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ABSTRACT 

Scope: Maternal vitamin D deficiency has been implicated in adverse pregnancy outcomes. 

However, the association between vitamin D and inflammation, particularly adipokines, 

remains unexplored in pregnancy.  

Methods and Results: In 102 overweight or obese pregnant women at high-risk of 

gestational diabetes (GDM), we investigated relationships between maternal 25-

hydroxyvitamin D (25(OH)D) concentrations at 12-15 weeks gestation (baseline) and serum 

lipids, inflammatory markers, novel adipokines (omentin-1, visfatin, high molecular weight 

(HMW)-adiponectin), and subsequent pregnancy outcomes (GDM, preeclampsia, preterm 

birth [PTB]). After adjustment for maternal factors (age, BMI, parity, ethnicity, and smoking 

status), baseline 25(OH)D concentrations were inversely associated with total cholesterol and 

triglycerides, and positively associated with HMW-adiponectin. Higher baseline 25(OH)D 

concentrations were associated with decreased fasting and 1-hour post-OGTT glucose and 

reduced risk of GDM at 26-28 weeks, as well as with longer gestation and reduced risk of 

PTB upon additional adjustment for caesarean section. Adding HMW-adiponectin to the 

multivariable models attenuated most associations, and HMW-adiponectin was a significant 

predictor in the models.  

Conclusion: Our findings suggest that lower maternal 25(OH)D concentrations in 

overweight/obese pregnant women at high-risk of GDM are associated with increased 

cardiometabolic risks during pregnancy and adverse pregnancy outcomes, and that these 

associations may be mediated by HMW-adiponectin.  
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Graphical Abstract –Text  

This study investigated associations between vitamin D concentrations in 102 women at 12-

15 weeks gestation and cardiometabolic risk factors including novel adipokines (omentin-1, 

visfatin, high molecular weight (HMW)-adiponectin) as well as subsequent pregnancy 

outcomes. Lower maternal vitamin D levels were associated with poorer lipid profiles, 

suboptimal inflammatory and adipokine profiles, and poorer glucose metabolism later in 

pregnancy, as well as adverse pregnancy outcomes including gestational diabetes and preterm 

birth. These associations appeared to be mediated by HMW-adiponectin. 
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1. Introduction 

Vitamin D deficiency is prevalent worldwide, and is common during pregnancy [1]. The 

primary source of vitamin D is through sun exposure to ultraviolet B radiation. Therefore, 

increased rates of obesity and sedentary indoor lifestyles, as well as sun avoidance behaviors 

and use of sunscreen to prevent skin cancer have contributed to the rise in vitamin D 

deficiency [1]. Moreover, few foods are naturally high in vitamin D or are vitamin D-fortified 

[1]. Although there is currently no consensus regarding optimal vitamin D levels during 

pregnancy, the Institute of Medicine [2] and National Institutes of Health [3] suggest that 

circulating 25-hydroxyvitamin D (25(OH)D) concentrations <50 and <25 nmol/l are 

considered deficient and severely deficient, respectively. It is therefore concerning that 40–

98% of pregnant women globally have 25(OH)D concentrations <50 nmol/l and 15–84% 

have concentrations <25 nmol/l [1]. 

Recent evidence suggests that vitamin D deficiency may contribute to unfavorable 

cardiometabolic profiles during pregnancy and adverse pregnancy outcomes [4, 5]. The 

nuclear vitamin D receptor (VDR) and metabolizing enzyme, 1α-hydroxylase, are present in 

the decidua, placenta, ovary, and endometrium [6]. In vitro studies have shown that active 

vitamin D (1,25(OH)2D3) has potent anti-inflammatory properties [7], and directly activates 

transcription of  the insulin receptor gene [8], as well as regulating transcription of genes 

associated with placental invasion, normal implantation, and angiogenesis [9]. Therefore, 

vitamin D deficiency may lead to increased inflammation and decreased insulin action, which 

could contribute to increased risk of adverse pregnancy outcomes including gestational 

diabetes mellitus (GDM), preeclampsia, and preterm birth (PTB). Indeed, observational 

studies have reported inverse associations between maternal 25(OH)D concentrations and 

cardiometabolic risk factors during pregnancy, including insulin resistance [10], dysglycemia 
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[11], dyslipidemia [12], hypertension [13], and inflammation [14, 15]. Prospectively, 

maternal vitamin D deficiency has been linked to increased risk of GDM [16], pre-eclampsia 

[17], and PTB [18]; however results are inconsistent [19-21]. Moreover, most existing studies 

are limited by small sample sizes and lack of adjustment for potential confounders including 

obesity, parity, ethnicity, and smoking status.  

It is proposed that maternal vitamin D deficiency may contribute to increased 

cardiometabolic risk and adverse pregnancy outcomes via pro-inflammatory pathways [22] 

and there is growing interest in the potential role of adipokines [23]. Studies have reported 

associations between vitamin D deficiency and altered adipokine concentrations in patients 

with type 2 diabetes [24] and polycystic ovary syndrome (PCOS) [25]; however these 

relationships have not been explored in pregnancy. To our knowledge, no previous studies 

have examined associations between vitamin D and novel adipokines including visfatin or 

omentin-1 in pregnancy, and few have examined high-molecular weight (HMW) adiponectin 

[26]. These adipokines are believed to be involved in the pathophysiology of adverse 

pregnancy outcomes including GDM [16, 23], thus further investigation of the relationship 

between vitamin D deficiency and these adipokines in pregnancy is warranted. 

We aimed to address existing knowledge gaps by examining: (i) associations between 

25(OH)D concentrations and serum lipids, inflammatory markers, and novel adipokines in 

early pregnancy (12-15 weeks gestation); (ii) associations between 25(OH)D concentrations 

in early pregnancy (12-15 weeks gestation) and risk of subsequent adverse pregnancy 

outcomes (GDM at 26-28 weeks gestation, preeclampsia during pregnancy, and PTB at 

delivery); and (iii) whether these associations may be mediated by circulating adipokine 

concentrations.  
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2. Materials and methods 

2.1. Study design and participants 

This study involved post-hoc analyses of pre-collected bio-banked serum samples from a 

large randomized controlled trial (RCT) in high risk pregnancies [27]. The RCT aimed to 

prevent excess gestational weight gain in women identified as high risk for GDM based on a 

validated risk prediction tool [28]. Methods for the RCT have been reported previously [27]. 

Briefly, 228 women were recruited from three large tertiary teaching hospitals in Melbourne, 

Australia (2008-2010). Women were included in the study if they met the following criteria: 

age >18 years old; with a singleton pregnancy; <15 weeks gestation; overweight (body mass 

index (BMI) >25kg/m
2
 or >23 kg/m

2
 if high risk ethnicity [29]) or obese (BMI ≥30 kg/m

2
) at 

baseline (12-15 weeks gestation); with an increased risk of GDM (score ≥3 based on risk 

prediction tool [28]). Exclusion criteria included a BMI ≥45 kg/m
2
, non-English speaking 

women, known pre-existing type 1 or type 2 diabetes, or any other chronic medical condition. 

The study population was well characterized including demographics, antenatal 

characteristics, and longitudinal evaluation of pregnancy outcomes. Women were randomized 

to an antenatal lifestyle intervention or a control group. Samples from the control group 

(n=102), who were assigned to routine antenatal care with standard dietary and lifestyle 

advice, were analyzed in the current study.  

2.2. Data collection 

As previously reported [27], demographic characteristics were collected using a baseline 

questionnaire. BMI was calculated at the baseline visit (12-15 weeks) by a registered nurse 

independent to the research staff. Fasting venous blood samples were drawn at 12-15 weeks 

gestation for all participants. Serum was stored in multiple aliquots under sterile conditions at 
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-80C. GDM screening was performed at 26-28 weeks gestation with an oral glucose 

tolerance test (OGTT). GDM was diagnosed based on the Australasian Diabetes in Pregnancy 

Society (ADIPS 1998) criteria at the time of the study (fasting glucose ≥5.5 mmol/l and/or 2-

hour glucose ≥8.0 mmol/l) [30]. Maternal and obstetric outcomes were obtained from the 

Birthing Outcomes System database, which is commonly used for research purposes [28, 31] 

and includes standardized information for routine reporting of perinatal data in Victoria, 

Australia. Pregnancy outcomes assessed in this study included preeclampsia diagnosed based 

on the Royal Australia New Zealand College of Obstetricians and Gynecologists guidelines 

[32], and PTB defined as <37 weeks gestation [32]. The primary study was approved by the 

Monash Health Research Advisory and Ethics Committee (Project ID: 07216C) and all 

participants gave written informed consent [27]. 

2.3. Biochemical analyses 

Fasting serum lipids (triglycerides, total cholesterol, and high- and low-density lipoprotein 

cholesterol [HDL, LDL]) as well as plasma glucose, and 25(OH)D concentrations were 

analyzed by accredited commercial pathology providers (Melbourne Pathology and Monash 

Pathology, Melbourne, Australia). Lipids and glucose were analyzed using a Hitachi modular 

analyzer (Roche Diagnostics, Mannheim, Germany) and 25(OH)D concentrations were 

measured using direct competitive chemiluminescent immunoassays (CLIA) (DiaSorin Inc., 

MN, USA) with inter- and intra-assay coefficients of variation (CVs) of <10% and <4%, 

respectively. Serum inflammatory biomarkers and adipokines were analyzed using sandwich-

type enzyme linked immunosorbent assays (ELISA). All assays were performed in duplicate 

according to manufacturers’ instructions. Pilot studies were performed to calculate dilutions 

and ensure concentrations fit within the standard curve for each assay. Samples with values 

outside the standard curve were excluded from analysis for that specific biomarker. Analyte 
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concentrations were calculated from best-fit standard curves multiplied by the dilution factor 

to determine target protein concentrations. HMW-adiponectin was measured using the 

ALPCO ELISA (47-ADPHU-E01; sensitivity= 0.019 ng/ml), which required pre-treatment 

with protease II to selectively digest low- and middle-molecular weight adiponectin. HMW-

adiponectin was measured instead of total adiponectin in this study as it is considered the 

active form of adiponectin and a more sensitive marker of glucose intolerance and insulin 

resistance than total adiponectin [33, 34]. Visfatin was measured using the BioVendor ELISA 

(RAG004R; sensitivity=30 pg/ml), and Omentin-1 was measured using the Millipore ELISA 

(EZH0MNTN1-29K; sensitivity= 0.23 ng/ml). Interleukin-6 (IL-6) was measured using the 

Abcam high sensitivity ELISA (ab46042; sensitivity=0.81 pg/ml). Monocyte chemoattractant 

protein-1 (MCP-1) was measured using the Picokine ELISA (EK0441; sensitivity <1 pg/ml). 

Inter- and intra-assay CVs for all biomarkers were <10%.  

2.4. Statistical analyses 

Statistical analyses were performed using Stata Version 12.0 (StatCorp LP, USA). Participant 

characteristics and clinical and biochemical parameters are presented as mean ± standard 

deviation (SD), frequencies (n [%]), or median (interquartile range [IQR]) for non-normally 

distributed variables, unless otherwise indicated. Variables which were not normally 

distributed were logarithmically transformed to the base 10 to approximate normality prior to 

analysis. Univariable associations between 25(OH)D concentrations and continuous and 

categorical outcomes were assessed using Pearson correlations and simple logistic regression, 

with results presented as correlation coefficients for continuous outcomes or odds ratios with 

95% confidence intervals for binary outcome variables. Differences in mean 25(OH)D 

concentrations between groups (eg: women with or without GDM) were assessed using 

independent Student’s t-tests. Variables which were statistically significant on univariable 
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analyses (p<0.05) were included as covariates in multiple linear and logistic regression 

models. In first model, we adjusted for predetermined maternal factors considered to be 

clinically relevant to the outcomes, including: age, BMI, parity, ethnicity, and smoking status. 

In the second model, we performed exploratory analyses to further adjust for adipokines 

which were significantly associated with the outcomes of interest to examine their potential 

mediatory role. Findings were considered statistically significant at a two-tailed level of 

p<0.05. 

3. Results 

3.1. Sample characteristics 

Demographic, biochemical, and clinical outcome data are presented in Table 1. The mean age 

of participants was 31.9 ± 4.5 years (mean ± SD) (range= 25 - 43 years), with a median BMI 

of 29 (26 - 34) kg/m
2
 (median [IQR]) at baseline (12-15 weeks).  Mean 25(OH)D 

concentration of participants at baseline was 48.0 ± 16.0 nmol/l, with over half (n= 53; 52%) 

being classified as vitamin D-deficient (25(OH)D ≤50 nmol/l). At 26-28 weeks gestation, 25 

of the 102 women (24.5%) were diagnosed with GDM. Four (3.9%) of the 102 women were 

diagnosed with preeclampsia during the course of their pregnancy, and six women (5.8%) 

experienced a PTB (<37 weeks gestation).  

3.2. Cross-sectional associations with serum 25(OH)D concentrations 

Results of cross-sectional univariable analyses at baseline are presented in Table 2. 

Serum 25(OH)D concentrations were not associated with maternal characteristics including 

age (p=0.2) or BMI (0=0.1) (Table 2) and there were no differences in 25(OH)D 

concentrations by parity (p=0.8), ethnicity (p=0.4), or smoking status (p=0.3) (data not 

shown).  
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At baseline, serum 25(OH)D concentrations were inversely associated with total cholesterol 

(r=-0.22 mmol/l, p=0.03), triglycerides (r=-0.30 mmol/l, p=0.003), and IL-6 concentrations 

(r=-0.20 pg/ml, p=0.048), and positively associated with HMW-adiponectin (r=0.27 g/ml, 

p=0.007). There were no associations between 25(OH)D concentrations and HDL or LDL 

cholesterol or the other inflammatory markers and adipokines measured including MCP-1, 

omentin-1, and visfatin (all p>0.05; Table 2).  

Results of multivariable linear regression analyses are presented in Table 3A. After adjusting 

for maternal factors age, BMI, parity, ethnicity, and smoking status, 25(OH)D concentrations 

remained inversely associated with total cholesterol (β=-0.23, p=0.04), and triglycerides (β=-

0.28, p=0.02), and positively associated with HMW-adiponectin (β=0.25, p=0.02); however 

the association with IL-6 was no longer significant (p=0.6; Table 3A).  

3.3. Longitudinal associations with serum 25(OH)D concentrations 

Results of longitudinal univariable analyses are presented in Table 2. Baseline 25(OH)D 

concentrations (at 12-15 weeks) were associated with glycemic outcomes at 26-28 weeks, 

including fasting glucose (r=-0.35 mmol/l, p=0.0008) and 1-hour post-OGTT glucose levels 

(r=-0.22 mmol/l, p=0.04), but were not associated with 2-hour post-OGTT glucose levels 

(p=0.1; Table 2). Women who developed GDM at 26-28 weeks (n=25) had a significantly 

lower 25(OH)D concentration at baseline compared with women who did not develop GDM 

(n=77; 42.1 ± 14.7 versus 49.8 ± 16.1 nmol/l, respectively, p=0.03). In simple logistic 

regression, higher 25(OH)D concentrations at baseline were associated with a reduced risk of 

GDM at 26-28 weeks gestation (OR [95%CI]= 0.97 [0.94-0.99], p=0.04; Table 2).  

Baseline 25(OH)D concentrations were also positively associated with length of gestation 

(r=0.32 weeks, p=0.001; Table 2). A trend was observed for lower baseline 25(OH)D 

concentrations in women who subsequently had a PTB (n=6) compared to women who 
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reached term (n=96); however this did not reach statistical significance (36.6 versus 48.3 

nmol/l, respectively, p=0.08). In simple logistic regression, a trend was observed for an 

association between baseline 25(OH)D concentrations and risk of PTB (OR [95%CI]= 0.95 

[0.90-1.00], p=0.09). There were no associations between 25(OH)D concentrations and 

preeclampsia (p=0.6; Table 2) or caesarean section (p= 0.7; Table 2). 

After adjustment for maternal factors age, BMI, parity, ethnicity, and smoking status, 

baseline 25(OH)D concentrations remained inversely associated with fasting and 1-hour post-

OGTT glucose levels at 26-28 weeks (β=-0.38, p=0.002, and β=-0.26, p=0.02, respectively; 

Table 3A). Similarly, baseline 25(OH)D concentrations remained associated with a reduced 

risk of GDM at 26-28 weeks after adjustment for maternal factors (OR [95%CI]= 0.96 [0.93-

0.99], p=0.02; Table 3B). The positive association between 25(OH)D concentration and 

length of gestation also persisted in the multivariable model (β=0.33, p=0.005; Table 3A). A 

non-significant trend was observed for an association between higher baseline 25(OH)D 

concentrations and reduced risk of PTB after adjustment for maternal factors (p=0.06; data 

not shown), which became significant after additional adjustment for caesarean section (OR 

[95%CI]= 0.89 [0.79-0.99], p=0.03; Table 3B). 

3.4. Exploratory analysis of potential role of adipokines 

Results of exploratory analyses are presented in Table 3. HMW-adiponectin was the only 

adipokine associated with the outcome measures on univariable analyses (all p<0.05; data not 

shown), hence it was added as a covariate in the multivariable models. In cross-sectional 

analyses, after adjusting for HMW-adiponectin and maternal factors age, BMI, parity, 

ethnicity and smoking status, the associations between 25(OH)D concentrations and total 

cholesterol and triglycerides at baseline were no longer significant (p=0.08 and p=0.1, 
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respectively; Table 3A). HMW-adiponectin was the only significant predictor in the model 

for triglycerides at baseline (p= 0.005).  

In longitudinal analyses, baseline 25(OH)D concentrations remained associated with fasting 

glucose at 26-28 weeks after adjustment for HMW-adiponectin in addition to maternal factors 

(β=-0.27, p=0.03; Table 3A). However, associations with 1-hour post-OGTT glucose levels 

as well as GDM risk were attenuated (p=0.2 and p=0.1, respectively; Table 3). In these 

models, HMW-adiponectin was the only significant predictor associated with risk of GDM 

(p=0.02), and showed a trend toward a significant association with 1-hour post-OGTT 

glucose levels (p=0.08).  

Baseline 25(OH)D concentrations remained associated with length of gestation after 

adjustment for HMW-adiponectin in addition to maternal factors (β=0.32, p=0.01; Table 3A); 

however the association with risk of PTB was attenuated (p=0.09; Table 3B). HMW-

adiponectin was not a significant predictor in the model for PTB (p=0.3).  

4. Discussion 

To the best of our knowledge, this is the first study to investigate the relationships between 

maternal vitamin D levels and cardiometabolic risk factors and pregnancy outcomes in 

relation to novel adipokines. We found that in overweight or obese pregnant women at high 

risk of GDM, 25(OH)D concentrations in early pregnancy were inversely associated with 

cardiometabolic risk factors and had small but significant inverse associations with risk of 

adverse pregnancy outcomes including GDM. All relationships remained significant after 

adjusting for relevant maternal factors. However, most associations were attenuated after 

adjustment for HMW-adiponectin, suggesting a potential mediatory role for this adipokine.  
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We found inverse cross-sectional associations between 25(OH)D concentrations and total 

cholesterol and triglyceride levels at 12-15 weeks gestation, which persisted after adjusting 

for maternal factors. This is consistent with a previous study where 25(OH)D <75 nmol/l in 

the first trimester was associated with higher total and LDL cholesterol [35]. In contrast, Al-

Ajlan et al. [36] reported that first trimester 25(OH)D concentrations were positively 

associated with serum lipids, which was thought to be due to increased lipid synthesis in 

response to high metabolic demands in early pregnancy [36]. Importantly, this study did not 

adjust for covariates which may have influenced their results. From a mechanistic 

perspective, vitamin D may act via the VDR to prevent foam cell formation [37], reduce 

acetylated LDL cholesterol uptake [38] and regulate serum apolipoprotein A-1 levels [39], 

thereby enhancing cholesterol transport and improving lipid profiles [38-40].  

We report that 25(OH)D concentrations were positively associated with HMW-adiponectin, 

but not with IL-6, MCP-1, omentin-1, or visfatin after adjustment for maternal factors. 

Inflammation and adipose tissue failure (characterized by altered adipokine concentrations), 

have been implicated in the pathophysiology of GDM [41], PTB [42], and preeclampsia [43]. 

Studies show that omentin-1 has insulin-sensitizing effects [44], while visfatin activates the 

insulin receptor [45] and MCP-1 deficiency ameliorates insulin resistance [46]. Associations 

have been reported between 25(OH)D and these markers in studies of healthy women [47] 

and women with PCOS [25], but not in pregnant women. Thus, further investigation of these 

relationships in pregnancy is warranted. Only two previous studies investigated relationships 

between 25(OH)D and IL-6 in pregnancy, and both reported no association after adjustment 

for covariates, consistent with our finding [14, 15]. Similarly, one previous study examined 

relationships between 25(OH)D and HMW-adiponectin in pregnancy and reported no 

association [26]. Disagreement with our finding of a positive association may be due to the 
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smaller sample size  [26] (n=36-37 compared to n=102 in our study); the sampling time-point 

of 31 weeks gestation (since maternal adiponectin levels decline progressively with 

advancing gestation [48]); and/or the lack of adjustment for ethnicity (since lower total [49] 

and HMW-adiponectin [50] have been reported in certain ethnic groups, such as South-Asian 

women [49, 50]). The mechanism by which vitamin D may increase adiponectin is thought to 

be via suppression of the TNF-α gene and the adipose tissue renin-angiotensin system, both 

of which regulate adiponectin production [51, 52]. In turn, increased adiponectin may 

improve insulin sensitivity, lipid profiles, and inflammation, as has been reported in patients 

with type 2 diabetes, metabolic syndrome, and cardiovascular disease [53, 54].  

In longitudinal analyses, early pregnancy 25(OH)D concentrations (12-15 weeks) were 

inversely associated with fasting and 1-hour post-OGTT glucose levels and had a small but 

significant inverse association with risk of GDM at 26-28 weeks. It is important to note that 

women in this study were at high-risk for GDM, hence our results should be interpreted in 

light of this. Nevertheless, our findings are similar to previous studies where third trimester 

25(OH)D concentrations were inversely associated with fasting [10, 11, 22, 55-57] and post-

OGTT glucose levels [58] [11, 56]. Four separate meta-analyses [5, 16, 59, 60] of 7-20 

observational studies (n=2100-9200), all reported that women with GDM had lower 

25(OH)D levels compared with normoglycemic women, and that GDM risk increased by 40–

60% in women with vitamin D deficiency (25(OH)D<50 nmol/l).  

However, recent large-scale studies not included in these meta-analyses reported no 

relationship between 25(OH)D and post-OGTT glucose levels [57]or GDM risk [19-21]. 

Most of these studies [19, 20, 57] involved predominantly non-vitamin D-deficient women 

(25(OH)D >70-132 nmol/l). This may explain their null findings since relationships between 

vitamin D and glucose metabolism are thought to be more pronounced in vitamin D-deficient 
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women [16, 58, 59]. Moreover, most studies examining vitamin D and glycemic outcomes 

were conducted at 24-38 weeks gestation [5] and <25% had adjusted for ethnicity, parity, or 

smoking status [5]. Here, we show that early pregnancy 25(OH)D concentrations (12-15 

weeks) are associated with fasting and 1-hour glucose and risk of GDM at 26-28 weeks, 

which persisted after adjusting for these covariates. Vitamin D may reduce GDM risk by 

elevating intracellular calcium which is vital for β-cell glycolysis and glucose signaling [60], 

or by acting on the VDR to upregulate the insulin receptor and facilitate basal- and insulin-

mediated glucose oxidation and transport [61-65]. Vitamin D may also decrease insulin 

resistance and GDM risk by downregulating pro-inflammatory cytokines and upregulating 

anti-inflammatory cytokines [66-68]. While our findings are consistent with most previous 

literature, we note that our study cohort comprised high-risk women, and that associations 

between 25(OH)D and GDM risk were small. Large-scale trials are needed to confirm our 

findings and to establish whether use of vitamin D supplementation may mitigate GDM risk. 

Early pregnancy 25(OH)D concentrations in our study were associated with increased length 

of gestation, as well as with reduced risk of PTB in adjusted analyses. Observational studies 

examining vitamin D and PTB have produced conflicting results [4, 21, 69-72]. Nevertheless, 

our findings are consistent with a meta-analysis of 10 observational studies (n=10,098) 

reporting a 1.3 times greater risk of PTB at 25(OH)D<50 nmol/l compared to higher levels 

[18]. Additionally, we show that 25(OH)D was associated with length of gestation and PTB 

risk after adjusting for caesarean section and for the combined effects of age, BMI, ethnicity, 

parity and smoking status, which has not been shown previously [18]. We were unable to 

explore sub-categories of PTB (very/moderate/late PTB) due to lack of statistical power; 

however we report on total length of gestation to show that 25(OH)D is related to length of 

gestation even when a defined PTB cut-off (<37 weeks) is not applied. Mechanistically, 
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vitamin D deficiency may promote proximal muscle weakness, thus having a possible role in 

the initiation of early labor [73]. Vitamin D also induces antimicrobial peptides including 

cathelicidin in placental cells, thereby reducing bacterial infections and infection-induced 

PTB [18]. The anti-inflammatory properties of vitamin D discussed earlier may also reduce 

risk of PTB, since chronic inflammation can promote premature membrane rupture and 

spontaneous labor [74].  

Finally, addition of HMW-adiponectin to the multivariable models in our study attenuated 

most associations, and HMW-adiponectin was the only significant predictor variable in the 

models for GDM and triglycerides, with a trend toward significance in the model for 1-hour 

glucose. We speculate that HMW-adiponectin may be a potential mediator of these 

associations. Human cell studies and animal models show that adiponectin modulates several 

metabolic processes, and has anti-atherosclerotic, anti-inflammatory, and anti-diabetic 

properties [48, 75, 76]. Reduced levels of the HMW multimeric form of adiponectin is 

believed to be pathophysiologically involved in the declining insulin sensitivity that takes 

place with advancing gestation [48], and has been shown to promote dyslipidemia [53, 54, 

77], inflammation [53, 54], beta-cell dysfunction [48], and contribute to the development of 

both GDM [23, 78] and PTB [79]. Therefore, it is possible that low HMW-adiponectin levels 

secondary to vitamin D deficiency may contribute to increased cardiometabolic risks and 

adverse pregnancy outcomes. However, mechanistic and intervention studies are needed to 

confirm our finding, and to establish whether vitamin D supplementation increases HMW-

adiponectin levels and whether this would translate into improved pregnancy outcomes. 

Our study has several strengths. This was the first study examining associations between 

vitamin D and novel adipokines in pregnancy and the potential mediatory role of these 

adipokines in relation to cardiometabolic risk and pregnancy outcomes. The sample 
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comprised a well-characterized cohort of overweight or obese women at high risk of GDM, 

which allowed examination of a high-risk group where there was no confounding by 

comorbidities or medication use. We were able to explore other potential confounding by 

clinically relevant factors including age, BMI, parity, smoking status, and ethnicity, which 

have seldom been incorporated in previous studies. Serum 25(OH)D was measured earlier in 

pregnancy than most previous studies, which enabled assessment of longitudinal relationships 

between 25(OH)D and pregnancy outcomes. We were able to show that associations between 

25(OH)D and cardiometabolic risk and pregnancy outcomes may be mediated by HMW-

adiponectin, which has not previously been reported.  

Limitations include the observational nature of the study which precludes assessment of 

causality. Because this was a secondary post-hoc analysis of data collected for a larger study 

[27], there was no formal power calculation. Thus, our sample size may have been 

underpowered to detect associations between 25(OH)D and other maternal outcomes 

including preeclampsia, and may explain the non-significant trends observed initially for 

PTB. Participants were overweight or obese women at high risk of GDM, thus results may 

not be generalizable. The single measurement of 25(OH)D at 12-15 weeks gestation meant 

we could not determine temporal changes in 25(OH)D or account for potential supplement 

use which may have altered vitamin D status over the course of pregnancy. We were not able 

to measure 25(OH)D using gold-standard liquid chromatography mass-spectrometry, and 

instead used Diasorin assays which measure both 25(OH)D2 and 25(OH)D3 concentrations. 

Moreover, because vitamin D is fat-soluble, use of a more sensitive measure of adiposity 

such as percentage body fat instead of BMI may have yielded different results. Finally, 

although we adjusted for multiple confounders, we did not obtain data on vitamin D intake 
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from diet or supplements or on sun exposure, seasonality, or sunscreen use, which may have 

influenced our results.  

In summary, early pregnancy 25(OH)D concentrations in overweight or obese pregnant 

women at high risk of GDM were inversely associated with cardiometabolic risk factors 

during pregnancy and had small but significant associations with GDM and PTB, after 

adjustment for covariates. We showed that these associations may be mediated by HMW-

adiponectin; however the exact mechanism by which 25(OH)D may interact with HMW-

adiponectin to influence pregnancy outcomes remains unknown. Further clinical trials and 

mechanistic studies are needed, with inclusion of: (i) adequate power for pregnancy outcomes 

as primary endpoints; (ii) adjustment for covariates which affect both vitamin D status and 

cardiometabolic risk; and (iii) frequent sampling to assess whether temporal changes in 

25(OH)D over the course of pregnancy are related to different clinical outcomes. Such 

studies may identify “critical windows” of opportunity for measuring and treating vitamin D 

deficiency and potentially improving pregnancy outcomes. 
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Table 1. Sample characteristics: 

 

Variable n  Mean ± SD or median (interquartile range) 

Maternal Characteristics (at baseline: 12 – 15 weeks) 

Age (years) 101 31.9 ± 4.5 

BMI (kg/m
2
) 97 29 (26 – 34) 

Parity, n (%) 

Primiparous 

Parous 

90 

 

35 (38.9) 

55 (61.1) 

Ethnicity
a
, n (%) 

Australian  

South East and North East Asian  

Southern and Central Asian 

Other (African, European, Polynesian) 

101 

 

41 (40.6) 

14 (13.9) 

35 (34.6) 

11 (10.9) 

Smoker, n (%) 102 7 (6.9) 

Family history of diabetes
b
, n (%) 78 35 (44.9) 

Serum 25(OH)D (nmol/l)  102 48.0 ± 16.0 

Serum lipids and inflammatory markers/ adipokines (at baseline: 12 – 15 weeks) 

Total cholesterol (mmol/l) 102 5.4 ± 0.8 

HDL cholesterol (mmol/l) 102 1.7 (1.1 – 1.9) 

LDL cholesterol (mmol/l) 102 2.9 ± 0.6 

Triglycerides (mmol/l) 102 1.5 (1.2 – 2.1) 

IL-6 (pg/ml) 100 2.0 (1.7 – 2.6) 

MCP-1 (pg/ml) 102 86.9 (38.4 – 127.9) 

HMW-adiponectin (g/ml) 102 2.4 (1.5 – 3.2) 

Visfatin (ng/ml) 97 0.13 (0.07 – 0.20) 
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Omentin-1 (ng/ml) 99 50.0 (38.0 – 68.0) 

Glycemic Outcomes (at OGTT: 26 – 28 weeks) 

Fasting glucose- OGTT
c
 (mmol/l) 102 4.5 (4.2 – 4.9) 

1-hour glucose post- OGTT
c
 (mmol/l) 102 8.5 ± 2.3 

2-hour glucose post
c 
(mmol/l) 102 6.7 (5.8 – 7.8) 

Gestational Diabetes Mellitus
c
, n (%) 102 25 (24.5) 

Pregnancy Outcomes (during pregnancy/ at delivery) 

Pre-eclampsia
c
, n (%) 102 4 (3.9) 

Preterm birth (gestation <37 weeks)
c
, n (%) 102 6 (5.9) 

Caesarean section
c
, n (%) 102 25 (24.5) 

Length of gestation
c
 (weeks) 97 39.4 (38.4 – 40.2) 

 

Data are presented as mean ± standard deviation and n (%), or median (interquartile range) for non-normally distributed 

variables, unless otherwise specified;  
a
 ethnicity was derived from self-reported country of birth;  

b
 family history refers to first degree relatives only.  

c
 all variables measured at 12-15 weeks gestation except OGTT (26-28 weeks), length of gestation, and pregnancy 

outcomes (during pregnancy/ at delivery);  

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; IL-6, interleukin-6; MCP-1, monocyte-

chemoattractant protein-1; HMW, high-molecular weight; HDL/LDL, high-/ low- density lipoprotein; OGTT, oral 

glucose tolerance test; C-section, caesarean section. 
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Table 2. Univariable associations between 25-hydroxyvitamin D concentrations and 

cardiometabolic risk factors and pregnancy outcomes:  

 

 

 

Variable n 
Correlation coefficient (r) or 

odds ratio (95% CI) 
p 

Maternal Characteristics (at baseline: 12 – 15 weeks) 

Age (years) 101 0.13 0.2 

BMI (kg/m
2
) 97 -0.15 0.1 

Serum lipids and inflammatory markers / adipokines (at baseline: 12 – 15 weeks) 

Total cholesterol (mmol/l) 98 -0.22 0.03 

HDL cholesterol (mmol/l) 98 0.004 0.9 

LDL cholesterol (mmol/l) 98 -0.07 0.5 

Triglycerides (mmol/l) 98 -0.30 0.003 

IL-6 (pg/ml) 100 -0.20 0.048 

MCP-1 (pg/ml) 102 -0.09 0.4 

HMW-adiponectin (g/ml) 102 0.27 0.007 

Visfatin (ng/ml) 97 0.03 0.2 

Omentin-1 (ng/ml) 99 0.13 0.2 

Glycemic outcomes (at OGTT: 26 – 28 weeks) 

Fasting glucose
a
 (mmol/l) 89 -0.35 0.0008 

1-hour glucose post-OGTT
a
 (mmol/l) 88 -0.22 0.04 

2-hour glucose post-OGTT
a
 (mmol/l) 89 -0.16 0.1 

Gestational Diabetes Mellitus
a
 102 0.97 (0.94 – 0.99)  0.04 

Pregnancy outcomes (during pregnancy / at delivery) 

Pre-eclampsia
a
 97 1.02 (1.00 – 1.09) 0.6 

Length of gestation
a
 (weeks) 97 0.32 0.001 

Preterm birth
a
 (gestation <37 weeks) 97 0.95 (0.90 – 1.00) 0.09 

Caesarean section
a
 97 1.00 (0.97 – 1.03) 0.7 
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Data are presented as correlation coefficients for continuous outcome variables or odds ratios with 95% CI 

for categorical outcome variables. Non-normally distributed variables were log-transformed to the base 10 

to approximate normality prior to analyses;  

p= significance of associations with 25-hydroxyvitamin D using Pearson correlations for continuous 

variables and simple logistic regression for categorical variables; 
a 
all variables measured at 12-15 weeks gestation except OGTT (26-28 weeks), length of gestation, and 

pregnancy outcomes (during pregnancy/ at delivery);  

Abbreviations: BMI, body mass index; IL-6, interleukin-6; MCP-1, monocyte-chemoattractant protein-1; 

HMW, high-molecular weight; OGTT, oral glucose tolerance test; HDL/LDL, high-/ low- density 

lipoprotein; GDM, gestational diabetes mellitus.
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Table 3. Multiple linear and logistic regression models for associations between 25-hydroxyvitamin D concentrations and cardiometabolic risk factors and pregnancy outcomes: 

 

3A. Multiple linear regression analysis for continuous outcomes 

Dependent Variable  

Model 1 Model 2 

Standardized 

β 

R
2
 t p 

Standardized 

β 

R
2
 t p 

Total cholesterol (mmol/l) -0.23 0.32 -2.08 0.04 -0.20 0.33 -1.77 0.08 

HDL cholesterol (mmol/l) -0.12 0.27 -1.13 0.3     

LDL cholesterol (mmol/l) -0.03 0.19 -0.26 0.8     

Triglycerides (mmol/l) -0.28 0.24 -2.49 0.02 -0.18 0.31 -1.55 0.1
c
 

IL-6 (pg/ml) -0.06 0.38 -0.57 0.6     

MCP-1 (pg/ml) -0.04 0.10 -0.38 0.7     

HMW-adiponectin (g/ml) 0.25 0.30 2.32 0.02 - - - - 

Visfatin (ng/ml) 0.08 0.10 0.68 0.5     

Omentin-1 (ng/ml) 0.08 0.13 0.63 0.5     

Fasting glucose
a
 (mmol/l) -0.38 0.27 -3.25 0.002 -0.32 0.30 -2.58 0.01 

https://doi.org/10.1002/mnfr.201700488
https://doi.org/10.1002/mnfr.201700488
https://doi.org/10.1002/mnfr.201700488
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1-hour glucose post-OGTT
a
 (mmol/l) -0.26 0.30 -2.32 0.02 -0.17 0.32 -1.37 0.2 

2-hour glucose post-OGTT
a
 (mmol/l) -0.21 0.21 -1.77 0.08     

Length of gestation
a
 (weeks) 0.33 0.16 2.90 0.005 0.32 0.15 2.65 0.01 

3B. Multiple logistic regression analysis for categorical outcomes 

Dependent Variable 

Model 1 Model 2 

OR (95% CI) z p OR (95% CI) z P 

Gestational Diabetes Mellitus
a
 0.96 (0.93, 0.99) -2.35 0.02 0.97 (0.93-1.00) -1.55 0.1

c
 

Pre-eclampsia
a
 1.05 (0.93, 1.20) 0.85 0.4    

Preterm birth
a
 (gestation <37 weeks) 0.89 (0.79, 0.99) -2.21 0.03

b
 0.88 (0.77-1.02) -1.74 0.08 

Caesarean section
a
 1.00 (0.97, 1.04) 0.29 0.8    

 

 

Data are presented as correlation coefficients for continuous outcome variables or odds ratios with 95% CI for categorical outcome variables. Non-normally distributed variables were log-

transformed to the base 10 to approximate normality prior to analyses; 

p= significance of associations with 25-hydroxyvitamin D using multiple linear regression for continuous variables (3A) and multiple logistic regression or ANCOVA for categorical variables (3B);  
a 
all variables measured at 12-15 weeks gestation except OGTT (26-28 weeks), length of gestation, and pregnancy outcomes (during pregnancy/ at delivery);  

b 
preterm birth was additionally adjusted for caesarean section in both model 1 and model 2;  

c 
denotes that HMW-adiponectin was a significant predictor in the multivariable model (ie: significantly associated with the outcome). 

Model 1: linear and logistic regression models adjusted for maternal factors: age, BMI, parity, ethnicity, and smoking status;  

Model 2: linear and logistic regression models adjusted for HMW-adiponectin in addition to maternal factors: age, BMI, parity, ethnicity, and smoking status 

Abbreviations: HDL/LDL, high-/ low- density lipoprotein; OGTT, oral glucose tolerance test; IL-6, interleukin-6; MCP-1, monocyte-chemoattractant protein-1; HMW, high-molecular weight; C-

section, caesarean section.   
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