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Abstract
Aim: We explored whether adherence to a combined healthy lifestyle was associated with
the long-term risk of type 2 diabetes mellitus (T2DM) among women with prior gestational
diabetes  mellitus  (GDM)  or  hypertensive  disorders  of  pregnancy  (HDP)  and  whether
genetic susceptibility modified this association.

Methods: A total of 3,109 women aged 40-69 years with a history of GDM or HDP were
included  in  the  present  study.  All  participants  were  selected  from  the  UK  Biobank.  We
constructed a combined lifestyle score based on six favorable lifestyle factors, including
diet, smoking, alcohol consumption, physical activity, sleep, and body mass index. Scores
ranged from 0 to 6, with higher scores reflecting a healthier lifestyle. We applied the Cox
proportional hazards regression to evaluate the association between the combined lifestyle
score and the risk of T2DM. We further examined the interplay between the polygenic risk
                                                                                               score (PRS) and the combined lifestyle score regarding the development of T2DM.
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Hospital, Sichuan University, Chengdu 610041, Sichuan, China. E-mail: pxiongfei@scu.edu.cn; yunhaonanyang@scu.edu.cn

Results: Compared with those scoring 0 points, participants with combined lifestyle scores of 2, 3, and ≥ 4 points
had significantly  lower  risks  of  T2DM, with hazard ratios  (95% confidence intervals)  of  0.54 (0.32,  0.93),  0.37
(0.22, 0.64), and 0.29 (0.16, 0.53), respectively. A significant dose-response relationship was observed (P for trend
< ​ 0.001). However, there was no interaction between the PRS and combined lifestyle score for the risk of T2DM (P
for interaction = 0.247).

Conclusions: For those with a history of GDM or HDP, a healthier combined lifestyle was associated with a dose-
dependent reduction in T2DM risk. These inverse associations were consistent across strata of genetic susceptibility
and other major participant characteristics.

INTRODUCTION
Gestational diabetes mellitus (GDM) and hypertensive disorders of pregnancy (HDP) are two common

pregnancy-related complications. Among these, GDM occurs frequently during pregnancy, with a global

prevalence of approximately 14%
[1]

. HDP accounts for an estimated 14% of maternal deaths worldwide
[2]

. A

history of GDM or HDP is associated with a substantially increased risk of developing type 2 diabetes

mellitus (T2DM)
[3,4]

. Accordingly, GDM and HDP are regarded as major indicators of metabolic health in

pregnant women
[5,6]

. Notably, both conditions are characterized by systemic inflammation during pregnancy,

which may persist postpartum and lead to long-term metabolic complications
[7-9]

. With rising global obesity

rates and increasing maternal age, the incidence of GDM and HDP continues to rise. Thus, identifying

modifiable lifestyle factors and developing intervention strategies are essential to mitigate long-term T2DM

risk among those with a history of GDM or HDP.

Recent studies suggest that lifestyle-based approaches are associated with a markedly reduced risk of T2DM

in the general population
[10-12]

. In particular, clinical trials have confirmed that following a healthy lifestyle,

including weight control, regular physical activity, balanced nutrition, moderate alcohol consumption, and

smoking cessation, significantly reduces T2DM risk among community-dwelling adults
[13-15]

. Whether this

protective effect extends to women with prior GDM or HDP remains uncertain. According to the U.S.

Nurses’ Health Study II (NHS-II), women with prior GDM who achieved ideal levels across all five lifestyle

components showed a reduction in T2DM risk exceeding 90% compared with those who achieved none
[16]

.

However, this cohort consisted primarily of nurses with relatively high socioeconomic status and health

literacy, potentially overestimating the benefit and limiting generalizability. Evidence linking HDP to

subsequent T2DM is less common. A Danish nationwide cohort study observed that maintaining a healthy

body weight was critical for lowering T2DM risk among women with prior HDP compared with

normotensive controls
[17]

, but the analysis was limited to body mass index (BMI) and did not evaluate the

synergistic impact of multiple lifestyle components. In addition, although the NHS-II suggested that the

benefits of a healthy lifestyle were independent of polygenic risk scores (PRS) for GDM, evidence remains

limited among women from diverse ethnic and genetic backgrounds. Thus, it is unclear whether the

association between combined lifestyle factors and T2DM differs by genetic predisposition.

To address these knowledge gaps, the present study prospectively evaluated associations between a combined

lifestyle (dietary patterns, physical activity, smoking status, alcohol consumption, sleep duration, and BMI)

and T2DM risk, and assessed whether the association was modified by PRS. Our findings will provide clues

for preventing T2DM in individuals who have experienced pregnancy complications such as GDM or HDP.
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Figure 1. Flowchart of inclusion and exclusion procedures. BMI: Body mass index; GDM: gestational diabetes mellitus; HDP: hypertensive
disorders of pregnancy; T2DM: type 2 diabetes mellitus.

METHODS
Data source and study population

This study obtained data from the UK Biobank (UKB), a large-scale prospective cohort that recruited more

than 500,000 participants aged 40-69 years from 2006 to 2010. At enrollment, participants completed detailed

questionnaires on demographic characteristics, behavioral factors, environmental exposures, and medical

history, and underwent physical exams and standardized biological measurements
[18]

. During follow-up, the

UKB was linked to nationwide databases, such as primary care data, hospitalization records, death registries,

and disease-specific registers, to identify disease diagnoses. The UK Biobank study received ethical approval

from the North West Multi-Centre Research Ethics Committee (REC reference: 21/NW/0157, IRAS project

ID: 299116), and all participants provided written informed consent. The present analysis was conducted

under UK Biobank Application Number 103011 and required no additional institutional ethical approval

because only de-identified data were used.

We conducted both cross-sectional and prospective analyses. For the cross-sectional analyses, we excluded

51,079 women without a history of childbirth and 218,033 women without a prior history of GDM or HDP.

GDM was identified using ICD-10 code O24.4 (and corresponding ICD-9 codes 648.0 and 648.8). HDP was

considered present if any of the following ICD-10 codes were recorded: O11, O13, O14.0, O14.1, O14.9,

O15.0, O15.1, O15.2, and O15.9 (and corresponding ICD-9 codes 642.3, 642.4, 642.5, 642.6, and 642.7). We

also excluded 672 women with missing data on lifestyle factors, 86 women with missing genetic data, and 177

women lacking information on major covariates. Consequently, data from 3,251 women were used for the

cross-sectional analyses [Figure 1]. For the prospective analyses, we further excluded 142 women with

prevalent diabetes at recruitment, resulting in a final sample of 3,109 women.



Page 4 of 15 Zhao et al. Metab Target Organ Damage. 2026;6:58

Exposure assessment

A combined lifestyle score was constructed using six behavioral indicators [Supplementary Tables 1 and 2].

Following a published approach
[19]

, each indicator was initially classified into three categories and then

dichotomized as healthy (1) or unhealthy (0). The combined lifestyle score (range: 0-6) was derived by

summing the six dichotomized items, with higher scores indicating a healthier lifestyle. For diet, we assessed

adherence to the dietary priorities for cardiovascular health
[20]

 across seven core food groups: fruits,

vegetables, fish, refined grains, whole grains, processed red meat, and unprocessed red meat. Participants

were classified as having a healthy diet if they met ≥ 6 categories, a moderate diet if they met 2-5 categories,

and a poor diet if they met ≤ 1 category; only the healthy category contributed 1 point. Physical activity was

evaluated based on World Health Organization recommendations
[21]

 and categorized as active (≥ 150 min of

moderate or ≥ 75 min of vigorous activity/week), moderate (partial compliance), or inactive (no compliance);

only the active category contributed 1 point. Smoking status was categorized as never, former, or current

smoker; only never smoking contributed 1 point. For alcohol consumption, never drinkers were assigned 1

point, whereas low-risk drinkers (≤ 7 standard drinks/week; 1 drink = 14 g ethanol) and high-risk drinkers (>

7 drinks/week or daily)
[22]

 were grouped into unhealthy. Sleep duration was categorized as healthy (7-8

h/night), moderate (6 or 9 h), and poor (≤ 5 or ≥ 10 h/night), with healthy sleepers assigned 1 point
[23]

. BMI,

calculated as weight (kg)/height
2
(m

2
), was categorized as healthy (<​ 25.0 kg/m

2
; 1 point) or unhealthy (≥ 25.0

kg/m
2
)

[24]

.
 To ensure adequate statistical power, we divided the combined lifestyle score into five categories (0,

1, 2, 3, and 4-6 points) in the main analyses and further classified it into three groups: unhealthy (0-1 points),

intermediate (2-3 points), or healthy (4-6 points). In addition, we constructed an alternative combined

lifestyle score excluding BMI. Comparing effect estimates between the two scores allowed us to indirectly

examine whether BMI mediated the association between the combined lifestyle score and T2DM risk.

The PRS for T2DM quantifies genetic susceptibility using a standardized metric available in the UKB (Field

ID: 26285). The PRS was calculated as the weighted sum of allele dosages across genome-wide risk variants,

with weights defined by posterior effect sizes estimated from independent genome-wide association study

summary statistics
[25]

. Previous studies have validated the clinical utility of this standardized PRS within the

UKB
[26,27]

. In this study, the PRS was categorized into quartiles: Q1 (lowest genetic risk), Q2, Q3, and Q4

(highest genetic risk). To increase statistical power for the joint analysis of combined lifestyle and genetic

susceptibility, the cohort was stratified into a low genetic risk group (PRS quartiles Q1-Q2) and a high

genetic risk group (PRS in quartiles Q3-Q4).

Outcomes

Prevalent T2DM at baseline was defined as meeting one or more of the following criteria: (1) self-reported

diabetes at the baseline assessment (field 20002); (2) linked historical hospital records indicating diabetes

(ICD-9/ICD-10 codes); or (3) baseline HbA1c ≥ 48 mmol/mol in accordance with the American Diabetes

Association guidelines
[28]

. Incident T2DM cases during follow-up were ascertained from linked inpatient

hospital records and death registries using ICD-10 codes (E11) [Supplementary Table 3]. For each

participant, follow-up was calculated from the baseline assessment to the first occurrence of T2DM, death,

loss to follow-up, or the end of follow-up (December 2021), whichever occurred first.

Covariates

Major covariates were collected through the UKB baseline assessment system [Supplementary Table 2].

Demographic characteristics included age (continuous), race/ethnicity (White/non-White), and education

level (high: university degree or professional qualification; low: other qualifications). Reproductive history

variables included parity (categorized as 0, 1, 2, or ≥ 3 live births) and oral contraceptive use (never/ever).

Family history of diabetes was defined as self-reported diabetes in parents or siblings (binary: yes/no). Other

covariates used in sensitivity analyses included the Townsend deprivation index, social support,
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postmenopausal status, and medication use. The Townsend deprivation index, derived from participants’

residential postcode at baseline, was included as a continuous measure of socioeconomic deprivation, with

higher values indicating greater deprivation
[29]

. Social support was derived from baseline questionnaire

data
[30]

. Postmenopausal status was coded as yes or no based on self-reported menopausal status at baseline.

Medication use for metabolic diseases was categorized as self-reported regular intake of antihypertensive,

lipid-lowering, or antidiabetic medications at baseline.

Statistical analysis

Baseline characteristics of women with prior GDM or HDP were compared across combined lifestyle score

categories (0, 1, 2, 3, and ≥ 4). Continuous variables were compared across groups using analysis of variance,

and categorical variables were compared using the chi-square test or Fisher’s exact test, as appropriate.

In the cross-sectional analyses, we used logistic regression models to assess associations between the

combined lifestyle score and prevalent T2DM. Odds ratios (ORs) with 95% confidence intervals (CIs) were

computed. We adjusted for covariates sequentially. In Model 1, we accounted for age (continuous) and

race/ethnicity (White or non-White). Model 2 additionally included educational level (categorical), parity (1,

2, or ≥ 3), oral contraceptive use (binary: yes/no), and family history of diabetes (yes/no). When analyzing

individual lifestyle factors, Model 2 was additionally adjusted for other lifestyle factors (excluding BMI).

In the prospective analyses, we used Cox proportional hazards regression models to evaluate associations of

individual lifestyle factors, the combined lifestyle score, and the PRS with new-onset T2DM, following the

same analytical strategy as in the cross-sectional analyses. The proportional hazards assumption of the Cox

models was assessed using Schoenfeld residuals. No significant violations were detected (all global P > 0.05),

indicating that the assumption was satisfied. Hazard ratios (HRs) and corresponding 95%CIs were reported.

We examined whether the relationship between lifestyle factors and T2DM varied across population

subgroups using stratified analyses. Participants were stratified by PRS (low vs. high), age (<​ 55 years vs. ≥ 55

years), BMI (<​ 30 kg/m
2
 vs. ≥ 30 kg/m

2
), and family history of diabetes (yes vs. no). To assess effect

modification (interaction), we added interaction terms to our Cox models and tested their statistical

significance using the likelihood ratio test. To evaluate the joint effect of PRS and lifestyle, we conducted a

joint association analysis. The previously defined dichotomous genetic risk variable (low vs. high) was cross-

classified with the three-category lifestyle variable (unhealthy, intermediate, and healthy), generating six

combined exposure groups.

Five sensitivity analyses were conducted to assess the robustness of the association between the combined

lifestyle score and incident T2DM. First, to evaluate the contribution of lifestyle factors independent of body

weight, we reconstructed an alternative lifestyle score excluding BMI (score range: 0-5). Second, to minimize

reverse causality, we excluded participants diagnosed with T2DM during the first two years of follow-up.

Third, we handled missing covariate data using multiple imputation via the mice package in R to avoid

potential bias
[31]

, generating 10 imputed datasets. Continuous covariates were imputed using predictive mean

matching (pmm), and categorical covariates using logistic regression (logreg). Analyses were repeated in

each imputed dataset, and estimates were pooled according to Rubin’s rules
[32]

. Fourth, based on Model 2 in

the prospective analyses, further adjustments were made for the Townsend deprivation index (continuous),

menopausal status (yes/no), social support (high/low), and medication use for metabolic diseases (yes/no).

Fifth, to assess the robustness of our findings, we performed sensitivity analyses separately among women

with a history of GDM and those with a history of HDP.

All analyses were conducted with R software (version 4.3; R Foundation for Statistical Computing). A P value

<​ 0.05 (two-sided) was regarded as indicating statistical significance.
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RESULTS
Basic characteristics of study participants

The cross-sectional analyses included 3,251 women [Figure 1], of whom 3,109 were eligible for prospective

analyses. Within the prospective cohort, 1,017 (32.7%) had a history of GDM only, 2,081 (66.9%) had HDP

only, and 11 (0.4%) had a history of both conditions. Five groups were created according to the combined

lifestyle scores among the 3,109 participants: 0 (n = 111), 1 (n = 585), 2 (n = 1,087), 3 (n = 956), and ≥ 4 (n =

370). No participants achieved the maximum score of 6. Compared with those in the lower score groups,

participants with higher combined lifestyle scores were mostly younger and had higher education levels

[Table 1]. They also had lower BMI and were more likely to have healthier lifestyle behaviors, including diet,

smoking status, alcohol consumption, physical activity, and sleep duration (all P <​ 0.05). Similar findings

were observed when the combined lifestyle score (range 0-6) was recategorized into healthy, intermediate,

and unhealthy categories [Supplementary Table 4].

Cross-sectional analyses

In the logistic regression, after adjusting for age, race/ethnicity, education, parity, oral contraceptive use, and

family history of diabetes, we observed a significant inverse dose-response relationship (P for trend <​ 0.01;

Table 2). Compared with participants with a combined lifestyle score of 0, the adjusted ORs (95%CIs) for

those with scores of 1, 2, 3, and ≥ 4 were 0.82 (0.49, 1.38), 0.49 (0.29, 0.83), 0.31 (0.17, 0.55), and 0.36 (0.19,

0.69), respectively.

Prospective analyses

In prospective analyses of 3,109 women with a history of GDM or HDP (median follow-up 14.5 years), 247

incident T2DM cases were documented. Cox proportional hazards models, adjusted for age, race/ethnicity,

education, parity, oral contraceptive use, and family history of diabetes, showed that most modifiable lifestyle

factors were independently associated with T2DM [Table 3]. Compared with participants with a combined

lifestyle score of 0, the multivariable-adjusted HRs (95%CIs) for incident T2DM were 0.83 (0.49, 1.39) for 1

point, 0.54 (0.32, 0.93) for 2 points, 0.37 (0.22, 0.64) for 3 points, and 0.29 (0.16, 0.53) for ≥ 4 points (P for

trend <​ 0.001), indicating a pronounced inverse association between the combined lifestyle score and T2DM

risk [Table 2 and Figure 2].

Subgroup and sensitivity analyses

No significant interaction was observed between PRS and lifestyle (P for interaction = 0.247, Supplementary

Table 5). In the high-PRS group, compared with the unhealthy reference category, the adjusted HR for

participants in the healthy category (≥ 4 points) was 0.32 (0.16, 0.65). The joint analysis of PRS and the

combined lifestyle score showed that all PRS-lifestyle combined groups exhibited a markedly reduced T2DM

risk compared with the reference group (unhealthy lifestyle/high PRS) [Figure 3]. In addition, a combined

healthy lifestyle was similarly associated with lower T2DM risk across subgroups defined by BMI, age, and

family history of diabetes, with no statistical heterogeneity detected [Supplementary Table 5]. For instance,

the adjusted HRs were 0.42 (95%CI: 0.22, 0.78) among individuals with BMI <​ 30 kg/m
2
 and 0.61 (95%CI:

0.24, 1.54) among those with BMI ≥ 30 kg/m
2
 (P for interaction = 0.704). Similarly, the association was

observed in both age groups: HR was 0.32 (95%CI: 0.16, 0.65) for age <​ 55 years and 0.44 (95%CI: 0.21, 0.90)

for age ≥ 55 years (P for interaction = 0.780).

In a sensitivity analysis of a lifestyle score based on five factors (excluding BMI), the negative association

between higher lifestyle scores and reduced T2DM risk remained robust. Compared with the reference group

(0 points), the adjusted HRs and 95%CIs were 0.72 (0.43, 1.18) for 1 point, 0.55 (0.33, 0.89) for 2 points, 0.35

(0.20, 0.61) for 3 points, and 0.40 (0.20, 0.80) for ≥ 4 points. Across sensitivity analyses that excluded 16

participants diagnosed within the first two years of follow-up, used multiple imputation for missing
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Table 1. Baseline characteristics by the combined lifestyle score among women with a history of GDM or HDP

Characteristics

Combined lifestyle score

Overall
(N = 3,109)

0
(N = 111)

1
(N = 585)

2
(N = 1087)

3
(N = 956)

≥ 4
(N = 370)

P valuea

Age at enrollment, mean (SD), years 51.9 (8.5) 53.4 (8.8) 52.6 (8.5) 51.7 (8.5) 51.6 (8.5) 51.3 (8.4) 0.027

Race/ethnicity, n (%)

White 2,858 (91.9%) 101 (91.0%) 560 (95.7%) 1,015 (93.4%) 856 (89.5%) 326 (88.1%)
<​ 0.001

Non-White 251 (8.1%) 10 (9.0%) 25 (4.3%) 72 (6.6%) 100 (10.5%) 44 (11.9%)

Education, n (%)

Low 1,197 (38.5%) 42 (37.8%) 250 (42.7%) 431 (39.7%) 348 (36.4%) 126 (34.1%)
0.041

High 1,912 (61.5%) 69 (62.2%) 335 (57.3%) 656 (60.3%) 608 (63.6%) 244 (65.9%)

BMI, mean (SD), kg/m2 27.7 (5.2) 30.5 (4.7) 29.8 (4.9) 28.4 (5.0) 26.5 (5.0) 24.3 (4.3) <​ 0.001

Family history of diabetes, n (%)

Yes 753 (24.2%) 23 (20.7%) 136 (23.2%) 283 (26.0%) 220 (23.0%) 91 (24.6%)
0.436

No 2,356 (75.8%) 88 (79.3%) 449 (76.8%) 804 (74.0%) 736 (77.0%) 279 (75.4%)

Parity, n (%)

1 602 (19.6%) 20 (18.0%) 114 (19.5%) 215 (19.8%) 177 (18.5%) 76 (20.5%)

0.5772 1,626 (52.3%) 58 (52.3%) 317 (54.2%) 576 (53.0%) 500 (52.3%) 175 (47.3%)

≥ 3 881 (28.3%) 33 (29.7%) 154 (26.3%) 296 (27.2%) 279 (29.2%) 119 (32.2%)

Contraceptive use, n (%)

Yes 2,653 (85.1%) 101 (91.0%) 522 (89.2%) 941 (86.6%) 808 (84.5%) 281 (75.9%)
<​ 0.001

No 456 (14.9%) 10 (9.0%) 63 (10.8%) 146 (13.4%) 148 (15.5%) 89 (24.1%)

Diet quality, n (%)

Healthy 708 (22.8%) 24 (21.6%) 115 (19.7%) 221 (20.3%) 236 (24.7%) 112 (30.3%)

<​ 0.001Moderate 1,600 (51.5%) 50 (45.0%) 307 (52.5%) 545 (50.1%) 504 (52.7%) 194 (52.4%)

Poor 801 (25.8%) 37 (33.3%) 163 (27.9%) 321 (29.5%) 216 (22.6%) 64 (17.3%)

Smoking status, n (%)

Never 2,037 (65.5%) 0 (0.0%) 179 (30.6%) 709 (65.2%) 790 (82.6%) 359 (97.0%)

<​ 0.001Former 851 (27.4%) 87 (78.4%) 326 (55.7%) 301 (27.7%) 131 (13.7%) 6 (1.6%)

Current 221 (7.1%) 24 (21.6%) 80 (13.7%) 77 (7.1%) 35 (3.7%) 5 (1.4%)

Alcohol consumption, n (%)

Never/special occasions only 746 (24.0%) 0 (0.0%) 40 (6.8%) 187 (17.2%) 317 (33.2%) 202 (54.6%)

<​ 0.001≤ 7 standard drinks/week 1,954 (62.8%) 89 (80.2%) 451 (77.1%) 745 (68.5%) 531 (55.5%) 138 (37.3%)

> 7 drinks/week or daily 409 (13.2%) 22 (19.8%) 94 (16.1%) 155 (14.3%) 108 (11.3%) 30 (8.1%)

Physical activity, n (%)

Active (≥ 150 min/week) 1,108 (35.6%) 0 (0.0%) 53 (9.1%) 269 (24.7%) 480 (50.2%) 306 (82.7%)

<​ 0.001Moderate (1-149 min/week) 1,365 (43.9%) 64 (57.7%) 356 (60.9%) 548 (50.4%) 345 (36.1%) 52 (14.1%)

Inactive (0 min/week) 636 (20.5%) 47 (42.3%) 176 (30.1%) 270 (24.8%) 131 (13.7%) 12 (3.2%)

Sleep duration, n (%)

Healthy (7-8h/night) 2,172 (69.9%) 0 (0.0%) 268 (45.8%) 747 (68.7%) 796 (83.3%) 361 (97.6%)

<​ 0.001Moderate (6 or 9 h/night) 784 (25.2%) 92 (82.9%) 267 (45.6%) 286 (26.3%) 131 (13.7%) 8 (2.2%)

Poor (≤ 5 or ≥ 10 h/night) 153 (4.9%) 19 (17.1%) 50 (8.5%) 54 (5.0%) 29 (3.0%) 1 (0.3%)

Townsend deprivation index, mean (SD) -1.4 (3.0) -1.0 (3.1) -1.4 (3.0) -1.6 (2.9) -1.4 (3.0) -1.4 (3.1) 0.214

Social support, n (%)

High 2,592 (83.4%) 85 (76.6%) 474 (81.0%) 915 (84.2%) 803 (84.0%) 315 (85.1%)
0.106

Low 517 (16.6%) 26 (23.4%) 111 (19.0%) 172 (15.8%) 153 (16.0%) 55 (14.9%)

Menopausal status, n (%)
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Yes 1,518 (48.8%) 67 (60.4%) 310 (53.0%) 518 (47.7%) 447 (46.8%) 176 (47.6%)
0.014

No 1,591 (51.2%) 44 (39.6%) 275 (47.0%) 569 (52.3%) 509 (53.2%) 194 (52.4%)

Medication use, n (%)

Yes 345 (11.1%) 15 (13.5%) 84 (14.4%) 125 (11.5%) 90 (9.4%) 31 (8.4%)
0.013

No 2,764 (88.9%) 96 (86.5%) 501 (85.6%) 962 (88.5%) 866 (90.6%) 339 (91.6%)

aContinuous variables were compared across groups using analysis of variance, whereas categorical variables were compared using the chi-square
test or Fisher’s exact test, as appropriate. BMI: Body mass index; GDM: gestational diabetes mellitus; HDP: hypertensive disorders of pregnancy;
SD: standard deviation.

Figure 2. Dose-response relationship between the combined lifestyle score and risk of T2DM. The red line denotes the OR (95%CI) for the
cross-sectional association between the combined lifestyle score and T2DM, whereas the blue line denotes the HR (95%CI) for the
prospective association. Higher lifestyle scores were linearly associated with T2DM in a dose-response manner (P for trend <​ 0.01 for both
analyses). CI: Confidence interval; HR: hazard ratio; OR: odds ratio; T2DM: type 2 diabetes mellitus.

Table 2. Association between the combined lifestyle score and T2DM in women with a history of GDM and HDP

Combined lifestyle score

0 1 2 3 ≥ 4 P for trendc

Cross-sectional analysis

Cases/No. of participants 11/122 39/624 43/1,130 28/984 21/391 -

Model 1: OR (95%CI)a Reference 0.77 (0.47, 1.26) 0.47 (0.29, 0.76) 0.30 (0.18, 0.49) 0.38 (0.22, 0.66) < ​ 0.001

Model 2: OR (95%CI)b Reference 0.82 (0.49, 1.38) 0.49 (0.29, 0.83) 0.31 (0.17, 0.55) 0.36 (0.19, 0.69) 0.002

Prospective analysis

Cases/person-years 17/1,480.7 69/8,023.2 88/15,140.4 54/13,471.6 19/5,271.7 -

Model 1: HR (95%CI)a Reference 0.81 (0.48, 1.38) 0.59 (0.34, 1.04) 0.42 (0.24, 0.73) 0.34 (0.19, 0.63) < ​ 0.001

Model 2: HR (95%CI)b Reference 0.83 (0.49, 1.39) 0.54 (0.32, 0.93) 0.37 (0.22, 0.64) 0.29 (0.16, 0.53) < ​ 0.001

aAdjusted for age and race/ethnicity; bFurther adjusted for education level, parity, history of oral contraceptive use, and family history of diabetes; cP
values for trend were calculated by modeling the combined lifestyle score categories as ordinal scores. BMI: Body mass index; CI: confidence
interval; GDM: gestational diabetes mellitus; HDP: hypertensive disorders of pregnancy; HR: hazard ratio; OR: odds ratio; T2DM: type 2 diabetes
mellitus.

covariates, and further adjusted for the Townsend Deprivation Index, menopausal status, social support, and

medication use, the association between higher lifestyle scores and lower T2DM risk remained robust [Table

4]. In addition, the inverse association between a combined healthy lifestyle and T2DM risk was consistently

observed in both women with a history of GDM (HR: 0.43; 95%CI: 0.24, 0.77 for healthy vs. unhealthy) and

those with a history of HDP (HR: 0.21; 95%CI: 0.07, 0.59) [Supplementary Table 6].

https://file.oaecenter.com/published/pdf/65d0777b76d6d8360b3648cbd463fcc4/1790748234/mtod60155-SupplementaryMaterials.pdf
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Table 3. Prospective association of individual lifestyle factors with risk of T2DM in women with a history of GDM or HDP

Cases/person years
Model 1 Model 2 Model 3

HR (95%CI)a HR (95%CI)b HR (95%CI)c

BMI, kg/m2

<​ 25.0 36/15,470.9 Reference Reference

25.0-29.9 158/19,548.4 3.36 (2.34, 4.82) 2.88 (2.00, 4.15)

30.0+ 53/8,368.3 2.66 (1.74, 4.06) 2.43 (1.59, 3.71)

P trendd <​ 0.001 <​ 0.001

Physical activity

Active 69/15,617.7 Reference Reference Reference

Moderate 102/19,045.6 1.23 (0.91, 1.67) 1.24 (0.92, 1.69) 1.20 (0.88, 1.63)

Inactive 76/8,724.3 2.01 (1.45, 2.79) 1.87 (1.35, 2.59) 1.73 (1.25, 2.40)

P trendd <​ 0.001 <​ 0.001 0.001

Diet quality

Healthy 56/9,880.2 Reference Reference Reference

Moderate 126/22,317.7 1.07 (0.78, 1.46) 0.98 (0.72, 1.35) 0.94 (0.68, 1.28)

Poor 65/11,189.7 1.16 (0.81, 1.66) 0.98 (0.68, 1.40) 0.91 (0.64, 1.31)

P trendd 0.424 0.901 0.614

Alcohol intake

Never 95/10,146.8 Reference Reference Reference

≤ 7 standard drinks/week 123/27,542.0 0.86 (0.56, 1.32) 0.67 (0.50, 0.89) 0.69 (0.52, 0.92)

> 7 drinks/week or daily 29/5,698.8 0.98 (0.49, 1.97) 0.91 (0.59, 1.41) 1.06 (0.68, 1.64)

P trendd <​ 0.001 0.006 0.012

Smoking

Never 141/28,633.3 Reference Reference Reference

Former/current 106/14,754.4 1.43 (1.11, 1.84) 1.63 (1.26, 2.11) 1.67 (1.29, 2.16)

P value 0.005 <​ 0.001 <​ 0.001

Sleep duration

Healthy 145/30,488.4 Reference Reference Reference

Moderate/poor 102/12,899.2 1.61 (1.25, 2.08) 1.45 (1.12, 1.87) 1.41 (1.10, 1.83)

P value <​ 0.001 0.005 0.008

aAdjusted for age and race/ethnicity; bFurther adjusted for education level, parity, history of oral contraceptive use, family history of diabetes, and
behavioral risk factors (including smoking status, alcohol consumption, diet quality, physical activity, and sleep duration); cFurther adjusted for BMI
(kg/m2) as a continuous variable; dP values for trend were estimated by treating BMI, physical activity, diet quality, and alcohol intake groups as
ordinal scores. BMI: Body mass index; CI: confidence interval; GDM: gestational diabetes mellitus; HDP: hypertensive disorders of pregnancy; HR:
hazard ratio; T2DM: type 2 diabetes mellitus.

DISCUSSION
In women with prior GDM or HDP, adherence to a healthy lifestyle was associated with a substantially lower

risk of T2DM, indicating a clear dose-response relationship. This inverse association remained consistent

across levels of genetic susceptibility. Our findings have substantial clinical implications for reducing

metabolic risk in women with prior adverse pregnancy outcomes. Notably, lifestyle factors were assessed at

the UKB baseline (ages 40-69), on average 25 years after the index pregnancy complication. Therefore, our

findings primarily reflect midlife lifestyle patterns and their long-term health associations, rather than

perinatal or postpartum behaviors.
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Figure 3. Independent effect of PRS and its combined effect with the lifestyle score on T2DM. (A) Independent effect of the PRS on T2DM
risk. Participants were categorized into quartiles (Q1-Q4) based on the PRS, with Q1 serving as the reference group. The forest plot
presents adjusted HRs and 95%CIs for each quartile. All models were adjusted for age, race/ethnicity, education level, parity, oral
contraceptive use, family history of diabetes, and individual lifestyle factors (BMI, diet, physical activity, sleep, alcohol consumption, and
smoking); (B) Combined effect of the PRS and lifestyle on T2DM risk. The PRS was collapsed into low genetic risk (Q1-Q2) and high
genetic risk (Q3-Q4). A combined lifestyle score (range 0-6) was constructed from six healthy behaviors and classified as unhealthy (0-1
points), intermediate (2-3 points), or healthy (4-6 points). Cross-classification of genetic risk and lifestyle categories generated six joint
groups. The forest plot presents HRs and 95%CIs, with the high genetic risk/unhealthy lifestyle group as the reference. Analyses were
adjusted for age, race/ethnicity, education level, parity, oral contraceptive use, and family history of diabetes. The P value for interaction
was derived from an interaction term between genetic risk categories and lifestyle categories. BMI: Body mass index; CI: confidence
interval; HR: hazard ratio; PRS: polygenic risk score; Q1: quartile 1; Q2: quartile 2; Q3: quartile 3; Q4: quartile 4; T2DM: type 2 diabetes
mellitus.

Our findings revealed a clear inverse dose-response relationship between the number of healthy lifestyle

factors and T2DM risk among women with prior GDM or HDP. This finding was consistent with

prospective studies of general populations
[10-12]

.
 In a rigorous meta-analysis of 14 studies comprising

approximately 1 million participants, individuals following the most favorable lifestyle had a 75% lower risk

of T2DM than those adhering to the least healthy lifestyle
[11]

. In addition, the associations remained broadly

similar across socioeconomic strata and baseline characteristics. However, evidence remains limited among

women with prior GDM or HDP, a group at very high risk of T2DM. Analyses of 4,275 women with prior

GDM from the NHS-II reported that better adherence to five modifiable risk factors (a balanced diet, regular

exercise, moderate alcohol consumption, current nonsmoking, and normal body weight) was linearly linked

to a decreased risk of T2DM
[16]

. Adherence to all five healthy lifestyle factors was associated with a more than

90% lower risk of T2DM compared with adherence to none. Evidence from clinical trials in general

populations also supports our work. A pooled analysis of 30 intervention studies revealed that lifestyle

interventions reduced the overall risk of T2DM by 26% in women with prior GDM, particularly when

initiated within one year postpartum; however, most interventions were limited to diet and/or physical

activity
[33]

. The underlying mechanisms may involve oxidative stress and inflammatory pathways. Previous

research has demonstrated that hyperglycemia and hypertension during pregnancy can trigger oxidative

stress and chronic inflammation, thereby impairing β‑cell function and reducing insulin sensitivity
[34,35]

. A

healthy lifestyle may partially mitigate the adverse effects of metabolic stress during pregnancy by alleviating

oxidative stress and improving insulin signaling pathways, thereby lowering the risk of T2DM
[36]

.

Additionally, even among women at high genetic risk, adherence to a combined lifestyle was associated with

a lower risk of T2DM, suggesting that the protective effect of a combined lifestyle is not substantially
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Table 4. Sensitivity analyses for the association between the combined lifestyle score and incident T2DM among women with prior
GDM or HDP

Combined lifestyle score
P for trend

0 1 2 3 ≥ 4

Sensitivity analysis 1a

22/1,561.0 78/8,383.3 92/15,481.7 38/11,937.2 17/6,024.3 -Cases/person years

Reference 0.67 (0.42, 1.08) 0.44 (0.27, 0.70) 0.23 (0.14, 0.40) 0.20 (0.11, 0.38) <​ 0.001Model 1: HR (95%CI)b

Reference 0.72 (0.43, 1.18) 0.55 (0.33, 0.89) 0.35 (0.20, 0.61) 0.40 (0.20, 0.80) <​ 0.001Model 2: HR (95%CI)c

Sensitivity analysis 2d

15/1,478.3 66/8,017.9 82/15,130.8 50/13,466.2 18/5,270.0 -Cases/person years

Reference 0.82 (0.47, 1.44) 0.55 (0.32, 0.96) 0.38 (0.21, 0.68) 0.35 (0.18, 0.70) <​ 0.001Model 1: HR (95%CI)b

Reference 0.83 (0.47, 1.45) 0.50 (0.29, 0.86) 0.33 (0.19, 0.60) 0.32 (0.16, 0.63) <​ 0.001Model 2: HR (95%CI)e

Sensitivity analysis 3f

19/1,637.2 76/8,431.5 97/15,982.1 57/14,123.3 21/5,358.6 -Cases/person years

Reference 0.76 (0.45, 1.30) 0.53 (0.31, 0.89) 0.37 (0.21, 0.63) 0.33 (0.17, 0.64) <​ 0.001Model 1: HR (95%CI)b

Reference 0.76 (0.45, 1.30) 0.47 (0.28, 0.79) 0.32 (0.18, 0.55) 0.30 (0.15, 0.57) <​ 0.001Model 2: HR (95%CI)e

Sensitivity analysis 4g

17/1,480.7 69/8,023.2 88/15,140.4 54/13,471.6 19/5,271.7Cases/person years

Reference 0.66 (0.36, 1.22) 0.43 (0.23, 0.78) 0.34 (0.18, 0.63) 0.33 (0.16, 0.69) <​ 0.001Model 3: HR (95%CI)g

aBMI was excluded from the combined lifestyle score; bAdjusted for age and race/ethnicity; cAdditionally adjusted for education level, BMI, parity,
history of oral contraceptive use, and family history of diabetes; d16 incident cases of T2DM diagnosed during the initial two years of follow-up were
removed; eAdditionally, we adjusted for education level, parity, history of oral contraceptive use, and family history of diabetes; fMultiple imputation
sample (n = 3,286) included 3,109 complete cases and 177 participants with imputed covariates. All participants were free of T2DM at baseline; gIn
addition to covariates adjusted for in the main analysis (Model 2), further adjustments were made for the Townsend deprivation index, menopausal
status, social support, and medication use for metabolic diseases. BMI: Body mass index; CI: confidence interval; GDM: gestational diabetes
mellitus; HDP: hypertensive disorders of pregnancy; HR: hazard ratio; T2DM: type 2 diabetes mellitus.

constrained by genetic background. This observation echoes the findings of two previous studies among

those who had prior GDM or in the general population
[16,37]

. These studies likewise emphasized that

individuals at risk of developing T2DM should be encouraged to adopt healthier lifestyles, regardless of their

genetic background.

Although our study identified adherence to all six modifiable lifestyle factors as the optimal target, no

participants met all six criteria, and only 12% met four or more. Consistent with findings from large cohort

studies
[11]

, these results suggest that achieving a high overall lifestyle score is extremely uncommon in the

population. Among modifiable lifestyle factors, maintaining a normal BMI appeared to be a key factor

associated with a lower long-term T2DM risk among women with a history of GDM or HDP. Postpartum

weight retention is common and may contribute to overweight and obesity in midlife
[38]

. Notably,

intervention studies suggest that this elevated risk may be reversible. A randomized trial demonstrated that

lifestyle interventions initiated during pregnancy and continued into the postpartum period can effectively

promote weight loss and improve metabolic outcomes in this high-risk population. Specifically, a reduction

of more than 2 kg within the first 6 months postpartum was associated with a significantly lower risk of

metabolic syndrome
[39]

. Thus, personalized weight management could be a cornerstone of clinical care for

women at high risk due to prior GDM or HDP. In addition, after adjusting for BMI, regular physical activity

showed an independent inverse relationship with T2DM risk, which aligned with previous population-based

evidence
[40,41]

. Both current and former smoking, as well as abnormal nocturnal sleep duration, were linked to

an elevated risk of T2DM in our cohort, aligning with earlier reports
[42 ,43]

. However, we found no

independent associations between diet quality and T2DM, in line with recent studies in women with prior
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GDM
[16]

. This null finding may be explained by several factors, including limited statistical power due to

homogeneous dietary patterns, measurement errors inherent in self-reported dietary data, and potential

attenuation of the independent association by other lifestyle factors, such as physical activity and BMI.

Although current and prior research provides robust epidemiological evidence that moderate alcohol intake

could be linked to a decreased risk of developing T2DM
[44]

, we do not advocate its adoption as a preventive

lifestyle intervention, given the substantial detrimental effects of alcohol on other health domains
[45]

. Given

that lifestyle factors are interrelated, these findings highlight the benefits of adhering to an overall healthy

lifestyle for reducing T2DM risk among women with prior GDM or HDP, even when only some

components are achieved.

Several limitations need to be recognized. First, self-administered questionnaires for sociodemographic,

lifestyle, and reproductive health data may have introduced recall and measurement bias. In addition,

because lifestyle factors, particularly dietary patterns, vary across cultural contexts, the lifestyle measures

used in the UKB might not be entirely applicable to other groups, including Asian populations. However, the

core components of a healthy lifestyle, such as a well-balanced diet, regular physical activity, maintaining a

healthy weight, and avoiding smoking, are widely recognized across populations. Therefore, the overall

finding that following a combined healthy lifestyle could lower T2DM risk is likely to have broad relevance.

Moreover, because the lifestyle score was based on routinely collected questionnaire data, it may be readily

applied in clinical and community settings, enhancing its translational potential. Second, although the

sample size was moderate, it was still small for subgroup analyses and for assessing the interaction between

combined lifestyle and genetic predisposition. Third, despite adjustment for a range of potential

confounders, residual confounding by unmeasured factors may still exist, such as postpartum weight change

trajectories. Future studies with more detailed data on these factors are needed to confirm our findings.

Fourth, although we excluded T2DM cases diagnosed within the first two years of follow-up to minimize

reverse causality, undiagnosed prediabetes at baseline may still have influenced lifestyle behaviors. Repeated

longitudinal assessments beginning in the early postpartum period, together with complementary causal

inference approaches such as Mendelian randomization analyses, would help strengthen causal inference.

Fifth, because the UKB study population had relatively high socioeconomic status, whether these findings are

generalizable to other populations remains unclear. Replication in more socioeconomically and culturally

diverse populations is needed to assess generalizability and inform culturally appropriate recommendations.

In conclusion, among women with prior GDM or HDP, a higher combined lifestyle score was associated

with a reduced risk of incident T2DM. The protective effect remained significant even among those at high

genetic risk. These findings underscore the potential importance of adherence to a combined healthy lifestyle

in reducing T2DM risk in this high-risk population.
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