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GESTATIONAL DIABETES & HYPERTENSION HISTORY:

a window to long-term chronic kidney disease (CKD) risk
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Abstract

Aim: Chronic kidney disease (CKD) is a growing global concern, yet the long-term renal
effects of gestational diabetes mellitus (GDM) and hypertensive disorders of pregnancy
(HDP) remain unclear. This study evaluated the associations between GDM or HDP
(GDM/HDP) history and CKD risk.

Methods: We used UK Biobank data to perform cross-sectional and prospective analyses.
GDM and HDP were identified from self-reports or International Classification of Diseases,
Tenth Revision (ICD-10) codes. Multivariable logistic, linear, and Cox regression models
were used to assess associations with prevalent CKD and with renal function markers
[estimated glomerular filtration rate (eGFR), urine albumin-to-creatinine ratio (UACR),
urate, creatinine], and incident CKD, respectively.
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Results: At baseline, 172,133 women were included in the cross-sectional analysis. Prior GDM/HDP was associated
with a higher likelihood of prevalent CKD [odds ratio, 1.26; 95% confidence interval (Cl): 1.11-1.43] and higher UACR;
GDM was also associated with higher eGFR and lower urate and creatinine. In a prospective analysis of 160,635
women over a median follow-up of 14.5 years, GDM/HDP was associated with an increased incident risk of CKD
[hazard ratio (HR), 1.33; 95%CI: 1.12-1.59]. GDM alone showed a stronger association with incident CKD (HR: 1.82;
95%Cl: 1.39-2.40). In subgroup analyses, the associations of GDM/HDP, GDM, and HDP with incident CKD
remained largely consistent across strata of age, body mass index (BMI), baseline eGFR, and major chronic
conditions.

Conclusion: Prior GDM/HDP was associated with subsequent subclinical and clinical renal impairment, supporting
the inclusion of reproductive history in CKD risk assessment and the need for targeted prevention and long-term
monitoring.

INTRODUCTION

The growing burden of chronic kidney disease (CKD) is a critical concern for global health systems, with the
current age-standardized global prevalence estimated at 8.32%!". CKD is closely associated with the onset of
end-stage renal failure and has been linked to an increased risk of adverse cardiovascular outcomes and
premature mortality””). Furthermore, the impact of CKD extends beyond physical health, markedly
diminishing health-related quality of life while placing a heavy financial strain on individuals and the
healthcare system®. Therefore, identifying modifiable risk factors and early intervention strategies for CKD
remains a public health priority.

Pregnancy complications may have lasting health effects on pregnant women. Gestational diabetes mellitus
(GDM) is defined as glucose intolerance first recognized during pregnancy and is estimated to affect
approximately 13%-17% of pregnancies worldwide!*. Hypertensive disorders of pregnancy (HDP) encompass
several severe clinical conditions, including preeclampsia, eclampsia, and gestational hypertension, which
affect approximately 10% of pregnancies worldwide'®’. Both GDM and HDP are important risk factors for
long-term metabolic dysfunction, particularly type 2 diabetes and cardiovascular disease (CVD)"”. However,
their potential long-term impact on renal health has been less studied. Accumulating evidence suggests that
prior exposure to GDM or HDP (GDM/HDP) may increase susceptibility to CKD in later life®"". Although
several registry-based cohorts enrolled large populations, they failed to rigorously adjust for potential
confounders®*"”). In contrast, other studies have smaller sample sizes, typically ranging from 1,000 to 3,000
participants!*'*). Given these methodological constraints, robust and large scale prospective research is
essential to confirm the observed associations.

Utilizing data from the UK Biobank, this study performed both prospective and cross-sectional analyses to
evaluate associations of prior GDM/HDP with CKD and diverse renal function indicators, including
estimated glomerular filtration rate (eGFR), UACR, and serum urate and creatinine levels. This study
provides robust epidemiological evidence to inform clinical practice and preventive strategies for individuals
affected by prior pregnancy-related complications.
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METHODS

Study design and population

Between 2006 and 2010, the UK Biobank recruited more than 500,000 community-dwelling adults (aged
40-69 years) across the country. This large-scale prospective cohort provides extensive longitudinal data,
with follow-up through September 2023. At baseline, participants completed questionnaires covering
sociodemographic factors, lifestyle and behaviors, environmental exposures, and medical history. These were
supplemented by comprehensive physical assessments and biological sample collection"*'”. To ensure
comprehensive tracking, health outcomes are systematically updated by integrating multi-source datasets,
such as primary care documentation, hospital episode statistics, outpatient registries, and national mortality
records. 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 analyses were conducted under UK Biobank Application Number 103011 and
required no additional institutional ethical approval because only de-identified data were used.

This study included women with at least one live birth at baseline and excluded those with missing parity
information. To comprehensively assess the renal effects of adverse pregnancy outcomes, we performed both
cross-sectional and prospective analyses. Participants with incomplete data on pregnancy complications or
essential covariates were excluded [Supplementary Figure 1]. In the cross-sectional analysis, we investigated
the association of prior GDM/HDP with the prevalence of CKD and with renal function markers measured
at baseline. For the prospective analysis, we further excluded individuals with prevalent CKD at baseline to
investigate the association between prior GDM/HDP and subsequent risk of incident CKD.

Assessment of exposures

A history of GDM/HDP was determined by integrating hospital inpatient records [International
Classification of Diseases, Tenth Revision (ICD-10) codes; Supplementary Table 1] with baseline self-reports
obtained through structured interviews or questionnaires"®. This dual-ascertainment approach was used to
capture cases across the full reproductive life course. Given their overlapping pathophysiology, we assessed
these conditions both jointly and separately, defining the combined exposure as the primary exposure and
the individual conditions as secondary exposures.

Assessment of outcomes

For the cross-sectional analysis, baseline CKD was defined either from hospital inpatient data, using ICD-10
diagnostic codes and the OPCS-4 (Office of Population Censuses and Surveys Classification of Interventions
and Procedures, version 4) procedural codes"* [Supplementary Table 1], or from laboratory markers,
specifically an eGFR of less than 60 mL/min/1.73 m® or a urine albumin-to-creatinine ratio (UACR) greater
than 30 mg/g. Several commonly used renal function indices were also used as clinical endpoints, including
eGFR, UACR, serum urate, and serum creatinine. We calculated the eGFR using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula, which accounts for serum creatinine levels, age, sex, and
ethnicity"”. We additionally derived cystatin C-based eGFR using the 2012 CKD-EPI cystatin C equation””!
to provide a filtration estimate less influenced by muscle mass and creatinine metabolism. UACR was
calculated as the ratio of urinary albumin to creatinine, both of which were obtained from spot urine
specimens™. Serum urate was measured using the uricase PAP method, and serum creatinine was measured
enzymatically, both on Beckman Coulter AU5800 analyzers.

In the prospective analysis, the outcome was new-onset CKD. Incident CKD was identified using the same
comprehensive approach as in the cross-sectional analysis, incorporating ICD-10 codes and relevant
procedural and clinical codes"* [Supplementary Table 1].
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Assessment of covariates

Covariates assessed at baseline included sociodemographic factors, lifestyle and behaviors, reproductive
history, laboratory measurements, and medication use. Sociodemographic and lifestyle variables included
age, ethnicity (White or non-White), education (high: university degree or professional qualification; low:
other qualifications), the Townsend deprivation index (an area-level proxy for socioeconomic status derived
from residential postal codes””), body mass index (BMI), smoking status (current, former, or never), and
alcohol consumption (daily, less than 14 units per week, special occasions only, or never). Parity was defined
as the number of live births (1, 2, or 2 3 live births). Laboratory measurements at baseline were also included
as covariates and quantified using standardized enzymatic or immunoturbidimetric assays on a Beckman
Coulter AU5800 analyzer: triglycerides (enzymatic method), low-density lipoprotein cholesterol (LDL-C;
enzymatic protective method), high-density lipoprotein cholesterol (HDL-C; enzyme-modified direct
method), blood glucose (hexokinase method), and C-reactive protein (CRP; immunoturbidimetric assay)®.
Baseline medication use, including antihypertensives and statins, was obtained via self-reports.

To enable subgroup stratification and mediation analyses, we assessed prevalent and incident major chronic
conditions, including diabetes, hypertension, hyperlipidemia, and CVD. Baseline comorbidities were
determined from a combination of self-reported data at enrollment and prior ICD codes [Supplementary
Table 1]. Incident cases during follow-up were identified using ICD-10 codes.

Statistical analysis

Baseline characteristics of the study population were compared based on the history of GDM/HDP.
Descriptive statistics are presented as means with SDs for continuous variables and as frequencies with
corresponding percentages for categorical variables. Group differences were assessed using analysis of
variance (ANOVA) for continuous variables and chi-square tests for categorical variables.

To investigate the associations between the history of GDM/HDP and prevalent CKD at baseline,
multivariable logistic regression models were used. We constructed three models to systematically adjust for
potential confounders: Model 1 adjusted for age, ethnicity, education, and the Townsend deprivation index;
Model 2 further adjusted for BMI, smoking status, and alcohol consumption; and Model 3 additionally
adjusted for triglycerides, LDL-C, HDL-C, blood glucose, CRP, and medication use. Odds ratios (ORs) and
95% confidence intervals (CIs) were reported for each model. To assess the relationship between GDM/HDP
and continuous kidney function parameters (eGFR, UACR, urate, and creatinine), multivariable linear
regression analyses were conducted, adjusting for all covariates included in Model 3. Standardized regression
coefficients were visualized as heatmaps to illustrate association patterns between GDM/HDP and renal
biomarkers.

In the prospective analysis, participants with prevalent CKD at baseline were excluded to ensure the
identification of incident cases [Supplementary Figure 1]. Using Cox proportional hazards analysis, we
estimated hazard ratios (HRs) with corresponding 95%ClIs to assess the association between prior
GDM/HDP and the risk of future CKD. These models applied the same stepwise covariate adjustment
strategy as the cross-sectional analysis (Models 1-3), with baseline eGFR additionally included as a covariate
in Model 3. To explore potential heterogeneity in these associations, we conducted stratified analyses across
several key subgroups: age (< 60 years vs. > 60 years), BMI category (underweight/normal, < 24 kg/m”® vs.
overweight/obesity, > 24 kg/m?), baseline eGFR ( 2 90 mL/min/1.73 m* vs. < 90 mL/min/1.73 m?), as well as
presence of major chronic conditions at baseline, including diabetes, hypertension, hyperlipidemia, and
CVD. Interaction terms between exposures and various subgroup variables were included in the regression
models to determine the statistical significance of effect modification.
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Three types of sensitivity analyses were executed to verify that our core conclusions remained consistent.
First, to minimize the potential impact of reverse bias, participants diagnosed with CKD during the initial 12
months of follow-up were removed from the repeat analysis. Second, we addressed data incompleteness by
generating 10 imputed datasets using the chained equations approach, wherein continuous and dichotomous
variables were imputed via predictive mean matching and logistic regression, respectively. Third, we
additionally adjusted for parity to evaluate the robustness of the observed associations.

To explore the mechanistic pathways linking a history of GDM/HDP to incident CKD, we conducted
mediation analyses within a time-dependent Cox proportional hazards framework. Four intermediate
conditions (diabetes, hypertension, hyperlipidemia, and CVD) were treated as time-varying covariates to
capture disease status over the follow-up period. Mediation effects were quantified using the
difference-in-coefficients approach. Specifically, the total effect was estimated from a base Cox model
adjusted for all covariates in Model 3, while the direct effect was obtained by additionally including each
time-varying mediator. The indirect effect was defined as the difference between total and direct effects,
while the mediated proportion was derived through the division of the indirect effect by the total effect. All
95%ClIs and P values were derived from 1,000 bootstrap resamples.

We conducted all statistical procedures using R software (version 4.5.1). Unless noted otherwise, a two-tailed
P value below 0.05 was the threshold for defining statistical significance.

RESULTS

Baseline characteristics

A total of 172,133 women were included in the cross-sectional analysis, of whom 1,070 had a history of
GDM, and 2,509 had a history of HDP. The distribution of baseline characteristics for these participants is
summarized in Supplementary Table 2. After excluding individuals with prevalent CKD at baseline, 160,635
women remained for the prospective analysis. Within this longitudinal cohort, 3,103 (1.93%) women had a
documented history of GDM/HDP, including 968 with GDM and 2,313 with HDP; these conditions were
not mutually exclusive. Women with prior GDM/HDP were younger at recruitment, had higher BMI, eGFR,
and glucose levels, and were more likely to be non-White. They also had a higher prevalence of diabetes,
hypertension, hyperlipidemia, and CVD [Table 1].

Cross-sectional analysis

In the cross-sectional logistic regression analysis, women with prior GDM/HDP exhibited a significantly
higher prevalence of CKD. After adjusting for age, ethnicity, education, and Townsend deprivation index in
Model 1, prior GDM/HDP was associated with a higher likelihood of CKD (OR: 1.55; 95%CI: 1.37-1.76). The
association remained robust after adjusting for additional covariates in Model 2 (OR: 1.47; 95%CI: 1.29-1.66)
and remained significant in the fully adjusted Model 3 (OR: 1.26; 95%CI: 1.11-1.43), which additionally
controlled for baseline laboratory markers and medication use. In addition, we separately analyzed the
associations of GDM and HDP with prevalent CKD at baseline. In the fully adjusted model, a history of HDP
was associated with significantly higher susceptibility to CKD (OR: 1.31; 95%CI: 1.12-1.52), whereas the
association between GDM and CKD showed borderline significance (OR: 1.22; 95%CI: 0.98-1.50) [Table 2].

In linear models, UACR was significantly higher among women with GDM/HDP, whether examined
individually or jointly. In Model 3, the standardized B coefficients for UACR were 0.08 (95%CI: 0.05-0.11) for
GDM/HDP, 0.12 (95%CI: 0.06-0.18) for GDM, and 0.07 (95%CI: 0.03-0.11) for HDP. For eGFR, only GDM
alone showed a significant positive association in Model 3 (B = 0.08, 95%CI: 0.03-0.13). For serum urate and
creatinine, GDM/HDP was not significantly associated with either marker, whereas GDM alone showed
inverse associations with both markers in Model 3. Alongside elevated UACR, the combination of higher
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Table 1. Baseline characteristics of women with and without a history of GDM/HDP in the UK Biobank in the prospective analysis

Overall Non-GDM/HDP GDM/HDP P value®
(N =160,635) (N=157,419) (N =3,216)
Age, mean (SD), years 56.76 (7.82) 56.85 (7.78) 52.41(8.51) < 0.001
BMI, mean (SD), kg/m? 27.01(4.98) 26.99 (4.96) 28.22(5.68) <0.001
Ethnicity (White), n (%) 154,309 (96.1) 151,309 (96.1) 3,000(93.3) <0.001
Education (High level), n (%) 71,792 (44.7) 70,195 (44.6) 1597 (49.7)  <0.001
Townsend deprivation index, mean (SD) -1.57 (2.93) -1.57 (2.93) -1.45 (2.99) 0.023
Smoking status, n (%) < 0.001
Never 97,719 (60.8) 95,562 (60.7) 2,157 (67.)
Previous 52,167 (32.5) 51,263 (32.6) 904 (28.1)
Current 10,749 (6.7) 10,594 (6.7) 155 (4.8)
Alcohol consumption, n (%) < 0.001
Special occasions only or never 37,765 (23.5) 36,932 (23.5) 833(25.9)
Less than 14 units per week 97,340 (60.6) 95,345 (60.6) 1,995 (62.0)
Daily or almost daily 25,530 (15.9) 25,142 (16.0) 388 (12.1)
Clinical laboratory markers, mean (SD)
eGFR, mL/min/1.73 m? 89.79 (11.47) 89.73 (11.45) 93.07 (12.22) < 0.001
UACR, mg/g 8.35(5.22) 8.35(5.21) 8.34 (532) 0.913
Urate, mg/dL 4.51(1.06) 4.51(1.06) 4.52(1.09) 0.507
Creatinine, mg/dL 0.72(0.10) 0.72 (0.10) 0.71(0.11) 0.005
Triglycerides, mg/dL 137.55(75.05)  137.54 (74.94) 137.89 (80.18) 0.793
LDL-C, mg/dL 14170 (33.50)  141.23 (33.49) 134.85 (33.47) < 0.001
HDL-C, mg/dL 61.58 (14.34) 61.62 (14.34) 59.16 (1433) < 0.001
Glucose, mg/dL 90.86 (17.72) ~ 90.74 (17.29) 96.44 (32.08) < 0.001
CRP, mg/dL 0.26 (0.42) 0.26 (0.42) 0.28 (0.41) 0.017
Medication use, n (%)
Antihypertensive drug 27,271(17.0) 26,542 (16.9) 729 (22.7) < 0.001
Statin 19,738 (12.3) 19,239 (12.2) 499 (15.5) < 0.001
Diabetes, n (%) 5,496 (3.4) 4,620 (2.9) 876 (27.2) < 0.001
Hypertension, n (%) 35699 (222)  34,642(22.0) 1,057(32.9)  <0.001
Hyperlipidemia, n (%) 18,260 (11.4) 17,845 (11.3) 415 (12.9) 0.006
CVD, n (%) 4,291 2.7) 4,193 (2.7) 98 (3.0) 0.200

2The P values correspond to ANOVA for continuous measures and chi-squared analysis for categorical descriptors. BMI: Body mass index; CRP:
C-reactive protein; CVD: cardiovascular disease; eGFR: estimated glomerular filtration rate; GDM: gestational diabetes mellitus; HDL-C:
high-density lipoprotein cholesterol; HDP: hypertensive disorders of pregnancy; LDL-C: low-density lipoprotein cholesterol; SD: standard deviation;
UACR: urine albumin-to-creatinine ratio.

eGFR and lower serum creatinine may reflect early glomerular hyperfiltration, a feature of the early stages of
diabetic kidney disease. Moreover, no significant differences were observed after recalculating eGFR using
cystatin C-based equations [Figure 1 and Supplementary Table 3].

Prospective cohort analysis

During a median follow-up of 14.5 years, 5,602 incident CKD events were identified among 160,635
individuals in the study population. After full adjustment in the Cox proportional hazards model, prior
GDM/HDP was associated with an increased risk of incident CKD (HR: 1.33, 95%CI: 1.12-1.59). We further
examined the associations of GDM and HDP separately with incident CKD. Following comprehensive
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Figure 1. Associations between GDM/HDP and renal function markers in the UK Biobank in the cross-sectional analysis. Colors represent
standardized 3 coefficients from linear regression models, with positive and negative associations highlighted in red and blue, respectively.
All continuous variables were log2-transformed and standardized to z-scores before analysis. Asterisks within cells indicate statistical
significance: ‘P < 0.05 after adjustment in Model 3. Model 1: adjusted for age, ethnicity, education, and Townsend deprivation index;
Model 2: additionally adjusted for body mass index, smoking status, and alcohol consumption; Model 3: further adjusted for triglycerides,
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, blood glucose, C-reactive protein, and medication use. eGFR.:
Estimated glomerular filtration rate using creatinine; eGFR_.: estimated glomerular filtration rate using cystatin C; GDM: gestational

diabetes mellitus; HDP: hypertensive disorders of pregnancy; UACR: urine albumin-to-creatinine ratio.

Table 2. Cross-sectional association between GDM/HDP and CKD in the UK Biobank

CKD/total (%)

Model 1
OR (95%CI)>

Model 2
OR (95%CI)*

Model 3
OR (95%Cl)

GDM/HDP

No 7,679/168,629 (4.55%)
Yes 192/3,504 (5.48%)
GDM

No 7,790/171,063 (4.55%)
Yes 81/1,070 (7.57%)

HDP

1.00 (Reference)
1.55 (1.37-1.76)

1.00 (Reference)
1.82 (1.47-2.23)

1.00 (Reference)

1.00 (Reference)
1.47 (1.29-1.66)

1.00 (Reference)
1.64 (1.32-2.01)

1.00 (Reference)

1.00 (Reference)
1.26 (1.11-1.43)

1.00 (Reference)
1.22 (0.98-1.50)

1.00 (Reference)

No 7,755/169,624 (4.57%)

Yes 116/2,509 (4.62%) 1.31(1.12-1.52)

1.48 (1.27-1.71) 142 (1.22-1.64)

2Adjusted for age, ethnicity, education, and Townsend deprivation index; badditionally adjusted for BMI, smoking status, and alcohol consumption;
further adjusted for triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, blood glucose, C-reactive protein, and
medication use. BMI: Body mass index; Cl: confidence interval; CKD: chronic kidney disease; GDM: gestational diabetes mellitus; HDP: hypertensive

disorders of pregnancy; OR: odds ratio.

adjustment for all covariates, prior GDM remained significantly associated with increased CKD risk (HR:
1.82,95%CI: 1.39-2.40), whereas no significant association was observed for HDP (HR: 1.14, 95%CI:
0.91-1.43) [Table 3].

Subgroup and sensitivity analyses

In subgroup analyses, the associations of GDM/HDP, GDM, and HDP with incident CKD remained largely
consistent across strata of age, BMI, baseline eGFR, and major chronic conditions [Supplementary Table 4].
The associations of GDM/HDP and HDP alone with incident CKD were stronger among women with
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Subgroups Cases/person-years GDM/HDP HR (95% Cl) FDRinteracton GDM HR (95% CI) FDRinteraction HDP HR (95% CI) FDRinteraction

Age groups 0.126 0.386 0.586
<60 1,790/1,416,572 —— 1.49 (1.15-1.93) —— 1.83 (1.27-2.65) I 1.30 (0.93-1.83)
>60 3,812/851,172 - 1.18 (0.92-1.52) —— 1.65 (1.09-2.50) —— 1.03 (0.76-1.40)

BMI groups 0.740 0.444 0.875
Underweight/normal 1,232/900,393 —— 1.46 (0.95-2.26) ——s———— 257 (1.27-5.21) - 1.23 (0.73-2.09)
Overweight/obesity 4,370/1,367,352 - 1.30 (1.07-1.59) - 1.71 (1.27-2.31) e 1.12 (0.87-1.44)

Baseline eGFR 0.091 0.366 0.266
<90 4,585/1,000,933 —— 1.21 (0.97-1.49) —-— 1.73 (1.23-2.43) —— 1.02 (0.78-1.33)

290 1,017/1,266,811 —— 1.69 (1.22-2.34) —— 1.79 (1.12-2.86) . 1.70 (1.11-2.59)

Diabetes 0.740 0.366 0.875
No 4,922/2,194,375 - 1.20 (0.94-1.52) r——=—————— 225 (0.93-5.40) - 1.15 (0.90-1.47)

Yes 680/73,370 —— 1.05 (0.79-1.39) - 1.08 (0.79-1.47) —— 1.06 (0.61-1.84)

Hypertension 0.126 0.366 0.612
No 2,992/1,775,892  —=— 1.05 (0.77-1.42) I 1.35 (0.84-2.18) I - 0.97 (0.66-1.40)

Yes 2,610/491,853 —— 1.50 (1.20-1.88) —— 2.17 (1.55-3.03) T 1.22 (0.92-1.63)

Hyperlipidemia 0.126 0.056 0.996
No 4,132/2,017,945 - 1.19 (0.95-1.50) T 1.30 (0.87-1.95) e 1.15 (0.88-1.50)

Yes 1,470/249,800 —— 1.60 (1.20-2.14) —— 2.50 (1.71-3.64) —-— 1.15 (0.75-1.75)

CVD 0.126 0.386 0.586
No 5,132/2,211,218 —— 1.27 (1.05-1.54) —-— 1.76 (1.31-2.37) _— 1.10 (0.86-1.40)

Yes 470/56,527 = 1.94(1.19-3.16) s 2.30(1.12-4.72) ,_FH—< 1.69 (0.87-3.28)
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Figure 2. Associations between GDM/HDP and incident CKD across major subgroups in the UK Biobank. Models were adjusted for age,
ethnicity, education, Townsend deprivation index, BMI, smoking status, alcohol consumption, eGFR, triglycerides, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, blood glucose, C-reactive protein, and medication use. P values for interaction (i.e.,
FDR i ieraction) Were derived from likelihood ratio tests comparing nested models with and without cross-product terms between the
stratifying variable and GDM/HDP status, and were adjusted for multiple testing using the Benjamini-Hochberg FDR method. BMI: Body
mass index; Cl: confidence interval; CKD: chronic kidney disease; CVD: cardiovascular disease; eGFR: estimated glomerular filtration rate;
FDR: false discovery rate; GDM: gestational diabetes mellitus; HR: hazard ratio.

Table 3. Prospective associations between GDM/HDP and incident CKD in the UK Biobank

CKD/person-years Model 1 Model 2° Model 3¢
HR (95%CI) HR (95%CI) HR (95%CI)

GDM/HDP
No 5,477/2,222,161 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 125/45,583 1.65 (1.38-1.97) 1.50 (1.26-1.79) 1.33 (112-1.59)
GDM
No 5,549/2,254,208 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 53/13,536 2.62(2.00-3.43) 2.18 (1.66-2.86) 1.82 (1.39-2.40)
HDP
No 5,526/2,234,795 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 76/32,949 1.34 (1.07-1.68) 1.26 (1.00-1.58) 114 (0.91-1.43)

2Adjusted for age, ethnicity, education, and Townsend deprivation index; badditionally adjusted for BMI, smoking status, and alcohol consumption;
further adjusted for triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, blood glucose, C-reactive protein, and
medication use. BMI: Body mass index; Cl: confidence interval; CKD: chronic kidney disease; GDM: gestational diabetes mellitus; HDP: hypertensive
disorders of pregnancy; HR: hazard ratio.

baseline eGFR <90 mL/min/1.73 m®, compared with those with eGFR > 90 mL/min/1.73 m* (HR: 1.69 vs.
1.21 for GDM/HDP and 1.70 vs. 1.02 for HDP alone; P for interaction = 0.013 and 0.038, respectively;
Supplementary Table 4). Furthermore, the association between GDM alone and CKD risk appeared to be
stronger among women with hyperlipidemia (HR: 2.50 vs. 1.30; P for interaction = 0.008). However, after
Benjamini-Hochberg false discovery rate (FDR) correction, the evidence for effect modification by eGFR and
hyperlipidemia was attenuated to marginal significance. (FDR-adjusted P < 0.05 for all; Figure 2).

Sensitivity analyses yielded results consistent with those observed in the primary prospective analysis [Table
4 and Supplementary Table 5]. Excluding CKD cases occurring within one year of baseline did not materially
alter the findings (HR for GDM/HDP: 1.34, 95%ClI: 1.12-1.61; HR for GDM alone: 1.83, 95%CI: 1.39-2.42;
HR for HDP alone: 1.16, 95%CI: 0.92-1.45). The findings remained consistent after addressing missing
covariate data using multiple imputation (HR for GDM/HDP: 1.29, 95%CI: 1.09-1.53; HR for GDM alone:
1.78, 95%ClI: 1.38-2.30; HR for HDP alone: 1.09, 95%CI: 0.87-1.36) and after further adjustment for parity.


https://file.oaecenter.com/published/pdf/240822be7b4ceea516b432bf0bd0cc5d/1782269707/mtod6069-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/240822be7b4ceea516b432bf0bd0cc5d/1782269707/mtod6069-SupplementaryMaterials.pdf
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Table 4. Sensitivity analyses for associations between history of GDM/HDP and incident CKD

CKD/person-years Model 12 Model 2° Model 3¢
HR (95%Cl) HR (95%Cl) HR (95%ClI)

GDM/HDP
Sensitivity analysis 1¢
No 5,440/2,222,064 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 124/45,583 1.65 (1.38-1.97) 1.50 (1.25-1.79) 1.34 (1.12-1.61)
Sensitivity analysis 2¢
No 7,061/2,857,482 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 158/60,146 157 (1.34-1.84) 1.43 (1.22-1.68) 1.29 (1.09-1.53)
GDM
Sensitivity analysis 1¢
No 5,512/2,254,112 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 52/13,536 2.59 (1.97-3.40) 216 (1.64-2.84) 1.83(1.39-2.42)
Sensitivity analysis 2¢
No 7.146/2,899,418 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 73/18,210 2.59 (2.06-3.26) 214 (1.70-2.70) 1.78 (1.38-2.30)
HDP
Sensitivity analysis 1¢
No 5,488/2,234,697 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 76/32,950 1.35(1.08-1.70) 1.27 (1.01-1.59) 116 (0.92-1.45)
Sensitivity analysis 2¢
No 7130/2,874,457 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Yes 89/43,171 1.20 (0.98-1.48) 114 (0.93-1.47) 1.09 (0.87-1.36)

2Adjusted for age, ethnicity, education, and Townsend deprivation index; additionally adjusted for body mass index, smoking status, and alcohol
consumption; «further adjusted for triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, blood glucose, C-reactive
protein, and medication use; ‘excluding participants who developed CKD within 1year of baseline; *multiple imputation for missing covariates in the
GDM-CKD association analysis. Cl: Confidence interval; CKD: chronic kidney disease; GDM: gestational diabetes mellitus; HR: hazard ratio.

Table 5. Major chronic conditions mediating the link between prior GDM/HDP and incident CKD

Mediators Indirect effect Direct effect Proportion mediated P value
B (95%CI) B (95%CI) (95%CI)

Diabetes 0.147 (-0.045-0.323) 0.141(0.111-0.176) 48.9% (28.1%-100%) 0.002

Hypertension 0.252 (0.076-0.424) 0.036 (0.019-0.054) 12.5% (5.8%-33.7%) 0.002

Hyperlipidemia 0.286 (0.102-0.461) 0.002 (-0.008-0.015) 0.8% (-3.9%-6.8%) 0.662

CVD 0.249 (0.058-0.427) 0.039 (0.002-0.073) 13.5% (0.6%-48.4%) 0.042

Cl: Confidence interval; CKD: chronic kidney disease; CVD: cardiovascular disease; GDM: gestational diabetes mellitus; HDP: hypertensive
disorders of pregnancy.

Mediation analysis

In mediation analyses, diabetes accounted for the largest proportion of the association between prior
GDM/HDP and incident CKD (48.9%; 95%CI: 28.1%-100.0%). CVD and hypertension also contributed to
the mediated effect, accounting for 13.5% (95%CI: 0.6%-48.4%) and 12.5% (95%Cl: 5.8%-33.7%) of the total
effect, respectively. Hyperlipidemia showed no evidence of mediation (0.8%; 95%Cl: -3.9%-6.8%) [Table 5].
In separate analyses of GDM and HDP, diabetes remained a major mediator of the GDM-CKD association
(67.6%; 95%CI: 44.1%-100%) [Supplementary Tables 6 and 7].


https://file.oaecenter.com/published/pdf/240822be7b4ceea516b432bf0bd0cc5d/1782269707/mtod6069-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/240822be7b4ceea516b432bf0bd0cc5d/1782269707/mtod6069-SupplementaryMaterials.pdf
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DISCUSSION

In this large UK Biobank cohort of more than 170,000 women, prior GDM/HDP was associated with
subsequent CKD risk, with the association being stronger for GDM than for HDP. Both GDM and HDP
were consistently associated with elevated UACR, while GDM was also associated with higher eGFR and
lower serum urate and creatinine. The associations between prior GDM/HDP and incident CKD remained
largely consistent across strata of age, BMI, baseline eGFR, and major chronic conditions. Our findings
highlight the need to integrate pregnancy history into long-term renal health assessments for women.

A history of GDM has been identified as a significant risk factor for future CKD in the present cohort. This
finding aligns with a large nationwide Danish cohort'™ and the CARDIA (Coronary Artery Risk
Development in Young Adults) project”™!, both of which reported that GDM was associated with increased
long-term renal risk independent of traditional metabolic comorbidities. Although our cross-sectional
analysis provided only limited evidence of an association between prior GDM and prevalent CKD, women
with a history of GDM exhibited higher eGFR levels. This pattern could be consistent with early glomerular
hyperfiltration, a phenomenon commonly observed in populations at high metabolic risk!*'. Initially
compensatory, glomerular hyperfiltration in the setting of insulin resistance and hyperglycemia may become
maladaptive over time, contributing to glomerular injury and increasing long-term CKD risk”®. Similarly,
the Diabetes & Women’s Health study reported higher eGFR levels in women with a history of GDM,
consistent with our observations””. However, this interpretation should be viewed with caution. In a
supplementary analysis, eGFR recalculated using cystatin C-based equations did not differ significantly by
GDM history. Thus, the observed pattern of higher creatinine-based eGFR may not necessarily indicate
glomerular hyperfiltration alone, but may reflect differences in creatinine generation, muscle mass, or
measurement variability. Nevertheless, the consistent positive association between GDM and UACR suggests
that GDM may be associated with early kidney alterations before overt loss of filtration function”. GDM
was also inversely associated with serum urate and creatinine levels, highlighting altered renal handling or
differences in metabolite generation in metabolic dysregulation. Further studies are needed to clarify the
biological pathways linking GDM history to subsequent CKD risk.

Our findings suggest that HDP and GDM may differ in their associations with kidney outcomes over time.
Although HDP was significantly associated with prevalent CKD, its association with incident CKD was
attenuated in prospective analyses. This pattern suggests that GDM may serve as a more prominent marker
of long-term kidney vulnerability in this cohort. This pattern does not negate the established role of HDP in
kidney disease; rather, it is broadly consistent with prior large population-based studies linking HDP history
to increased risks of CKD and advanced kidney disease!">'**'. Registry-based studies in Denmark, Spain,
and Sweden leveraged exceptionally large sample sizes"****?]; however, reliance on nationwide registries
introduces important limitations, including limited clinical detail, non-standardized follow-up, and
incomplete control for confounding. Whereas these prior studies have focused on preeclampsia, our study
examined the broader spectrum of HDP, including gestational hypertension, chronic hypertension,
preeclampsia/eclampsia, and preeclampsia superimposed on chronic hypertension. This broader case
definition allowed us to more comprehensively assess the long-term kidney risk associated with HDP
history. Similarly, a prospective cohort study from sub-Saharan Africa reported that women with HDP were
more likely to have decreased eGFR postpartum, with the highest risk observed among those with
preeclampsia/eclampsia*l. A cross-sectional study conducted 10 years postpartum found that prior
preeclampsia was associated with a subtle shift toward higher-normal eGFR values and a slight increase in
proteinurial®!. Consistent with these findings, our cross-sectional results showed a marked positive
correlation linking HDP to UACR; notably, no such association was observed with eGFR. This disparity
underscores the potential for albuminuria-related indices to detect early renal deviations following HDP with
greater sensitivity than fluctuations in the glomerular filtration rate.
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The association between GDM/HDP history and later CKD risk may reflect persistent metabolic
disturbances, endothelial dysfunction, and chronic inflammation after pregnancy, which could contribute to
long-term renal impairment****). In GDM, chronic low-grade inflammation, insulin resistance, and
hyperglycemia during pregnancy may induce glomerular hyperfiltration and increase oxidative stress,

24,34

resulting in structural and functional changes in the kidney™***. These metabolic disturbances may persist or
worsen after pregnancy, particularly among women who later develop type 2 diabetes or metabolic
syndrome, thereby increasing long-term CKD risk"”*". A history of GDM may significantly increase
susceptibility to metabolic dysfunction among women, including hypertension and dyslipidemia, which
could subsequently contribute to the long-term risk of CKD""*"\. Our findings suggest that incident diabetes
and hypertension partially mediated the association between GDM/HDP and subsequent CKD. For GDM
alone, incident diabetes was the only time-varying condition that significantly mediated the association with
CKD, whereas no significant mediation was observed for the other time-varying conditions. Nevertheless,
these intermediate cardiometabolic states remain clinically relevant and should be considered in long-term
kidney risk management for high-risk women. In HDP, particularly preeclampsia, endothelial dysfunction is
a hallmark pathological feature that may contribute to systemic microvascular injury and glomerular
endotheliosis during pregnancy”. Although these changes often resolve after delivery, accumulating
evidence suggests that preeclampsia may leave persistent vascular and renal alterations, including residual
glomerular damage, podocyte loss, and impaired renal blood flow autoregulation, which may predispose
women to long-term renal dysfunction and increased CKD risk". Additionally, HDP is associated with a
higher risk of future hypertension and metabolic syndrome, both of which are major contributors to CKD.
Overall, our findings underscore the importance of proactive screening and tailored risk management for
women with previous HDP/GDM to prevent or delay the onset of CKD.

The large-scale cohort design, inclusion of multiple kidney-related endpoints, and comprehensive
adjustment for relevant clinical and metabolic factors strengthen the robustness of our findings.
Nevertheless, several limitations should be acknowledged. First, the healthy-volunteer bias inherent in the
UK Biobank may have resulted in conservative estimates. Given that the UK Biobank likely represents a
survivor-enriched population, the renal consequences of pregnancy complications may be underestimated.
Retrospective self-reported reproductive history may also introduce recall error or exposure
misclassification; however, such misclassification is expected to be non-differential, which typically dilutes
the observed associations toward the null value. Second, the demographic homogeneity of the UK Biobank,
which predominantly comprises relatively healthy White participants, may limit the generalizability of our
findings to broader or more vulnerable populations with diverse racial/ethnic backgrounds, environmental
exposures, or healthcare access. Third, the cross-sectional nature of biomarker measurements limits causal
inference and does not capture dynamic changes in kidney function over time. Longitudinal studies with
repeated biomarker profiling are needed to characterize renal trajectories and clarify the biological pathways
linking pregnancy complications to later-life kidney disease. Fourth, data limitations precluded further
subclassification of HDP and assessment of potential heterogeneity in kidney risk across distinct HDP
subtypes. Fifth, information on several important maternal characteristics, such as BMI before pregnancy
and weight gain during gestation, was not recorded in the UK Biobank. Although baseline metabolic markers
were used as partial proxies, residual confounding cannot be excluded.

In summary, our findings suggest that a history of GDM/HDP may serve as an important marker of later-life
kidney vulnerability, including both subclinical alterations and clinically evident CKD. These results
underscore the need to integrate obstetric history into CKD risk assessment and to develop targeted
surveillance and prevention strategies for women who have experienced pregnancy complications.
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