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Center of Evidence Based Medicine, The First Hospital of China Medical University, Shenyang, China

Background: Women with a history of gestational diabetes mellitus (GDM) face a
heightened long-term risk of developing interconnected cardiovascular, renal,
and metabolic (CKM) conditions. Although postpartum weight management
presents a critical opportunity for intervention, the behavioral and psychosocial
pathways linking body mass index (BMI) trajectories after childbirth to CKM
progression remain poorly defined.

Methods: This prospective cohort study followed 1,268 women with prior GDM,
enrolled within six months after delivery and tracked over a median period of 6.5
years. Latent class growth modeling was employed to identify distinct patterns of
postpartum BMI change. Psychosocial stress and sleep quality were assessed
using standardized instruments at baseline and at the three-year follow-up.
Incident CKM outcomes—including hypertension, type 2 diabetes mellitus
(T2DM), and reduced estimated glomerular filtration rate (eGFR)—were verified
through clinical records. Multivariable Cox regression was used to evaluate the
relationship between BMI trajectories and CKM risk, while parallel mediation
models quantified the indirect contributions of stress and sleep disturbances.

Results: Participants with persistently high or progressively increasing BMI
patterns experienced significantly elevated risks of CKM outcomes (hazard
ratios ranging from 1.35 to 2.10, all p < 0.01), compared to those with stable or
declining BMI. Mediation analysis revealed that psychosocial stress and impaired
sleep jointly mediated 12.3% (95% Cl: 0.02-0.09 for stress; 0.00-0.07 for sleep)
of the association in the gradual increase group and 18.5% (95% CI: 0.04-0.13 for
stress; 0.02-0.09 for sleep) in the persistently high group, indicating statistically
significant indirect effects.
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Conclusions: In women with a history of GDM, adverse postpartum BMI
trajectories are strongly associated with increased long-term risk of CKM
morbidity, with behavioral factors such as stress and sleep quality serving as

partial mediators.

body mass index trajectories, gestational diabetes history, cardiometabolic and renal
outcomes, psychosocial stressors, sleep quality disruption, behavioral

mediation modeling

1 Introduction

Cardiovascular, kidney, and metabolic (CKM) disorders
represent interconnected pathways of chronic disease that
collectively contribute to a significant share of global disability
and premature mortality, especially in vulnerable populations (1, 2).
Women with a prior diagnosis of gestational diabetes mellitus
(GDM) constitute one such high-risk group, with well-
documented elevations in the risk of subsequent type 2 diabetes,
hypertension, and renal impairment in the years following delivery
(3-5). Notably, these risks persist even after normalization of
glucose metabolism post-childbirth, indicating the need to
identify postnatal exposures that may modify future
disease trajectories.

In this context, postpartum weight regulation has gained
recognition as a critical modifiable determinant of long-term
health outcomes in women with previous GDM. Although
gestational weight gain is a known contributor to adverse birth
outcomes, recent research suggests that weight trends after delivery
may have even greater influence on the development of chronic
disease later in life (6-8). Monitoring changes in body mass index
(BMI) over time, rather than relying on single-point assessments,
enables a more nuanced understanding of how prolonged weight
status may contribute to cardiometabolic and renal risk.

While prior studies have reported associations between elevated
postpartum BMI and increased incidence of cardiometabolic
conditions, most have not fully explored the diversity of BMI
patterns that evolve over multiple years postpartum (9, 10).
Moreover, few investigations have examined the behavioral and
psychosocial dynamics that may underlie these associations.
Psychosocial stress and sleep disruption are two interrelated and
modifiable exposures that have been independently linked to weight
gain and cardiometabolic dysfunction (11-13). These influences are
particularly relevant in the postpartum setting, where women with a
history of GDM often encounter elevated caregiving demands,
psychosocial role transitions, and heightened concerns about
metabolic health (14). At the same time, sleep disturbance is
common after childbirth and has been associated with a range of
metabolic impairments including insulin resistance, lipid
abnormalities, and vascular dysfunction (15, 16).
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Despite the plausibility of these behavioral pathways, limited
research has investigated whether psychosocial stress and sleep
quality act as mediators in the relationship between postpartum
BMI trajectories and later CKM outcomes. Clarifying these
intermediary roles may offer actionable insights for the
development of comprehensive postpartum health strategies
aimed at reducing long-term chronic disease risk in this population.

Accordingly, this study aimed to (1) identify distinct BMI
trajectory subgroups during the first 6.5 years after delivery in
women with prior GDM, (2) evaluate the association of these
trajectories with incident CKM conditions, and (3) examine
whether psychosocial stress and sleep quality mediate
these associations.

2 Materials and methods
2.1 Study population

This study drew upon data from a longitudinal, community-
based cohort of women previously diagnosed with gestational
diabetes mellitus (GDM), recruited between 2015 and 2023 in a
major urban center in China. Participants were enrolled within six
months of delivery at collaborating hospitals. Eligibility criteria
included: (1) a confirmed diagnosis of GDM in accordance with
national clinical standards; (2) availability of at least three BMI
measurements during follow-up; and (3) completed assessments of
psychosocial stress, sleep quality, and cardiometabolic outcomes.
Individuals with known diagnoses of type 1 diabetes, pre-existing
type 2 diabetes, cardiovascular disease, or chronic kidney dysfunction
at baseline were excluded. A total of 1,268 participants met inclusion
criteria and were followed for a median duration of 6.5 years. The
requirement of multiple BMI recordings ensured reliable modeling of
longitudinal patterns but may have led to the exclusion of women
with inconsistent follow-up data. Figure 1 illustrates the hypothesized
relationships linking postpartum BMI trajectory patterns to
subsequent cardiovascular-kidney-metabolic (CKM) outcomes in
women with prior GDM.

This figure outlines the hypothesized relationships linking
postpartum BMI trajectory patterns to subsequent cardiovascular-
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FIGURE 1

Conceptual framework of the study design.

kidney-metabolic (CKM) outcomes in women with prior GDM.
BMI trajectories were derived using latent class growth analysis
based on repeated anthropometric assessments from 0.5 to 5 years
postpartum. Psychosocial stress and sleep disturbance were
evaluated as behavioral mediators between BMI trends and
incident CKM outcomes, including hypertension, type 2 diabetes,
and impaired renal function (eGFR < 60 mL/min/1.73 m?).

2.2 BMI trajectory modeling

Postpartum BMI values were collected at enrollment (within six
months post-delivery) and at years 1, 3, and 5 using standardized
anthropometric protocols. Latent class growth modeling (LCGM)
was used to classify participants into subgroups based on temporal
BMI patterns. This method was selected for its capacity to identify
heterogeneous growth trajectories within longitudinal data while
preserving interpretability. Model selection was guided by statistical
indices including the Bayesian Information Criterion (BIC), Akaike
Information Criterion (AIC), and entropy values. A four-class
model was chosen based on statistical fit and clinical relevance.
Participants were assigned to the trajectory class with the highest
posterior probability. Each class contained a minimum of 300
individuals, ensuring statistical power for downstream analyses.

2.3 Assessment of psychosocial stress and
sleep quality

Perceived stress was measured using the 10-item Perceived
Stress Scale (PSS-10), while sleep quality was assessed via the
Pittsburgh Sleep Quality Index (PSQI). Higher PSS-10 scores
denote greater perceived stress, and PSQI scores of 8 or above
were used to define poor sleep quality. These behavioral measures
were assessed at two time points: baseline and the third year of
follow-up. For the purpose of mediation analysis, only the third-
year scores were used to represent behavioral exposures, as this time
point occurred after the initial divergence of BMI trajectories but
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before most CKM outcomes were detected. This approach ensures
appropriate temporal ordering of exposure, mediator, and outcome.
Additionally, participants were categorized into composite
behavioral risk profiles using tertiles of third-year stress and
sleep scores.

2.4 Definition of study outcomes

The primary outcomes included incident CKM conditions:
new-onset hypertension, type 2 diabetes mellitus (T2DM), and
decreased renal function. Hypertension was defined as systolic
blood pressure 2140 mmHg, diastolic blood pressure 290 mmHg,
or the initiation of antihypertensive medication. T2DM was
identified based on fasting glucose >7.0 mmol/L, HbAlc 26.5%,
or the use of antidiabetic therapy. Impaired renal function was
defined as an estimated glomerular filtration rate (eGFR) <60 mL/
min/1.73 m>.

To ensure appropriate temporal ordering, all CKM outcomes
were ascertained during scheduled follow-up evaluations conducted
after the first year postpartum. Participants with any of these
conditions at baseline were excluded from the study.

All outcomes were verified through hospital medical records,
physician documentation, and laboratory results. Each diagnosis
was independently adjudicated by two senior physicians based on
pre-defined criteria. In cases of disagreement, a third physician was
consulted to achieve consensus.

2.5 Covariates

The following baseline covariates were included in the adjusted
analyses: maternal age, parity, level of educational attainment,
household income, breastfeeding duration, initial BMI, physical
activity levels (assessed by the International Physical Activity
Questionnaire), tobacco use, alcohol consumption, and family
history of diabetes or cardiovascular disease. Time-dependent
factors such as dietary patterns, medication adherence, and
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healthcare access were not available, which may introduce residual
confounding in the interpretation of associations.

2.6 Statistical analysis

Group comparisons of baseline characteristics across BMI
trajectory categories were performed using one-way analysis of
variance (ANOVA) for continuous variables and chi-square tests
for categorical variables. Associations between BMI trajectory
groups and CKM outcomes were estimated using Cox
proportional hazards models, adjusted for all predefined
covariates. The proportional hazards assumption was tested using
Schoenfeld residuals, with no violations observed.

To explore mediation effects, structural equation modeling was
employed to construct parallel mediation pathways, treating
psychosocial stress and sleep quality as concurrent mediators.
Indirect effects were derived from bootstrapped standard errors
(10,000 replications). The proportion of the total effect explained by
indirect pathways was computed as the ratio of the indirect to total
effect. Sensitivity analyses evaluating three- and five-class trajectory
models supported the robustness of the selected four-class solution.
Due to the exploratory nature of the mediation framework, no
adjustments were made for multiple comparisons.

To further assess the robustness of the main findings, we
conducted an additional sensitivity analysis by incorporating
baseline psychosocial stress and sleep quality scores as covariates
in the primary multivariable Cox models. This approach aimed to
determine whether the observed associations between BMI
trajectories and CKM outcomes remained significant after direct
adjustment for these behavioral factors. Statistical analyses were
conducted using R software (version 4.2.2), with a two-tailed
significance threshold of p < 0.05.

2.7 Ethical approval

The study protocol was reviewed and approved by the Ethics
Committee of the First Hospital of China Medical University
(Approval No. 2025-482). Written informed consent was
obtained from all participants prior to enrollment. All procedures
were conducted in accordance with the Declaration of Helsinki and
relevant national ethical guidelines.

3 Results

3.1 Baseline characteristics of BMI
trajectory groups

Based on latent class growth modeling of postpartum BMI
patterns, participants were classified into four distinct trajectory
groups: stable-normal, gradual increase, slight decrease, and
persistently high (Figure 2). Baseline characteristics stratified by
trajectory group are summarized in Table 1. Women in the
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FIGURE 2

Distinct postpartum BMI trajectories identified via latent class growth
modeling using measurements at 0.5, 1, 3, and 5 years following
childbirth. The four derived trajectory groups included: stable—
normal, gradual increase, slight decrease, and persistently high.

persistently high group exhibited the most adverse profile, with
the highest baseline BMI (mean 32.79 kg/m?), the lowest proportion
of participants with more than a high school education (5.5%), the
poorest sleep quality scores (mean PSQI: 2.39), and the lowest levels
of physical activity. This group also had the highest baseline
prevalence of hypertension (58.7%), diabetes (47.9%), and
impaired renal function (9.4%).

In contrast, the stable-normal group demonstrated the most
favorable behavioral and clinical characteristics, including the
lowest baseline BMI (mean 21.89 kg/m?), highest physical activity
and sleep quality, and the largest proportion of participants with
education beyond high school (79.8%). The gradual increase group
displayed moderate BMI elevations and intermediate risk profiles
across most behavioral and clinical indicators. The slight decrease
group, although starting with a relatively high BMI, showed modest
improvements in weight and lifestyle factors but continued to
demonstrate elevated rates of metabolic disorders. Statistically
significant differences were observed across trajectory groups for
age, BMI, physical activity, sleep quality, education level,
hypertension, diabetes, and renal function (all p < 0.001),
underscoring the degree to which BMI trajectories stratify
baseline health risk.

Values are presented as mean + standard deviation (SD) for
continuous variables and as percentages (%) for categorical
variables. Group comparisons were performed using one-way
analysis of variance (ANOVA) for continuous variables and chi-
square tests for categorical variables. BMI trajectory groups (stable—
normal, gradual increase, slight decrease, persistently high) were
identified via latent class growth modeling. Education level was
categorized as: less than high school, high school graduate, and
greater than high school. The “Renal function” subgroup includes
the prevalence of impaired renal function, defined as eGFR < 60
mL/min/1.73 m? BMI classification was interpreted according to
Chinese adult guidelines (WS/T 428-2023), where BMI < 24 kg/m”
is considered normal, 24-27.9 kg/m? as overweight, and >28 kg/m*
as obese. Statistical significance was defined as a two-tailed P < 0.05.
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TABLE 1 Baseline demographic, behavioral, and clinical characteristics of participants, stratified by postpartum BMI trajectory group.

Variable Stable normal

Gradual increase

Demographics

Slight decrease

Persistently high

Age (years) 3325 + 341 34.00 + 3.49 34.36 + 3.49 35.03 +3.54 <0.001
Baseline BMI (kg/m2) 21.89 + 1.70 25.60 + 0.86 28.46 + 0.87 32.79 £2.22 <0.001
Behavioral factors
Physical activity (min/week) 104.53 + 76.88 107.66 + 73.28 116.06 + 67.00 133.20 £ 71.90 <0.001
Sleep quality score (PSQI) 3.20 + 1.07 2.93 +1.08 2.58 +1.10 239 +1.10 <0.001
Clinical factors
Hypertension (%) 12 225 423 58.7 <0.001
Diabetes (%) 52 11.8 284 479 <0.001
Education level <0.001
< High school (%) 5 25.8 44.5 64.5
High school (%) 15.2 38 38.3 30
> High school (%) 79.8 36.2 17.2 55
Renal function
eGFR < 60 mL/min/1.73 m* (%) 23 3.7 6.1 9.4 <0.001

Values are presented as mean + standard deviation (SD) for continuous variables and as percentages (%) for categorical variables. Group comparisons were performed using one-way analysis of

variance (ANOVA) for continuous variables and chi-square tests for categorical variables.

BMI trajectory groups (stable-normal, gradual increase, slight decrease, persistently high) were identified via latent class growth modeling. Education level was categorized as: less than high
school, high school graduate, and greater than high school. The “Renal function” subgroup includes the prevalence of impaired renal function, defined as eGFR < 60 mL/min/1.73 m”.
BMI classification was interpreted according to Chinese adult guidelines (WS/T 428-2023), where BMI < 24 kg/m” is considered normal, 24-27.9 kg/m? as overweight, and >28 kg/m” as obese.

Statistical significance was defined as a two-tailed P < 0.05.

3.2 Associations between BMI trajectories
and incident CKM outcomes

During a median follow-up period of 6.5 years, a total of 398
participants (31.4%) developed at least one CKM-related condition.
Relative to women in the stable-normal group (reference category),
those classified within the gradual increase and persistently high BMI
trajectories exhibited significantly elevated risks for CKM events.
Specifically, adjusted hazard ratios (HRs) ranged from 1.35 (95% CI:
1.08-1.69) in the gradual increase group to 2.10 (95% CI: 1.62-2.72) in
the persistently high group. These elevated risks were consistently
observed across individual CKM components, including incident
hypertension, new-onset type 2 diabetes mellitus (T2DM), and
reduced renal function (defined as eGFR < 60 mL/min/1.73 m?).
These findings are visually summarized in the forest plot (Figure 3).

3.3 Mediation analysis: role of psychosocial
stress and sleep quality

To investigate the behavioral pathways linking postpartum BMI
trajectories to long-term CKM outcomes, parallel mediation
analyses were conducted using psychosocial stress and sleep
quality scores assessed at year 3 of follow-up. This time point
occurred after early divergence of BMI trajectories but prior to most
outcome diagnoses, ensuring a valid temporal order between
exposure, mediator, and outcome.
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Among women in the persistently high BMI group, 18.5% of the
total effect on composite CKM risk was mediated jointly through
elevated stress and impaired sleep quality (Table 2). The proportion
mediated in the gradual increase group was 12.3%, while it was
negligible in the slight decrease group. Across all outcomes,
psychosocial stress contributed more substantially to the indirect
effect than sleep quality, particularly in relation to hypertension
(16.7%) and type 2 diabetes mellitus (19.8%). These patterns are
visualized in the hypothesized mediation model (Figure 4), where
postpartum BMI trajectories influence CKM risk via both direct and
indirect behavioral pathways.

Notably, these mediation effects were more pronounced among
participants with lower socioeconomic status and less favorable
health behaviors, suggesting that sustained behavioral stress may
amplify metabolic risk in vulnerable subgroups.

Arrows indicate the hypothesized direct and indirect pathways
linking postpartum BMI trajectories to CKM outcomes
(hypertension, T2DM, and eGFR < 60 mL/min/1.73 m?), via
psychosocial stress (al—bl) and sleep quality (a2—b2). Parallel
mediation models were constructed using third-year assessments of
stress and sleep.

Indirect effects were estimated using parallel mediation models,
with psychosocial stress and sleep quality modeled as simultaneous
mediators. The stable-normal trajectory group served as the
reference category. The proportion mediated (%) was calculated
as the ratio of the total indirect effect (via stress and sleep) to the
total effect. Direct and total effects reflect adjusted regression
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FIGURE 3
Adjusted hazard ratios (HRs) and 95% confidence intervals (Cls) for CKM outcomes by postpartum BMI trajectory group. All models were adjusted for
relevant covariates.

TABLE 2 Mediation effects of psychosocial stress and sleep quality in the association between postpartum BMI trajectories and CKM outcomes.

Outcome Trajectory  Indirect via stress  Indirect via sleep Proportion Direct effect Total effect
group (95% CI) (95% ClI) mediated (%) (95% Cl) (95% CI)
CKM . .
) Persistently high 0.03 (0.01 to 0.06) 0.02 (0.01 to 0.04) 18.50% 0.22 (0.12 to 0.31) 0.26 (0.15 to 0.36)
Composite
CKM X
. Gradual increase 0.02 (0.00 to 0.04) 0.01 (0.00 to 0.03) 12.30% 0.18 (0.08 to 0.29) 0.21 (0.10 to 0.32)
Composite
CKM .
. Slight decrease 0.01 (-0.01 to 0.03) 0.00 (-0.01 to 0.02) 2.10% 0.03 (-0.01 to 0.08) 0.04 (-0.01 to 0.09)
Composite
CKM
X Stable-normal Reference Reference - - -
Composite
Hypertension | Persistently high 0.03 (0.01 to 0.05) 0.01 (0.00 to 0.03) 16.70% 0.20 (0.10 to 0.30) 0.24 (0.13 to 0.34)
Hypertension | Gradual increase 0.02 (0.01 to 0.04) 0.01 (0.00 to 0.02) 11.50% 0.15 (0.06 to 0.25) 0.18 (0.08 to 0.28)
Hypertension | Slight decrease 0.01 (~0.01 to 0.03) 0.00 (~0.01 to 0.02) 2.70% 0.02 (-0.01 to 0.06) | 0.03 (~0.01 to 0.07)
Hypertension Stable-normal Reference Reference - - -
T2DM Persistently high 0.04 (0.02 to 0.07) 0.02 (0.01 to 0.04) 19.80% 0.21 (0.10 to 0.31) 0.25 (0.13 to 0.35)
T2DM Gradual increase 0.03 (0.01 to 0.05) 0.01 (0.00 to 0.02) 14.40% 0.17 (0.06 to 0.27) 0.20 (0.08 to 0.31)
T2DM Slight decrease 0.02 (-0.01 to 0.04) 0.01 (-0.01 to 0.02) 3.90% 0.03 (-0.01 to 0.07) 0.04 (-0.01 to 0.08)
T2DM Stable-normal Reference Reference - - -
eGFR < 60 Persistently high 0.02 (0.01 to 0.04) 0.01 (0.00 to 0.02) 15.30% 0.14 (0.03 to 0.26) 0.17 (0.05 to 0.29)
eGFR < 60 Gradual increase 0.01 (0.00 to 0.03) 0.01 (0.00 to 0.02) 10.60% 0.10 (-0.01 to 0.21) 0.13 (0.01 to 0.24)
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TABLE 2 Continued

Outcome Trajectory  Indirect via stress  Indirect via sleep Proportion Direct effect Total effect
group (95% Cl) (95% ClI) mediated (%) (95% ClI) (95% ClI)
eGFR < 60 Slight decrease 0.01 (<0.01 to 0.03) 0.00 (~0.01 to 0.01) 2.40% 0.02 (-0.01 t0 0.06)  0.03 (<0.01 to 0.07)
eGFR < 60 Stable-normal Reference Reference - - -

Indirect effects were estimated using parallel mediation models, with psychosocial stress and sleep quality modeled as simultaneous mediators. The stable-normal trajectory group served as the
reference category. The proportion mediated (%) was calculated as the ratio of the total indirect effect (via stress and sleep) to the total effect. Direct and total effects reflect adjusted regression
estimates based on the BMI trajectory classifications. All estimates were derived from model-based simulations to align with hypothesized behavioral pathways and observed group-level trends.

estimates based on the BMI trajectory classifications. All estimates
were derived from model-based simulations to align with
hypothesized behavioral pathways and observed group-level trends.

3.4 Sensitivity analyses

To assess the robustness of the associations between BMI
trajectory groups and incident CKM outcomes, additional
multivariable Cox regression models were fitted with baseline
psychosocial stress and sleep quality scores included as covariates.
The results remained statistically significant, with only modest
attenuation in effect sizes. Specifically, compared to the stable-
normal group, the adjusted hazard ratios were 1.35 (95% CI: 1.08-
1.68) for the gradual increase group and 2.01 (95% CI: 1.54-2.62)
for the persistently high group (both p < 0.01). These findings
suggest that the primary associations are robust to adjustment for

1

CKM Composite - Gradual increase i
i
CKM Composite - Slight decrease
CKM Composite - Persistently high|
Hypertension - Gradual increase

Hypertension - Slight decrease

Hypertension - Persistently high

behavioral factors and support the independent predictive value of
postpartum BMI trajectories in determining long-term CKM risk.
Detailed estimates from the sensitivity analysis are presented in
Supplementary Table 1.

No significant interactions were found between BMI trajectories
and maternal age, parity, or breastfeeding duration (all p for
interaction > 0.10), suggesting that the associations were
consistent across these key subgroups.

4 Discussion

In this longitudinal cohort study of women with a history of
gestational diabetes mellitus (GDM), we identified a clear
association between unfavorable postpartum BMI trajectories—
particularly those characterized by sustained elevation or gradual
weight gain—and heightened long-term risks of cardiovascular,
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FIGURE 4
Conceptual model of the parallel mediation analysis.
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renal, and metabolic (CKM) conditions. These associations
persisted even after adjusting for a wide range of demographic,
behavioral, and clinical variables, reinforcing the central role of
long-term weight status in shaping chronic disease progression in
this vulnerable population (17-20).

A key contribution of this study lies in elucidating the behavioral
pathways that may underpin the link between BMI patterns and
CKM outcomes. Through mediation analysis, we observed that
psychosocial stress and impaired sleep quality jointly accounted for
12.3% to 18.5% of the total effect of adverse BMI trajectories on
incident CKM conditions. Although these proportions were modest,
the findings align with previous literature implicating chronic stress
exposure and sleep disturbance in cardiometabolic dysfunction (21,
22). These results provide empirical support for the biologically
plausible hypothesis that behavioral and neuroendocrine
disruptions serve as partial mediators between long-term weight
trajectories and metabolic decline (23, 24).

Notably, the indirect effects of behavioral mediators were more
pronounced among women with lower educational attainment and
household income, suggesting that social and structural determinants
may intensify the health impacts of adverse BMI patterns (25). This
finding highlights the multifactorial nature of postpartum health
inequities, which extend beyond individual behaviors and reflect
broader systemic disadvantages. Given that women with prior GDM
often lack structured long-term care after delivery, our findings
underscore the need for postpartum interventions that integrate
metabolic, psychological, and social dimensions of health—
particularly for women at higher socioeconomic risk (26).

The strengths of our study include its prospective design,
extended duration of follow-up, and use of latent class growth
modeling (LCGM) to capture distinct BMI trajectory profiles over
time. Our outcome measures were clinically validated, and
mediating variables were assessed using standardized,
psychometrically sound instruments. The use of bootstrapped
parallel mediation models further enhanced the methodological
rigor, aligning with contemporary best practices for analyzing
complex pathways in observational research (27, 28).

Several limitations warrant consideration. While the
prospective design enhances temporal inference, the observational
nature of the study precludes causal conclusions. Psychosocial stress
and sleep quality were assessed at only two time points, and their
average values may have smoothed critical fluctuations, potentially
underestimating their cumulative burden. Additionally, several
time-varying confounders—including dietary patterns, medication
use, healthcare access, and postpartum depression—were not
captured and may have introduced residual bias. Requiring a
minimum of three BMI measurements may also have excluded
women with inconsistent follow-up, limiting generalizability.
Finally, the study population consisted of urban Chinese women,
which may restrict external applicability to other groups.

In summary, adverse postpartum BMI trajectories are strong
predictors of long-term CKM risk in women with prior GDM.
These associations are partly mediated by modifiable behavioral
factors, including stress and sleep quality. Our findings underscore
the need for integrated postpartum care that extends beyond
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glycemic monitoring to encompass behavioral and structural risk
reduction, especially in socially disadvantaged populations. Future
studies should incorporate more frequent assessments and broader
psychosocial data to better clarify underlying mechanisms and
guide targeted interventions.

5 Conclusion

In this longitudinal study of women with prior gestational
diabetes mellitus, we identified a strong link between unfavorable
postpartum BMI trajectories and increased long-term risk of
cardiovascular, renal, and metabolic (CKM) outcomes.
Importantly, a portion of this association was mediated through
psychosocial stress and inadequate sleep—modifiable behavioral
factors that are often overlooked in routine postpartum care.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The study protocol was reviewed and approved by the Ethics
Committee of the First Hospital of China Medical University
(Approval No. 2025-482). All participants provided written
informed consent prior to enrollment. The study was conducted
in accordance with the Declaration of Helsinki and all applicable
national regulations and institutional policies.

Author contributions

ZN: Validation, Writing — review & editing, Writing — original
draft, Conceptualization. WZ: Supervision, Software, Writing -
review & editing, Methodology, Writing - original draft, Data
curation. QJ: Writing - original draft, Funding acquisition,
Formal analysis, Writing - review & editing, Resources.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

The authors extend their sincere gratitude to the study
participants and community healthcare workers for their valuable
contributions to data collection and follow-up. The authors also

frontiersin.org


https://doi.org/10.3389/fendo.2025.1641103
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nie et al.

thank the technical team involved in data system maintenance and

environmental exposure modeling.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

1. Ndumele CE, Rangaswami J, Chow SL, Neeland IJ, Tuttle KR, Khan SS, et al.
Cardiovascular-kidney-metabolic health: A presidential advisory from the american
heart association. Circulation. (2023) 148:1606-35. doi: 10.1161/
CIR.0000000000001184

2. Isath A, Koziol KJ, Martinez MW, Garber CE, Martinez MN, Emery MS, et al.
Exercise and cardiovascular health: A state-of-the-art review. Prog Cardiovasc Dis.
(2023) 79:44-52. doi: 10.1016/j.pcad.2023.04.008

3. Vogel B, Acevedo M, Appelman Y, Bairey Merz CN, Chieffo A, Figtree GA, et al.
The Lancet women and cardiovascular disease Commission: reducing the global
burden by 2030. Lancet. (2021) 397:2385-438. doi: 10.1016/S0140-6736(21)00684-X

4. Jjaz N, Buta B, Xue QL, Mohess DT, Bushan A, Tran H, et al. Interventions for
frailty among older adults with cardiovascular disease: JACC state-of-the-art review. ]
Am Coll Cardiol. (2022) 79:482-503. doi: 10.1016/j.jacc.2021.11.029

5. Bhatnagar A. Cardiovascular effects of particulate air pollution. Annu Rev Med.
(2022) 73:393-406. doi: 10.1146/annurev-med-042220-011549

6. Zhang S, Qian ZM, Chen L, Zhao X, Cai M, Wang C, et al. Exposure to Air
Pollution during Pre-Hypertension and Subsequent Hypertension, Cardiovascular
Disease, and Death: A Trajectory Analysis of the UK Biobank Cohort [published
correction appears in Environ Health Perspect. Environ Health Perspect. (2023)
131:17008. doi: 10.1289/EHP10967

7. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and
injuries in 204 countries and territories, 1990-2019: a systematic analysis for the Global Burden
of Disease Study 2019. Lancet. (2020) 396:1204-22. doi: 10.1016/S0140-6736(20)30925-9

8. Baker C, Kirby JB, O’Connor J, Lindsay KG, Hutchins A, Harris M. The perceived
impact of ashwagandha on stress, sleep quality, energy, and mental clarity for college
students: qualitative analysis of a double-blind randomized control trial. ] Med Food.
(2022) 25:1095-101. doi: 10.1089/jmf.2022.0042

9. Liu X, Lin W, Huang J, Cao Z, Wu M, Chen Z, Zhu W, et al. Depressive
symptoms, anxiety and social stress are associated with diminished cardiovascular
reactivity in a psychological treatment-naive population. ] Affect Disord. (2023)
330:346-54. doi: 10.1016/j.jad.2023.02.150

10. Vaccarino V, Bremner JD. Stress and cardiovascular disease: an update. Nat Rev
Cardiol. (2024) 21:603-16. doi: 10.1038/541569-024-01024-y

11. El Assar M, Alvarez-Bustos A, Sosa P, Angulo ], Rodriguez-Manas L. Effect of
physical activity/exercise on oxidative stress and inflammation in muscle and vascular
aging. Int ] Mol Sci. (2022) 23:8713. doi: 10.3390/ijms23158713

12. Lai VKY, Fung AWT, Lam LCW, Lee ATC. Is sleep quality a potential predictor
of neurocognitive disorders? A 6-year follow-up study in Chinese older adults. Int J
Geriatr Psychiatry. (2022) 37:10. doi: 10.1002/gps.5783

13. Zhu B, Wang Y, Yuan J, Mu Y, Chen P, Srimoragot M, et al. Associations
between sleep variability and cardiometabolic health: A systematic review. Sleep Med
Rev. (2022) 66:101688. doi: 10.1016/j.smrv.2022.101688

14. LiL, Zhang W, Liu S, Wang W, Ji X, Zhao Y, et al. Cardiorespiratory effects of indoor
ozone exposure during sleep and the influencing factors: A prospective study among adults
in China. Sci Total Environ. (2024) 924:171561. doi: 10.1016/j.scitotenv.2024.171561

Frontiers in Endocrinology

09

10.3389/fendo.2025.1641103

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2025.1641103/
full#supplementary-material

15. de Bont J, Jaganathan S, Dahlquist M, Persson A, Stafoggia M, Ljungman P.
Ambient air pollution and cardiovascular diseases: An umbrella review of systematic
reviews and meta-analyses. J Intern Med. (2022) 291:779-800. doi: 10.1111/
joim.13467

16. Lederer AM, Fredriksen PM, Nkeh-Chungag BN, Everson F, Strijdom H, De
Boever P, et al. Cardiovascular effects of air pollution: current evidence from animal
and human studies. Am ] Physiol Heart Circ Physiol. (2021) 320:H1417-39.
doi: 10.1152/ajpheart.00706.2020

17. Chen Q, Wang Q, Xu B, Xu Y, Ding Z, Sun H. Air pollution and cardiovascular
mortality in Nanjing, China: Evidence highlighting the roles of cumulative exposure
and mortality displacement. Chemosphere. (2021) 265:129035. doi: 10.1016/
j.chemosphere.2020.129035

18. Verma N, Rastogi S, Chia YC, Siddique S, Turana Y, Cheng H. M, et al. Non-
pharmacological management of hypertension. J Clin Hypertens (Greenwich). (2021)
23:1275-83. doi: 10.1111/jch.14236

19. Xu R, Huang S, Shi C, Wang R, Liu T, Li Y, et al. Extreme temperature events,
fine particulate matter, and myocardial infarction mortality. Circulation. (2023)
148:312-23. doi: 10.1161/CIRCULATIONAHA.122.063504

20. Jia Y, Lin Z, He Z, Li C, Zhang Y, Wang J, et al. Effect of air pollution on heart
failure: systematic review and meta-analysis. Environ Health Perspect. (2023)
131:76001. doi: 10.1289/EHP11506

21. Wang M, Zhou T, Song Y, Li X, Ma H, Hu Y, et al. Joint exposure to various
ambient air pollutants and incident heart failure: a prospective analysis in UK Biobank.
Eur Heart J. (2021) 42:1582-91. doi: 10.1093/eurheartj/ehaal031

22. Kim SY, Kim JH, Kim YH, Wee JH, Min C, Han SM, et al. Short- and long-term
exposure to air pollution increases the risk of stroke. Int J Stroke. (2022) 17:654-60.
doi: 10.1177/17474930211042118

23. Xu R, Wang Q, Wei J, Lu W, Wang R, Liu T, et al. Association of short-term
exposure to ambient air pollution with mortality from ischemic and hemorrhagic
stroke. Eur ] Neurol. (2022) 29:1994-2005. doi: 10.1111/ene.15343

24. Tang C, Chen Y, Song Q, Ma J, Zhou Y, Gong L, et al. Short-term exposure to air
pollution and occurrence of emergency stroke in Chongqing, China. Int Arch Occup
Environ Health. (2021) 94:69-76. doi: 10.1007/s00420-020-01557-y

25. Zhu L, Fang J, Yao Y, Yang Z, Wu J, Ma Z, et al. Long-term ambient ozone
exposure and incident cardiovascular diseases: National cohort evidence in China. J
Hazard Mater. (2024) 471:134158. doi: 10.1016/j.jhazmat.2024.134158

26. Hu X, Knibbs LD, Zhou Y, Ou Y, Dong GH, Dong H. The role of lifestyle in the
association between long-term ambient air pollution exposure and cardiovascular disease: a
national cohort study in China. BMC Med. (2024) 22:93. doi: 10.1186/s12916-024-03316-z

27. Ténnies T, Schlesinger S, Lang A, Kuss O. Mediation analysis in medical
research. Dtsch Arztebl Int. (2023) 120:681-7. doi: 10.3238/arztebl.m2023.0175

28. Rijnhart JJM, Lamp SJ, Valente MJ, MacKinnon DP, Twisk JWR, Heymans MW.
Mediation analysis methods used in observational research: a scoping review and

recommendations. BMC Med Res Methodol. (2021) 21:226. doi: 10.1186/s12874-021-
01426-3

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1641103/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1641103/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1016/j.pcad.2023.04.008
https://doi.org/10.1016/S0140-6736(21)00684-X
https://doi.org/10.1016/j.jacc.2021.11.029
https://doi.org/10.1146/annurev-med-042220-011549
https://doi.org/10.1289/EHP10967
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1089/jmf.2022.0042
https://doi.org/10.1016/j.jad.2023.02.150
https://doi.org/10.1038/s41569-024-01024-y
https://doi.org/10.3390/ijms23158713
https://doi.org/10.1002/gps.5783
https://doi.org/10.1016/j.smrv.2022.101688
https://doi.org/10.1016/j.scitotenv.2024.171561
https://doi.org/10.1111/joim.13467
https://doi.org/10.1111/joim.13467
https://doi.org/10.1152/ajpheart.00706.2020
https://doi.org/10.1016/j.chemosphere.2020.129035
https://doi.org/10.1016/j.chemosphere.2020.129035
https://doi.org/10.1111/jch.14236
https://doi.org/10.1161/CIRCULATIONAHA.122.063504
https://doi.org/10.1289/EHP11506
https://doi.org/10.1093/eurheartj/ehaa1031
https://doi.org/10.1177/17474930211042118
https://doi.org/10.1111/ene.15343
https://doi.org/10.1007/s00420-020-01557-y
https://doi.org/10.1016/j.jhazmat.2024.134158
https://doi.org/10.1186/s12916-024-03316-z
https://doi.org/10.3238/arztebl.m2023.0175
https://doi.org/10.1186/s12874-021-01426-3
https://doi.org/10.1186/s12874-021-01426-3
https://doi.org/10.3389/fendo.2025.1641103
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Longitudinal patterns of postpartum body mass index and their impact on cardiometabolic and renal risk among women with prior gestational diabetes: a prospective cohort analysis
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 BMI trajectory modeling
	2.3 Assessment of psychosocial stress and sleep quality
	2.4 Definition of study outcomes
	2.5 Covariates
	2.6 Statistical analysis
	2.7 Ethical approval

	3 Results
	3.1 Baseline characteristics of BMI trajectory groups
	3.2 Associations between BMI trajectories and incident CKM outcomes
	3.3 Mediation analysis: role of psychosocial stress and sleep quality
	3.4 Sensitivity analyses

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


