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Introduction: India has a high prevalence of Vitamin D insu�ciency among

women of childbearing age. In this study, we aimed to evaluate the potential

relationship between Vitamin D deficiency and gestational diabetes mellitus

(GDM) and low birth weight (LBW) of newborns in the “Maternal antecedents of

adiposity and studying the transgenerational role of hyperglycaemia and insulin”

(MAASTHI) birth cohort.

Methods: A prospective cohort study involving 230 participants was conducted

in public hospitals located in urban Bengaluru, India. Healthy pregnant women

who visited these hospitals for antenatal care (ANC) and who were between 14

and 36 weeks of gestational age were recruited after obtaining their informed

consent. An oral glucose tolerance test (OGTT) was administered between 24

and 36 weeks of pregnancy and blood samples were preserved at −80◦C for

Vitamin D analysis. Follow-up at birth included recording the child’s birth weight.

Results: We found that 178 (77.4%) of the study participants were vitamin D

deficient, 44 (19.1%) were diagnosed with GDM, and 64 (27.8%) gave birth to LBW

babies. Women in the lowest quartile of serum Vitamin D levels had three times

higher odds of developing GDM than women in the higher quartiles [OR = 3.22

(95% CI: 1.03, 10.07), p = 0.04] after adjusting for age, parity, socioeconomic

status, season, and adiposity. For every one-unit increase in Vitamin D levels,

Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) decreased by

nearly 18%. Furthermore, causal mediation analysis showed that a decrease in

one unit of Vitamin D is associated with a decrease of 0.015 units of fasting blood

sugar (FBS) and 0.019 units of postprandial blood sugar (PPBS) as it flows through

the mediator variable insulin resistance. Vitamin D-deficient women were twice

at risk of giving birth to LBW babies (OR 2.04, 95% CI 0.99, 4.19, p = 0.05).

Discussions: Low levels of Vitamin D during pregnancy are associated with a

greater risk of pregnant women developing GDM and giving birth to LBW babies

in urban Bengaluru.
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vitamin (25[OH]D), gestational (gestational diabetes), lowbirthweight, low- andmiddle-
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Introduction

Vitamin D deficiency is common among pregnant women
[worldwide due to fetal growth, low exposure to sunlight, and

low dietary intake. Studies have shown the highest prevalence of

Vitamin D deficiency in Asia (1). Despite being a tropical nation

with plenty of sunshine, India has a high prevalence of Vitamin D

insufficiency among women of childbearing age. A recent review

estimated a pooled prevalence of 32.35% of Vitamin D deficiency

among healthy pregnant women (2). Evidence from South India

shows that 60–80% of mothers were Vitamin D insufficient and

more than 30% were severely Vitamin D deficient (3, 4). During

pregnancy, there is significant emphasis on the significance of

serum 25-hydroxyvitamin D (25(OH)D) because the fetus relies

entirely on the mother as its source of 25(OH)D. 25(OH)D is the

major circulatingmetabolite of VitaminD and is currently regarded

as the most effective measure of the body’s Vitamin D availability,

originating from both endogenous synthesis and exogenous intake.

Vitamin D is capable of crossing the placenta, facilitated in part by

the megalin–cubilin endocytic mechanism (5). Studies have shown

that adverse health outcomes due to insufficiency in VitaminD level

leads to gestational diabetes, preeclampsia, preterm birth, low birth

weight, and intrauterine death (6–9).

The Vitamin D receptor is expressed in a variety of cell

types throughout the body. Vitamin D may play a role in insulin

response and other cellular functions. Increasing evidence suggests

that Vitamin D could be pivotal in maintaining normal glucose

homeostasis. In vivo, Vitamin D deficiency causes dysregulation

of glucose metabolism by increasing insulin resistance through

deteriorating β-cell function and mass. During pregnancy, the

disruption of normal glucose homeostasis causes insulin resistance,

resulting in fetal macrosomia and increased adiposity in infants

(10, 11). A decreased amount of serum 25(OH)D, calcitriol

[1,25(OH)2D], and raised parathyroid hormone (PTH) can

increase intracellular calcium in adipocytes, which can stimulate

lipogenesis, predisposing the individual to further weight gain and

thus increasing the risk of diabetes (12). Vitamin D insufficiency

and the occurrence of insulin resistance have been reported in

several studies (13, 14). 25(OH)D was inversely and independently

associated with insulin resistance in only those women who were

Vitamin D-deficient (15).

Vitamin D plays a crucial role in the development of the

fetus through its interaction with parathyroid hormone and the

regulation of calcium levels. Research has shown that inadequate

levels of Vitamin D during both pregnancy and early life can have

a significant impact on proper bone mineralization in women,

which is strongly associated with them giving birth to infants

with low birth weight. Animal studies have shown that deficiency

in Vitamin D causes placental insufficiency and fetal intrauterine

growth retardation by inducing placental inflammation in mice

(16). It is important to note that there is a positive connection

betweenmaternal Vitamin D levels during pregnancy and the levels

of VitaminD in the newborn’s blood (17). This finding suggests that

insufficient maternal Vitamin D levels could also potentially have a

negative effect on child development.

This study aimed to examine the relationship betweenmaternal

Vitamin D status and gestational diabetes while exploring the

mediation role of insulin resistance among a cohort of healthy

pregnant women attending public hospitals in Bengaluru. We also

aimed to look at the impact of Vitamin D on other pregnancy-

related complications like hypertension, preterm birth, and low

birth weight.

Materials and methods

Design

The study is nested within an ongoing study, the “Maternal

antecedents of adiposity and studying the transgenerational role of

hyperglycaemia and insulin” (MAASTHI), a prospective cohort of

healthy pregnant women in urban primary healthcare centers and

referral hospitals of Bengaluru.MAASTHIwas set up to understand

the effects of maternal physiological, nutritional, and psychosocial

environment on the risk factors of non-communicable diseases

in the child. Pregnant women were recruited between 2016 to

2018. The eligibility criteria comprised women older than 18 years

and those who were delivering at the study site. Women with

diabetes, HIV, and hepatitis infection were excluded from the study.

Women and their newborns were followed up soon after delivery.

Approximately 4,862 pregnant women in their 14–36 weeks of

pregnancy were recruited from public hospitals, of which 4,811

completed the baseline questionnaire and 2,962 women completed

oral glucose tolerance test (OGTT) between 24 and 36 weeks.

Their blood samples were stored in a biorepository for future

micronutrient tests. At birth, follow-up was completed within 72 h

after delivery; 863 women had completed delivery follow-up at the

time of analysis. Vitamin D, insulin, and other micronutrients were

analyzed in 2019–20 (Figure 1).

The sample size for studying the association between Vitamin

D was estimated based on previous studies where the prevalence of

GDMwas 14%, with 80% power and 95% confidence interval using

10% precision. The sample size obtained was 91. After accounting

for a 60% non-response rate, the final sample size obtained was 228;

hence, 230 samples were randomly chosen from the MAASTHI

cohort to perform the micronutrient assessment.

Data collection

Sociodemographic details, obstetric history, family history

of non-communicable disease (NCD), food habits, 24-h diet

recall, and physical activity were recorded using an interviewer-

administered questionnaire from pregnant women who were

between 14 and 36 weeks in their pregnancy during the baseline

visit. The food habits of the participants were recorded to elicit

the frequency of consumption of food groups like dairy, meat,

and seafood in the last month. We recorded their blood pressure,

height, weight, and skin-fold thickness. Data were collected only

once during pregnancy except 24-h recall, which was administered

twice during pregnancy.

OGTT was conducted between 24 and 36 weeks of pregnancy.

For this test, 2ml blood was collected twice in Sodium Fluoride

(NaF) vacutainers for estimating fasting and 2-h postprandial

glucose levels after ingesting 75 g of glucose. For hemoglobin

assessment, 3 ml of blood was collected in an EDTA vacutainer.

Frontiers inNutrition 02 frontiersin.org

https://doi.org/10.3389/fnut.2024.1352617
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Deepa et al. 10.3389/fnut.2024.1352617

FIGURE 1

Flowchart of the recruitment in MAASTHI and final sample included in the analysis.

A 6-ml blood sample was collected in a plain vacutainer from

each participant by a trained phlebotomist using the venepuncture

procedure. The vacutainer was wrapped with aluminum foil to

protect it from sunlight and kept for 45 min to coagulate. The

sample was then centrifuged for 10 min at 1,500 rpm/min. A

clear supernatant serum was transferred into black color cryovials.

Serum samples were stored at −80◦C in a biorepository. In

the study, 230 respondents were randomly chosen for Vitamin

D and insulin analysis using chemiluminescent microparticle

immunoassay (CMIA) in Abbott ARCHITECT i2000/i2000SR.

ARCHITECT 25-OH Vitamin D 5P02 reagents were used for this

test. We combined sample, assay diluent, and paramagnetic anti-

vitamin D-coated microparticles. 25-OH vitamin D present in

the sample is displaced from the Vitamin D binding protein and

binds to anti-vitaminD-coatedmicroparticles, forming an antigen–

antibody complex. After serum incubation, a conjugate containing

acridinium-labeled Vitamin D is added to the reaction mixture

and binds to unoccupied binding sites of the anti-vitamin D-

coated microparticles. After further incubation and washing, pre-

trigger and trigger solutions are added to the reaction mixture. The

resulting chemiluminescent reaction is measured as relative light

units (RLUs). There is a relationship between the amount of 25-OH

vitaminD in the sample and the RLUs detected by the ARCHITECT

iSystem Optics. The results are calculated automatically based on

the previously established calibration curve.

All samples were tested in the same run at the end of the study.

Internal and external quality checks were performed; immunoassay

premium plus tri-level controls were used. The External Quality

Assurance Scheme (EQAS) coefficient of variation (%) for our

method of Vitamin D analysis was 17.8.

Newborn anthropometry was performed using SECA 354

Weighing Scale and SECA 417 infantometer. We measured the

mid-upper arm circumference (MUAC) using Chasmors body

circumference tape. The sum of biceps, triceps, and subscapular

(SFT) was measured on the left side of the body using the Holtain

Calipers (Holtain, UK). The research staff were trained and certified

annually for anthropometry assessment from St. John’s Research

Institute, Bengaluru. Two readings of weight in kilograms were

taken to the nearest 0.5 g, length, and MUAC was measured in

centimeters, and skin-fold thickness in millimeters to the nearest

0.2 mm.

Quantitative variables

Socioeconomic status was assessed using the Kuppuswamy

socioeconomic scale, which considers education, occupation,

and income. The status was classified into five categories:

upper, upper middle, lower middle, upper lower, and lower.

For analysis, these categories were condensed into two main

groups: lower (including upper lower and lower) and middle

(including upper middle and lower middle)—were created

(18). The physical activity questionnaire during pregnancy

was administered at recruitment. The questionnaire covered

various aspects of physical activity, including exercise, hobbies,

household chores, sedentary activities, and daily routines. For

each activity, we noted the frequency per week and the duration

in minutes. To determine the overall intensity of physical

activity, we calculated the metabolic equivalent (MET) values

for each activity, considering the assigned MET value, activity
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duration, and weekly frequency. By summing up the MET

values for all individual physical activities, we arrived at the

combined MET value. Hypertension among participants was

categorized into normal (<120/80 mmHg) and hypertension

(>120/80 mmHg). The food habits of the participants had five

options for frequency of consumption ranging from “never”

to “daily.”

Vitamin D was classified as follows: <20 ng/ml (50 nmol/L)

as “deficient” and between 21 and 29 ng/ml (50–75 nmol/L) as

“insufficient” (19). The Homeostatic Model Assessment for Insulin

Resistance (HOMA-IR) was calculated using the following formula:

fasting insulin (microU/L) × fasting glucose (nmol/L)/22.5.

Log(HOMA-IR) transforms the skewed distribution of fasting

insulin values to assess a possible linear correlation with glucose

clamp estimates of insulin sensitivity when extensive ranges of

insulin sensitivity/resistance were being studied (20). GDM was

classified based on the WHO guidelines: fasting blood sugar (FBS)

≥92 mg/dl and/or postprandial blood sugar (PPBS) ≥153 mg/dl.

Anemia in pregnant women was categorized as follows: anemic for

hemoglobin levels ≤11 g/dl, and not anemic for hemoglobin levels

above 11 g/dl (21). Low birth weight was defined as weight at birth

of <2,500 g. Preterm births were defined as those delivered below

the gestational age of 37 weeks.

Statistical analysis

Quantitative variables were described in terms of mean

± standard deviation (SD). Median and interquartile range

(IQR) were used to describe a non-normal distribution and

qualitative variables are reported as percentages. To compare the

differences between the two Vitamin D status categories, the

χ2 test (for nominal data), the one-way analysis of variance

(ANOVA; for continuous variables with normal distribution), and

the Mann–Whitney U-test (for continuous variables with non-

normal distribution) were used. Spearman’s correlation coefficient

was used for non-normally distributed continuous variables.

After preliminary examination of the data distribution, we log-

transformed FBS, PPBS, Vitamin D, and Homeostatic Model

Assessment of Insulin Resistance (HOMA-IR) values. Univariate

and adjusted regression models were used to evaluate the

associations between serum Vitamin D concentrations during

pregnancy with GDM and low birth weight. Regression analysis

models were adjusted for confounders for the association between

LBW and Vitamin D levels.

In this cohort, 77% of mothers were Vitamin D deficient.

Hence, quartiles were generated based on the Vitamin D level

distribution to evaluate GDM at each level, with quartile 1 (<9.3)

being the lowest and quartile 2 (<12.7) and quartile 3 (<18.5)

being the highest. Quartile 4 (>18.6) serves as the reference

group. The confounders were chosen based on a priori selected

potential confounders. Age is included as a confounder as aging

skin produces significantly lower amounts of Vitamin D compared

to younger skin (22). Multiparity was associated with decreased

Vitamin D levels (23). Religious factors like staying indoors and

restrictive clothing too play an important factor in Vitamin D

deficiency (24, 25), and studies have shown that socioeconomic

status has a considerable impact onVitaminD levels (26). Obesity is

also proven to be a risk factor for Vitamin D deficiency (27). Model

1 was adjusted for sociodemographic factors such as maternal

age, parity, religion, and socioeconomic status. Model 2 included

factors in Model 1 in addition to biological factors such as maternal

adiposity, while Model 3 included factors in Model 2 and season of

blood sampling.

We conducted a causal mediation analysis to examine the

indirect effect of the independent variable Vitamin D on the fasting

and post-challenge glucose levels through mediator variables:

insulin resistance, controlling for potential confounders that

included maternal age, parity, skin-fold thickness, season, and

socioeconomic status. The analysis was performed using the

mediation package in R Studio 2022.07.2 (28, 29) based on the

general approach to causal mediation analysis developed by Imai

et al. (30). We estimated average causal mediation effects (ACME),

average direct effects (ADE), and total effects, as well as the

proportion of the total effect that is mediated. The mediation

analysis consisted of two regression models: (1) a linear regression

model predicting the mediators from Vitamin D levels and the

confounders and (2) a linear regression model predicting the

dependent fasting/post-challenge glucose levels, Vitamin D levels,

and the confounders. To account for sampling variability and

obtain robust estimates, we employed a bootstrap procedure with

1,000 simulations. Confidence intervals were estimated at the

95% level.

Linear regression was also carried out to check for associations

between Vitamin D and glucose values after adjusting for potential

confounders. Logistic regression analysis was conducted to check

for the association between serum Vitamin D with LBW and GDM.

Vitamin D was categorized based on percentiles and standard

cut-off (20 ng/ml).

Results

The sub-sample from the MAASTHI cohort comprised 230

pregnant women, and characteristics comparing those with

Vitamin D values greater and <20 ng/ml are provided in Table 1.

Among the participants, 77.3% were Vitamin D deficient, 19.1%

were diagnosed with GDM, and 27.8% of the infants were born with

low birth weight.

The two groups had no statistically significant differences

across various characteristics such as age, gestational age, education

levels, socioeconomic class, parity, and season of test. We found

that Islam religion and low fish intake were significantly associated

with low Vitamin D levels. Vitamin D was also associated with

maternal insulin, HOMA, low birth weight, and MUAC of the

offspring. Low levels of VitaminDwere not associated with preterm

delivery, c-section, and hypertension in mothers. The ANOVA

test results suggest that there is no significant difference in mean

Vitamin D levels across the four seasons [F(3, 226) = 2.193, p =

0.090; Supplementary Tables 1, 2].

Vitamin D levels were associated with the HOMA levels in

the mothers (β coefficient =-0.18, 95% CI −0.35, 0.01) even after

adjusting for maternal age, parity, religion, socioeconomic status,

and skin-fold thickness. Furthermore, for every one-unit increase

in Vitamin D levels, HOMA-IR decreased by about 18%. These

findings suggest that Vitamin D levels are associated with reduced
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TABLE 1 Characteristics of pregnant women and their o�spring and their association with Vitamin D levels (N = 230).

Characteristics of the
cohort

Categories Total Vitamin D deficiency p-value

N (%)/mean
± SD

Yes/<20ng/ml
(n = 178)

No/more than
20ng/ml (n = 52)

Age (years) Mean± SD 24.2± 4.2 24.3± 4.1 23.8± 4.4 0.37

Gestational age at recruitment

(weeks)

Mean± SD 22.5± 4.9 22.9± 4.9 21.3± 4.5 0.03

Gestational age at the time of blood

draw (weeks)

Mean± SD 27.6± 2.2 27.6± 2.3 27.5± 2.1 0.66

Religion Hinduism (Ref) 98 (42.6%) 64 (36.0) 34 (65.4%)

Christianity 9 (3.9%) 6 (3.4%) 3 (5.8%) 0.9

Islam 123 (53.5%) 108 (60.7%) 15 (28.8%) 0.00

Participant education Pre-university college or

graduation (Ref)

76 (33.0) 59 (33.1) 17 (32.7)

Illiterate/primary/middle

school

57 (24.8) 48 (27%) 9 (17.3) 0.34

High school 97 (42.2) 71 (39.9) 26 (50.0) 0.50

Participant’s occupation Employed (Ref) 17 (7.4) 13 (7.3) 4 (7.7)

Unemployed 213 (92.6) 165 (92.7) 48 (92.3) 0.92

Socioeconomic class Middle (Ref) 81 (35.2) 60 (33.7) 21 (40.4)

Lower 149 (64.8) 118 (66.3) 31 (59.6) 0.37

Parity Nulliparous (Ref) 95 (41.3) 76 (42.7) 19 (36.5)

Primiparous 114 (49.6) 87 (48.9) 27 (51.9) 0.52

Multiparous 21 (9.1) 15 (8.4) 6 (11.5) 0.39

Hemoglobin (g/dl) Median (IQR) 11.1 (1.3) 11.1 (1.2) 11.2 (1.4) 0.80

Fasting blood glucose (mg/dl) Median (IQR) 89 (9.3) 82 (10) 81 (8) 0.31

Postprandial blood glucose (mg/dl) Median (IQR) 108 (30) 109 (31) 104.5 (24) 0.27

Insulin (pmol L) Median (IQR) 46.6 (29.4) 48.27 (28.6) 38.73 (30.3) 0.04

HOMA-IR Median (IQR) 1.5 (1.1) 1.6 (1.18) 1.3 (1.10) 0.04

Physical activity level in mothers

(MET)

Median (IQR) 1,169 (342) 1,176.5 (327) 1,143 (379) 0.34

Season Summer (Ref) 38 (16.5) 30 (16.9) 8 (15.4)

Rainy 141 (61.3) 104 (58.4) 37 (71.2) 0.51

Post-monsoon 36 (15.7) 32 (18) 4 (7.7) 0.25

Winter 15 (6.5) 12 (6.7) 3 (5.8) 0.93

Dairy consumption Daily (Ref) 154 (67.0) 118 (66.3) 36 (69.2)

1–3 times per week 24 (10.4) 21 (11.8) 3 (5.8) 0.86

Never 52 (22.6) 39 (21.9) 13 (25) 0.15

Fish consumption 1–3 times per week (Ref) 61 (26.5) 55 (30.9) 6 (11.5)

1–3 times per month 73 (31.7) 52 (29.2) 21 (40.4) 0.01

Less than once per month 96 (41.7) 71 (39.9) 25 (48.1) 0.00

Calcium intake (g) Median (IQR) 602.5 (304.8) 602.2 (306.4) 643 (284) 0.63

Sum of skin-fold in mother (mm) Mean± SD 47.1± 13.6 47.6± 13.7 45.2± 13.5 0.12

Hypertension (mmHg) No (Ref) 215 (93.5) 165 (92.7) 50 (96.2)

Yes 15 (6.5) 13 (7.3) 2 (3.8) 0.38

(Continued)
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TABLE 1 (Continued)

Characteristics of the
cohort

Categories Total Vitamin D deficiency p-value

N (%)/mean
± SD

Yes/<20ng/ml
(n = 178)

No/more than
20ng/ml (n = 52)

GDM No (Ref) 186 (80.9) 140 (78.7) 46 (88.5)

Yes 44 (19.1) 38 (21.3) 6 (11.5) 0.12

Preterm delivery ≥37 weeks (Ref) 214 (93.0) 166 (93.3) 48 (92.3)

<37 weeks 16 (7.0) 12 (6.7) 4 (7.7) 0.81

C-section No (Ref) 126 (54.8) 97 (54.5) 29 (55.8)

Yes 104 (44.2) 81 (45.5) 23 (44.2) 0.87

Low birth weight (<2.5 Kg) No (Ref) 166 (72.2) 134 (75.3) 32 (61.5)

Yes 64 (27.8) 44 (24.7) 20 (38.5) 0.05

Sum of skin-fold thickness in child

(<10 percentile)

No (Ref) 203 (88.3) 160 (89.9) 43 (82.7)

Yes 27 (11.7) 18 (10.1) 9 (17.3) 0.16

Sum of skin-fold thickness in child

(>90 percentile)

No (Ref) 206 (89.6) 158 (88.8) 48 (92.3)

Yes 24 (10.4) 20 (11.2) 4 (7.7) 0.46

Head circumference (<10

percentile)

No (Ref) 204 (88.7) 158 (88.8) 46 (88.5)

Yes 26 (11.3) 20 (11.2) 6 (11.5) 0.95

MUAC (<10 percentile) No (Ref) 207 (90) 165 (92.7) 42 (82.8)

Yes 23 (10) 13 (7.3) 10 (19.2) 0.01

Bold values indicate p < 0.05.

TABLE 2 Association between logarithmically transformed maternal Vitamin D status with logarithmically transformed glucose and insulin resistance

levels in pregnant women.

Variable Unadjusted Adjusted

β (SE) p-value 95% CI β (SE) p-value 95% CI

Log of fasting blood sugar (mg/dl) −0.023 (0.01) 0.07 −0.49, 0.03 −0.02 (0.01) 0.07 −0.05, 0.00

Log of postprandial blood sugar (mg/dl) −0.02 (0.28) 0.46 −0.07, 0.03 −0.02 (0.02) 0.44 −0.07, 0.39

Log HOMA (IR) −0.20 (0.07) 0.00 −0.36,−0.05 −0.18 (0.08) 0.03 −0.35, 0.01

Adjusted for maternal age, parity, religion, socioeconomic status skin-fold thickness and season. Bold values indicate p < 0.05.

insulin resistance in pregnant women. On the other hand, the

associations between Vitamin D levels and fasting blood sugar and

postprandial blood sugar were not statistically significant in the

unadjusted and adjusted models (Table 2).

Table 3 presents the logistic regression estimates of the

association between gestational diabetes (GDM) and Vitamin D

levels during pregnancy using different models. The odds of GDM

were 3.22 times higher for women in Quartile 1 (<9.3 ng/ml) after

adjusting for age, parity, religion, socioeconomic status, skin-fold

thickness, and season.

We present the results of amediation analysis exploring the role

of insulin resistance (logarithmic value) in the relationship between

log VitaminD levels and log fasting and post-challenge glucose. The

covariates include age, religion, parity, and socioeconomic status.

While the direct effect of fasting and postprandial blood sugar on

Vitamin D was not significant, the indirect effect through insulin

resistance was statistically significant. A unit decrease in Vitamin D

is associated with a decrease of 0.015 units in FBS as it flows through

the mediator variable insulin resistance. Approximately 62% of the

total effect of Vitamin D on FBS is explained by the mediator

insulin resistance but is not statistically significant. A unit decrease

in Vitamin D is associated with a decrease of 0.019 units in PPBS

through the mediator variable insulin resistance. Approximately

51% of the total effect of Vitamin D on PPBS is explained by the

mediator HOMA but is not statistically significant (Table 4).

We found that women who were Vitamin D deficient had twice

the odds of giving birth to a low birth weight child (OR 2.04, CI

0.99, 4.19) as compared to women without Vitamin D deficiency.

The association was significant even after adjusting for confounders

(Table 5).
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TABLE 3 Logistic regression estimates of the association of gestational diabetes for Vitamin D levels during pregnancy.

Quartile 1
(<9.3 ng/ml)
(N = 58)

Quartile 2
(<12.7 ng/ml)

(N = 58)

Quartile 3
(<18.5 ng/ml)

(N = 57)

Quartile 4
(>18.6 ng/ml)

N = 57

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

GDMa 2.75 (0.97, 7.7) 0.05 2.26 (0.78, 6.50) 0.13 2.31 (0.80, 6.65) 0.12 1

Model 1 3.41 (1.1, 10.5) 0.03 2.83 (0.93, 8.65) 0.06 2.48 (0.82, 7.48) 0.10 1

Model 2 3.01 (1.02, 8.8) 0.04 2.371 (0.78, 7.19) 0.12 2.29 (0.76, 6.87) 0.14 1

Model 3 3.22 (1.03, 10.07) 0.04 2.25 (0.71, 7.14) 0.16 2.26 (0.74, 6.85) 0.15 1

a = Unadjusted.

Model 1= Adjusted for maternal age (years), parity, religion, and socioeconomic status.

Model 2= Adjusted for maternal age (years), parity, religion, socioeconomic status, and maternal skin-fold thickness (mm).

Model 3= Adjusted for maternal age (years), parity, religion, socioeconomic status, maternal skin-fold thickness (mm), and season. Bold values indicate p < 0.05.

TABLE 4 Mediation role of insulin resistance (HOMA) in the association of Vitamin D levels and GDM.

ACME Direct e�ect Total e�ect Proportion
mediated

p-value for
ACME

Log of fasting blood glucose

(mg/dl)

−0.015 (−0.03, 0.00) −0.008 (−0.03, 0.02) −0.024 (−0.05, 0.00) 0.62 (−0.76, 3.20) 0.02

Log of postprandial blood

glucose (mg/dl)

−0.019 (−0.04, 0.00) 0.004 (−0.05, 0.05) −0.02 (−0.07, 0.03) 0.51 (−5.15, 7.45) 0.02

ACME, Average Causal Mediation Effect.

Discussion

We report a high prevalence of Vitamin D deficiency among

pregnant women attending public hospitals in Bengaluru city.

Severe Vitamin D deficiency was associated with GDM and LBW

in this sample.

The season of blood sampling did not demonstrate any

association with Vitamin D deficiency among the pregnant women.

Harinarayan et al. investigated how seasonal variations and the time

of day affect the production of pre-vitamin D3 using an ampoule

model in Tirupati, which is located in South India (latitude 13.40◦N

and longitude 77.2◦E). This location corresponds closely to our

study site in Bengaluru (latitude 12.98◦N, longitude 77.5◦E). Their

findings revealed consistent synthesis of Vitamin D throughout the

year without seasonal fluctuations. This consistency in Vitamin D

synthesis across seasons could explain why we did not observe an

association between season and Vitamin D deficiency in our study

as well (31).

Notably, most samples in our cohort were collected during the

rainy season, spanning from June to September. Despite this, our

ANOVA analysis showed no significant difference in mean Vitamin

D levels across seasons. Our results are consistent with a study

conducted among pregnant women in Bengaluru that did not find

any influence of season on Vitamin D levels (4). However, Marwaha

et al. (32) reported in their study that the south zone (Pune

and Hyderabad) showed a constant ultraviolet blood irradiation

(UVBI) throughout the year, except in the months of July and

August, where there was a slight dip probably due to cloudy and

rainy weather. It is crucial to consider the notable differences in

elevation between these locations and our study site in Bengaluru.

Bengaluru is situated at an elevation almost double that of Pune

and Hyderabad (+3,018 ft above the mean sea level compared

to +1,840 ft and +1,778 ft, respectively), leading to significantly

greater UV exposure at higher elevations compared to the sea level.

These elevation-related differencesmay contribute to varyingUVBI

levels and could influence Vitamin D synthesis patterns, potentially

explaining the lack of significant seasonal variation observed in

our study.

In our study, we found that low consumption of fish was

associated with Vitamin D deficiency, which was established by

previous research as well (33). Apart from sun exposure and dietary

habits, there are other genetic factors such as the altered activity

of enzymes like 24-hydroxylase (CYP24A1) that can influence

Vitamin D levels during pregnancy. CYP24A1 is capable of

transforming 25(OH)D and 1,25(OH)2D to their inactive forms to

protect target organs or tissues from excessive Vitamin D signaling.

Genetic mutants in the Vitamin D pathway (GC, CYP3A4,

CYP24A1, and NADSYN1/DHCR7) have shown significant

associations with 25(OH)D levels among pregnant women in

southeast China (34). The crucial role of CYP24A1 has been proven

by CYP24A1-knockout mice. CYP24A1-knockout mice manifested

severe hypercalcemia, as well as ossification of bone due to the

apparently low ability to catabolize 1,25(OH)2D (35). These genetic

mutants could be associated with low levels of Vitamin D in the

cohort, and this observation needs further genomic evaluation.

We found that pregnant women in the lowest quartile of

Vitamin D levels have the highest odds of developing gestational

diabetes compared to the reference group. In addition, Vitamin

D levels were significantly associated with insulin resistance, and

insulin resistance mediated a significant part of the association

between Vitamin D and GDM.

Our study findings are consistent with previous metanalysis

indicating the association between Vitamin D deficiency and the

risk of GDM (36–39). The results from other cohort studies (40)

and studies conducted within the country (4, 41) have revealed

similar findings. However, there have also been studies with
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contradictory findings where Vitamin D hypovitaminosis was not

associated with GDM (42, 43).

Accumulating evidence supports the fact that Vitamin D

deficiency is associated with the pathogenesis of insulin resistance.

Mechanistic evidence continues to demonstrate that Vitamin D

plays a role in the metabolism of glucose and lipids in insulin-

sensitive tissues like adipose tissue, skeletal muscle, and the liver

(44). According to recent reviews, lack of VitaminDmay contribute

to the molecular causes of insulin resistance (45). Vitamin D plays

a crucial role in cellular processes responsible for glucose and lipid

metabolism homeostasis via the insulin signaling pathway. Vitamin

D participates in insulin secretion by pancreatic β-cells through the

regulation of intracellular Ca2+ concentration (46). Disturbances in

insulin signaling and inflammation are closely related, and Vitamin

D was found to reduce both of these disorders (46). Low maternal

Vitamin D levels continue to exert a lasting impact on infants.

Krishnaveni et al. showed that low 25(OH)D concentrations during

pregnancy were associated with higher insulin resistance in 9-

year-old children. The results from several meta-analyses offer

support for the fact that supplementation of Vitamin D could

ameliorate the condition of GDM and reduce adverse maternal–

neonatal outcomes (47–49). It is imperative to conduct well-

designed intervention trials to determine whether Vitamin D

administration will enhance glycemic control in women with GDM

in this sub-population. We also showed that pregnant women

with low Vitamin D deficiency (<20 ng/ml) have a greater risk of

giving birth to low-birth-weight babies. The relationship between

maternal Vitamin D and LBW is complex and might be influenced

by various factors, including genetics, diet, sun exposure, and

supplementation. The role of Vitamin D in regulating calcium

balance and its influence on parathyroid hormone levels within

the body can have a substantial impact on the growth of the

fetus. A meta-analysis of 16 studies by Fang et al. (50) established

that maternal Vitamin D deficiency had an increased risk of

low birth weight (OR = 2.39; 95% CI 1.25–4.57; p = 0.008).

One of the reported mechanisms is the impact of inadequate

maternal Vitamin D levels on calcium absorption and bone

metabolism, which could lead to a decrease in the accumulation

of fetal bone mass (51). Furthermore, a notable correlation was

observed between placental weight and the area under the curve

(AUC) of [25(OH)D], which reflects the maternal Vitamin D

levels throughout pregnancy, as well as the birth weight of the

newborn (52).

The results of this study have important implications for

pregnant women and healthcare providers. Lower Vitamin D

levels (<9.5 ng/ml) during pregnancy were associated with an

increased risk of gestational diabetes and low birth weight of

babies. This finding is similar to the study in Bengaluru that

found that the lowest quartile (≤23.6 nmol/L or 9.4 ng/ml) of

Vitamin D concentration had a significantly higher proportion

of GDM compared to those in the higher quartiles of Vitamin

D (4) In light of these findings, it is imperative to examine if

the current deficiency thresholds for Vitamin D, commonly

used in clinical practice, are appropriate for Indian populations.

There is a need for re-evaluation of deficiency thresholds,

taking into account the specific risk profiles and health

outcomes associated with different levels of deficiency within

the Indian context.
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This finding also emphasizes the importance of maintaining

optimal Vitamin D levels, especially among individuals at the

risk of severe deficiency. Public health interventions should focus

on strategies to address severe deficiency, such as appropriate

supplementation, dietary changes, and increased sunlight exposure.

The role of insulin resistance in mediating the association

between Vitamin D levels and gestational diabetes suggests that

interventions that target insulin resistance can be implemented.

In pregnancy, lifestyle changes and other interventions that target

insulin resistance and Vitamin D deficiency may be effective in

improving glucose control in women with GDM. Future research

needs to focus on developing interventions useful in the local

settings. For example, recommendations are made to undertake

physical exercises three times per week in the sunshine to improve

glycemic control in GDM patients and the reduced incidence of

GDM in pregnant women with obesity (53).

The strengths of this study include the measurement of

maternal Vitamin D status and insulin levels during the critical

period; our study provides important insights into the association

between these factors and gestational diabetes among women

visiting government hospitals for antenatal care. In addition, we

showed using mediation analysis that insulin resistance is a key

mediator in the development of gestational diabetes. We did

a comparison between the subsample selected for this analysis

and the entire MAASTHI cohort; the subsample adequately

represented the larger cohort in terms of key demographic or

clinical characteristics that could influence the associations studied

(Supplementary Table 3). However, the limitations include the lack

of analysis regarding determinants of Vitamin D deficiency, such

as sunlight exposure duration and the absence of pre-pregnancy

body mass index (BMI) values, which are important confounders

in the relationship between Vitamin D levels, insulin resistance,

gestational diabetes, and birth weight.

In conclusion, our study adds to the growing body of evidence

that Vitamin D plays an important role in glucose metabolism

during pregnancy and low birth weight. Furthermore, we show

the role of insulin resistance in the association between maternal

Vitamin D deficiency and GDM in South Indian pregnant

women. These results could form the basis for developing more

comprehensive public health strategies and policies concerning

this matter. Gallo et al., in their meta-analysis, provide evidence

that Vitamin D supplementation significantly decreases maternal

HOMA-IR and increases infant birth weight (54). Further research

is needed to explore the precise mechanisms underlying this

association and to determine the optimal strategies for monitoring

and managing Vitamin D levels during pregnancy.
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