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Abstract

Aims/hypothesis—The aim of this work was to investigate the prospective relationship between 

low birthweight (LBW) and type 2 diabetes risk later in life and the mediation effects of type 2 

diabetes biomarkers linking LBW to type 2 diabetes risk.

Methods—We measured baseline plasma concentrations of various type 2 diabetes biomarkers in 

1,259 incident type 2 diabetes cases and 1,790 controls in the Women’s Health Initiative-

Observational Study. Self-report birthweights of the participants were recorded. The total effect of 

LBW on type 2 diabetes risk was partitioned into effects that were mediated by a specific 

biomarker and effects that were not mediated by this biomarker, using counterfactual model-based 

mediation analysis.

Results—LBW was significantly associated with increased risk of type 2 diabetes. Compared 

with women with birthweight 3.63–4.54 kg, women with LBW (<2.72 kg) had a multivariable-

adjusted OR of 2.15 (95% CI, 1.54, 3.00). Insulin resistance (indicated by HOMA-IR) mediated 

47% of the total effect. Decreased sex hormone-binding globulin (SHBG) concentration accounted 

for 24%, elevated E-selectin concentration accounted for 25% and increased systolic blood 

pressure accounted for 8% of the total effect of LBWon type 2 diabetes risk. (Due to interactions 

among different mediators, the sum of each individual mediator’s contribution could exceed 

100%, without an upper limit.)

Conclusions/interpretation—LBW is directly predictive of higher risk of type 2 diabetes later 

in life. The effect of LBW on type 2 diabetes risk seems mainly mediated by insulin resistance, 

which is further explained by circulating levels of SHBG and E-selectin and systolic blood 

pressure. The study provides potential risk stratification in a population at greater risk of 

developing type 2 diabetes.

Keywords

Blood pressure; Endothelial dysfunction; Inflammation; Insulin resistance; Low birthweight; 
Mediation analysis; Sex hormone; Sex hormone-binding globulin; Telomere length; Type 2 
diabetes

Introduction

Previous prospective studies have shown that low birthweight (LBW), an indicator of 

reduced fetal growth, is predictive of higher risk of type 2 diabetes in adulthood [1]. 

Impairments in ‘fetal programming’, as reflected by LBW, promote adverse effects on 
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physiology, metabolism and hormonal function during critical phases of fetal development 

[2, 3]. Insulin resistance has been suggested to be a major factor in mechanistic pathways by 

which LBW leads to type 2 diabetes [4]. In previous studies, LBW was found to be 

associated with higher levels of insulin resistance [5–7] and inflammation [8], endothelial 

dysfunction [9, 10], higher blood pressure [11], greater risk of obesity [12], altered levels of 

sex steroid hormones and lower levels of sex hormone-binding globulin (SHBG) [13–16], all 

of which are associated with increased risk of type 2 diabetes. However, how much each of 

these biomarkers contributes to the LBW–type 2 diabetes relationship remains unknown.

An improved understanding of the mechanisms through which LBW may influence type 2 

diabetes risk may improve clinical risk stratification. For instance, an accurate assessment of 

the specific biomarker mediating the LBW–type 2 diabetes relationship would be helpful in 

monitoring or preventing the development of type 2 diabetes for those who had suffered 

from LBW. Herein, we used a newly developed statistical methodology to quantify potential 

mediators of biological significance, which may link LBW to increased type 2 diabetes risk 

later in life [17]. Specifically, using mediation modelling, we comprehensively assessed the 

effect of LBW on type 2 diabetes risks that are explained by potential mediators, including 

validated biomarkers of insulin resistance, leptin and its receptor, sex steroid hormones and 

their binding protein, inflammation, endothelial function, cellular ageing and blood pressure.

Methods

Study population

The Women’s Health Initiative (WHI) is a long-term study focused on strategies for 

preventing chronic diseases in postmenopausal women. The original WHI study included 

161,808 postmenopausal women enrolled between 1993 and 1998. The WHI has two major 

components—Clinical Trial (CT) and Observational Study (OS)—both of which were 

conducted at 40 clinical centres across the USA. We investigated participants in the OS, 

which examined the relationship between lifestyle, environmental, medical and molecular 

risk factors and specific measures of health or disease outcomes. The WHI-OS involves 

tracking the medical history and health habits of 93,676 women not participating in the CT. 

The current study was built on a series of nested case–control studies we had completed 

previously (to investigate the association between different biomarkers and risk of type 2 

diabetes in the WHI-OS [18–21]), in which the measurements of blood biomarkers were 

available. The study was reviewed and approved by human subjects review committees at 

each participating institution and signed informed consent was obtained from all women 

enrolled.

Ascertainment of incident diabetes

Participants in the WHI-OS were followed by annual mailed questionnaires and an 

additional visit to a clinical centre for physical measurements 3 years after enrolment. Of the 

93,676 postmenopausal women enrolled into the WHI-OS cohort, 82,069 (87.6%) had no 

history of diabetes or cardiovascular diseases according to information from baseline 

questionnaires. Incident cases of diabetes were identified based on post-baseline self-report 

of first-time use of medication for diabetes (oral glucose-lowering agents or insulin) during a 
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median follow-up period of 6 years. Self-reported diabetes validated against recorded 

medication histories yielded a positive predictive value of 72% and negative predictive 

values of >99.9% [22]. Following the principle of risk-set sampling, for each incident case, 

appropriate control participants were selected at random from women who remained free 

from cardiovascular diseases and/or diabetes at the diagnosed time in the case patient. 

Control participants were matched to the incident cases by age, race/ethnicity, clinical 

centre, time of blood draw and length of follow-up.

Measurement of birthweight

WHI participants were asked the question: “When you were born, about how much did you 

weigh?” There were five birthweight categories: < 2.72 kg; 2.72–3.63 kg; 3.63–4.54 kg; ≥ 

4.54 kg; and do not know. LBW was defined as a birthweight less than 2.72 kg (6 lb). Given 

the information available, this definition is slightly different from the standard definition of 

LBW, which is less than 2.5 kg. We excluded women who reported that they were born pre-

term or had formed part of a multiple birth (twin, triplet or quadruplet).

Measurement of biomarkers

Fasting blood samples were collected at study entry into the WHI. Details of the biomarker 

assays have been described elsewhere [18–21]. Fasting serum specimens collected at 

baseline from each participant were processed locally, frozen and then shipped to a central 

repository, where they were stored at −80°C. All biochemical assays were processed in 

random order by laboratory staff blinded to case status. Samples from cases and their 

matched controls were handled identically, shipped in the same batch and assayed in the 

same analytical run to reduce systematic bias and inter-assay variation. Fasting glucose was 

measured enzymatically on a chemistry analyser (Hitachi 911; Roche Diagnostics, 

Indianapolis, IN, USA) using reagents from Roche Diagnostics. Fasting insulin 

concentrations were determined by an ultra-sensitive ELISA from ALPCO Diagnostics 

(Windham, NH, USA). The CV was 1.7% for fasting glucose and 5.7% for fasting insulin. 

The HOMA-IR and the HOMA of beta cell function (HOMA-beta) were computed from the 

mathematical approximation equations originally described by Matthews et al [23].

Circulating leptin and soluble leptin receptor were measured by ELISA (R&D Systems, 

Minneapolis, MN, USA). To assess the inter-batch variability, high and low control samples 

of leptin and soluble leptin receptor were run in duplicate. The CV was 9.5% for leptin and 

7.4% for soluble leptin receptor.

Plasma concentrations of oestradiol, testosterone and SHBG were measured by 

electrochemiluminescence immunoassays on the Elecsys 2010 immunoanalyzer (Roche 

Diagnostics). Competitive immunoassays were used to measure oestradiol and testosterone, 

whereas a sandwich format was used to measure SHBG. Standardised, quality control serum 

samples (Liquichek Immunoassay Plus Control; Bio-Rad Laboratories, Hercules, CA, USA) 

were run with each batch for quality control and evaluation of inter-batch variability. Free 

oestradiol and free testosterone were calculated using the methods described by Vermuelen 

et al [24] and Sodergard et al [25], which have been previously validated in postmenopausal 
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women [26, 27]. CVs on quality control samples run on separate days were 5.4% for SHBG, 

10.3% for total testosterone and 12.4% for total oestradiol.

TNF-α receptor 2 (TNF-α-R2) was measured by an ELISA (R&D Systems). IL-6 was 

measured by an ultra-sensitive ELISA (R&D Systems). High-sensitivity C-reactive protein 

(hsCRP) was measured on a chemistry analyser (Hitachi 911; Roche Diagnostics) using 

reagents and calibrators from Denka Seiken (Niigata, Japan). Soluble E-selectin, 

intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 

(VCAM-1) were measured by an ELISA (R&D Systems). The CVs were 3.5% for TNF-α-

R2, 7.6% for IL-6, 1.61% for hsCRP, 6.5% for E-selectin, 6.7% for ICAM-1 and 8.9% for 

VCAM-1.

For measurement of leucocyte telomere length, we applied the method proposed by 

O’Callaghan et al [28] in a high-throughput 384-well format using Applied Biosystems 

7900HT PCR System (Applied Biosystems by Life Technologies, Carlsbad, CA, USA). 

Average telomere length per chromosome was calculated by the following formula: 

(telomere length/copies of diploid genome)/(23×2). The overall intra-plate and inter-plate 

CV of the telomere assays was 0.8% and 5.7%, respectively.

Measurement of covariates

Self-administered questionnaires were used to collect information on demographic 

characteristics and lifestyle factors at study entry into the WHI. Participants were divided 

into the following categories according to their smoking history: never smokers, former 

smokers and current smokers. Alcohol and total energy intakes were calculated from food 

frequency questionnaires. Body weight, height and waist and hip circumferences were 

measured at baseline entry into the WHI. BMI was calculated as body weight (kg) divided 

by height (m) squared, and waist-to-hip ratio (WHR) was calculated as waist circumference 

divided by hip circumference. The level of physical activity (metabolic equivalent hours per 

week) was estimated on the basis of self-reported duration of different types of exercise, 

weighted by intensity levels. Blood pressure was measured using standardised procedures 

and instruments at the WHI enrolment visit.

Statistical analysis

Baseline characteristics were summarised according to type 2 diabetes case and control 

status. The distributions of all the potential intermediate variables were summarised 

according to birthweight. Categorical variables were shown as percentage, normal-

distributed continuous variables were shown as mean (SD) and non-normal-distributed 

continuous variables were shown as geometric mean (95% CI).

We excluded 167 participants with missing information on family history of diabetes. In all 

regression models, missing values of other covariates were imputed using median values 

(95.8% of the participants had no missing covariates besides family history of diabetes; 

3.84% had one missing covariate and 0.37% had two to four missing covariates). Logistic 

regression was used to assess the association between birthweight and type 2 diabetes risk. 

Our primary goal was to estimate the portion of the total effect of LBW on type 2 diabetes 

risk mediated by specific biomarkers, after accounting for potential confounding by 
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measured covariates (Fig. 1 shows the potential causal structure in the current study). Two 

sets of confounders were considered: the first set (C1) was determined before birth, 

including race/ethnicity (white, black, Hispanic or Asian/Pacific Islander) and family history 

of diabetes (yes or no); the second set (C2) was determined after birth, including age (six 

categories), smoking (three categories), alcohol consumption (six categories), physical 

exercise (five categories), dietary fibre intake (four categories), dietary glycaemic load (four 

categories) and BMI (six categories). Weighted linear regression was used to model 

biomarker concentrations in terms of birthweight and potential confounders, and logistic 

regression was used to model type 2 diabetes status [17]. These two regressions were 

integrated to obtain the effect mediated by a specific biomarker and the effect that was not 

mediated by this biomarker (i.e. the effect that came about through all other mechanisms 

besides this biomarker, including as yet unknown pathways) using the method proposed by 

VanderWeele et al [17] The proportion of mediating effects was calculated in the risk 

difference scale. The 95% CIs of the portions of effects were obtained via bootstrapping. 

The p values for multiplicative interaction were obtained using Wald test of the interaction 

coefficient in the logistic regression. All the statistical analyses were conducted using SAS 

9.3 (SAS Institute, Cary, NC, USA).

Results

During a median follow-up period of 6 years, a total of 1,259 type 2 diabetes cases and 

1,790 controls were identified and included in the current study, although the actual number 

of participants entered in the analyses differed by specific bio-markers. Type 2 diabetes 

cases had a higher prevalence of traditional diabetes risk factors at baseline than controls 

(Table 1): they tended to be older, smokers, less physically active, overweight or obese and 

had a family history of diabetes. Women with incident type 2 diabetes had significantly 

higher levels of HOMA-IR, leptin, free oestradiol, total and free testosterone, TNF-α-R2, 

IL-6, hsCRP, E-selectin, ICAM-1 and VCAM-1 and significantly higher systolic blood 

pressure at baseline, whereas the controls had significantly higher levels of HOMA-beta, 

soluble leptin receptor and SHBG and significantly longer leucocyte telomere length. The 

proportion of women with LBW was significantly higher in incident type 2 diabetes cases 

than in controls (p=0.01).

LBW women had significantly higher E-selectin levels and systolic blood pressure than 

women with normal birthweight (p<0.05, Table 2). LBW was associated with an increased 

risk of type 2 diabetes (p-trend<0.001, Fig. 2a). Compared with women with a birthweight 

of 2.72–3.63 kg and 3.63–4.54 kg, LBW women had a multivariable-adjusted OR for type 2 

diabetes of 1.27 (95% CI, 1.02, 1.58) and 2.15 (95% CI, 1.54, 3.00), respectively. We did not 

observe significant interaction between any of the mediators and LBW. Thus, models 

assuming no interaction between exposure and mediators were adopted. Four of the 

biomarkers (HOMA-IR, SHBG, E-selectin and systolic blood pressure) in our study 

mediated a statistically significant proportion of the total effect (Table 3 and Fig. 2b).

Insulin resistance (indicated by HOMA-IR), being a necessary cause of type 2 diabetes, 

mediated 47% of the total effect. As the indicator of abdominal obesity, WHR is a direct risk 

factor for insulin resistance, mediating 14% of the total effect. In contrast, the effect of LBW 
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on type 2 diabetes risk mediated by beta cell function seemed to be in the opposite direction, 

although it did not reach statistically significance (OR of mediated effect 0.93; 95% CI 0.84, 

1.03).

SHBG levels significantly mediated the LBW–type 2 diabetes relationship (OR 1.16; 95 CI 

1.03, 1.33), accounting for 24% of the total effect of LBW on type 2 diabetes. In contrast, 

neither oestradiol nor testosterone mediated any significant amount of the total effect. E-

selectin accounted for 25% of the total effect of LBW on type 2 diabetes (OR of mediated 

effect 1.12; 95% CI 1.02, 1.23), but other markers of endothelial function (ICAM-1 and 

VCAM-1) did not quantitatively account for the effect of LBW on type 2 diabetes. The 

effect that was mediated by systolic blood pressure was significant (OR 1.03; 95% CI 1.01, 

1.07), although it only mediated 8% of the total effect. Diastolic blood pressure did not 

contribute to the total effect. Of note, due to interactions between different mediators, the 

sum of each individual mediator’s contribution could exceed 100%, without an upper limit. 

In total, SHBG, E-selectin and systolic blood pressure mediated 32% of the total effect of 

LBW on type 2 diabetes risk. Leptin, soluble leptin receptor, inflammation markers (TNF-α-

R2, IL-6 and hsCRP) and leucocyte telomere length did not mediate any significant 

proportion of the total effect of LBW on type 2 diabetes. When we used HOMA-IR and 

HOMA-beta as the outcomes (Table 4), SHBG, E-selectin and systolic blood pressure 

accounted for 33%, 28%, and 13% of the total effect on insulin resistance due to LBW, 

respectively. In contrast, among these biomarkers, only systolic blood pressure contributed 

moderately to the total effect on beta cell function. In a sensitivity analysis using traditional 

‘difference’ method comparing the regression coefficients of the models with and without 

the specific biomarkers as mediators, the proportions appeared in the same directions 

although the magnitudes varied (20% for SHBG, 26% for E-selection and 11% for systolic 

blood pressure).

Discussion

In this prospective study of women in the USA, we confirmed that LBW was significantly 

associated with increased type 2 diabetes risk later in life. We found that insulin resistance 

mediated a considerable amount of the total effect on type 2 diabetes risk due to LBW. This 

effect was further mediated by low SHBG concentration, elevated blood E-selectin level and 

increased systolic blood pressure.

Significant associations between LBW—a result and surrogate of early nutrition inadequacy

—and higher type 2 diabetes risk have been observed consistently in both animal and human 

studies. A systematic review of previous population studies investigating this relationship 

found that, in most populations studied, birthweight was inversely associated with type 2 

diabetes risk, and the pooled OR for type 2 diabetes was 0.75 (95% CI 0.70, 0.81) per kg 

birthweight [1]. Although findings from an appreciable number of studies have supported 

this inverse association, the potential mechanisms remain unknown [29]. To examine the 

potential influence of excluding prevalent cases at baseline on the estimates of the 

association between birthweight and type 2 diabetes risk, we also modelled the relationship 

of birthweight to prevalent type 2 diabetes cases among the whole WHI-OS cohort [30]. We 

observed similar inverse associations as with the incident cases (p for trend<0.001).
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Previous studies indicate that increased susceptibility to type 2 diabetes may be 

predominantly determined by epigenetic variations in early life [31]. Nonetheless, proximal 

mediators of the effect (i.e. changes in type 2 diabetes-related biomarkers before onset of the 

disease) are more relevant to targeted type 2 diabetes prevention among LBW persons yet 

this topic remains understudied. Statistical analysis of mediation was first proposed in 

psychological and social sciences [32, 33] and has been further developed in the framework 

of causal analysis [17, 34]. Under appropriate causal structures justified by substantive 

scientific knowledge, mediation analysis measures the extent to which specific intermediate 

factors contribute to the total effect of an exposure on an outcome of interest, thus 

addressing directly the questions of how and why the specific exposures and outcomes of 

interest are related [17, 33]. Our study evaluated the potential mediation effects of validated 

biomarkers of type 2 diabetes and resulted in the observation that several biomarkers may be 

partially determined by birthweight and also predict type 2 diabetes risk later in life.

Insulin resistance underpins type 2 diabetes pathogenesis and is a defining feature of the 

metabolic syndrome. In previous studies, several surrogate markers of insulin resistance 

have been found to be associated with LBW [5]. Animal work has shown that insufficient 

intrauterine nutrition may lead to growth retardation characterised by diminished skeletal 

muscle mass and fewer insulin-producing pancreatic islets—highly correlated, respectively, 

with insulin resistance and beta cell dysfunction in adulthood [35]. Our data appear to 

indicate that insulin resistance, rather than beta cell function, may have a significant 

mediating effect on type 2 diabetes risk due to LBW, though our use of the HOMA-beta 

model may be less than ideal in assessing beta cell function.

Hepatokines (proteins that are exclusively or predominantly secreted by the liver) are known 

to directly affect glucose metabolism [36, 37]. SHBG may be yet another important 

hepatokine [38] in the regulation of glucose homeostasis [13, 39]. Recent prospective studies 

have identified SHBG as an independent risk factor for type 2 diabetes [13, 18]. In three 

prospective cohorts of men and women, we have consistently observed that higher 

concentration of plasma SHBG was predictive of considerably lower risk of type 2 diabetes 

[13, 18]. Several germ-line mutations in the SHBG gene were also linked to type 2 diabetes 

susceptibility [13]. Individuals born with LBW tend to have lower levels of plasma SHBG 

[15, 16]. In the current study, we confirmed that decreased SHBG concentration explained 

approximately one-quarter of the total effect due to LBW.

Endothelial dysfunction, assessed by circulating E-selectin and ICAM-1 concentrations, has 

been associated with insulin resistance [40, 41] and also elevated risk of type 2 diabetes [20]. 

LBW was associated with endothelial dysfunction measured by an ultrasound-based 

approach in different populations [9, 10]. Compared with other biomarkers of endothelial 

function, E-selectin is arguably a more sensitive and robust biomarker of early endothelial 

dysfunction, given its exclusive expression in endothelial cells [40]. However, no previous 

studies have reported the association between birthweight and E-selectin concentration. In 

the current study, E-selectin concentration was significantly higher in LBW women than in 

their normal-birthweight counterparts. In addition, we observed that increased E-selectin 

concentration accounted for 25% of the total effect of LBW on type 2 diabetes risk. High 

blood pressure was also shown to be associated with endothelial dysfunction [41]. In 
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addition, high blood pressure is regarded as an important component of the metabolic 

syndrome and is often concomitant with the presence of type 2 diabetes. However, high 

blood pressure was also found to be a strong predictor of type 2 diabetes, independent of 

traditional risk factors for type 2 diabetes and antihypertensive medication [42, 43]. In the 

current study, we found that systolic blood pressure was significantly elevated in LBW 

compared with normal-birthweight women. Moreover, increased systolic blood pressure 

explains a moderate but significant amount of the total effect of LBW on type 2 diabetes 

risk.

Several aspects of our study are worthy of further discussion. First, self-report of LBW may 

result in measurement errors. However, previous work has shown that self-reported 

birthweight was correlated reliably with birthweights recorded on birth certificates (r=0.64–

0.83) [44, 45]. Moreover, characterising birthweight data into an LBW vs normal-

birthweight group may further reduce the probability of mis-classification (as opposed to 

treating birthweight as a continuous variable as in previous reliability studies). Nonetheless, 

future studies that link to birth registry data will be helpful in providing precise information 

and thus avoid the loss of information in categorising birthweight. Second, the validity of 

our study is based on the assumption that we have sufficiently controlled the confounding of 

the exposure–mediator, exposure–outcome and mediator–outcome relationships. As far as 

possible, we included all the covariates that may confound these relationships. Also, we 

grouped all the covariates into multiple categories to avoid residual confounding due to 

potential non-linear relationships. Some researchers proposed another hypothesis that LBW 

and type 2 diabetes may all be phenotypes of the same insulin-resistance genotype (the fetal 

insulin hypothesis) [46], which may confound the association of interest. In the current 

analysis, we used family history of diabetes as a surrogate of this potential insulin-resistance 

genotype, but residual confounding is still possible. Moreover, if some variables in the C2 set 

are caused by LBW, they will bias the mediation analysis. We conducted a sensitivity 

analysis excluding BMI (which is possibly affected by LBW) from C2, and the results did 

not differ significantly. Third, we used the novel counterfactual model-based mediation 

analysis rather than the traditional method that compares differences of the regression 

coefficients between the models with and without the mediators. The traditional ‘difference 

method’ cannot address the issues due to non-collapsibility when logistic regression models 

are used [47] whereas the method we chose models the association between exposure and 

mediator separately to circumvent the problem of non-collapsibility. Finally, due to the 

strong effect of LBW on type 2 diabetes, we observed significant mediation by several 

biomarkers with a relatively limited sample size for the LBW group. However, the sample 

size may still not be large enough to provide more precise estimates or to detect mediation 

by other potential factors with smaller mediation effects. Future longitudinal studies with 

larger sample size of LBW participants are warranted.

Conclusions

In the current study, we confirmed that LBW was consistently associated with increased risk 

of type 2 diabetes later in life in a multi-ethnic population of women. In addition, we found 

that the total effect of LBW on risk of type 2 diabetes is mainly mediated by insulin 

resistance, which is further explained by circulating levels of SHBG and E-selectin and 
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systolic blood pressure. These prospective data provide quantifiable mechanistic evidence 

linking LBW to increased risk of type 2 diabetes while presenting risk stratification in a 

population at greater risk of developing type 2 diabetes later in life.
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Fig. 1. 
Causal diagram hypothesised for mediation and confounding, characterising the relationship 

between LBW and type 2 diabetes risk later in life. C1 represents the potential confounders 

that occurred before birth (race/ethnicity and family history of diabetes) and C2 indicates the 

potential confounders that occurred after birth (age, smoking, alcohol consumption, physical 

exercise, total fibre intake, dietary glycaemic load and BMI)
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Fig. 2. 
Association between birthweight and type 2 diabetes risk later in life (a) and the potential 

mediating factors (b). In (a), women with a birthweight of 3.63–4.54 kg served as the 

reference group. Logistic regression model was adjusted for cigarette smoking, alcohol 

consumption, physical activity, dietary fibre intake, dietary glycaemic load, BMI and family 

history of diabetes. Error bars indicate 95% CIs. In (b), the area of each circle is 

proportional to the percentage of the total effect that was mediated by that particular 

biomarker. Overlapping among circles represents potential interactions between these 

mediating factors. SBP, systolic blood pressure
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Table 1

Baseline characteristics of participants according to type 2 diabetes case/control status

Characteristic Type 2 diabetes cases (n=1,259) Controls (n=1,790) p valuea

LBWb, n (%) 149 (11.8) 162 (9.1) 0.01

Age, mean (SD), years 62.6 (6.9) 62.0 (7.0) 0.03

Genetic influence

 Family history of diabetes, n (%) 673 (56.7) 612 (36.1) <0.001

 Race/ethnicity, n (%) <0.001

  White 792 (62.9) 834 (46.6)

  Black 286 (22.7) 588 (32.9)

  Hispanic 110 (8.7) 234 (13.1)

  Asian/Pacific Islander 71 (5.6) 133 (7.4)

Behavioural factors

 Smoking, n (%) 0.003

  Never 605 (48.7) 972 (55.0)

  Former 532 (42.8) 669 (37.8)

  Current 106 (8.5) 128 (7.2)

 Alcohol consumption, n (%) 0.002

  Never 199 (16.0) 264 (14.8)

  Former 324 (26.0) 377 (21.1)

  Current 723 (58.0) 1,143 (64.1)

 Physical exercise, geometric mean (95% CI), MET-h/week 7.89 (7.36, 8.46) 9.69 (9.19, 10.22) <0.001

 Dietary fibre intake, geometric mean (95% CI), g/day 14.2 (13.8, 14.6) 13.9 (13.5, 14.2) 0.23

 Dietary glycaemic load, geometric mean (95% CI) 90.9 (88.4, 93.5) 86.6 (84.6, 88.7) 0.01

 BMI, geometric mean (95% CI), kg/m2 31.7 (31.3, 32.0) 26.9 (26.7, 27.2) <0.001

Biomarkers

 Insulin sensitivity and beta cell function, geometric mean (95% CI)

  WHR 0.86 (0.86, 0.87) 0.80 (0.79, 0.80) <0.001

  HOMA-IR 3.91 (3.73, 4.10) 1.50 (1.45, 1.55) <0.001

  HOMA-beta 69.9 (66.5, 73.4) 83.9 (81.4, 86.4) <0.001

 Leptin and leptin receptor, geometric mean (95% CI)

  Leptin, ng/ml 29.1 (27.1, 31.1) 22.8 (21.7, 24.1) <0.001

  Soluble leptin receptor, ng/ml 32.0 (31.1, 33.0) 33.6 (33.0, 34.3) 0.007

 Sex steroids and SHBG, geometric mean (95% CI)

  Total oestradiol, pmol/l 75.3 (68.7, 82.5) 72.6 (67.6, 78.1) 0.54

  Free oestradiol, pmol/l 1.07 (0.98, 1.17) 0.81 (0.75, 0.86) <0.001

  Total testosterone, nmol/l 0.40 (0.37, 0.44) 0.31 (0.29, 0.33) <0.001

  Free testosterone, nmol/l 0.0040 (0.0036, 0.0045) 0.0021 (0.0020, 0.0023) <0.001

  SHBG, nmol/l 45.4 (42.6, 48.3) 74.0 (71.0, 77.2) <0.001

 Inflammation, geometric mean (95% CI)

  TNF-α-R2, pg/ml 2,660 (2,610, 2,710) 2,350 (2,320, 2,390) <0.001

  IL-6, pg/ml 2.94 (2.80, 3.10) 1.76 (1.68, 1.83) <0.001
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Characteristic Type 2 diabetes cases (n=1,259) Controls (n=1,790) p valuea

  hsCRP, nmol/l 3.82 (3.57, 4.08) 1.85 (1.73, 1.97) <0.001

 Endothelial dysfunction, geometric mean (95% CI)

  E-selectin, ng/ml 48.3 (46.7, 49.9) 34.3 (33.4, 35.2) <0.001

  ICAM-1, ng/ml 320 (313, 327) 268 (263, 274) <0.001

  VCAM-1, ng/ml 750 (732, 767) 668 (656, 680) <0.001

 Cellular ageing, geometric mean (95% CI)

  Leucocyte telomere length, kb 3.68 (3.60, 3.76) 3.87 (3.80, 3.94) <0.001

Blood pressure, mean (SD)

 Systolic blood pressure, mmHg 132 (17) 127 (18) <0.001

 Diastolic blood pressure, mmHg 77 (10) 76 (9) 0.05

a
The p values were obtained from χ2 tests for categorical variables, from Student’s t tests for continuous variables

b
LBW, self-reported birthweight <2.72 kg

MET-h, metabolic equivalent hours
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Table 2

Characteristics of type 2 diabetes-related biomarkers according to birthweight groups in the control population

Variable LBWa (n=162) Normal birthweightb (n=1,628) p valuec

Insulin sensitivity and beta cell function, geometric mean (95% CI)

 WHR 0.80 (0.79, 0.81) 0.79 (0.79, 0.80) 0.30

 HOMA-IR 1.56 (1.39, 1.76) 1.49 (1.44, 1.55) 0.44

 HOMA-beta 87.9 (79.1, 97.6) 83.5 (80.9, 86.1) 0.34

Leptin and leptin receptor, geometric mean (95% CI)

 Leptin, ng/ml 20.2 (17.1, 24.0) 23.2 (22.0, 24.5) 0.10

 Soluble leptin receptor, ng/ml 34.0 (31.9, 36.2) 33.6 (33.9, 34.3) 0.74

Sex steroids and SHBG, geometric mean (95% CI)

 Total oestradiol, pmol/l 61.4 (49.4, 76.3) 74.2 (68.8, 80.1) 0.10

 Free oestradiol, pmol/l 0.71 (0.58, 0.89) 0.82 (0.76, 0.88) 0.23

 Total testosterone, nmol/l 0.28 (0.23, 0.35) 0.31 (0.29, 0.34) 0.36

 Free testosterone, nmol/l 0.0021 (0.0017, 0.0026) 0.0021 (0.0020, 0.0023) 0.91

 SHBG, nmol/l 67.3 (59.2, 76.6) 74.9 (71.7, 78.3) 0.11

Inflammation, geometric mean (95% CI)

 TNF-α-R2, pg/ml 2,340 (2,220, 2,470) 2,360 (2,320, 2,400) 0.83

 IL-6, pg/ml 1.71 (1.49, 1.97) 1.76 (1.68, 1.84) 0.72

 hsCRP, nmol/l 1.72 (1.35, 2.19) 1.86 (1.74, 1.98) 0.49

Endothelial dysfunction, geometric mean (95% CI)

 E-selectin, ng/ml 38.1 (34.3, 42.4) 33.9 (33.0, 34.9) 0.02

 ICAM-1, ng/ml 263 (248, 280) 269 (263, 275) 0.52

 VCAM-1, ng/ml 658 (620, 697) 669 (657, 681) 0.60

Cellular ageing, geometric mean (95% CI)

 Leucocyte telomere length, kb 4.06 (3.84, 4.28) 3.85 (3.78, 3.92) 0.09

Blood pressure, mean (SD)

 Systolic blood pressure, mmHg 131 (19) 127 (17) 0.01

 Diastolic blood pressure, mmHg 77 (9) 76 (9) 0.07

a
LBW, self-reported birthweight <2.72 kg

b
Normal birthweight, self-reported birthweight of 2.72–4.54 kg

c
The p values were obtained from Student’s t tests
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Table 3

Effect of LBW on type 2 diabetes risk later in life with mediation of established biomarkers

Mediator n Effect decompositiona Proportion mediated (% of total effect)

Mediated effectb Effect not mediatedc

Insulin sensitivity and beta cell function

 WHR 3,033 1.06 (0.97, 1.16) 1.61 (1.22, 2.17) 14

 HOMA-IR 2,379 1.22 (1.02, 1.49) 1.32 (0.95, 1.88) 47

 HOMA-beta 2,379 0.93 (0.84, 1.03) 1.86 (1.34, 2.64) –d

Leptin and leptin receptor

 Leptin 1,312 0.99 (0.95, 1.01) 2.17 (1.44, 3.35) –

 Soluble leptin receptor 1,312 0.99 (0.96, 1.01) 2.17 (1.41, 3.35) –

Sex steroids and SHBG

 Total oestradiol 1,311 1.00 (0.97, 1.02) 2.16 (1.41, 3.35) 0

 Free oestradiol 1,311 1.00 (0.94, 1.05) 2.16 (1.42, 3.39) –

 Total testosterone 1,311 1.00 (0.94, 1.06) 2.16 (1.40, 3.39) –

 Free testosterone 1,311 1.05 (0.95, 1.17) 2.11 (1.38, 3.30) 8

 SHBG 1,311 1.16 (1.03, 1.33) 1.97 (1.25, 3.10) 24

Inflammation

 TNFα-R2 2,370 1.01 (0.97, 1.05) 1.65 (1.17, 2.29) 3

 IL-6 2,376 1.01 (0.95, 1.07) 1.63 (1.15, 2.31) 2

 hsCRP 2,384 1.01 (0.95, 1.08) 1.64 (1.17, 2.31) 3

Endothelial function

 E-selectin 2,372 1.12 (1.02, 1.23) 1.56 (1.10, 2.21) 25

 ICAM-1 2,354 0.99 (0.91, 1.07) 1.67 (1.19, 2.40) –

 VCAM-1 2,377 0.99 (0.93, 1.04) 1.68 (1.20, 2.36) –

Cellular ageing

 Leucocyte telomere length 3,028 0.99 (0.96, 1.01) 1.68 (1.29, 2.27) –

Blood pressure

 Systolic 3,048 1.03 (1.01, 1.07) 1.61 (1.25, 2.16) 8

 Diastolic 3,046 1.00 (0.98, 1.01) 1.65 (1.28, 2.22) –

a
Effects are shown as ORs (95% CIs). CIs were calculated using bootstrapping. Models were adjusted for age, race/ethnicity, cigarette smoking, 

alcohol consumption, physical activity, dietary fibre intake, dietary glycaemic load, BMI and family history of diabetes

b
OR for type 2 diabetes for those who had LBW, comparing the risk if the biomarker level was what it would have been with low vs normal 

birthweight

c
OR for type 2 diabetes in persons who had LBW vs those who had normal birthweight if the biomarker level was what it would have been with 

normal birthweight

d
Proportion mediated is undefined because the point estimate of the mediated effect is not in the same direction as the total effect
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Table 4

Effect of LBWon insulin resistance and beta cell function with mediation of established biomarkers

Variable Proportion mediated (% of total effect)

Insulin resistance Beta cell function

Leptin and leptin receptor

 Leptin 15 58

 Soluble leptin receptor 12 37

Sex steroids and SHBG

 Total oestradiol 0 1

 Free oestradiol –a –

 Total testosterone – –

 Free testosterone 6 –

 SHBG 33 6

Inflammation

 TNFα-R2 2 0

 IL-6 2 1

 hsCRP 2 1

Endothelial function

 E-selectin 28 4

 ICAM-1 – 0

 VCAM-1 0 4

Cellular ageing

 Leucocyte telomere length – –

Blood pressure

 Systolic 13 10

 Diastolic 7 9

a
Proportion mediated is undefined because the point estimate of the mediated effect is not in the same direction as the total effect
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