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Objective: Gestational diabetes mellitus (GDM) has been linked to subsequent
overall cardiovascular diseases. However, evidence on the associations of GDM with
type-specific cardiovascular diseases is lacking, and findings on the potential impact of
type 2 diabetes on the associations are not consistent. This study aimed to explore the
associations between GDM and the risks of type-specific cardiovascular diseases.

Methods: Data were from 12,025 women (>20 years) who had delivered at least one live
birth in the National Health and Nutrition Examination Survey, 2007-2018. GDM history
and type-specific cardiovascular diseases including coronary heart disease (CHD), heart
failure and stroke were defined by self-report. We also combined our results with those
from previously related publications on the associations between GDM and risks of
type-specific cardiovascular diseases with a random-effect model.

Results: Compared with women without GDM, the multivariable-adjusted odds ratios
(95% confidence intervals) were 1.82 (1.21-2.72) for CHD, 1.43 (0.80-2.53) for heart
failure, and 1.19 (0.76-1.86) for stroke among women with a history of GDM. Type 2
diabetes was associated with 43.90, 67.44, and 63.16% of the excess odds of CHD,
heart failure and stroke associated with GDM, respectively. Combining results from this
study with those from previously related studies yielded odds ratios (95% confidence
intervals) of 1.81 (1.60-2.05) for CHD (12 studies, 7,615,322 participants, /= 72.6%),
1.66 (1.25-2.21) for heart failure (5 studies, 4,491,665 participants, °= 88.6%), and 1.25
(1.07-1.46) for cerebrovascular disease (9 studies, 6,090,848 participants, °= 77.8%).

Conclusions: GDM showed stronger associations with coronary heart diseases and
heart failure than cerebrovascular disease, and the excess risks are attributable, in part,
to type 2 diabetes.

Keywords: gestational diabetes mellitus, type 2 diabetes, coronary heart disease, heart failure, cerebrovascular
disease
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INTRODUCTION

Globally, the prevalence of gestational diabetes mellitus (GDM)
was estimated at 14.0%, and the standardized prevalence of GDM
in low-, middle- and high-income countries was 12.7, 9.2, and
14.2% (1), respectively. GDM could increase the risk of long-term
complications including type 2 diabetes, metabolic syndrome
and hypertension (2-6), which are detrimental to cardiovascular
health. In particular, women with a history of GDM have a
nearly 10-fold higher risk of developing type 2 diabetes than
women without a history of GDM (2). A recent meta-analysis
of 9 studies found a 2-fold higher risk of subsequent overall
cardiovascular diseases in women with a history of GDM than
women without GDM (7). Therefore, the diagnosis of GDM
provides unique opportunities for early intervention and risk
modification of cardiovascular diseases (8, 9), although screening
for cardiovascular disease has not been included in current
guidelines for the care of women with a history of GDM (10, 11).

However, evidence on the associations between GDM and
type-specific cardiovascular diseases is lacking (7, 12), and
findings from a few recent studies on the associations between
GDM and type-specific cardiovascular diseases are not consistent
(12-14). In addition, whether the excess risk of cardiovascular
diseases linked with GDM is attributable to subsequent type 2
diabetes has not been fully clarified (10, 12). While several studies
found that the association between GDM and cardiovascular
disease is independent of intercurrent type 2 diabetes (7, 14),
subsequent type 2 diabetes partly explained the increased risk
of cardiovascular disease linked with GDM in a recent large
population-based cohort study (12). Therefore, in this study, we
aimed to explore the associations between a history of GDM
and type-specific cardiovascular diseases, and assess the potential
impact of type 2 diabetes on the associations, using data from the
National Health and Nutrition Examination Survey (NHANES),
2007-2018. In addition, we also combined our results with those
from previously related publications with a random-effect model.

MATERIALS AND METHODS
Study Populations

The NHANES examines a nationally representative sample of
about 5,000 persons each year, and the sample represents the non-
institutionalized civilian population residing in counties across
the United States. The sample design consists of multi-year,
stratified, clustered four-stage samples, and data are released in
2-year cycles. Combination of 2 or more 2-year cycles is also a
nationally representative sample (15). Data from NHANES have
been widely used to determine the prevalence of major diseases
and risk factors for diseases (15). The recent six NHANES
2-year cycles (2007/2008 to 2017/2018) specifically provided
information for a history of GDM, and thus were included in
this analysis.

Women fulfilling the criteria are included: (1) responding to
the questions regarding a history of GDM; (2) with at least one
live birth; (3) aged 20 years or older; and (4) responding to the
questions regarding the presence of type-specific cardiovascular
diseases. Women were excluded from the analysis if they were

diagnosed with diabetes or type-specific cardiovascular diseases
prior to a diagnosis of GDM. Finally, a total of 12,025 women
were included in this analysis.

Previously observational studies with the exposure of
interest as GDM and the outcomes of interest as type-specific
cardiovascular diseases were included. However, studies only
providing the results on GDM and overall cardiovascular diseases
were excluded from this analysis, because the association between
GDM and overall cardiovascular diseases has been addressed in a
previous meta-analysis (7).

History of GDM and Type-Specific

Cardiovascular Diseases
A history of GDM was identified based on the question, “During
your pregnancy, were you ever told by a doctor or other health
professional that you had diabetes, sugar diabetes or gestational
diabetes?”, and “How old were you when you were first told you
had diabetes during a pregnancy?”. Women who answered yes to
the question were considered to have a history of GDM (16, 17).
Coronary heart disease (CHD), heart failure and stroke were
the outcomes of interest, and were self-reported through the
following questions: “Has a doctor or other health professional
ever told you that you had (1) coronary heart disease? (2)
heart attack? (3) angina/angina pectoris? (4) congestive heart
failure? (5) stroke?” and “How old were you when you were
first told you had (1) coronary heart disease? 2) heart attack? (3)
angina/angina pectoris? (4) congestive heart failure? (5) stroke?”
In this analysis, women were identified to develop CHD if they
answered reported having a diagnosis of coronary heart disease,
heart attack, angina/angina pectoris, or congestive heart failure.

Covariates

The following variables were included as covariates: age
(continuous), race/ethnicity — (Mexican-American, Other
Hispanic, Non-Hispanic White, Non-Hispanic Black, Other
Races), body mass index (<25 kg/m?, 25 to <30 kg/m?, >30
kg/m?), education (<high school, some college or AA degree,
>college graduate), annual family income (<$20,000, $20,000-
$44,999, $45,000-$74,999, >$75,000), smoking (never smoker,
former smoker, current smoker), alcohol drinking, recreational
physical activity (vigorous/moderate recreational activities for at
least 10 min continuously in a typical week), and daily intakes of
energy, fat, fiber, vitamin C, vitamin B6 and vitamin D. The body
measures data were collected by trained health technicians in the
Mobile Examination Center. Demographics, smoking, alcohol
and physical activity questionnaires were asked, in the home,
by trained interviewers using the Computer-Assisted Personal
Interview system.

Diabetes, Hypertension, and Metabolic

Syndrome

Women were identified to develop diabetes if they reported
having a diagnosis of diabetes (other than during pregnancy)
or, the hemoglobin Alc level was >6.5%, fasting plasma glucose
level >126 mg/dL, or 2-h plasma glucose >200 mg/dL if diabetes
was not diagnosed previously (18). Women were identified to
develop type 1 diabetes if their age at diagnosis was <30 years
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and they are currently taking insulin (16). Metabolic syndrome
was defined if there are any 3 of the 5 following metabolic-related
disorders (19): elevated fasting glucose (>100 mg/dL), elevated
triglycerides (=150 mg/dL), reduced HDL-C (<40 mg/dL in
men, <50 mg/dL in women), elevated waist circumference
(>102cm in men, >88cm in women), and elevated blood
pressure (>130mm Hg systolic blood pressure, >85mm Hg
diastolic blood pressure, mean values of three measurements).
Women were identified to develop hypertension if they are
currently taking antihypertensive medication, if systolic blood
pressure was >130 mmHg, or if diastolic blood pressure was >80
mmHg (mean values of three measurements) (20).

Statistical Analysis

Odds ratios (95% confidence interval) [OR (95% CI)] for
type-specific cardiovascular diseases were calculated for women
with a history of GDM compared to those without GDM.
Sample weights, strata, and primary sampling units were used
in logistic regression to account for the complex sample
design of NHANES. Four different logistic regression models
were calculated. Demographic variables including age and
race/ethnicity were considered in model 1. Model 2 was further
adjusted for body mass index and socioeconomic status (annual
family income and education). Model 3 included the variables
of model 2 with additional adjustment for health behaviors
including alcohol drinking, smoking, and recreational physical
activity. Model 4 included the variables of model 3 with
additional adjustment for dietary factors (energy, fat, fiber,
vitamin C, vitaminB6, and vitamin D). In order to determine
the potential impact of individual chronic conditions (type 2
diabetes, hypertension and metabolic syndrome) on the risks
of type-specific cardiovascular diseases conferred by GDM,
we calculated the excess odds of type-specific cardiovascular
diseases conferred by individual chronic conditions as [(OR_base
- OR_adjusted)/(OR_base-1)] x 100 (12, 21). OR_base was
derived from model 4, and OR_adjusted was further adjusted for
individual chronic conditions of diabetes, metabolic syndrome,
and hypertension, respectively. The 2-year sample weights
were divided by 6 to compute the new multi-year sample
weight, because 6 NHANES 2-year cycles were included in this
analysis. Study-specific logarithms of risk estimates of type-
specific cardiovascular diseases were combined with a random-
effects model, which considers both between-study and within-
study variation. I? statistic was used to assess the between-study
heterogeneity (22). Study quality was assessed using the 9-star
Newcastle-Ottawa Scale, and a sensitivity analysis was conducted
restricting to studies with higher quality scores (>7 stars). Stata
12.0 was used in this study, and the analysis was considered
significant if the corresponding P-value was <0.05.

RESULTS

Population Characteristics

The weighted prevalence was 8.00% for GDM, 6.74% for CHD,
3.76% for stroke, and 2.73% for heart failure, respectively.
Compared with women without GDM, women with a history
of GDM tended to be younger (P < 0.01), more obese (P

TABLE 1 | Characteristics of the 2007-2018 NHANES adults according to the
presence or absence of a history of gestational diabetes mellitus (GDM).

Variables Women with  Women without P2
GDM GDM
(926) (11,099)
Age [years, mean (SD)] 45.45 (12.31) 53.49 (16.76) <0.01
Race/ethnicity (%) <0.01
Mexican American 21.92 16.77
Other Hispanic 11.34 11.69
Non-Hispanic White 35.75 40.76
Non-Hispanic Black 17.71 22.12
Other race 13.28 9.67
Annual family income (%) <0.01
<$20 000 20.79 26.66
$20 000-$34 999 33.45 33.70
$35 000-$74 999 18.87 17.57
>$75,000 26.89 22.07
Education (%) <0.01
<High school 43.74 50.15
Some college or AA degree 36.07 30.64
>College graduate 20.19 19.20
Vigorous/moderate recreational 44.04 40.84 0.05
activities for at least 10 min
continuously in a typical week (%)
Smoking 0.29
Current smoker 18.90 17.46
Former smoker 17.82 19.65
Never smoker 63.28 62.89
Body mass index (%) <0.01
<25 kg/m? 18.33 27.26
25-29 kg/m? 25.70 29.66
>30 kg/m? 55.97 43.08
Alcohol [g/day, mean (SD)] 4.18 (16.56) 4.04 (12.77) 0.76
Type 2 diabetes (%) 34.99 17.83 <0.01
Hypertension (%) 47.95 56.25 <0.01
Metabolic syndrome (%) 49.68 40.19 <0.01

M, Mean values, SD, standard deviation.
at-test was performed for continuous variables, and Chi-square test was performed for
categorical variables.

< 0.01), engage in more recreational physical activity (P =
0.05), and show higher prevalence of type 2 diabetes mellitus
(P < 0.01) and metabolic syndrome (P < 0.01). Distributions
of race/ethnicity (P < 0.01) and annual family income (P <
0.01) also differed significantly between the two groups, while
there were no significant differences in smoking (P = 0.29) and
alcohol drinking (P = 0.76). Table 1 presents the population
characteristics of the participants according to the presence or
absence of a history of GDM.

We identified 11 studies (5 prospective cohort studies, 5
retrospective cohort studies, 1 cross-sectional study) on GDM
and the risks of type-specific cardiovascular diseases (Table 2).
Therefore, there are a total of 12 studies (including our study) in
the combined analysis on GDM and CHD (12 studies, 7,615,322
participants), heart failure (5 studies, 4,491,665 participants),
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TABLE 2 | Included studies on the associations between gestational diabetes mellitus and type-specific cardiovascular diseases.

Reference Study design, age Follow-up No. of No. of cases Outcomes Risk estimates Impact of T2DM on the findings
years participants (95% Cls)
Yu et al. (12), Denmark Prospective cohort study, 16.2 1,002,486 24,045 CHD 2.02 (1.85-2.21) T2DM accounts for 25.0-38.3% (CHD), 2.1%
Parous women (>18 years 17,347 Cerebrovascular 1.47 (1.30-1.67) (cerebrovascular disease) and 64.2% (heart
at baseline) 3,888 disease 2.20 (1.76-2.74) failure) of the elevated risks associated with
Heart failure GDM.
Sun et al. (13), Korea] Retrospective cohort study, 12.8 1,500,168 12,698 CHD 1.26 (1.05-1.51) The associations with type- specific
20-49 years 8,890 Cerebrovascular 1.04 (0.98-1.11) cardiovascular diseases were much stronger in
2,367 disease 1.20 (1.07-1.35) women with both GDM and T2DM.
Heart failure
Gunderson et al. (14), Prospective cohort study, 25 1,133 183 CHD 1.66 (1.13-2.42) Levels of subsequent glucose tolerance did not
USA 18-30 at baseline influence the results materially. However, the
association was only significant in women
without diabetes.
Echouffo-Tcheugui et Prospective cohort study, 7 906,319 763 Heart failure 1.62 (1.28-2.05) The association was attenuated after further
al. (23), Canada Mean age: 30 years at adjustment for other chronic diseases including
baseline diabetes.
Perera et al. (24), USA Cross-sectional study, - 8,262 93 CHD 1.6 (0.8-2.8) -
20-73 years
McKenzie-Sampson et Retrospective cohort study, A maximum 1,070,667 4,736 CHD 2.16 (1.95-2.39) -
al. (25), Canada mean age: ~28 years at of 25.2 years 1,430 Heart failure 2.00 (1.66-2.42)
baseline 3,781 Stroke 1.41 (1.23-1.61)
Daly et al. (26), UK Retrospective cohort study, - 46,399 9,112 CHD 2.78 (1.37-5.66) -
<50 years 9,106 Cerebrovascular 0.95 (0.561-1.77)
disease
Tobias et al. (27), USA Prospective cohort study, 25.7 89,479 612 CHD 1.45 (1.05-1.99) Compared with women without diabetes,
24-44 years at baseline 553 Stroke 1.10 (0.75-1.61) women with T2DM only, or both GDM and
T2DM had a 4-fold elevated risk of CHD and
3-fold elevated risk of stroke. The association
was not significant in women with a history of
GDM but without progression to T2DM.
Retnakaran et al. (28), Prospective cohort study, 10.0 1,515,079 - CHD 2.56 (2.21-2.95) Among women who had GDM, the hazard ratio
Canada Median age: 31 years of CHD was much higher for women who also
developed T2DM [3.54 (2.96-4.23)] than
women who did not develop T2DM [1.41
(1.11-1.80)].
Goueslard et al. (29), Retrospective cohort study, 7 1,618,990 930 CHD 1.77 (1.43-2.18) Among women who had GDM, the odds ratio
France Median age: 29 years 1,252 Stroke 1.28 (1.01-1.62) of CHD was much higher for women who also
developed T2DM [5.45 (2.38-12.45)] than
women who did not develop T2DM [1.92
(1.36-2.71)].
Savitz et al. (30), USA Retrospective cohort study, 1 849,639 81 CHD 1.5 (0.7-38.1) -
- 126 Cerebrovascular 1.2 (0.7-2.3)
disease
Carr et al. (31), USA Cross-sectional study, 51.1 - 995 - CHD 1.58 (1.00-2.49) -
Stroke 1.67 (0.87-3.22)

CHD, coronary heart disease, T2DM, type 2 diabetes.
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TABLE 3 | Odds ratios of coronary heart disease, heart failure and stroke for women with a history of gestational diabetes mellitus compared with those without a history

of gestational diabetes mellitus.

Groups Odds ratios (95% confidence intervals)
Cases/N Model 1 Model 2 Model 3 Model 4 Model 4 + Model 4 + Model 4 +
hypertension MetS Type 2 diabetes
CHD 933/12,025 1.938 (1.25-2.97)* 1.82 (1.25-2.65)" 1.80 (1.21-2.67)* 1.82 (1.21-2.72)* 1.81 (1.21-2.69)" 1.79 (1.21-2.66)"* 1.46 (0.99-2.15)
Heart failure  396/11,604  1.40 (0.79-2.47)  1.40(0.80-2.46)  1.41(0.80-2.49) 1.43(0.80-2.53) 1.41(0.79-2.50) 1.42(0.80-2.53) 1.14 (0.64-2.05)
Stroke 536/12,025 1.41(0.84-2.37) 1.20(0.79-1.82) 1.19(0.76-1.84) 1.19(0.76-1.86) 1.19(0.76-1.86)  1.19(0.76-1.85)  1.07 (0.67-1.69)
*P < 0.01.

Model 1: adjusted for age and race/ethnicity.

Model 2: adjusted for covariates in model 1 and body mass index, education, and annual family income.
Model 3: adjusted for covariates in model 2 and alcohol drinking, smoking, and recreational physical activity.
Model 4: adjusted for covariates in model 3 and dietary factors (energy, fat, fiber, vitamin C, vitamin B6 and vitamin D).

and cerebrovascular disease (9 studies, 6,090,848 participants) in
this analysis.

Association of GDM With CHD

Overall, the findings on a history of GDM and CHD were similar
across the 4 different logistic regression models. In model 4,
compared with women without GDM, the multivariable-adjusted
OR (95% CI) for CHD were 1.82 (1.21-2.72) among women
with a history of GDM. Further adjustment for hypertension
and metabolic syndrome did not change the results materially.
However, the association was attenuated after further adjustment
for type 2 diabetes [1.46 (0.99-2.15)] (Table 3). The analysis
showed that type 2 diabetes, hypertension and metabolic
syndrome explained 43.90, 1.22, and 3.66% of the excess odds of
CHD associated with GDM, respectively.

Associations of GDM With Heart Failure

and Stroke

Women with a history of GDM had increased but not significant
odds of heart failure [1.43 (0.80-2.53)] and stoke [1.19 (0.76-
1.86)] compare with women without GDM, which might be
caused by the relatively wide ranges of 95% CIs (Table 3). The
analysis showed that type 2 diabetes, hypertension and metabolic
syndrome explained 67.44, 4.65, and 2.33% of the excess odds of
heart failure associated with GDM, respectively, and the figures
were 63.16, 0.00, 0.00% for stroke.

Previously Related Studies

Among the 11 previously related studies, GDM was positively
associated with the risk of CHD in 9 studies, while the association
was statistically not significant in the other two studies (Table 2).
GDM was associated with an increased risk of heart failure in all
of the 4 studies (Table 2). A significant association was found
between GDM and cerebrovascular disease in 3 studies, while
the association was statistically not significant in the other 5
studies (Table 2). The random-effect model combining results
from this study with those from previously related studies yielded
ORs (95% CIs) of 1.81 (1.60-2.05) for CHD (P= 72.6%), 1.66
(1.25-2.21) for heart failure (I>= 88.6%), and 1.25 (1.07-1.46) for
cerebrovascular disease (I>= 77.8%) (Figure 1). In a sensitivity
analysis, the combined results from studies with higher quality

scores (>7 stars) were 1.83 (1.59-2.10) for CHD [9 studies (12—
14, 25-30), 7,594,040 participants], 1.70 (1.24-2.32) for heart
failure [4 studies (12, 13, 23, 25), 4,479,640 participants], and 1.24
(1.04-1.47) for cerebrovascular disease [7 studies (12, 13, 25-27,
29, 30), 6,077,828 participants].

DISCUSSION

Results from this nationally representative survey cohort showed
that GDM had stronger associations with coronary heart diseases
and heart failure than cerebrovascular disease, and the excess
risks are attributable, in part, to type 2 diabetes. In the analysis
combing results from previously related studies, we observed
81% higher odds of developing CHD, 66% higher odds of
developing heart failure, and 25% higher odds of developing
cerebrovascular disease for women with a history of GDM
compared with women without GDM.

The biological plausibility for causality in that development
of GDM can promote cardiovascular diseases are as follows:
First, GDM could increase the risk of long-term complications
including type 2 diabetes, metabolic syndrome and hypertension
(2-6), which are detrimental to cardiovascular health. In
particular, women with a history of GDM have a nearly 10-
fold higher risk of developing type 2 diabetes than women
without a history of GDM (2). Diabetes showed stronger
associations with ischemic heart disease [relative risk (95%
CI): 2.46 (2.39-2.53)] and other forms of heart disease [1.98
(1.88-2.08)] than cerebrovascular disease [1.70 (1.61-1.80) in
women in US adults (32). Second, in patients with GDM,
the underlying metabolic defects including chronic beta-cell
dysfunction and insulin resistance could increase levels of
glycemia, LDL cholesterol, blood pressure and adiposity, but
decrease HDL cholesterol levels, which in together increase the
risks of CHD, stroke and heart failure (8). Abnormal expression
of cardiovascular diseases associated microRNAs was observed
3-11 years after delivery in women with a history of GDM (33).
In addition, less favorable profiles of circulating inflammatory
markers including tumor necrosis factor-a, C-reactive protein,
and adiponectin in patients with GDM may also contribute
to the association between a history of GDM and risk of
cardiovascular diseases (34). Third, hyperglycemia exposure even
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%

Subtotal (l-squared = 77.8%, p = 0.000)

Coronary heart disease

Carr et al. 2008 585
Savitz et al. 2014 845639
Gousslard 2t 3l 2016 1518530
Retnakaran et al. 2017 1518079
Tobizs =t al. 2017 83479
Daly et al. 2018 48353
McKenzie-Sampson et al. 2018 1070687
Perera et al. 2019 8282
Gunderson et 3l 2021 1133
Sun et al. 2021 1500168
Our study 2022 12025
Yu, et al. 2022 1002488

Subtotal (l-squared = 72.6%, p = 0.000)

Heart failure
McKenzie-Sampson et al. 2018 1070687
Echouffo-Tcheugui et al. 2021 906319

Sun et al. 2021 1500168
Our study 2022 12025
Yu, et al. 2022 1002485

Subtotal (l-squared = 88.8%, p = 0.000)
NOTE: Weights are from random effects analysis

3uthor year N OR (85% Cl)  Weight
Cersbrovascular

Carr et 3l 2006 985 ~- 1.67 (0.87, 3.22) 4.41
Savitz et al. 2014 843839 —~ 1.20 (0.70, 2.20) 5.10
Gouseslard et al. 2016 1518390 —_— 1.28 (1.01, 1.62) 13.82
Tobizs et al. 2017 83479 +— 1.10 (0.75, 1.61) 9.11
Daly et al. 2018 48399 ~— 0.95 (0.51, 1.77) 4.77
McKenzie-Sampson et 31, 2018 1070887 | —— 1.41 (1.23, 1.61) 17.62
Sun et al. 2021 1500168 -~ 1.04 (0.98, 1.11) 19.67
Our study 2022 12025 —_— 1.19 (0.76, 1.88) 7.58
Yu, et al. 2022 1002485 1.47 (1.30, 1.67) 17.54

1.25 (1.07, 1.46) 100.00

1.58 (1.00, 2.49) 5.09

1.50 (0.70, 2.10) 2.39
1.77 (1.43, 2.18) 11.01
2.25 (2.01, 2.52) 14.20
1.45 (1.05, 1.99) 7.81
- 2.78 (1.37, 5.88) 2.59
2.18 (1.95, 2.39) 14.52
1.60 (0.80, 2.80) 3.17
1.68 (1.13, 2.42) 6.42
1.26 (1.05, 1.51) 11.88

fiyhat ™

——— 1.82(1.21, 2.72) 5.95
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FIGURE 1 | The forest plot for gestational diabetes mellitus and risks of coronary heart disease, heart failure and cerebrovascular disease. The size of gray box is
positively proportional to the weight assigned to each study, which is inversely proportional to the standard error of the OR, and horizontal lines represent the 95 %

I
5.68

-

in a short period could significantly induce functional cardiac
impairment in women with GDM (35). In addition, a history
of GDM was associated with a 2-fold higher risk of coronary
artery calcification, and the association was independent of other
traditional risk factors of cardiovascular diseases (14), suggesting
there is a direct association between GDM itself and the
development of cardiovascular diseases (10). Fourth, according
to the Barker’s Hypothesis, epigenetic factors may predispose to
the development of cardiovascular events in offspring (36, 37). A
previous meta-analysis found that offspring born to mothers with
GDM have elevated systolic blood pressure, glucose and body
mass index (38), and population based cohort studies also showed
an elevated risk of cardiovascular disease in offspring exposed to
GDM (39-41).

However, data from the 2007-2014 NHANES showed that a
history of GDM was only associated with lower HDL cholesterol,
and the associations with systolic or diastolic blood pressure, total
cholesterol, triglycerides, or LDL-cholesterol were not significant
(17). These findings indicate that HDL cholesterol maybe a
key factor in the association between a history of GDM and
future development of cardiovascular diseases. A recent meta-
analysis of 32 prospective cohort studies found that the death risk
from cardiovascular diseases was reduced by 23% (95% CI: 13-
31%) with each 1 mmol/L increment in HDL cholesterol levels
(42). In addition, both high levels of cholesterol efflux capacity,
antioxidant capacity, and anti-inflammatory capacity of HDL
were associated with lower cardiovascular disease risk, while
further studies are still needed to confirm these findings (43).
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However, HDL subspecies defined by the components of minor
protein or lipid could exert diverse effects on the development
of cardiovascular disease (44). While atheroprotective effects
of HDL containing APOE or APOC1 were observed (45,
46), APOC-III-containing HDL was associated with higher
carotid intima-media thickness (47) and higher risk of CHD
(48) in the general population. In addition, HDL subspecies
containing haptoglobin, complement C3, alpha-2 macroglobulin,
or plasminogen were also associated with higher risk of CHD
(45). These findings highlights the need for further studies on
the associations between a history of GDM and levels of HDL
subspecies in later life. In our study, the associations between
a history of GDM and type-specific cardiovascular diseases
remained unchanged after further adjustment for hypertension
and metabolic syndrome. Our results are consistent with those
from the previous study (17) showing that hypertension and
metabolic syndrome do not contribute to the association between
a history of GDM and type-specific cardiovascular diseases.

In this study, we found that type 2 diabetes was associated
with 43.90, 67.44, and 63.16% of the excess odds of CHD, heart
failure and stroke associated with GDM, respectively. A previous
meta-analysis found that a history of GDM was associated
with 2-fold higher risk of total cardiovascular disease [1.98
(1.57-2.50)], and incidence of type 2 diabetes did not impact
the association between GDM and total cardiovascular disease
in univariate meta-regression (7). However, an attenuated but
significant association was found among women without type 2
diabetes [1.56 (1.04-2.32)] (7). Several recent studies have also
assessed the role of intercurrent type 2 diabetes on the risk
of cardiovascular disease associated with GDM. A recent large
population-based prospective cohort study including 10,02,486
Danish women showed that type 2 diabetes was associated
with 25.0, 64.2, and 10.1% of the excess odds of CHD, heart
failure and stroke associated with GDM, respectively, suggesting
that the excess risks could be partly explained by subsequent
type 2 diabetes (12). Another recent large population-based
retrospective cohort study including 1,500,168 Korean women
found that, compared to women without GDM or type 2 diabetes,
an increased risk of total CVD was observed for women who
had GDM and developed type 2 diabetes during follow-up
[1.74 (1.40-21.5)], while the association was not statistically
significant for women with GDM only [1.06 (1.00-1.12)],
suggesting that type 2 diabetes accounts for much of the excess
risk (13). In addition, a population-based prospective cohort
study of 1,515,079 women conducted in Canada also found
stronger associations between GDM and total cardiovascular
disease and CHD in women who had a history of GDM
and developed type 2 diabetes during follow-up [2.82 (2.41-
3.30) for total cardiovascular disease and 3.54 (0.96-4.23) for
CHD] than women who had a history of GDM but did not
develop type 2 diabetes during follow-up [1.30 (1.07-1.59) for
total cardiovascular disease and 1.41 (1.11-1.80) for CHD]
(28). In summary, the recent findings from different countries
suggested that type 2 diabetes partly explains the increased risk
of cardiovascular disease linked with GDM.

High between-study heterogeneity (I? statistic) was found
in the analysis between GDM and CHD, heart failure and

cerebrovascular disease, respectively. However, direction of
the associations between GDM and CHD, heart failure and
cerebrovascular disease are generally consistent among the
included studies, and the high between-study heterogeneity could
be caused by the larger risk estimates and narrow 95% Cls
in several large population-based cohort studies. As shown in
Figure 1, the magnitude of the association between a history
of GDM and CHD was apparently larger in several of the
large population-based cohort studies with long follow-up period
[the study by McKenzie-Sampson et al. (25), N = 1,070,667,
a follow-up of up to 25.2 years: 2.16 (1.95-2.39); the study by
Retnakaran et al. (28), N = 1,515,079, a median follow-up of
10.0 years: 2.56 (2.21-2.95); the study by Yu et al. (12), N =
1,002,486, a median follow-up of 16.2 years: 2.02 (1.85-2.21)].
The association between a history of GDM and heart failure
was also more pronounced in several of the large population-
based cohort studies with long follow-up period [the study by
McKenzie-Sampson et al. (25), N = 1,070,667, a follow-up of up
to 25.2 years: 2.00 (1.66-2.42); the study by Yu et al. (12), N =
1,002,486, a median follow-up of 16.2 years: 2.20 (1.76-2.74)]. A
stronger association was also found between a history of GDM
and cerebrovascular disease in several of the large population-
based cohort studies with long follow-up period [the study by
McKenzie-Sampson et al. (25), N = 1,070,667, a follow-up of up
to 25.2 years: 1.41 (1.23-1.61); the study by Yu et al. (12). N =
1,002,486, a median follow-up of 16.2 years: 1.47 (1.30-1.67)]. In
summary, the findings available support the associations between
a history of GDM and future risk of type-specific cardiovascular
diseases, and the associations are more pronounced in large
population-based cohort studies with long follow-up period.
There are several strengths in this study. This is a nationally
representative survey cohort, and we also combined our results
with those from previously related studies. In addition, we
also found type 2 diabetes could partly explain the increased
odds of type-specific cardiovascular disease linked with GDM.
However, there are also several limitations. First, causality
between GDM and risks of type-specific cardiovascular diseases
cannot be determined in this study. However, we have excluded
women who were diagnosed with type-specific cardiovascular
diseases prior to a diagnosis of GDM from the analysis,
and the positive associations between a history of GDM
and type-specific cardiovascular diseases were also observed
in previously prospective cohort studies. Second, there may
be misclassification because a history of GDM and diagnosis
of type-specific cardiovascular diseases were based on self-
report. However, data from NHANES have been widely used to
determine the prevalence of major diseases and risk factors for
diseases (15), and the risk estimates in this analysis are generally
comparable to the combined results from previously related
studies. In addition, non-differential misclassification could have
weakened an association. Other information including control
of the glycaemia levels during the three trimesters of pregnancy
are not available in our study and are also missing in the
included previous studies on GDM history and risk of type-
specific cardiovascular diseases, which should be considered in
further studies. Third, although we have adjusted for a number
of potential covariates, residual confounding arising from other
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unmeasured variables could be of concern. However, as shown
in Table 3, the associations between a history of GDM and
type-specific cardiovascular diseases did not change materially
across the four statistical models, suggesting the associations
were independent of these covariates and supporting a direct
association between GDM itself and future development of type-
specific cardiovascular diseases.

Patients with GDM require anti-diabetic pharmacotherapy if
the glycaemia levels cannot be maintained with diet modification,
and insulin and metformin are recommended for the treatment
of GDM (49-51). Results from two recent meta-analysis
of randomized controlled trials suggested that metformin
treatment could reduce the further risk of cardiovascular
diseases (52, 53). However, over a 21-year median follow-up,
neither metformin nor lifestyle interventions could reduce the
risks of myocardial infarction and stroke in the DPP/DPPOS
(54) (the longest and largest trial of metformin treatment
for diabetes prevention). In addition, baseline metformin
treatment did not provide additional cardioprotective effect
associated with dulaglutide in another large trail (55). For
insulin, two recent meta-analysis of randomized clinical trials
showed that baseline insulin treatment was not associated with
further risks of cardiovascular events or death (56, 57). As
the first-line treatment, nutritional interventions have made
recommendations on intakes of carbohydrate, fat, and protein
(58). Although most of these clinical practice guidelines on
nutritional interventions are not being of high quality (58),
the nutritional interventions could significantly reduce the risk
of postpartum diabetes (59). However, evidence is limited
regarding diet modification and anti-diabetic pharmacotherapy
including metformin treatment during pregnancy and risks
of cardiovascular diseases in women with a history of GDM
(60). Information for insulin, metformin and diet modification
during pregnancy are not available in our study. The long-
term effects of these anti-diabetic pharmacotherapies and
diet modification during pregnancy on the further risks of
cardiovascular diseases among women with a history of GDM
deserve to be determined further.

Results from our analysis and previous studies showed that
GDM provides unique opportunities for identifying women
at increased risks of type-specific cardiovascular diseases (9).
For the primary prevention of cardiovascular disease including
CHD, stroke and heart failure, the recent Statement From
the American Heart Association (61) recommends recognizing
GDM when evaluating risk of cardiovascular disease, increasing
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