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Abstract
Purpose  To examine the association between elevated blood cadmium (Cd) and lead (Pb) concentrations and increased risk 
of gestational diabetes mellitus (GDM).
Methods  This cross-sectional study included pregnant women (n = 16,955) enrolled in the Japan Environment and Children’s 
Study. Concentrations of Cd and Pb in blood samples collected at 22–28 weeks’ gestation were measured by inductively 
coupled plasma mass spectrometry. GDM was diagnosed according to the 2011 Japan Society of Obstetrics and Gynecology 
and Japan Association of Obstetricians and Gynecologists criteria. Adjusted odds ratios (OR) and 95% confidence intervals 
(CI) were estimated using logistic regression analysis.
Results  Blood Cd and Pb concentrations were slightly higher among women with GDM than among those without GDM; 
however, these differences were not statistically significant. Elevated blood Cd and Pb concentrations were not associated 
with increased GDM risk in the nulliparous group (Cd OR 0.76; 95% CI 0.28–2.08 for high vs low category; Pb OR 2.51; 
95% CI 0.72–8.72) or the parous group (Cd OR 0.64; 95% CI 0.29–1.44; Pb OR 0.31; 95% CI 0.04–2.29).
Conclusions  This study demonstrates that Cd and Pb exposure, in the range of blood levels observed, has no significant 
relationship with the development of GDM. Further prospective studies would be valuable to confirm these findings.
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Introduction

Gestational diabetes mellitus (GDM) occurs when resist-
ance to circulating insulin leads to hyperglycemia, with 
this impaired glucose metabolism being first detected dur-
ing pregnancy. The estimated incidence of GDM [defined 
according to the Japan Diabetes Society (JDS) diagnostic 
criteria] is 7–14% (Morikawa et al. 2010; Kodama et al. 
2013). GDM increases the lifetime risk of developing type 2 
diabetes mellitus (DM), obesity, and metabolic syndrome for 
both the mothers and their children (Buchanan et al. 2012; 
Yessoufou and Moutairou 2011). Several key risk factors for 
GDM have been identified, primarily obesity, family history 
of type 2 DM, GDM history, and older maternal age (JSDP, 
2015); however, little is known about the environmental risk 
factors.

It has been suggested that environmental contaminants 
can affect processes that are related to type 2 DM (Hectors 
et al. 2011). Toxic metals, such as cadmium (Cd), lead (Pb), 
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mercury (Hg), and inorganic arsenic (i-As), can damage cel-
lular components as a result of elevated levels of oxidative 
stress (Jomova and Valko 2011; Chen et al. 2009). During 
long-term exposure, Cd initially accumulates in the kidney, 
liver, and, to a lesser extent, the pancreas. Animal studies 
show that Cd can induce hyperglycemia and pancreatic 
toxicity (Edwards and Prozialeck 2009), and that increased 
Cd concentrations in the pancreas are related to a reduction 
in serum insulin (Edwards and Prozialeck 2009). This is 
thought to be the consequence of beta-cell dysfunction or 
death as a result of increased oxidative stress (Chang et al. 
2013). Pb exposure induces hyperglycemia and glucose 
intolerance in rat models and may stimulate hepatic glu-
coneogenic gene expression (Tyrrell et al. 2017), thereby 
potentially increasing the risk of developing DM. Therefore, 
further evaluation is required to understand the relevance of 
dose levels and the mechanism of action in the context of 
human exposure.

Several studies have suggested a possible association 
between Cd or Pb and DM (Schwartz et al. 2003; Afridi 
et al. 2008; Edwards and Prozialeck 2009; Nie et al. 2016; 
Li et al. 2017). However, a number of other studies have 
shown no association between DM and Cd and Pb expo-
sure, measured in blood and urine samples (Moon 2013; 
Barregard et al. 2013; Kuo et al. 2013; Borné et al. 2014). 
Therefore, evidence of the relationship between Cd and Pb 
exposure and DM is not consistent. In addition, exposure 
to these heavy metals during pregnancy may affect the sen-
sitive hormonal activity during gestation and eventually 
increase the risk of GDM by eliciting a shift towards DM, 
i.e., the diabetogenic environment of pregnancy (Ma and 
Chan 2009). However, extensive review of the literature 
shows that despite GDM being a major potential complica-
tion of pregnancy that is associated with significant adverse 
effects, such as DM and metabolic syndrome in both mothers 
and infants, few studies have investigated the association 
between Cd or Pb exposure and GDM risk. In this study, we 
have conducted a cross-sectional analysis to evaluate the 
association between elevated blood Cd and Pb concentra-
tions and increased levels of GDM.

Methods

Study population

This cross-sectional study included pregnant women 
enrolled in the Japan Environment and Children’s Study 
(JECS). Details of the prospective cohort have been pub-
lished previously (Michikawa et al. 2018). Briefly, 103,099 
pregnant women from 15 Regional Centers throughout Japan 
who were enrolled in the JCES from January 2011 to March 
2014 participated in the study. During their pregnancy, all 

participants underwent three medical record transcriptions, 
two self-administered questionnaire surveys, and maternal 
blood sampling. Participants provided written consent to 
participate in the JECS after being informed of the purpose 
of the study and the associated procedures. All study pro-
tocols were approved by the ethics committees of the Japan 
Ministry of the Environment, National Institute for Envi-
ronmental Studies, and the universities and hospitals in the 
relevant Regional Centers.

Measurement of blood Cd and Pb concentrations

Maternal blood samples were collected from 22 to 28 
(27.5 ± 3.2) weeks of gestation and analyzed for Cd and Pb 
concentrations. Whole blood was collected in a Vacutainer 
containing an anti-coagulant; 1.5 mL was separated into 
2 mL cryogenic biobanking tubes (Greiner Bio-One interna-
tional GmbH, Kremsmünster, Austria) and stored at − 80 °C 
until analysis.

After thawing the frozen blood sample at 5 °C, a 200-
µL aliquot was diluted 1:19 (v/v) with the dilution solution 
(2% v/v butan-1-ol, 0.1% tetramethylammonium hydroxide, 
0.5 g/L polyoxyethylene (10) octylphenyl ether, and 0.5 g/L 
sodium ethylenediaminetetraacetic acid) before analysis. 
The diluted samples were analyzed by inductively coupled 
plasma mass spectrometry (ICP-MS; Agilent 7700, Agilent 
Technologies Inc., Tokyo, Japan). Cd and Pb concentrations 
were calculated using external calibration with indium and 
thallium, respectively, as the internal standard. The method 
detection limits for blood Cd and Pb concentrations were 
0.0234 and 0.129 ng/g, respectively.

Diagnosis of GDM

Information on the diagnosis of GDM was collected from 
hospital medical records. Pregnant women were diagnosed 
with GDM if the results of a 75 g, 2 h oral glucose tolerance 
test (OGTT) exceeded the 2011 Japan Society of Obstetrics 
and Gynecology (JSOG) and Japan Association of Obstetri-
cians and Gynecologists (JAOG) criteria: fasting ≥ 92 mg/
dL (5.1 mmol/L); 1 h ≥ 180 mg/dL (10.0 mmol/L); and 
2 h ≥ 153 mg/dL (8.5 mmol/L) (Minakami et al. 2011). For 
the OGTT, subjects were required to fast from midnight on 
the day before the test was conducted.

Data collection and setting

This study used two JECS datasets: (1) jecs-ag-20160424, 
which was released in June 2016 and revised in October 
for health outcomes; and (2) jecs-mtl-ai-20170403 for 
metal measurements. The jecs-ag-20160424 dataset con-
sisted of 103,099 pregnancies. After excluding those with 
multiple pregnancies (n = 991) and withdrawals (n = 29), 
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102,079 women were included in the dataset. The jecs-mtl-
ai-20170403 dataset consisted of Cd and Pb concentrations 
in maternal whole blood (n = 18,169), which were ran-
domly selected from the blood samples of all participants at 
22–28 weeks of gestation. Of the participants whose blood 
Cd and Pb data were obtained, 17,718 had complete medi-
cal records.

We conducted a cross-sectional study within the JECS, 
which included 17,718 pregnant women; those who had 
independent glucose intolerance factors were excluded for 
the following reasons: 22 had a history of type 1 DM, 47 had 
received insulin treatment, and 6 had used hypoglycemic 
agents during pregnancy. A total of 553 women had used 
steroids during pregnancy and were, therefore, excluded; 
steroid use is a known independent glucose intolerance fac-
tor aside from Cd or Pb exposure (Hwang and Weiss 2014). 
Given that GDM was defined as glucose intolerance with 
onset or first diagnosis during pregnancy, and GDM does 
not include overt DM in pregnancy and pregestational DM, 
204 women with overt type 2 DM during pregnancy were 
excluded. After exclusions, the subjects included in the anal-
ysis comprised 16,955 pregnant women (Fig. 1): 339 with 
GDM and 16,616 without GDM (Table 1).

Statistical analysis

Statistical analyses were performed using JMP 13.0.0 soft-
ware (SAS Institute Japan Ltd, Tokyo, Japan). We assessed 
the association between blood Cd and Pb concentrations and 
GDM by logistic regression analysis with a forward stepwise 
variable selection (Pin = 0.2 and Pout = 0.2) and results were 
verified using a forced-entry method. Our models were fitted 
using subjects with no missing data (complete case analy-
sis). The maternal whole blood Cd or Pb concentration and 
Cd and Pb were independent variables, and Cd and Pb con-
centrations (categorized as 0.50 ng/g or 5 ng/g) were entered 
in the regression models. The medical diagnosis of GDM 
was used as the dependent variable. Characteristics of the 
subjects were examined using Pearson’s Chi square, Fisher’s 
exact, or Wilcoxon rank-sum tests, as appropriate (Table 1).

Covariates included in the multiple regression mod-
els were determined on the basis of the following factors: 
maternal age at birth (years) and pre-pregnancy body mass 
index (BMI < 18.5, 18.5–24.9, or ≥ 25 kg/m2), which were 
included as independent variables in all models as they are 
fundamental biological attributes. Moreover, other maternal 
physical and lifestyle factors were included in the model if 
the factor was significantly associated with the dependent 
variables in the bivariate analyses (p < 0.001). These fac-
tors included history of GDM (yes/no), pregnancy-induced 
hypertension (yes/no) (Bryson et al. 2003), carbohydrate 
intake (g/kcal/day) (Schulze et  al. 2004; Villegas et  al. 
2007) as a continuous variable, alcohol consumption during 

pregnancy (yes/no) (Ettinger et al. 2014), and dyslipidemia 
(yes/no) (Nie et al. 2016). Dyslipidemia was defined as 
triglyceride levels > 250 mg/dL or high-density lipopro-
tein < 35 mg/dL (JDS, 2013). The evaluation of the associa-
tion between dependent variables and history of GDM was 
performed in parous groups. In addition, we considered the 
effect factor of Cd intestinal absorption as a covariate, along 
with daily calcium (mg/day) and zinc (mg/day) intake as 
a continuous variable, hypochromic anemia (yes/no), and 
administration of iron (Horiguchi et al. 2004; Kippler et al. 
2009). Given that tobacco smoking is one of the potential 
sources of Cd exposure in the general Japanese population 
(Watanabe et al. 1983), we considered smoking status as 
self-reported smoking history (current smokers/former 
smokers/nonsmokers) and pack-years (py). Smoking pack-
years were calculated by multiplying the number of packs of 
cigarettes smoked per day by the number of years the person 
has smoked, assuming 20 cigarettes per pack. Subjects were 
then categorized as follows: never smokers (< 5 py), smoker 
with 5–9 py, smoker with 10–19 py, or smoker with ≥ 20 py 
(Adams et al. 2011).

Subjects for the logistic regression analysis were catego-
rized into nulliparous and parous groups, and logistic regres-
sion models were adjusted for the following covariates: 

Exclude 84,251 subjects with
unmeasured whole blood cadmium

and lead concentrations  

102,079 subjects 

Exclude 110 subjects with missed
diagnosis of GDM

17,828 subjects 

Exclude 763 subjects with medical 
history of type 1 or type 2 DM

during pregnancy, or administration 
of insulin, steroid, or hypoglycemic 

agent during pregnancy 

103,099 cohort subjects 

16,955 analyzed subjects 

17,718 subjects 

Exclude 991 subjects with multiple 
pregnancies and 29 subjects who 

withdrew consent 

Fig. 1   Exclusions according to missing exposure or gestational dia-
betes mellitus (GDM) information, medical history, and pregnancy 
characteristics
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Table 1   Characteristics of the 
study subjects according to 
diagnosis of gestational diabetes 
mellitus (GDM)

GDM pa

No (n = 16,616) Yes (n = 339)

Maternal age at birth (years) 31.1 ± 5.0 33.2 ± 5.0 < 0.001
 Missing value 2 0

Pre-pregnancy BMI (kg/m2), n (%) 21.2 ± 3.2 23.2 ± 5.0 < 0.001
 Underweight (< 18.5) 2738 (16.5) 38 (11.2)
 Normal weight (18.5–24.9) 12,190 (73.4) 209 (61.7)
 Overweight (≥ 25.0) 1669 (10.1) 92 (27.1)
 Missing value 19 0

Parity, n (%) 1.000
 Nulliparous 4991 (30.6) 103 (30.6)
 Parous 11,311 (69.4) 234 (69.4)
 Missing value 314 2
 Parous
  History of GDM, n (%) < 0.001
  Yes 44 (0.39) 11 (4.7)
  No 11,267 (99.6) 223 (95.3)
  Missing value 0 0

Pregnancy-induced hypertension, n (%) < 0.001
 Yes 355 (2.1) 18 (5.3)
 No 16,261 (97.9) 321 (94.7)
 Missing value 0 0

Carbohydrate intakeb (g/kcal/day) 0.139 ± 0.021 0.137 ± 0.021 0.072
 Missing value 230 2

Alcohol consumption during pregnancy, n (%) 0.528
 Yes 524 (3.2) 8 (2.4)
 No 15,742 (96.8) 326 (97.6)
 Missing value 350 5

Blood lipid statusc, n (%) 0.032
 Dyslipidemia 555 (3.7) 19 (6.2)
 Normal 14,409 (96.3) 288 (93.8)
 Missing value 1652 32

Calcium intakeb (mg/day) 564 ± 475 577 ± 449 0.194
 Missing value 230 2

Zinc intakeb (mg/day) 7.36 ± 3.47 7.48 ± 2.97 0.114
 Missing value 230 2

Hypochromic anemiad, n (%) 0.492
 Yes 437 (2.9) 11 (3.6)
 No 14,479 (97.1) 296 (96.4)
 Missing value 1700 32

Administration of iron, n (%) 0.245
 Yes 7102 (42.7) 134 (39.5)
 No 9514 (57.3) 205 (60.5)
 Missing value 0 0

Smoking historye, n (%) 0.509
 Current smokers 828 (5.1) 19 (5.7)
 Former smokers 6203 (38.2) 136 (40.7)
 Nonsmokers 9220 (56.7) 179 (53.6)
 Missing value 365 5

Pack-yearsf, n (%) < 0.001
 Never (0–5) 13,032 (81.8) 244 (74.6)
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maternal age at birth, pre-pregnancy BMI, history of GDM 
(parous group only), pregnancy-induced hypertension, and 
smoking pack-years. For the nulliparous group analysis, we 
chose not to include history of GDM as a covariate in this 
model.

Results

Characteristics of the study subjects according 
to GDM status

Of the subjects included in the analysis (n = 16,955), 339 
women (2.0%) were diagnosed with GDM (Table 1). Subjects 
with GDM were older (33.2 ± 5.0 vs 31.1 ± 5.0 years) and had 
a higher pre-pregnancy BMI (23.2 ± 5.0 vs 21.2 ± 3.2 kg/m2) 
than those without GDM (p < 0.001 for each). Subjects with 
GDM were more likely to have a history of GDM (4.7% vs 
0.39%, p < 0.001) and to be diagnosed with pregnancy-induced 
hypertension (5.3% vs 2.1%, p < 0.001). In addition, subjects 
with GDM had a greater number of smoking pack-years com-
pared with the non-GDM group (data for ≥ 20, 10–19, or 5–9 
py were 2.5% vs 0.82%, 7.0% vs 5.7%, and 15.9% vs 11.6%, 
respectively; p < 0.001). There were no significant differ-
ences between women with/without GDM in terms of parity 
(p = 1.000), daily carbohydrate intake per energy (p = 0.072), 
alcohol consumption (p = 0.528), dyslipidemia (p = 0.032), 
daily calcium intake (p = 0.194), daily zinc intake (p = 0.114), 

hypochromic anemia (p = 0.492), administration of iron 
(p = 0.245), smoking history (p = 0.509), or gestational week 
during blood collection (p = 0.259, Table 1). Missing values 
were included in the analyzed subjects (n = 879, 5%).

Maternal blood Cd and Pb concentrations

The geometric mean (GM) concentrations of Cd and Pb in 
maternal blood were 0.677 (range 0.0951–4.73) and 6.05 
(range 1.50–70.9) ng/g, respectively. Among subjects for 
whom both Cd and Pb data were available (n = 16,955), 
blood Cd and Pb concentrations were significantly correlated 
(Pearson’s test r = 0.241; p < 0.0001). The GM of Cd concen-
tration in maternal blood was slightly higher among women 
with GDM than those without GDM (0.697 ng/g [geometric 
standard deviation (GSD), 1.57] versus 0.677 ng/g (1.58, 
GSD), respectively Table 1), although the difference did not 
reach statistical significance (p = 0.257). Similarly, the GM 
concentration of Pb in maternal blood (6.13, GSD 1.45 ng/g) 
was slightly higher in women with GDM than in those with-
out GDM (6.05, GSD 1.42 ng/g; Table 1), although this dif-
ference was not statistically significant (p = 0.703).

Association between maternal blood Cd and Pb 
concentrations and GDM

Maternal blood Cd and Pb concentrations were not selected 
in logistic models with stepwise variable selection. Table 2 

Table 1   (continued) GDM pa

No (n = 16,616) Yes (n = 339)

 5–9 1854 (11.6) 52 (15.9)
 10–19 913 (5.7) 23 (7.0)
 ≥ 20 130 (0.82) 8 (2.5)
 Missing value 687 12

Gestational week of blood collection (weeks) 27.5 ± 3.2 27.2 ± 2.8 0.259
 Missing value 2 0

Blood measurements, GM (GSD)
 Cadmium (ng/g) 0.677 (1.58) 0.697 (1.57) 0.257
 Lead (ng/g) 6.05 (1.42) 6.13 (1.45) 0.703

Values are presented as mean ± standard deviation, n (%) or GM (GSD)
GM geometric mean, GSD geometric standard deviation
a p values were calculated using Wilcoxon rank-sum, Chi square, or Fisher’s exact tests where appropriate 
between GDM diagnoses
b Dietary intake estimated from semi-quantitative food frequency questionnaire
c Dyslipidemia was defined as triglyceride levels > 250 mg/dL or high-density lipoprotein < 35 mg/dL
d Hypochromic anemia was defined as mean corpuscular volume ≤ 80 fL or mean corpuscular hemoglobin 
concentration ≤ 30%
e Self-reported status
f Pack-years were calculated among smokers by multiplying the number of packs of cigarettes smoked per 
day by the reported number of years of smoking, assuming 20 cigarettes per pack
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shows adjusted odd ratios (OR) and 95% confidence inter-
vals (95% CI) for GDM according to Cd and Pb concentra-
tions in maternal whole blood according to models using a 
forced-entry method in the nulliparous and parous groups. 
In the models adjusted for maternal age, pre-pregnancy 
BMI, history of GDM (parous group only), pregnancy-
induced hypertension, and smoking pack-years, we found 
no evidence of an association between blood Cd and Pb 
concentrations and GDM in the nulliparous group (Cd 
OR 0.76, 95% CI 0.28–2.08 for high vs low category, 
p = 0.599; Pb OR 2.51, 95% CI 0.72–8.72, p = 0.149), 
or in the parous group (Cd OR 0.64, 95% CI 0.29–1.44, 
p = 0.286; Pb OR 0.31, 95% CI 0.04–2.29, p = 0.252; 
Table 2). These results were constant for individual Pb or 
Cd models and for the combined model for both Pb and 
Cd. Table 3 shows one such example, including covariates 
in the logistic model.

Discussion

To our knowledge, this is the first population-level survey to 
investigate the association between Cd and Pb exposure and 
the incidence of GDM in pregnant women. Assessment of 
blood Cd and Pb concentrations and GDM-related outcomes 
showed no correlation in this study population.

Development of GDM or type 2 DM occurs as a result 
of an interaction between environmental exposure, life-
style, and genetic factors. Impaired insulin secretion and 
enhanced insulin resistance have adverse effects in animal 
models (Chang et al. 2013; Tyrrell et al. 2017). While 
a thorough literature search revealed no prior epidemio-
logical studies of the association between Cd and GDM, a 
small number of epidemiological studies have suggested 
that Cd is associated with type 2 DM (Schwartz et al. 
2003; Afridi et al. 2008; Nie et al. 2016; Li et al. 2017). 

Table 2   Odds ratio of 
the association between 
blood cadmium and lead 
concentrations and diagnosis 
of gestational diabetes mellitus 
(GDM) in the nulliparous and 
parous groups

a n (%) with GDM, 102 (2.0)
b n (%) with GDM, 224 (2.0)
c Models adjusted for maternal age at birth, pre-pregnancy BMI, pregnancy-induced hypertension, and 
pack-years
d Models adjusted for maternal age at birth, pre-pregnancy BMI, history of GDM, pregnancy-induced 
hypertension, and pack-years

Nulliparous (n = 4970)a Parous (n = 11,106)b

n Adjusted OR (95% CI)c p n Adjusted OR (95% CI)d p

Model 1
 Cd and Pb
  Cd (ng/g)
  ≤ 0.50 1440 1.00 2696 1.00
  0.51–1.00 2668 0.84 (0.52–1.34) 0.457 6299 1.28 (0.89–1.84) 0.189
  1.01–1.50 667 0.81 (0.42–1.58) 0.542 1576 1.44 (0.90–2.28) 0.125
  ≥ 1.51 195 0.76 (0.28–2.08) 0.599 535 0.64 (0.29–1.44) 0.286

 Pb (ng/g)
  ≤ 5.00 1467 1.00 3290 1.00
  5.1–10.0 3158 1.22 (0.75–1.97) 0.423 7037 0.88 (0.65–1.20) 0.427
  10.1–15.0 283 1.60 (0.72–3.55) 0.246 652 0.79 (0.41–1.41) 0.384
  ≥ 15.1 62 2.51 (0.72–8.72) 0.149 127 0.31 (0.04–2.29) 0.252

Model 2
 Cd (ng/g)
  ≤ 0.50 1440 1.00 2696 1.00
  0.51–1.00 2668 0.86 (0.53–1.38) 0.525 6299 1.26 (0.88–1.81) 0.213
  1.01–1.50 667 0.87 (0.45–1.66) 0.665 1576 1.37 (0.87–2.16) 0.174
  ≥ 1.51 195 0.81 (0.30–2.20) 0.681 535 0.60 (0.27–1.34) 0.212

Model 3
 Pb (ng/g)
  ≤ 5.00 1467 1.00 3290 1.00
  5.1–10.0 3158 1.19 (0.74–1.91) 0.475 7037 0.89 (0.66–1.20) 0.451
  10.1–15.0 283 1.55 (0.70–3.42) 0.277 652 0.75 (0.41–1.39) 0.362
  ≥ 15.1 62 2.42 (0.70–8.40) 0.163 127 0.30 (0.04–2.23) 0.241



215International Archives of Occupational and Environmental Health (2019) 92:209–217	

1 3

Most of these were cross-sectional studies (Schwartz et al. 
2003; Afridi et al. 2008; Nie et al. 2016; Kolachi et al. 
2011) or meta-analyses (Li et al. 2017). Despite the lack 
of prospective studies, previous data suggest a potential 
association between increasing Cd exposure and a greater 
risk of type 2 DM. Li et al. (2017) conducted a meta-
analysis of data from nine studies, which included 28,691 
participants from a variety of populations; the results of 
the meta-analysis suggest that men and women with type 
2 DM have significantly higher concentrations of urinary 
Cd. In a subgroup analysis, the OR were 1.02 (95% CI 
1.00–1.05; I2 = 0.9%) for studies conducted in Asia and 
1.11 (95% CI 0.88–1.41; I2 = 86.3%) for studies conducted 
in USA. Dose-dependent increases in DM risk have also 
been observed with elevations in urinary Cd (Schwartz 

et al. 2003). Nie et al. (2016) reported that the likelihood 
of prediabetes (defined as fasting plasma glucose levels 
of 5.6–6.9 mmol/L) increased in a dose-dependent man-
ner as blood Cd concentrations increased from ≤ 0.80 to 
0.81–2.94 and ≥ 2.95 µg/L (OR 1.19; 95% CI 1.01–1.40, 
and OR 1.37; 95% CI 1.14–1.63); however, there was no 
association for DM. Other studies have concluded that Cd 
exposure does not contribute to DM (Moon 2013; Borné 
et al. 2014). Overall, however, the literature does appear 
to suggest that DM is an adverse outcome associated with 
exposure to high levels of Cd in the blood (≥ 0.5–5 µg/L). 
In the current study, we found no significant association 
between blood Cd levels and the development of GDM. 
This may possibly be due to the low blood Cd concentra-
tions in our study population (0.697 ng/g in patients with 
GDM).

Few studies have investigated the association between Pb 
and type 2 DM, but one epidemiological cross-sectional sur-
vey has been conducted among 238 males with normal blood 
sugar levels and 196 male patients with DM living in urban 
areas of Pakistan (Afridi et al. 2008). This survey showed 
that the mean Pb levels were significantly higher in blood 
samples obtained from smokers (339.7–405.6 µg/L) and 
nonsmokers with DM (256.3–301.7 µg/L) versus controls 
(223.5–265.7 and 174.4–217.9 µg/L, respectively). However, 
the results for Pb in our study were similar to those for Cd, 
and there was no significant relationship between Pb and the 
development of GDM. As with Cd levels, the blood levels 
of Pb in the GDM group (6.13 ng/g) were also much lower 
than those in previous studies. This may account for the lack 
of correlation seen here.

The traditional reported risk factors for GDM are mater-
nal age, obesity, family history of type 2 DM, and previ-
ous GDM (Buchanan and Xiang 2005; Reece et al. 2009). 
In our logistic regression model, age, pre-pregnancy BMI, 
and a history of GDM showed a significant positive cor-
relation with GDM and these results are consistent with 
previous studies (Buchanan and Xiang 2005; Reece et al. 
2009). Therefore, obesity and a prior history of GDM can 
be considered to be strong predictors of increased risk for 
the development of GDM.

Our study has several noteworthy strengths. A power 
analysis indicated adequate statistical power for detecting 
an association between blood Cd concentrations and GDM 
(e.g., statistical power was 0.99 for the parous group at a sig-
nificance level of 0.05 and the study sample size of 11,106 
subjects). However, the statistical power of blood Pb was 
modest (0.09 for the parous group). Therefore, further stud-
ies are required to evaluate an association between blood 
Pb concentrations and GDM. Additional strengths include 
the nature of the study cohort, which comprised a well-
characterized population of pregnant women. Blood metal 
concentrations were assessed by a robust, well-validated, 

Table 3   A sample result from the logistic regression model using 
diagnosis of gestational diabetes mellitus (GDM) as a dependent vari-
able

a n (%) with GDM, 224 (2.0)
b Models adjusted for maternal age at birth, pre-pregnancy BMI, his-
tory of GDM, pregnancy-induced hypertension, and pack-years

n Parous (n = 11,106)a

Adjusted OR (95% CI)b p

Cd and Pb
 Cd (ng/g)
 ≤ 0.50 2696 1.00
 0.51–1.00 6299 1.28 (0.89–1.84) 0.188
 1.01–1.50 1576 1.44 (0.90–2.28) 0.125
 ≥ 1.51 535 0.64 (0.29–1.44) 0.286

Pb (ng/g)
 ≤ 5.00 3290 1.00
 5.10–10.0 7037 0.88 (0.65–1.20) 0.427
 10.1–15.0 652 0.76 (0.41–1.41) 0.384
 ≥ 15.1 127 0.31 (0.04–2.29) 0.252

Maternal age at birth 11,106 1.08 (1.05–1.11) < 0.001
Pre-pregnancy BMI
 < 18.5 1729 1.00
 18.5–24.9 8117 1.52 (0.92–2.54) 0.104
 ≥ 25 1260 5.10 (2.97–8.78) < 0.001

History of GDM
 No 11,051 1.00
 Yes 55 7.75 (3.66–16.4) < 0.001

Pregnancy-induced hypertension
 No 10,891 1.00
 Yes 215 2.25 (1.22–4.15) 0.029

Pack-years
 Never (0–5) 8811 1.00
 5–9 1441 1.13 (0.77–0.84) 0.522
 10–9 748 1.12 (0.69–1.82) 0.655
 ≥ 20 106 2.29 (1.00–5.24) 0.049
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and accurate method (ICP-MS). Structured questionnaires, 
medical records, and semi-quantitative food frequency ques-
tionnaires provided robust covariate data.

Several methodological issues should be highlighted. In 
our study, blood Cd or Pb concentrations were measured 
and used in the statistical analysis. Blood Cd concentration 
is considered to be a valid biomarker of recent exposure, and 
the half-life shows a fast component of 3–4 months and a 
slow component of approximately 10 years (Järup and Åkes-
son 2009). In addition, blood Cd concentration is influenced 
by the Cd burden of the body, and a history of smoking (even 
over 5 years ago) increases blood Cd concentrations (Ols-
son et al. 2002). Whole blood Pb concentration is the most 
popular indicator of Pb exposure and blood Pb concentration 
generally reflects recent exposure, i.e., in the 20–30 days 
prior to measurement (NRC, 1993). As our blood samples 
were collected at one timepoint during the 22–28 weeks ges-
tation period, Cd and Pb concentrations could have underes-
timated the cumulative exposure. In addition, we could not 
measure fasting plasma glucose and insulin levels, which 
are known indices of insulin resistance and secretion. There-
fore, it remains possible that there is a positive relationship 
between Cd and Pb exposure and impaired glucose tolerance 
that has not reached the onset of GDM. Since we could not 
obtain plasma glucose levels after OGTT, a stratified analy-
sis of plasma glucose levels was not conduced. Therefore, 
the relationship between Cd and Pb and these impaired glu-
cose tolerance levels should be verified in future studies. It 
should also be noted that the Cd and Pb concentrations in 
our population were lower than those reported in previous 
studies that have identified an association between Cd and 
Pb and type 2 DM (Schwartz et al. 2003; Afridi et al. 2008; 
Nie et al. 2016; Li et al. 2017).

In conclusion, the current study identified no association 
between blood Cd and Pb concentrations and GDM-related 
outcomes. Although it is important to minimize Cd and Pb 
exposure because of the increased risk of a range of other 
health effects, our study indicates that Cd and Pb exposure, 
at the level observed in our population, does not pose a sig-
nificant GDM risk.
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