyd ‘e 0zoz [6v]
4 “DL'Snij[eW se3eqeIp JO AIo3sIy ‘UoisusuadAY jo A1oisly 8By LO'L 4O -ONAsqo I'N €9 UeIpay LLL I'N YLV [IN  -UOIS3s-5501) ‘e 39 Usp
(32d-0ADSY) 596-50'L 1D %S6 siesk 0l uel|‘Woyod  1zoz L] e
S suonenba 1oyod pajood a5essIp Je|NdSeAOIPIED DI0IDDSOIBYY 81'E YH 909 €/ 0L) 525 p07'L  ordn anipadsold 19 ybaepey
S31e1er0d BulkleA-awiy se aseasip A1slie A1euoiod
10 'uoisualadAY ‘saragelp 0} uoissalboid wnyedisod ‘Bseasip
Aauppy d1uoiyd ‘gaD bunsixaaid “Kianiep wisiaid “Aoueubaid xapul 120z [g€] e
3y} Je eisdweppaaid ‘uoisuapadAy [euoneysabaid ‘Aued ‘Aidluye 671 '60°L D %S6 sieak / epeued‘Hoyod 39 INBnayd|
[/ '92UdPISal JO AY[eINnI 'SNJe}S JIWIOUOD0I0S ‘AIdAIDP Xapul Je by 61 YH 4 €9/ £61°05 (990  6lE906 Uelpay aAdadsondy  -opgnoyd3y
sleak 2310y
ejwapidi|sAp pue ‘awoipuAs A1ero d13sAdAjod ‘uoisus) 1 1-70'L D %S6 871l YInos ‘uoyod 1207 [8¥]
8 -1adAy Jo eisdwepaaid jo Ai0isiy ‘awodul pjoyasnoy ‘“Aiuied ‘aby 80l YH 69 sl s1eak 6-07 990'65 1 IIN  891°00S'L UBIP3Wy  9Andadsoiay ‘e3aung
[ce-€dd
8C W@S-uou
(%9°€ ‘s [9e-zl e S91els
SL9Y'L D %S6 'SA9%O'EL) WAD A9 0 4Ol pajun ‘euon zeoz €]
S SWODUI PUE ‘3DURINSUL ‘S3IPICIOWOD AYDIULIS 10 961 Dby 8’1 HO s'8le I'N L0€'SEY'T -Uou 'sA NdD pue ueIPaN  Z00'SLL'EY -J95-5501) B9 plyez
(sosed> u) (as (sese> (@S ‘ueaw) (;w (@s ‘ueaw)
a103s (ID%S6 (sieakuosiad gAaD |esan0 (@s ‘ueaw) ‘ueaw) ‘(4eak) u)N@o /6%) f>ueubaid ‘(1eak) K>ueu (u) (1edp)
bui YuM ‘Y4/90  000°00L 49d) Jojusw (;w/6%) 3uodpusje JojusW xopurle g -baid xapuiie  sajdwes dn uonedo] (1eap)
-pein jusuwisnipy /YH) 9ZIs109y3 9leadUIPPU|  -UleldSY N [euslely 96y [eusslely  -ureusdsy  Adueubaid-ald  9by jeussiely |e101  -mojjo4 '« Kpns Joyiny

(ponunuod) | 3jqelL



Xapul ssew Apoq /jyg ‘UoneIASp piepuels (7S ‘9buel ajiienb-1a3ul YO/ ‘|eAISIUI SDUSPYUOD [ “SLI SAINRIDI YY ‘01384 SPPO YO ‘Ol3e] pIezey Yi ‘sSeasIp Je|ndseAoipied sg ) ‘Snij|dw sa1aqelp [euonelsab jygo

Page 7 of 15

320

(2024) 23

90) Q0 v'zs
€€ INOD-UON NdD-UON
cnvve (£0) 98y
SIaQUIDW AJILUE) 219M OUYM $303[GNS 10j JUN0D  78'7-1Z'L 1D %S6 INAD INAD $918)S Pajun 910z [87]
4 -Oe) snyeys puegoid pue Aydiuyia/aoel ‘snieys [esnedous ‘9by 58’1 4O el Anua Apnmisiy  Anua Apnis 1y 433 IIN 66 |IN ‘|euonoas ssoi) RERENIES)
@) vec
‘NdD-UON
6C-€T D %56 ) vee slesk Gl [oeIs| 'MoYod €107 [05] e
/ 510108} 9|A1S3y1| JURLIND ‘A)dIUYID ‘Dbe [PUIIRN 9740 174 122 876 INOD 606’/  Ued)y  OAIDadsoNRY 19 SNOSSY
1yb1am Aoueubaid-aid pue ‘Bunjows
|eeuaid ‘UoneONPS [UIR}EW ‘SN3e)S 9DURINSU| ‘ANDIUYID/3D6]
[eusaieW ‘9be [BUISIRW ‘DU JepuR|ed ‘(SUMIg UoI3|BuIs A|uo Jo SIS
eLR}UD UoIsNpUl paxejal Ajuanbasgns) suoiieisab sjdinu ‘Aiuied 701D %56 pajun ‘HYoyod 10z [07]
[/ 's912qeip [euonieisab pue ‘eisduwiepaaid ‘UoisuspadAy [euoneiss S'1HO 0s 657 659'6v8  Jeak | aNRdsold  [e 19 ZyIAeS
PLTL0'L 1D %56 uspams ¥10C [£€]
9 Ayued pue 2A3] uoReINPS ‘AUDIUYID NG ‘BUBOWS ‘NLH oIy L5140 6£9¢ (€0 Loy 60¢ I'N 6176'S1 [IN  '|onuod-ased) ‘B39 |ped
6'1-0'1 ‘D %56
Y1 YH
(eeeL=U)
1ybiamiano-uou
pue was (r8-tt
SEL-LLID %S6 40l)
Adoueubaid Juanbasgns e buunp I'ZYH sleak
$39)9GeIP [BUONE)SID ‘SNJEJS JILOU0I2-0120s ‘AJdIuyia “Aoueubaid  :(g6€ | =u) Jyblam €'G epeueD 1oyod 510 [¥€]
/ Bunp sniejs bujows ‘Auied ‘eisdwie|da-aid ‘abe [eusarepy -I9N0 pUe NAD 08 o'l 1€/'8 (99) 2’82 €800z ueay  aAndadsonay ‘e 19 |neY|
(Ce) L€S
(I'v) NAD-UON
QgL pue uoisuaLIadAY Jusjenaid pue ‘onel £'SCINGD-UON o cis SpuepsYIN
uajoidodi| Aysusp-y6i/|0121s3|0y [e10) JUSW|0IUS APNIs Je U 8E'L-8/'0 11D %56 (€9 692:NAD NaS ‘H0Y0d 3l SL0Z [£¥]
£ -dwinsuod [oyodje JUaLIND pUe ‘BUOUS USLIND ‘NG ‘9be LoyoD $0'LYH /55T 680'L  Anusdpmsily  :Anus Apnis iy S97'TT IIN -dadsold ‘|12 eplaH
foueubaid €5 1-60'L 1D %S6 sieak /  @duel{‘HOYod 9107 [oF] e
9 40 s19pI0sIp dAISUBLAAY ‘salaqeIp JuaNbasqns Ayisaqo ‘oby ST1LH0 Y€ 629'c 856'79 IIN  066'81S'L UBIpapy  aAndadsonay 18 plejsanon
0€'E=1¥'TD %56
C8'CYH
‘del-usy-nads
65'1-L0"L ‘D %56 £10C
0€'L YH S1B9A 76-0€ sieak 0l epeued ‘poyod [cel e
8 3DUBpIS3l JO UoIBa1 ‘SwodUl ‘9by dz1-0u-Nao Sl ¥/9'7€ #88'95 IIN  :sabuesuelpaly  6/0'GLS'L  UBIPAR uonejndod  uesexeuIdYy
€
510328 3|A153)1] JUBLND ‘Ujeb yBlom (L) 6vE 0'L¢:WdS UON (S7)
Aoueubaud Ayed pue Ng dgH ‘Adueubaid Jo A101sly ‘axo1s 1o INQD UON (9€) SLZ:NAD  §9Z WdD UON sieak sa1e1S
IW 0 Aloisiy Ajiuey ‘Kpiuta/edes jym ‘asn Adessyr suowioy  §9'L=10'L D %56 () gee INg [CRokyad £ST paunpoyod  /10¢ (1]
/ JuUa.1INd ‘snje3s fesnedouau ‘9be LI Isiy 3dUls s1eak by 671 YH 0S 191l INdD 67s  Koueubaid-aig INAD 6/%'68 UBIpa anDadsold  [e 19 selqo].
(sased u) (as (sese>  (gs ‘ueaw) (;w (@s ‘ueaw)
210ds (ID%S6 (s1eakuosiad @A) |lesan0 (as ‘ueaw) ‘ueaw) ‘(4eak) u) Wa@o /by) L>ueubaid ‘(1eak) K>ueu (u)  (1edp)
bur UYUM ‘4Y/40  000°00L 43d) Jojusw (;w/B%)  3ulodpuaie Jojusw xapuile|Ng -baud xspuize sadwes dn uonesoq (1)
-peip uswisnipy /YH) 9ZIS103))3 9leiDUIPDU|  -UleMDSY N [eusdlely 6y [eusslely  -utensdsy  Adueubaid-ald 9By jeusarey |e101  -mojjo4 ‘. Kpnis Joyiny

Chen et al. Cardiovascular Diabetology

(Panunuod) | 3|qel



Chen et al. Cardiovascular Diabetology (2024) 23:320

with GDM showed a 20% higher risk of developing over-
all CVDs (1.23; 1.05-1.45) over O to 40 years of follow-
up period, with high heterogeneity (1>=78.07%) (Fig. 1B)
and high publication bias, which was supported the fun-
nel plot (Supplementary Fig. 5). Due to few publications,
subgroup analysis was only successful for CeVD, in which
the increased risk of CeVD outcomes in offsprings of
mothers with GDM was not statistically significant (1.26;
0.88-1.80) (Fig. 2).

Discussion

This systematic review and meta-analysis synthesized
available evidence on GDM and its association with a
higher incidence of CVDs in both mothers and offspring
post-delivery. Our analysis revealed a 45% increased risk
of postpartum CVDs in mothers and a 31% increased
risk in offspring over follow-up periods ranging from day
1 to over 40 years after delivery. In mothers, subtypes
of CVDs such as coronary artery disease, heart failure,
cardiovascular procedures, peripheral artery disease,
arrhythmia, and angina pectoris showed increased risks
ranging from 45% to 2-fold, while the risk of stroke was
enhanced by 20%.

GDM and postpartum CVDs development in mothers

The mechanisms involved in GDM-associated CVDs
development among mothers are related to cardiovas-
cular risk factors, endothelial dysfunction, and myocar-
dial remodelling [19, 40, 57]. To begin with, an elevated
cardiovascular risk profile that includes conditions such
as dyslipidaemia [58] and metabolic syndrome [59, 60],
characterizes women with a history of GDM. These pre-
disposing factors heighten their risk of developing CVDs
in comparison to their non-GDM counterparts. Addi-
tionally, women with GDM have a seven to tenfold higher
risk of transitioning to T2D in their later years [61-63].
This increased risk has been attributed to elevated mark-
ers of inflammation and reduced levels of adiponectin
present in women with prior GDM [64].

Secondly, vascular dysfunction is recognized as an
independent risk factor for CVDs [65]. It has been
strongly suggested that even though GDM induces a
temporary phase of significant glucose intolerance during
pregnancy, it might result in substantial and irreversible
changes within the endothelium [4]. Research indicates
that women with a history of GDM exhibit decreased
coronary flow reserve [66], which is a marker of poten-
tial cardiovascular issues. They also have a higher inci-
dence of impaired endothelial vasodilation [30, 67], and
increased carotid intima-media thickness (cIMT) [30, 64]
when compared to their counterparts.

Thirdly, although normal pregnancy brings hemody-
namic and physiological changes to the cardiovascu-
lar system [68], these are more pronounced in GDM.

Page 8 of 15

Advanced glycation end products in GDM can lead to
critical alterations like altered preload, contractility, and
heart rate, causing physiological left ventricular (LV)
remodelling [69], endothelial damage, and reduced arte-
rial elasticity [70]. These changes can persist after deliv-
ery, potentially leading to overt CVDs in women with
GDM [71]. Emerging evidence has shown that women
with a history of GDM manifested lower LV diastolic and
systolic function during late pregnancy [72], and greater
left ventricular mass, impaired LV relaxation, and lower
LV systolic function years after delivery [73], compared
with their counterparts.

GDM and CVDs development in offspring

Although research exploring the link between GDM
and the subsequent development of CVDs in offspring
is relatively limited, our analysis revealed a consistent
and strong positive correlation across the five studies
included in our review. Notably, some evidence even
indicated the early onset of CVDs soon after birth in
infants born to mothers with GDM [74].

Firstly, the intrauterine environment characterized by
hyperglycemic level can adversely affect placental mor-
phology and vasculature, leading to conditions such as
villous immaturity, villous edema, villous fibrinoid necro-
sis, and chorangiosis [75]. These changes could cause
fetal hypoxia, which prompts the release of reactive
oxygen and nitrogen species, ultimately resulting in an
overstimulation of nitrogen oxide [76]. Such pathologi-
cal changes can increase inflammation [77] and lead to
vascular endothelial dysfunction [78] in the fetoplacen-
tal unit, culminating in intrauterine growth restriction
(IUGR) [79]. This has been concluded to be the underly-
ing mechanism of the development of hypertension and
other types of CVDs [65, 80].

Secondly, fetal hyperinsulinemia can occur as a result
of constant maternal hyperglycemia experienced in utero
[81]. Over time, this sustained elevation in insulin pro-
duction within the fetoplacental circulation may harm
the fetal pancreatic islet beta cells, diminishing their
ability to respond to hyperglycemia by secreting insulin
[82]. This state of hyperinsulinemia could subsequently
contribute to cardiac dysfunction in the offspring. For
instance, studies indicated that up to 40% of pregnan-
cies complicated by diabetes will result in offspring with
myocardial hypertrophy, characterized by a thickened
interventricular septum and ventricular walls, along with
systolic and diastolic dysfunction [83].

Thirdly, maternal hyperglycemia may induce fetal
hypoxia that results in an increased release of reac-
tive oxygen species in both the fetus and placenta [76].
This can trigger oxidative damage to membrane lipids
and deteriorate mitochondrial DNA [84]. Research has
demonstrated that placentas impacted by GDM exhibit
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Random-effects REML model

Risk Ratio Weight
Study Sample size with 95% CI (%)
Crump et al., 2023 2,201,352 'm 1.40(129, 151) 4.43
Sederholm Lawesson et al, 2023 10,528 —d— 092[062, 1.36) 237
Yu et al, 2022 1,002,486 '®m 1.40[1.35, 1.45] 456
Cederlof et al., 2022 2,134,239 -Hi— 1.24[0.92, 1.68) 296
Mao et al., 2022 12,025 | —— 1.82[121,273] 229
Zahid et al,, 2022 63,115,002 | 148[1.46, 1.50) 4.59
Lee et al., 2022 219,330 1.36[1.19, 1.56) 4.13
Sun et al., 2021 1,500,168 - 1.08[1.02, 1.14) 451
Echouffo-Teheugui et al., 2021 906,319 i“." 1.39(1.08, 1.78] 3.34
Hadaegh et al., 2021 1,204 - 3.18(1.05, 9.64] 054
Wen et al., 2020 1474 — - 1.01{0.59, 1.73) 166
Wichmann et al., 2019 884 ! — 326[203,523] 194
Amaout et al., 2019 1,662,045 '® 1.30[1.15, 1.47) 422
Kabootari et al., 2018 4,308 -l 129[0.96, 1.74] 296
Daly et al., 2018 46390  ——mW—— 091{0.48, 1.71] 133
McKenzie-Sampson et al, 2018 1,070,667 1 B 1.66(160, 1.73] 455
Perera et al, 2018 8,262 — 120053, 2.74] 0.89
Shostrom et al., 2017 8127 I—I— 1.52[095, 2.44] 195
Tobias et al., 2017 89,479 ;I— 129(1.01, 1.65] 336
Carret al, 2016 994 . —— 1.85(121,282] 219
Retnakaran et al., 2016 1,515,079 ! = 2.09(1.85,237] 420
Goueslard et al., 2016 1,518,990 ‘. 125(1.09, 1.43] 4.13
Heida et al, 2015 22,265 - 1.04[0.78, 1.38] 3.07
Kaul et al, 2015 240,083 [ 1.54[1.16, 2.04] 3.09
Fadletal, 2014 15,949 I 1.51[1.07, 2.14] 265
Savitz et al, 2014 849,639 . 150(1.01,222] 236
Kessous et al, 2013 47,909 : 1 260([232,292] 425
Ackermann-Banks et al., 2024 84,746 ;l—~ 1.16[0.59, 2.29] 121
Michalopoulou et al., 2024 220,726 - B 1.50[1.30, 1.74] 4.07
Bucci et al., 2024 944,880 - ] 1.73[1.52, 1.96] 4.18
Daly et al., 2024 68,628 'm 133[1.10, 161) 376
Countouris et al., 2023 391 e 128[0.74,222) 162
Hildén et al., 2023 15,949 —.— 1.47[1.04,2.08) 263
Overall 1 ¢ 1.46[1.34, 1.59)
Heterogeneity: T = 0.04, I = 95.44%, H' = 21.93 1
Test of 6, = 8: Q(32) = 341.48, p = 0.00 |
Testof 6 = 0:z = §.52, p = 0.00 1
IR : n
Random-effects REML model
Risk Ratio Weight

Study Sample size with 95% ClI (%)

Guillemette et al., 2020 293,546 :Ll— 1.27[1.02, 1.59) 2084

Yu etal., 2019 2432000 - 1.19(1.07. 1.32] 29.79

Leybovitz-Haleluya etal, 2018 216,197 | 160([1.18, 217] 1562

Farghaly et al., 2023 11318601 M 1.04[098, 1.11] 3239

Darmency-Stamboul etal.. 2012 128 I 440([1.12, 17.35) 135

Overall 1< 1.23(1.05, 1.45)

Heterogeneity: ' = 0,02, I' = 78.07%, H' = 456 |

Test of 8, = 8;: Q(4) = 16.67, p = 0.00 ,

Testof8=0:2=250,p=0.01 |

1' 2 4 16 lB
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Fig. 1 Meta-analysis Results. Evidence of risk ratio (RR) and 95% confidence interval (Cl) of maternal GDM and maternal postpartum overall CVDs (A) and

offspring overall CVDs (B), using unadjusted random-effects model. Heterogeneity was presented in both I? (describing the percentage of variation across
studies that is due to heterogeneity rather than chance) and T? (reflecting the variance of the true effect sizes). Abbreviations: RR: risk ratio; confidence
interval; %, percentage
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Study characteristics No of Pooled B T? Egger’s test Begg’s test Forest plot Risk ratio
studies sample (%) p value p value (95% CI)
size

Mother

» Overall CVDs 33 79,540,526 95.44 0.0426 0.7618 0.6091 O 1.46 (1.34, 1.59)

» Subtypes of CVDs {
1. Coronary artery disease 24 65,517,798 89.65 0.0924 0.3869 0.8233 I —o— 1.53 (1.32, 1.76)
2. Heart Failure 11 63,976,666 87.48 0.0581 0.2934 0.3502 T —e— 1.38 (1.17, 1.62)
3. Venous thromboembolism 5 66,257,124 7639 0.0219 0.7492 0.8065 l—.—1 1.18 (1.00, 1.39)
4. Cardiovascular procedures 4 3,621,230 80.03 0.0518 0.2536 0.3082 I Lo 2.10(1.63,2.70)
5. Peripheral artery disease 3 3,356,055 0.00 0.0000 0.5942 1.0000 I —— 2.00(1.62, 2.48)
6. Arrhythmia 4 64,421,564 0.01  0.0000 0.4524 0.3082 ! ° 1.48 (1.46, 1.50)
7. Angina Pectoris 2 2,589,657 77.93 0.0473 - - I —— 2.03(1.44,2.85)
8. Valve disorders 2 1,289,997 7131 0.2232 -- - : TS 1.76 (0.83, 3.72)
9. Overall CeVD 12 63,977,660 82.77 0.0275 0.5993 1.0000 | o 1.27 (1.11, 1.44)
9.1 Ischemic stroke or TIA + 4,369,116 53.79 0.0130 0.5804 1.0000 I —— 1.52(1.30, 1.78)
9.2 Haemorrhagic stroke or 2 1,920,306 0.00  0.0000 - -- . —e— 1.44 (1.15, 1.78)

intracranial haemorrhage I

Offspring :

» Overall CVDs 5 14,260,562 78.07 0.0203 0.0003 0.2207 |._._< 1.23 (1.05, 1.45)
> Subtypes of CVDs :

1. Overall CeVD 3 13,750,819 67.01 0.0583 0.0106 0.2963 )_i_._¢ 1.26 (0.88, 1.80)

0 1 2 3 4

Fig. 2 Subgroup analyses stratified by subtypes of CVDs. Evidence of risk ratio (RR) and 95% confidence interval (Cl) of maternal GDM and subtypes of
CVDs in both mothers and offspring using unadjusted random-effects model. Heterogeneity was presented in both I (describing the percentage of
variation across studies that is due to heterogeneity rather than chance) and T? (reflecting the variance of the true effect sizes)

reduced gene and protein expression of markers associ-
ated with mitochondrial fusion and proteins related to
mitochondrial biogenesis [84]. Such mitochondrial dys-
function can also extend to the myocardiocytes in the
fetal heart, disrupting normal cardiac development [85].

Clinical implications

As a result of endothelial dysfunction and cardiac remod-
elling, against a background of CVD risks, women with a
history of GDM have elevated risks of developing CVDs
in the postpartum period and years after. Our study pres-
ents substantial evidence indicating that not only moth-
ers with GDM but also their offspring face a similarly
elevated risk of developing CVDs after birth. These find-
ings underscore the importance of developing early pre-
vention strategies that prevent the development of CVDs
in GDM-complicated pregnancies. Future public health
policies might incorporate these insights, by consider-
ing a history of GDM as a unique standalone CVD risk
factor for both the mother and the offspring. The inclu-
sion of GDM as a risk factor in CVD risk scoring systems
might form the initial steps into public health strategies.
Further assessment strategies might include targeted car-
diac evaluation via easy-to-use tools such as measures of
arterial stiffness, ultrasonography, or cardiac biomarkers.

Strengths and limitations

The primary strength of this systematic review lies in
its extensive analysis of research evidence regarding the
association of GDM and overall and subtypes of CVDs
in both maternal and offspring. The robustness of our
study is fortified by a meticulous search strategy, ensur-
ing the thorough identification of all eligible studies, and
subgroup analyses. However, the study is not without its

limitations. Firstly, our paper exclusively incorporated
pertinent papers procured from four distinct search
engines, limited to English-language publications. This
approach could potentially introduce information bias if
pertinent content is present but published in languages
other than English or not covered within the prede-
termined quartet of databases. Secondly, there may be
significant heterogeneity observed across studies. This
variance stems from divergent follow-up durations, dis-
tinct protocols for data collection and screening meth-
odologies, as well as variations in the diagnostic criteria
or self-reported definition for GDM and CVDs. Thirdly,
reporting risk over such an extended time frame, drawn
from various papers without assessing the stability of risk
over time, may complicate the contextualization of the
reported estimates. Fourthly, pooled risk ratios derived
from only two studies in the subgroup analysis should
be interpreted with caution. Lastly, while GDM not only
heightens the risk of CVDs, it also increases the likeli-
hood of overweight/obesity and type 2 diabetes (T2D) in
both mothers and their children, potentially mediating
the development of CVDs in both generations. None-
theless, our subgroup analyses, stratified by overweight/
obesity status or T2D comorbidity, did not support these
hypotheses. Further investigations utilizing a prospec-
tive longitudinal study design with more frequent follow-
ups are essential to comprehensively grasp the potential
mediating role of metabolic disorders underlying GDM
and the development of intergenerational CVDs.

Conclusion

Our systematic review and meta-analysis unveiled
increased risks of developing overall and subtypes of
CVDs in both mothers and offspring impacted by GDM.
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These staggering and enduring risks of GDM across two
generations highlight an urgent public health need to
increase awareness of CVD risks associated with GDM.
Future population health strategies that include dedi-
cated CVD risk assessment and cardiac evaluation repre-
sent crucial next steps for the field of GDM.
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