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Objective: The extensive use of rare earth elements (REEs) in many technologies was
found to have effects on human health, but the association between early pregnancy
exposure to REEs and gestational diabetes mellitus (GDM) is still unknown.

Methods: This nested case-control study involved 200 pregnant women with GDM and
200 healthy pregnant women from the Peking University Birth Cohort in Tongzhou. We
examined the serum concentrations of 14 REEs during early pregnancy and analyzed their
associations with the risk of GDM.

Results:When the elements were considered individually in the logistic regression model,
no significant associations were found between REEs and GDM, after adjusting for
confounding variables (P > 0.05). In weighted quantile sum (WQS) regression, each
quartile decrease in the mixture index for REEs resulted in a 1.67-fold (95% CI: 1.12-2.49)
increased risk of GDM. Neodymium (Nd), Praseodymium (Pr), and Lanthanum (La) were
the most important contributors in the mixture.

Conclusion: The study findings indicated that early pregnancy exposure to lower levels of
REE mixture was associated with an increased risk of GDM, and Nd, Pr, and La exhibited
the strongest effects in the mixture.

Keywords: rare earth elements (REEs), gestational diabetes mellitus (GDM), serum, early pregnancy, weighted
quantile sum (WQS)
INTRODUCTION

Gestational diabetes mellitus (GDM), defined as any degree of glucose intolerance with onset or first
recognition during pregnancy (1), affects a considerable number of pregnant women worldwide (2).
GDM is associated with many short- and long-term adverse health outcomes for mothers and their
offspring. Mothers with GDM are more likely to develop preeclampsia during pregnancy and type 2
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diabetes mellitus (T2DM) 5-10 years after delivery (3, 4). The
offspring of mothers with GDM have a higher incidence of
macrosomia and a higher risk of diabetes and other
cardiometabolic diseases later in life (5–7). Both genetic
susceptibility and lifestyle risk factors have been shown to play a
role in the etiology of GDM, yet the impact of environmental
exposure remains unclear (8–10). Recently, the effects of
environmental metal exposure on GDM risk have attracted
increasing attention worldwide. Different metals exhibited
protective (11–13) or deleterious (14–17) effects on the
development of GDM.

Rare earth elements (REEs) have gained worldwide attention
due to the rapid development of industrial, agricultural and
medical technologies in the last decades. China has the world’s
richest reserves of REEs, sufficient to meet the global demand
(18, 19). REEs are beneficial elements for plants and have been
used in fertilizers in Chinese agriculture for about 40 years (20).
REEs are also used in medicine. For example, rare earth-doped
nanoparticles have the potential to target and treat glioblastoma
(21). With the exploitation and application of REEs in multiple
fields, there is an increasing possibility for humans to absorb
REEs from the workplace, environment and food (22, 23). The
health effects of REEs are controversial (24). While some studies
found that REEs impair human health (25–33), other studies
showed that higher than background concentrations of REEs in
human tissues did not have significant health effects (34, 35).

Oxidative stress plays a key role in the development and
progression of diabetes. The vulnerability to oxidative stress
during pregnancy suggests that oxidative stress may also be an
important factor in triggering GDM (35, 36). It is known that low
doses of REEs have antioxidant effects, while high concentrations
of REEs contribute to oxidative stress (37). This unique redox
property makes rare earth oxalates show great potential for the
treatment of oxidative stress-induced diseases, such as diabetes,
in several animal studies (38–41). In 2011, Pourkhalili N et al.
first reported the beneficial effect of the combination of cerium
oxide nanoparticles/sodium selenite in diabetes treatment (42).
Treatment of rats with this combination resulted in a significant
reduction in blood glucose. Hence, a small intake of REEs might
reduce the risk of developing GDM. However, to our knowledge,
we did not find epidemiological evidence of an association
between REEs exposure and GDM.

Therefore, this study aimed to investigate whether early
pregnancy exposure to REEs (single metal elements or a metal
mixture) is associated with the risk of GDM.
METHODS

Study Design
This was a nested case-control study based on the Peking
University Birth Cohort in Tongzhou (PKUBC-T). The
primary aim of the prospective cohort was to investigate the
short- and long-term health effects of pre-pregnancy and
prenatal exposures on mothers and their children. This cohort
has been registered in ClinicalTrials.gov (NCT 03814395, see the
website for details). Baseline recruitment was conducted between
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June 2018 and February 2019, and a total of 5,426 pregnant
women who visited the outpatient clinic for the first prenatal
examination at Tongzhou maternal and child health hospital and
met the following inclusion criteria were recruited: 1) age
between 18 to 45 years old, 2) <14 gestational weeks, 3)
resided in Tongzhou during the past half year and have no
plan to move out after delivery, 4) plan to have antenatal care and
delivery in Tongzhou Maternal and Child Hospital. The study
was approved by the institutional review boards at Peking
University (IRB00001052-18003), and all participants gave
written informed consent at the enrollment.

After excluding participants who were diagnosed with
diabetes before pregnancy, had a family history of diabetes,
polycystic ovary syndrome, thyroid disease, hypertension, heart
disease, autoimmune diseases, infectious diseases, chronic liver
or kidney diseases, cigarette smoking, and alcohol consumption,
a total of 200 women with GDM were selected as cases. We
randomly selected 200 controls from participants without GDM.
Cases and controls were matched to age ( ± 2 years old) and
gestation week of taking oral glucose tolerance test (OGTT), but
not to other factors.

Data Collection
The trained nurses administrated interview questionnaires face to
face to collect information including maternal characteristics and
lifestyle habits at the first prenatal visit (7-13 gestational weeks),
such as demographic information, pre-pregnancy weight,
pregnancy history, smoking status, alcohol intake, and family
history of diabetes. Dietary intake for early pregnant women was
assessed using 24-hour dietary recall for two inconsecutive days
within 7 days and daily intake of calories was calculated. Physical
activity was evaluated using the last 7-day, short form of the
International Physical Activity Questionnaire and quantified
using metabolic equivalents of task (MET-min week-1) (43). The
heights and weights of pregnant women were measured by trained
nurses. Pre-pregnancy body mass index (BMI) was calculated as
pre-pregnancy weight in kilograms divided by height squared
in meters.

Diagnosis of GDM
We obtained the information on GDM diagnosed by the
obstetricians in the hospital from the medical records. The
OGTT was implemented between 24 and 28 gestational weeks.
Venous blood samples were collected at 0, 1, and 2 hours after a
75g glucose load. According to current guidelines of the
American Diabetes Association (ADA) (44), women who met
one or more of the following criteria were diagnosed with GDM:
fasting plasma glucose ≥ 5.1mmol/L, 1 h ≥ 10.0 mmol/L, and 2 h ≥
8.5 mmol/L.

Metal Analysis
Blood samples were obtained from all participants at the first
prenatal visit (<14 gestational weeks) in the first trimester.
Samples were processed within 24 hours of collection and
stored at −80°C. Fasting plasma glucose (FPG) and total
vitamin D concentrations were measured using standard
detection methods.
December 2021 | Volume 12 | Article 774142
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Each serum sample was transported to the laboratory on dry
ice and stored at −80°C until assay. After thawing on a 4°C low-
temperature console, 0.1 mL of serum sample was transferred to
a 2 mL centrifuge tube. Then 0.1 mL of indium (In) internal
standard and 1.8 mL of 1% nitric acid (ultrapure grade) were
added, and the sample was shaken sufficiently. We measured the
concentrations of elements using inductively coupled plasma
mass spectrometry (ICP-MS, ELAN DRC II, PerkinElmer Sciex,
USA). A total of 14 REEs were included in this study (see
Table 2): lanthanum (La), cerium (Ce), praseodymium (Pr),
neodymium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu). The limits
of detection (LODs, mg/L) were 0.012 (La), 0.008 (Ce), 0.002 (Pr),
0.060 (Nd), 0.008 (Sm), 0.020 (Eu), 0.040 (Gd), 0.008 (Tb), 0.020
(Dy), 0.040 (Ho), 0.240 (Er), 0.140 (Tm), 0.020 (Yb) and 0.002
(Lu). We defined the concentration below the LOD as LOD/√2
for statistical analysis.

For quality assurance, the quantitative analysis was conducted
in the Central Laboratory of Biological Elements in the Peking
University Health Science Center, and the protocol was qualified
by the China Metrology Accreditation (CMA) system.

Statistical Analyses
We first performed descriptive statistical analyses of the
sociodemographic, lifestyle, and clinical characteristics of the
participants. Data were presented as mean ± standard deviation
(SD) for normally distributed continuous variables and as median
(interquartile range, IQR) for non-normally distributed continuous
variables. Categorical variables were presented as frequency and
percentage (N, %). The independent samples t-test and the Mann-
Whitney U test were used to compare the differences between two
groups for normally and non-normally distributed continuous
variables, respectively. The Chi-square test was performed for the
categorical variables. Because the concentrations of the elements
were not normally distributed, the concentrations of all REEs were
described by themedian with upper and lower quartiles (P25-P75).
Non-parametric analyses were used to examine the differences in
REEs between the GDM group and the control group. We also
conducted Spearman’s rank correlation analysis to examine
correlations between different metals.

We thenperformeddose-response analyses. REEs concentrations
were grouped based on the quartiles of their distribution among all
participants (with the highest quartile as the reference). The
unconditional logistic regression analysis was used to assess the
association of serum REEs with the risk of GDM. The crude model
only included each REEs (quartiles) without any adjustment, and the
subsequent models were adjusted for pre-pregnancy BMI,
education, parity, dietary energy, physical activity intensity, total
vitaminDconcentrations and fetal sex.K-NearestNeighborsmethod
was used to interpolate missing values of physical activity intensity
and total vitamin D concentrations (11.8% and 5.0%, respectively).
The linear trend was tested by using the median of each quartile as a
continuous variable in the models.

The association of the mixture of REEs with GDM was
estimated using weighted quantile sum (WQS) regression.
WQS regression could combine highly correlated exposures
Frontiers in Endocrinology | www.frontiersin.org 3
into an index to assess the association between multiple
exposures and outcomes. This method is based on the
assumption that all components of the index are associated
with the outcome in the same direction (all negative or all
positive). After grouping different REE metals into ordinal
variables (quartiles), the WQS approach was used to estimate a
weighted linear index (WQS index), which identifies the
significant variables in a set of multiple correlated metals and
further estimates the association with GDM (45). The WQS
index is a value between 0 and 1, summing to 1, determined by
bootstrap sampling (n = 100). In our analysis, we set b1 as a non-
constrained negative coefficient. The significance level was set at
P < 0.05 (two-tailed test). All data analyses were conducted using
R software (version 4.0.2).
RESULTS

General Characteristics of Participants
The distributions of the baseline characteristics of pregnant
women with GDM and controls are shown in Table 1. The
mean age of the 400 participants was 30.24 ± 3.43 years.
Compared with controls, pregnant women with GDM had a
higher pre-pregnancy BMI (23.25 ± 3.62 kg/m2 vs. 22.50 ± 3.25
kg/m2, P = 0.029). No significant differences were observed
between the cases and controls in regard to the educational
level, nationality, annual household income, gravidity, parity,
daily energy intake, and physical activity during early pregnancy
(P > 0.05). For the 75g OGTT, the mean glucose levels of fasting,
1 h, and 2 h among controls were 4.68 ± 0.30, 7.20 ± 1.34, and
6.47 ± 1.03 mmol/L, respectively, while the mean levels of fasting,
1 h, and 2 h among GDM cases were 5.19 ± 0.37, 9.04 ± 1.68, and
7.69 ± 1.36 mmol/L, respectively (P < 0.05). Compared with
controls, pregnant women with GDM had a higher total vitamin
D concentrations in early pregnancy (21.40 (17.08, 26.60) ng/ml
vs. 23.6 (19.18, 28.43) ng/ml, P = 0.020). In neonates, no
differences were found between the two groups in terms of
fetal sex and birth weight (P > 0.05).

The Concentrations of REEs
We compared the concentrations of REEs between two groups (see
Table 2). La, Ce, Pr, Nd, and Sm were detected in 100% of the
samples. And the detection rates of Dy and Lu were 89.25% and
80%, respectively. The least frequently detected elements were Er
(0%), Tm(0%),Ho (0.25%), Yb (24.0%),Gd (42.75%),Tb (59.25%),
and Eu (72.75%). Because the detection rates of these seven
elements were under 80%, we excluded these metals in
subsequent analyses. The median concentrations (mg/L) of the
REEs in all women were 0.178 for Nd, 0.137 for Ce, 0.123 for Sm,
0.120 for Er, 0.076 for La, 0.070 for Tm, 0.040 for Dy, 0.029 for Pr,
0.027 for Eu, 0.020 for Gd, 0.020 for Ho, 0.010 for Yb, 0.009 for Tb,
and 0.004 for Lu, respectively. We compared the REE
concentrations in our study with those reported in other regions
(see Table S1). No statistically significant differences in the
concentrations of REEs were observed between cases and controls
in this study (P> 0.05). The correlation coefficients betweenmost of
the REEs were significantly positive (P < 0.05) (see Table S2).
December 2021 | Volume 12 | Article 774142
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REEs Exposure and GDM
In order to explore the associations between REEs and GDM, we
further classified the concentrations of the REEs based on
quartiles (see Table 3). Compared with the 4th quartile, we
Frontiers in Endocrinology | www.frontiersin.org 4
didn’t find significant associations between REEs in other
quartiles and GDM risk (P > 0.05). After adjusting for pre-
pregnancy BMI, education, parity, dietary energy, physical
activity in early pregnancy, total vitamin D concentrations and
TABLE 1 | The characteristics of the study participants.

Variables Controls (N=200)b GDM Cases (N=200)b Pc

Maternal age (year), Mean±SD 30.24±3.44 30.24±3.44 1.000
Pre-pregnant BMI (kg/m2)a, Mean±SD 22.50±3.25 23.25±3.62 0.029
Maternal education, N (%)
High school or below 49 (57.6) 36 (42.4) 0.142
Collage or above 151 (47.9) 164 (52.1)
Nationality, N (%)
Han 188 (94.0) 188 (94.0) 1.000
others 12 (6.0) 12 (6.0)
Annual household income (Ten Thousand Yuan), N (%)
<10 83 (41.5) 81 (40.5) 0.560
10-20 74 (37.0) 83 (41.5)
>20 43 (21.5) 36 (18.0)
Maternal gravidity, N (%)
1 87 (43.5) 83 (41.5) 0.762
≥2 113 (56.5) 117 (58.5)
Maternal parity, N (%)
0 114 (47.1) 128 (52.9) 0.184
≥1 86 (54.4) 72 (45.6)
Daily energy intake (kcal/d) in early pregnancy, median (IQR)a 1348.96 (1033.65, 1670.76) 1293.98 (1027.93, 1546.80) 0.377
Physical activity in early pregnancy, N (%)
Low 72 (46.5) 83 (53.5) 0.305
Middle and high 128 (52.2) 117 (47.8)
Total vitamin D concentrations in early pregnancy (ng/ml), median (IQR)a 21.40 (17.08, 26.60) 23.6 (19.18, 28.43) 0.020
Results of OGTT (mmol/L)a, Mean±SD
Fasting plasma glucose (FPG) 4.68±0.30 5.19±0.37 <0.001
1 h plasma glucose 7.20±1.34 9.04±1.68 <0.001
2 h plasma glucose 6.47±1.03 7.69±1.36 <0.001
Fetal Sex, N (%)
Male 93 (47.2) 104 (52.8) 0.363
Female 101 (52.3) 92 (47.7)
Fetal weight (g), N (%)
<2500 5 (2.6) 10 (5.1) 0.052
2500-4000 178 (91.8) 164 (83.7)
>4000 11 (5.7) 22 (11.2)
De
cember 2021 | Volume 12 | Article
aBMI, body mass index, OGTT, oral glucose tolerance test, IQR, Inter-quartile range.
bData expressed as Mean ± SD for quantitative parametric variables, median (IQR) for non-parametric variables and N (%) for categorical variables.
cP-Values were calculated by independent samples t-test for normally distributed continuous variables, Mann-Whitney U test for non-normally distributed continuous variables, and Chi-
square test for the category variables. Statistically significant values at P < 0.05 are shown in bold.
TABLE 2 | Concentrations (mg/L) of the rare earth elements (REEs) in maternal blood between cases and controls.

REEs Abbrev. Limit of detection (LOD) Detection Rate (%) All (N=400) Controls (N=200) Cases (N=200) P
Median (IQRa) Median (IQRa) Median (IQRa)

Lanthanum La 0.012 100.00 0.076 (0.054-0.099) 0.075 (0.054-0.100) 0.076 (0.054-0.099) 0.986
Cerium Ce 0.008 100.00 0.137 (0.091-0.179) 0.139 (0.103-0.174) 0.132 (0.084-0.185) 0.490
Praseodymium Pr 0.002 100.00 0.029 (0.023-0.035) 0.030 (0.024-0.035) 0.028 (0.022-0.036) 0.334
Neodymium Nd 0.060 100.00 0.178 (0.134-0.226) 0.179 (0.134-0.232) 0.172 (0.134-0.218) 0.342
Samarium Sm 0.008 100.00 0.123 (0.092-0.164) 0.122 (0.091-0.167) 0.123 (0.093-0.162) 0.746
Europium Eu 0.020 72.75 0.027 (0.010-0.036) 0.027 (0.010-0.036) 0.027 (0.010-0.035) 0.730
Gadolinium Gd 0.040 42.75 0.020 (0.020-0.050) 0.020 (0.020-0.051) 0.020 (0.020-0.049) 0.455
Terbium Tb 0.008 59.25 0.009 (0.004-0.012) 0.009 (0.004-0.012) 0.009 (0.004-0.012) 0.683
Dysprosium Dy 0.020 89.25 0.040 (0.028-0.059) 0.043 (0.029-0.059) 0.039 (0.028-0.054) 0.261
Holmium Ho 0.040 0.25 0.020 (0.020-0.020) 0.020 (0.020-0.020) 0.020 (0.020-0.020) 1.000
Erbium Er 0.240 0.00 0.120 (0.120-0.120) 0.120 (0.120-0.120) 0.120 (0.120-0.120) 1.000
Thulium Tm 0.140 0.00 0.070 (0.070-0.070) 0.070 (0.070-0.070) 0.070 (0.070-0.070) 1.000
Ytterbium Yb 0.020 24.00 0.010 (0.010-0.010) 0.010 (0.010-0.021) 0.010 (0.010-0.010) 0.210
Lutetium Lu 0.002 80.00 0.004 (0.002-0.006) 0.004 (0.002-0.006) 0.004 (0.002-0.006) 0.430
7

aIQR, Inter-quartile range.
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TABLE 3 | The association between the concentrations of REEs and risk of GDM.

REEs Quartiles GDM cases, n (%) Controls n, (%) UOR (95%CI)a P value P trend AOR (95%CI)b P value P trend

La Q4 46 (48.4) 49 (51.6) 1 1
Q3 55 (52.9) 49 (47.1) 1.20 (0.69-

2.09)
0.529 1.29 (0.73-

2.30)
0.382

Q2 44 (47.3) 49 (52.7) 0.96 (0.54-
1.70)

0.879 1.08 (0.59-
1.95)

0.810

Q1 49 (51.0) 47 (49.0) 1.11 (0.63-
1.96)

0.717 0.841 1.22 (0.68-
2.20)

0.513 0.580

Ce Q4 57 (53.8) 49 (46.2) 1 1
Q3 36 (42.9) 48 (57.1) 0.65 (0.36-

1.15)
0.136 0.61 (0.33-

1.10)
0.102

Q2 39 (44.3) 49 (55.7) 0.68 (0.39-
1.21)

0.190 0.75 (0.42-
1.35)

0.340

Q1 62 (56.4) 48 (43.6) 1.11 (0.65-
1.90)

0.702 0.727 1.22 (0.70-
2.14)

0.482 0.462

Pr Q4 55 (52.9) 49 (47.1) 1 1
Q3 35 (41.7) 49 (58.3) 0.64 (0.36-

1.14)
0.127 0.58 (0.32-

1.06)
0.077

Q2 43 (47.3) 48 (52.7) 0.80 (0.45-
1.40)

0.433 0.84 (0.47-
1.50)

0.550

Q1 61 (56.0) 48 (44.0) 1.13 (0.66-
1.94)

0.652 0.722 1.21 (0.69-
2.12)

0.507 0.567

Nd Q4 38 (43.2) 50 (56.8) 1 1
Q3 49 (50.0) 49 (50.0) 1.32 (0.74-

2.35)
0.353 1.31 (0.72-

2.37)
0.375

Q2 57 (54.8) 47 (45.2) 1.60 (0.90-
2.83)

0.109 1.57 (0.88-
2.83)

0.130

Q1 50 (51.0) 48 (49.0) 1.37 (0.77-
2.45)

0.286 0.203 1.40 (0.78-
2.54)

0.263 0.191

Sm Q4 42 (46.2) 49 (53.8) 1 1
Q3 56 (53.3) 49 (46.7) 1.33 (0.76-

2.34)
0.316 1.27 (0.71-

2.26)
0.420

Q2 48 (49.0) 50 (51.0) 1.12 (0.63-
1.98)

0.698 1.04 (0.58-
1.88)

0.898

Q1 48 (51.1) 46 (48.9) 1.22 (0.68-
2.17)

0.504 0.585 1.23 (0.68-
2.22)

0.503 0.624

Dy Q4 40 (44.9) 49 (55.1) 1 1
Q3 43 (46.2) 50 (53.8) 1.05 (0.59-

1.89)
0.861 0.97 (0.53-

1.76)
0.912

Q2 57 (54.8) 47 (45.2) 1.49 (0.84-
2.62)

0.173 1.41 (0.79-
2.53)

0.248

Q1 54 (52.9) 48 (47.1) 1.38 (0.78-
2.44)

0.271 0.164 1.35 (0.75-
2.42)

0.317 0.200

Lu Q4 45 (47.9) 49 (52.1) 1 1
Q3 40 (45.5) 48 (54.5) 0.91 (0.51-

1.63)
0.744 0.89 (0.49-

1.64)
0.715

Q2 65 (57.0) 49 (43.0) 1.44 (0.83-
2.50)

0.189 1.38 (0.78-
2.43)

0.268

Q1 44 (47.8) 48 (52.2) 1.00 (0.56-
1.78)

0.995 0.555 1.10 (0.60-
1.99)

0.766 0.437
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aUOR, unadjusted odds ratio.
bAOR, adjusted for pre-pregnancy BMI, education, parity, dietary energy, physical activity in early pregnancy, total vitamin D concentrations and fetal sex, Cl, confidence interval.
TABLE 4 | The association of GDM with the WQS index of REEs.

Metalsa WQS ORsb (95% CI) P value WQS ORsc (95% CI) P valued

REEs 1.00 (0.68-1.47) 0.999 1.67 (1.12-2.49) 0.011
LREEs 0.99 (0.69-1.41) 0.938 1.69 (1.14-2.53) 0.010
HREEs 1.03 (0.80-1.32) 0.808 1.16 (0.89-1.52) 0.279
aREEs, all rare earth elements with detection rate >80% (including La, Ce, Pr, Nd, Sm, Dy and Lu), LREEs, light rare earth elements with detection rate >80%(including La, Ce, Pr, Nd and
Sm), HREEs, heavy rare earth elements with detection rate >80% (including Dy and Lu).
bUOR, unadjusted odds ratio,
cAOR, adjusted for pre-pregnancy BMI, education, parity, dietary energy, physical activity in early pregnancy, total vitamin D concentrations and fetal sex, Cl, confidence interval.
dStatistically significant values at P < 0.05 are shown in bold.
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fetal sex, the associations remained not statistically significant
(P > 0.05). Besides, no statistically significant trend was observed
(P > 0.05).

WQS Regression
We calculated the WQS index for all REEs, where the
contribution of each element reflected its relative effect on
GDM. The detailed results are presented in Table 4. No
statistically significant association was found in the crude
model (P > 0.05). After adjusting for confounding variables,
each quartile decrease in the WQS index was associated with a
1.67-fold (95% CI: 1.12-2.49, P = 0.011) higher risk of GDM. The
assigned weights for each REE element are shown in Figure 1.
Based on the weighted mean empirical weights for each REEs,
the major contributors to the metal mixture index (WQS index)
were Nd (35.8%), Pr (20.1%), and La (19.1%), followed by Lu
(10.3%), Dy (7.4%), and Sm (6.3%), while Ce (0.9%) made almost
no contribution.

The joint effect of the LREEs on GDM was similar to the
results of WQS analysis for all REEs (Table 4 and Figure 2).
After adjusting for confounding variables, each quartile decrease
in the WQS index for LREEs resulted in a 1.69-fold (95% CI:
1.14-2.53, P = 0.010) increase in GDM risk, with Nd (36.1%),
Frontiers in Endocrinology | www.frontiersin.org 6
La (23.1%), and Pr (21.0%) receiving the highest weights.
However, we did not observe a significant association between
WQS index for HREEs and GDM (figure not shown).
DISCUSSION

In this study, we investigated the association between serum REE
concentrations and GDM risk among pregnant women in
Beijing, China. We didn’t observe a significant association
between REEs and GDM by logistic regression analysis.
However, the WQS model indicated that exposure to lower
levels of REEs mixtures was associated with an increased risk
of GDM, and three elements, Nd, Pr, and La, were important
contributors to the REE mixture.

Blood concentrations of REEs in unexposed populations vary
considerably by race, region, age, gender, and the different
analytical methods used (28). As shown in Table S1, previous
studies (28, 31, 46–49) showed that the range of the median
values was 0.01-0.854 mg/L for La, 0.02-2.546 mg/L for Ce, 0.01-
0.132 mg/L for Pr, 0.01-0.839 mg/L for Nd, 0.01-0.132 mg/L for
Sm, 0.01-0.034 mg/L for Eu, 0.049-0.059 mg/L for Gd, 0.001-0.011
mg/L for Tb, 0.01-0.047 mg/L for Dy, 0.001-0.01 mg/L for Lu, 0.01-
FIGURE 2 | WQS weights (%) of LREEs on the risk of GDM.
FIGURE 1 | WQS weights (%) of REEs on the risk of GDM.
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0.529 mg/L for Yb among the non-occupationally exposed
population in China, Spain, Romania, and Sub-Saharan Africa.
The concentrations of all the serum REEs in our study fell in
these ranges. The high detection rates in blood for most REEs in
humans are remarkable, considering that to date there are very
few references in the scientific literature dealing with the effects
of chronic exposure to REEs on human health (24–28).
Therefore, it remains unclear whether the exposure to REEs
during pregnancy is related to GDM or not.

In the present study, we didn’t observe a significant
association between individual REEs and GDM risk. When we
classified the concentrations of the REEs according to quartiles,
we found no statistically significant association. Considering the
absence of clear toxicological criteria, some authors analyzed the
combined effects of these elements, as they were often used in
combination in the manufacture of multiple devices (50). The
WQS model can not only examine the effects of the REE mixture
but also identify those elements most strongly associated with
GDM (45). In WQS analysis, lower levels of REE mixture were
significantly associated with a higher risk of GDM, and Nd, Pr
and La were likely to be the most important contributors. The
joint effect of the LREEs on GDM was similar to the results of
WQS analysis for all REEs. A possible explanation for the similar
results is that the three most important contributors (Nd, Pr, and
La) belong to LREEs. To the best of our knowledge, there is no
published report in the literature on REEs in maternal serum and
risk for GDM. A previous study conducted in Shanxi province of
China reported that higher concentrations of REEs were
associated with an increased risk of hypertension (24). Two
studies conducted in Shanxi and Hebei provinces of China
found that high concentrations of REEs were associated with
increased risks of fetal neural tube defects (NTDs) (25, 26).
Besides, Liu et al. found that increased maternal urinary REEs
(Ce and Yb) were associated with decreased neonatal thyroid-
stimulating hormone (TSH) levels (27). Another study suggested
that REEs might play a role in the development of anemia (28).
Liu et al. showed that prenatal exposure to REEs and REE
mixtures were associated with an increased risk of premature
rupture of membranes (29). Liu et al. found that in utero
exposure to REE mixtures increased the risk of orofacial clefts
(30). According to these studies, exposure to higher levels of
REEs was a risk factor for some diseases, while in our study,
exposure to higher levels of REEs might be a protective factor
for GDM.

The possible underlying mechanisms of this inconsistency are
as follows. REEs may act either as antioxidants or pro-oxidants,
depending on the environment, the nature of the bonding in
their compounds, and their concentration in the tissues (51).
Results of previous studies might be explained by oxidative stress
induced by exposure to REEs. However, some REEs have been
reported to have antioxidant effects in clinical applications (52).
For example, cerium oxide nanoparticles could exhibit
superoxide dismutase (SOD) activity and act as a free radical
scavenger (42). GDM is usually accompanied by increased levels
of oxidative stress and inadequate antioxidant defense responses
(36). Therefore, REEs may reduce oxidative stress associated
Frontiers in Endocrinology | www.frontiersin.org 7
with GDM. Moreover, individual REEs and REE mixtures have
been shown to have hormetic effects on several health endpoints.
In other words, REEs can increase or improve biological
events (e.g. growth) at low concentrations and exhibit
inhibitory or toxic effects at increasing doses/concentrations
(35). Another possible explanation is related to the relatively
low concentrations of REEs in our study. Low concentrations of
REEs might stimulate pancreatic beta (b) cells to secrete insulin
to regulate glucose metabolism and maintain blood glucose
stability (53–55). Within a certain range of concentrations,
exposure to lower concentrations of REEs might be a risk
factor for GDM. Further studies are needed to validate the role
of REEs in the pathophysiology of GDM.

To the best of our knowledge, this study is the first to evaluate
the association between early pregnancy exposure to REEs and
the risk of GDM. This is one of the strengths of our study.
Second, comprehensive information regarding potential
confounders was prospectively collected in the birth cohort
and controlled in our statistical analyses. Third, the sample size
of this prospective cohort study was relatively large, and we
collected blood samples in early pregnancy to evaluate metal
exposure, which meets the criterion of temporality for causal
inference. Finally, the information in our questionnaire was
collected using standardized interview procedures by trained
local health workers at the hospital. However, there were some
limitations in our study. First, causality cannot be made based on
the findings of the current study because of the observational
nature of the study design. Second, everyone is exposed to
multiple toxic substances in real life, and it is difficult to fully
rule out the effects of residual confounders. Thirdly, the data of
dietary intake were retrospectively collected and had recall bias,
causing underestimation of energy intake in this study. However,
we think that the underestimation of energy intake may not affect
the main results, because it was a covariate in our study. More
validation studies are needed in the future.
CONCLUSION

In conclusion, we observed that early pregnancy exposure to
lower levels of REE mixtures increased the risk of GDM. Nd, Pr,
and La showed the greatest contribution to the metal mixture
index related to GDM. Our findings suggested that REEs are
more likely to play a role through oxidative stress or other
pathways. Animal studies are needed to uncover the possible
mechanisms underlying the association between the mixture of
REEs and GDM risk. The results of this study warrant further
epidemiological investigation in other populations.
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González M, Camacho M, et al. Occurrence of 44 Elements in Human Cord
Blood and Their Association With Growth Indicators in Newborns. Environ
Int (2018) 116:43–51. doi: 10.1016/j.envint.2018.03.048

49. Bao TM, Tian Y, Wang LX, Wu T, Lu LN, Ma HY, et al. An Investigation of
Lanthanum and Other Metals Levels in Blood Urine and Hair Among
Residents in the Rare Earth Mining Area of a City in China. Chin J Ind Hyg
Occup Dis (2018) 2:99–101.

50. Tansel B. From Electronic Consumer Products to E-Wastes: Global Outlook,
Waste Quantities, Recycling Challenges. Environ Int (2017) 98:35–45. doi:
10.1016/j.envint.2016.10.002

51. Kostova I, Saso L, Valcheva-Traykova M. Involvement of Lanthanides in the
Free Radicals Homeostasis. Curr Top Med Chem (2014) 14:2508–19. doi:
10.2174/1568026614666141203123620

52. Wong LL, McGinnis JF. Nanoceria as Bona Fide Catalytic Antioxidants in
Medicine: What We Know and What We Want to Know. Adv Exp Med Biol
(2014) 801:821–8. doi: 10.1007/978-1-4614-3209-8_103

53. Yan YE, Xiu-Juan LI, Zeng ZZ. Synthesis,anti-Diabete and Antioxidative
Action of Dimethylbiguamide Rare Earth Complexes. Chin J Appl Chem
(2005) 22:1060–4.

54. Wen J, Shen C, Ying S, Wu Y, Hong W, Hong T, et al. Gadolinium Chloride
Down-Regulated Glucose Level of Type I Diabetic Mice. J Chin Rare Earth Soc
(2008), 108–11.

55. Chen CJ, Liu XL, Jiang SP, Liu HX, Yan HY. Effect of Re-D860 Complexes on
Hypoglrocemic Action and Acute Toxicity in Mice. Chin Rare Earths (2001)
22:68–70.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xu,Wang, Han, Yang, Ji, Liu, Jin, Lin, Zhou, Luo, Bao, Liu,Wang,
Yan, Wang and Ma. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
December 2021 | Volume 12 | Article 774142

https://doi.org/10.1016/j.ecoenv.2015.01.030
https://doi.org/10.1016/j.ecoenv.2015.01.030
https://doi.org/10.1016/j.envpol.2016.10.066
https://doi.org/10.1016/j.envpol.2017.03.046
https://doi.org/10.1016/j.envpol.2017.03.046
https://doi.org/10.1016/j.envint.2020.105542
https://doi.org/10.1016/j.envint.2019.105222
https://doi.org/10.1016/j.envint.2017.08.023
https://doi.org/10.1016/j.envres.2020.110534
https://doi.org/10.1016/j.ecoenv.2020.111284
https://doi.org/10.1016/j.chemosphere.2020.126488
https://doi.org/10.1016/j.envint.2020.105863
https://doi.org/10.1016/j.chemosphere.2013.06.085
https://doi.org/10.1016/j.chemosphere.2016.11.023
https://doi.org/10.1016/j.chemosphere.2016.11.023
https://doi.org/10.1007/s11892-005-0024-1
https://doi.org/10.1016/j.envres.2019.02.004
https://doi.org/10.1139/cjpp-2017-0784
https://doi.org/10.1155/2019/2695289
https://doi.org/10.1016/j.jtemb.2017.02.013
https://doi.org/10.1016/j.jtemb.2017.02.013
https://doi.org/10.22037/IJPR.2018.2253
https://doi.org/10.4239/wjd.v2.i11.204
https://doi.org/10.1249/01.MSS.0000078923.96621.1D
https://doi.org/10.2337/dc11-s062
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1016/j.envres.2018.06.007
https://doi.org/10.1016/j.etap.2019.103237
https://doi.org/10.1016/j.envint.2018.03.048
https://doi.org/10.1016/j.envint.2016.10.002
https://doi.org/10.2174/1568026614666141203123620
https://doi.org/10.1007/978-1-4614-3209-8_103
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Early Pregnancy Exposure to Rare Earth Elements and Risk of Gestational Diabetes Mellitus: A Nested Case-Control Study
	Introduction
	Methods
	Study Design
	Data Collection
	Diagnosis of GDM
	Metal Analysis
	Statistical Analyses

	Results
	General Characteristics of Participants
	The Concentrations of REEs
	REEs Exposure and GDM
	WQS Regression

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


