
Ecotoxicology and Environmental Safety 208 (2021) 111632

Available online 18 November 2020
0147-6513/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Paper 

Environmental titanium exposure and reproductive health: Risk of low 
birth weight associated with maternal titanium exposure from a nested 
case-control study in northern China 

Yu Jin a,b,1, Zhiyi Li c,1, Hang An a,b, Yiming Pang a,b, Kexin Li c, Yali Zhang a,b, Le Zhang a,b, 
Lailai Yan d, Bin Wang a,b, Rongwei Ye a,b,*, Zhiwen Li a,b, Aiguo Ren a,b 

a Institute of Reproductive and Child Health, Peking University/Key Laboratory of Reproductive Health, National Health Commission of the People’s Republic of China, 
Beijing 100191, PR China 
b Department of Epidemiology and Biostatistics, School of Public Health, Peking University, Beijing 100191, PR China 
c Institute of Geographic Sciences and Natural Resources Research, CAS, Beijing 100101, PR China 
d Department of Laboratorial Science and Technology, School of Public Health, Peking University, Beijing 100191, PR China   

A R T I C L E  I N F O   

Edited by Professor Bing Yan  

Keywords: 
Titanium 
Low birth weight 
Lipids 
Oxidative stress 
Pregnancy 

A B S T R A C T   

Titanium (Ti) is commonly used in additives in the form of titanium dioxide (TiO2). However, our understanding 
of the effect of Ti on reproductive health remains limited. This nested case-control study, performed in a Ti 
mining exposure field, investigated the association between maternal blood Ti concentration and the risk of low 
birth weight (LBW), as well as the potential biological mechanism. A total of 45 women who delivered LBW 
infants (cases) and 352 women with normal birth weight infants (controls) were included. We collected maternal 
peripheral blood samples in the first or early second trimester to measure Ti concentration in serum (Tisr) and 
blood cells (Tibc), as well as inflammatory, lipid, and oxidative stress biomarkers thereof. The demographic 
characteristics of the women included in the study were also obtained. The results showed that the median total 
blood Ti concentration (Titb) in the case group was significantly higher than that in the control group (134 vs. 
129 ng/mL, P = 0.039). A higher Titb level was associated with a greater risk of LBW [odds ratio = 2.62; 95% 
confidence interval (CI): 1.16–5.90], but no such association was observed for Tisr or Tibc after adjusting for 
potential confounders. The serum lipid biomarkers TC, TG, and total lipids (TL) were all negatively associated 
with Tisr and Titb. Serum 8-OHdG was positively associated with Tibc. We concluded that a high Titb during early 
pregnancy may increase the risk of LBW. Lipid metabolism and oxidative stress may play an important role in the 
adverse health effects associated with Ti exposure. Thus, our results merit more attention to the probable adverse 
effects of titanium exposure during pregnancy.   

1. Introduction 

Titanium (Ti) is a highly abundant non-essential trace element that 
exists ubiquitously in our life (Musial et al., 2020). Its common form, 
titanium dioxide (TiO2), was widely used in industrial products, addi
tives of foods, and personal care products (such as sunscreens and 
toothpaste, etc.) (Musial et al., 2020). Ti could be absorbed by persons 
through various pathways including oral, skin, inhalation exposure, and 
implant dissolution. And a person may intake 0.2–0.7 mg of TiO2/kg 
daily (approximately 10–35 mg of TiO2 for a 50 kg adult) through their 

diet (Weir et al., 2012). A small amount of these Ti would be absorbed 
but widely distributes in many organs and tissues, especially in the liver, 
spleen, jejunum, ileum, kidney cortex, and lungs (Bermudez et al., 2004; 
Hougaard et al., 2010; Golasik et al., 2016; Abukabda et al., 2019; Peters 
et al., 2020). Thus, Ti exposure has raised great concerns over its health 
effects on the human body. Increasing numbers of epidemiological 
studies have shown evidence that Ti exposure may be associated with 
several adverse health effects including diabetes, colitis, and cardio
pulmonary disorders (Ruiz et al., 2017; Yuan et al., 2018; Zhao et al., 
2018). 
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In pregnant women who were more vulnerable to environmental 
exposure than the general population (Silver et al., 2018; Freire et al., 
2019), Ti exposure was found to be associated with adverse reproductive 
outcomes including fetal distress, preterm birth, and neural tube defects 
(Zheng et al., 2014; Li et al., 2016). However, the evidence of maternal 
exposure to Ti on low birth weight (LBW) —an adverse birth outcome 
affecting infants’ mortality, development, and disease risks throughout 
the life course with an incidence of 5–6% in China (McCormick, 1985; 
Gluckman et al., 2008; Tang et al., 2017)—was inconsistent and insuf
ficient. A case-control study in southern China found that a low-level 
serum Ti was negatively associated with LBW, indicating that a 
high-level Ti might be a risk factor for LBW (Hou et al., 2019). Some 
ecological studies performed in the northeastern USA also reported that 
large-scale environmental exposure to airborne Ti was associated with 
an increased risk of LBW (Bell et al., 2012; Ebisu and Bell, 2012; Basu 
et al., 2014). On the other hand, an ecological study performed in Cal
ifornia (USA) found no such association after adjusting for confounders 
(Laurent et al., 2014). These previous studies raised a question about 
whether Ti exposure could be a risk factor for LBW. 

Several in vivo and in vitro experiments have demonstrated that Ti 
exposure would induce inflammation, oxidative stress, and cytotoxicity, 
and damage DNA and lipid metabolism (Trouiller et al., 2009; Wang 
et al., 2011; Schanen et al., 2013; Shinohara et al., 2014; Hong et al., 
2017; Zhao et al., 2018; Fadoju et al., 2019). Some of these metabolic 
processes have also been reported to be associated with LBW risk (Kim 
et al., 2005; Mridha et al., 2016; Carlson et al., 2018; Gomes et al., 
2019). However, few population-based studies further explored the 
potential pathways of maternal Ti exposure on LBW by detecting or 
analyzing biomarkers, which could shed light on the connection be
tween Ti and LBW. Therefore, we hypothesized that Ti exposure may 
increase the risk of LBW by affecting lipid metabolism, inducing 
inflammation and oxidative stress and examine the potential mechanism 
thereof by detecting typical biomarkers. 

Moreover, as Ti was demonstrated to have different physiological 
functions in serum and blood cells, the distribution of Ti in different 
blood fractions could matter when evaluating its biological properties 
(Oshida, 2013; Saxena et al., 2018). To our knowledge, no study has 
evaluated the association between Ti concentrations in serum, blood 
cells, and total blood and the risk of LBW separately. Thus, we conducted 
a prospective nested case-control study in Shanxi, a high Ti exposure 
province of industrial mining, to evaluate the association between (and 
possible mechanisms thereof) Ti in different fractions of maternal blood 
and LBW, given that the metabolic processes involved may rely on 
different blood fractions. 

2. Materials and method 

2.1. Study design and participants 

Our nested case-control study was conducted on a prospective cohort 
(Hao et al., 2019), based on a National Program on Key Basic Research 
Project (973 Program), (2007CB5119001). Briefly, 4229 pregnant 
women from three maternal and child health care hospitals agreed to 
participate in the cohort study between December 2009 and December 
2013. On recruitment at the first prenatal examination, each woman 
filled out a structured questionnaire under the supervision of local 
health care workers. We collected maternal blood samples once for each 
woman between gestational weeks 4–22 in alignment with the time of 
pregnancy-care examination and followed-up to determine deliver
y/pregnancy termination status. Ultimately, our cohort comprised 3197 
women (75.6%), after excluding those who withdrew (n = 216), were 
lost to follow-up (n = 83), terminated their pregnancy (n = 216), had an 
iatrogenic preterm birth (n = 17), were recruited at < 4 or > 22 
gestational weeks (n = 18), had multiple births (n = 34), lacked infor
mation on fetal number (n = 16), date of last menstruation (n = 3), or 
delivery date (n = 116), or did not provide blood samples (n = 313). 

Among the participants, 49 women had live births weighing less than 
2500 g and were classified into the LBW group (cases). Among the 
remaining women who delivered normal birth weight infants 
(2500–4000 g), we selected a larger number of controls to increase 
statistic power based on the principle of making age, BMI, education, 
occupation, parity, offspring sex, drugs & folic acid usage, sampling time 
& fasting status comparable between groups and having high-quality 
sample collection & experimental records. Serum and blood cells sam
ples were collected separately and stored at − 80 ◦C prior to analysis. 
Due to some inadequate blood sample volumes, a total of 45 cases and 
352 controls were included in our final analysis. This study was 
approved by the Institutional Review Board of Peking University Health 
Science Center, and signed consent was obtained from all subjects. 

2.2. Blood titanium analysis 

The serum was diluted with nitric acid and its Ti concentration (Tisr) 
was measured using inductively coupled plasma-mass spectrometry 
(ICP-MS; ELAN DRC II; PerkinElmer, USA). A standard serum sample 
(ClinCheck® – Serum Control, Level II; Recipe, Germany) was used for 
quality control. To determine the blood cell Ti concentration (Tibc), a 
0.2 g sample was transferred into a digestion tank, followed by the 
addition of 400 μL 50% (v/v) nitric acid and 400 μL ultra-pure water. 
The mixture was further digested using a microwave digestion system 
(MARS 6; CEM Co., USA). After 15-fold dilution, the samples were 
measured using inductively coupled plasma mass spectrometry (ICP-MS; 
ELAN DRC II, PerkinElmer, USA) method. The lower limit of detection 
(LOD) for Ti was 0.15 ng/mL. Quantitative analysis was performed at 
the Central Laboratory of Biological Elements of Peking University 
Health Science Center, and the protocol was approved by China 
Metrology Accreditation. The total blood concentration (Titb) was 
calculated based on the serum and blood levels of metals after weighting 
based on the hematocrit level (Tamada, 2003; Chen et al., 2014). The 
mean hematocrit level of our cohort was 0.361; therefore, we used the 
following formula to approximate the Titb: Ti in serum (Tisr) × (1 −
0.361) + Ti in blood cells (Tibc) × 0.361 (deSilva, 1981). 

2.3. Analysis of serum biomarkers 

Serum total cholesterol (TC) and triglyceride (TG) concentrations 
were measured using the oxidative method (InTEC Products, China) 
following the standard protocol. The optical density was quantified 
using an automatic biochemical analyzer (AU400; Olympus, Japan). 
Total lipids (TL) were calculated following the recommended formula 
(Rylander et al., 2006). Serum concentrations of monocyte chemo
attractant protein-1 (MCP-1), interleukin-8 (IL-8), and heme 
oxygenase-1 (HO-1) were measured using ELISA kits (OptEIA™; BD, 
USA) in accordance with the manufacturer`s protocol, as described 
previously (Liu et al., 2020). For 8-hydroxy-2 deoxyguanosine (8-OHdG) 
measurement, serum protein was removed by an ultrafilter with a cut-off 
molecular weight of 10 kDa (UFC501024; Merck-Millipore, USA) and 
the 8-OHdG concentration was measured following a method described 
previously (Chiou et al., 2003). 

2.4. Statistical analysis 

The case and control groups were compared in terms of age, pre- 
pregnancy body mass index (BMI, calculated based on the weight and 
height information recorded using the questionnaires), education, 
occupation, place of residence, offspring sex, gravidity, parity, sponta
neous abortion history, passive smoking, drug usage, folic acid, gesta
tional weeks, and fasting status at sampling using χ2 tests for unordered 
categorical data and Wilconox signed-rank tests for ordinal categorical 
data. Since the Ti concentration showed a non-normal distribution, we 
calculated the median and interquartile range (IQR) instead of mean and 
standard deviation for Tisr, Tibc, and Titb (Hao et al., 2019). The 
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Mann–Whitney U test was used to compare the median values between 
the case and control groups. Due to the relatively small sample size of 
the case group, we divided the Ti and biomarker concentrations into two 
levels (by median) when calculating their association with LBW risk 
using Logistic regression, and when estimating crude (cOR) and adjusted 
odds ratios (aOR) with 95% confidence intervals (CIs), with or without 
adjustment for potential confounders. In the dose-response analysis, we 
divided the Ti concentration into three levels by tertiles and calculated P 
for trend values using Logistic regression. For robust estimation of the 
association of blood Ti with biomarkers, we used three general linear 
models with or without adjustment for confounders. The final results are 
expressed as the estimated percentage changes in biomarkers (IQR% 
with 95% CIs) associated with an IQR increase from the first to third 
quartile of the log-transformed (to improve normality) blood Ti level, 
calculated as follows (Wu et al., 2016): 

IQR% =
[
exp(IQR×β) − 1

]
× 100% (1)  

where IQR% is the estimated percentage change in biomarkers, IQR is 
the increase in Ti concentration from the first to the third quartile, and β 
is the correlation coefficient in the general linear models. All analyzes 
were conducted using R software (version 3.6.1; R Development Core 
Team, Austria), and the significance level was set at P < 0.05 (two- 
tailed). 

3. Results 

3.1. Population characteristics 

The characteristics of the cases (n = 45) and controls (n = 352) are 
summarized in Table 1. Among the 397 women, 193 (48.6%) were aged 
< 25 years and 255 (64.2%) were within the normal BMI range 
(18.5–24.9 kg/m2). Most of the women lived in rural areas (84.4%) and 
over half (65.7%) had farming-related jobs. All women were of Han 
ethnicity and not active smokers, although the majority (63.2%) were 
passive smokers during pregnancy. None of the cases had a history of 
spontaneous abortion, which was significantly different from the rate 
among the controls (P = 0.008). Thus, the effects of spontaneous abor
tion history were adjusted in further association analyzes and the results 
in different models showed consistency which indicated that it has a 
minor impact on our results (See Table S1 in Supplementary Informa
tion). Other characteristics, such as age, BMI, education, occupation, 
place of residence, gravidity, parity, offspring sex, folic acid, passive 
smoking, drugs, gestational week, fasting status at sampling time, and 
recruitment hospitals were comparable between the cases and controls. 

3.2. Titanium concentration in maternal blood 

The Ti concentrations in serum and blood cell (Tisr, Tibc), and the 
Titb, are shown in Table 2 for the cases and controls. The Ti concen
tration was higher than the LOD in all serum and blood cell samples. The 
median concentrations of Tisr, Tibc, and Titb in women were 122 ng/mL 
(IQR: 113–131 ng/mL), 143 ng/mL (IQR: 132–152 ng/mL), and 
130 ng/mL (IQR: 123–138 ng/mL), respectively. The median Titb con
centration in the cases was significantly higher than that in the controls 
(134 and 129 ng/mL, respectively, P = 0.039). The median Tisr in the 

cases was also slightly higher than in the controls (126 and 121 ng/mL, 
respectively), although the difference was not statistically significant 
(P = 0.061). No significant difference in Tibc was observed between the 
cases and the controls. 

3.3. Association between titanium in maternal blood and LBW 

We divided the Ti concentrations (Tisr, Tibc, and Titb) into low and 
high groups and calculated their association with LBW, with or without 
adjustment for confounders (Table 3). Overall, we found an increased 
risk of LBW in the high Titb group (aOR = 2.62; 95% CI: 1.16–5.90; 
P = 0.02) in the model adjusted for all potential confounders. However, 
no significant association between Tisr or Tibc and LBW risk was 
observed. When the blood Ti concentration was divided into tertiles, a 
positive dose-response relationship was observed between Titb and LBW 
risk (Fig. 1). The cut-off values of maternal titanium levels were shown 
in Table S2. 

3.4. Association between blood titanium and serum biomarkers 

In Fig. 2, we evaluated the associations of serum and blood cell Ti 
concentrations with lipids, inflammatory biomarkers, and oxidative 
stress biomarkers in the control group (n = 352) with adjustment for 
confounders. 

We found that Tisr was negatively associated with serum TG (IQR% =
− 6.41, 95% CI: − 11.00 to − 1.59) and TL (IQR% = − 2.63, 95% CI: 
− 4.76 to − 0.46), where inter-quartile increased in Tisr from the first to 
third quartile were related to 6.41% and 2.63% decreases in TG and TL, 
respectively (See Table S3). Tibc was positively associated with serum 8- 
OHdG, with an IQR% of 19.39 (95% CI: 7.22 ~ 32.93), but not with TC, 
TG, or TL. Tibc was negatively associated with MCP-1 in “Model-Adj-I” 
(IQR% = − 4.87, 95% CI: − 8.91 to − 0.64) (See Table S4), but the as
sociation disappeared after adjusting for other potential confounders. 
Titb was negatively associated with TC, TG, and TL, with IQR% of − 2.94 
(95% CI: − 5.56 to − 0.24), − 8.06 (95% CI: − 13.22 to − 2.60), and − 4.01 
(95% CI: − 6.41 to − 1.56), respectively (See Table S3). Overall, lipids 
were negatively associated with Tisr and Titb, but not with Tibc. Although 
MCP-1 tended to have negative associations with Tibc and Titb, inflam
matory biomarkers were not significantly associated with Ti (P > 0.05). 

4. Discussion 

In this nested case-control study, we investigated the associations of 
Tisr, Tibc, and Titb with the risk of LBW. In general, Tibc was higher than 
Tisr in maternal blood. Tisr and Tibc were not significantly associated 
with the risk of LBW, but there was a positive association between Titb 

and the risk of LBW. Moreover, the concentrations of TG and TL were 
negatively associated with Tisr, but not with Tibc. Finally, Tibc was 
positively associated with 8-OHdG. 

In our study, the median values of Tisr, Tibc, and Titb were 122, 143, 
and 130 ng/mL, respectively. Compared to previous studies in humans, 
the values of Tisr and Titb were higher in our study (Zheng et al., 2014; 
Yuan et al., 2018; Hou et al., 2019), which probably due to the high Ti 
exposure of mining around our study field. In the literature, blood Ti 
levels in different populations range widely from < 2 to > 150 ng/mL 
(Koller et al., 2018; Li et al., 2019). For populations with Ti implants, 

Table 1 
Population characteristics.    

a Number of cases (percentage). Total number may not equal to the sum of each sub-level number due to 

missing data. 

b P was calculated by Wilconox signed-rank Test. 

c P was calculated by corrected Chi-square Test or Fisher-exact test. 

P < 0.05 was shown in red and bold. 

Table 2 
Titanium concentrations in various blood fractions among low birth weight 
(LBW) cases and controls.    

a Tisr, Titanium in serum; Tibc, Titanium in blood cells; Titb, Titanium in total blood. 

b Median value (inter-quartile range), unit: ng/mL. 

c Mann–Whitney U test between cases and controls. 

P < 0.05 was shown in red and bold. 
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and in those with occupational exposure, Ti concentrations of at 
300 ng/mL have also been reported (Sarmiento-Gonzalez et al., 2008; 
Lukina et al., 2016). Wide variations in blood Ti concentrations could be 
due to differences in area of residence, dietary habits, airborne partic
ulate matter exposure, and metal analysis methods (Koller et al., 2018). 
In our study, Tibc was higher than Tisr (See Table 2), which indicated that 
Ti may participate in metabolic processes occurring inside blood cells or 
on the cell membrane. It has previously been speculated that Ti might 
exist as a labile pool in cells, similar to Fe, which could influence its 
cellular functions (Saxena et al., 2018). Oshida et al. found that Ti bound 
to the iron (Fe) transport protein serum transferrin (sTf) on the mem
brane and promoted cellular uptake via transferrin-directed endocytosis 
(Oshida, 2013), resulting in a higher Ti concentration in blood cells. The 
dynamic distribution of the serum Ti may also play a role. A human oral 
intake experiment revealed the Ti concentration in serum would reach a 
peak level at 6 h following ingestion (Pele et al., 2015). Besides, evi
dence in vivo showed TiO2 mainly accumulated in the liver and spleen 
and could be retained for over 30 days in these tissues (Xie et al., 2011). 
This could explain why Tisr was not different between groups and was 
lower than Tibc from another aspect that the serum Ti would spread and 
accumulated in other tissues. 

In our study, a high level of Titb was associated with a dose- 
dependent increase in the risk of LBW risk. Regarding Ti and infant 
birth weight, several studies have explored their association but re
ported inconsistent results. For example, Zheng et al. reported a positive 
association between cord blood Ti and an overall adverse outcome (OR 

= 2.38; 95% CI: 1.20–4.73) (Zheng et al., 2014), but the risks of preterm 
birth, fetal distress, macrosomia, and LBW were not evaluated sepa
rately. Hou et al. found that the second quartile Tisr level was associated 
with a lower risk of LBW compared to the fourth quartile level (OR =
0.51; 95% CI: 0.32–0.81), but the association was not dose-dependent. 
Moreover, some ecological studies conducted in the US reported that 
large-scale environmental exposure to airborne Ti was associated with 
LBW (Bell et al., 2012; Ebisu and Bell, 2012; Basu et al., 2014). However, 
their exposure data were collected from air pollutant monitors main
tained by the US Environmental Protection Agency, thus not reflecting 
individual exposure level. To the best of our knowledge, our study was 
the first to investigate both Tisr and Tibc, which could provide a unique 
insight into the relationship between Ti and LBW risk. Our results 
indicated that LBW risk was positively associated with Titb, rather than 
with Tisr or Tibc separately (See Table 3). This interesting result supports 
the hypothesis of the dynamic exchange of Ti between serum and blood 
cells (Oshida, 2013; Saxena et al., 2018). According to previous studies, 
Ti can be absorbed by intestinal epithelial cells and may travel from the 
gut to the bloodstream via Fe transport routes (Aarabi et al., 2011). 
During this process, Ti would remain soluble but could be affected by pH 
changes (where pH ≈ 2 in the stomach) during ingestion, and by gut 
absorption and transport into the blood (Collins et al., 2005). These 
changes would lead to extensive changes in the formation and concen
tration of metal-ligand compounds (Ti citrate and ascorbate) (Bruneel 
and Helsen, 1988; Silwood and Grootveld, 2005; Tinoco et al., 2016). 
Eventually, at the pH level of the blood, the Ti in these compounds 

Table 3 
Associations of maternal titanium levels in various blood fractions with the risk of low birth weight (LBW).  

Groupa Levels Cases Controls CORb AORc AORd 

(N = 45) (N = 352) 

Tisr Low  17  182 Ref. Ref. Ref.  
High  28  170 1.76 (0.93–3.34) 1.56 (0.80–3.03) 1.81 (0.83–3.97) 

Tibc Low  21  178 Ref. Ref. Ref.  
High  24  174 1.17 (0.63–2.18) 1.22 (0.63–2.34) 1.17 (0.56–2.43) 

Titb Low  16  183 Ref. Ref. Ref.  
High  29  169 1.96 (1.03–3.74)* 2.24 (1.12–4.49)* 2.62 (1.16–5.90)*  

a Tisr, Titanium in serum; Tibc, Titanium in blood cells; Titb, Titanium in total blood. 
b Crude odds ratio (COR) with 95% confidence interval (95% CI) by a logistic regression model. 
c Adjusted odds ratio (AOR) calculated by a Logistic regression model adjusting for age, BMI, education, occupation, place of residence. 
d AOR calculated by a Logistic regression model adjusting for age, BMI, education, occupation, place of residence, gravidity, parity, spontaneous abortion history, 

folic acid, passive smoking, drugs, offspring sex, gestational weeks, fasting status. 
* P < 0.05 was shown. 

Ti in Blood CellsTi in Serum Ti in Total Blood

Raw

Adj-I

Adj-IIO
dd

s R
at

io

L1 L2 L3 L1 L2 L3 L1 L2 L3

0.5

1.0

1.5

2.0

2.5

3.0

*

Fig. 1. Dose-response relationships of odds ratios (OR) of 
titanium concentration with LBW risk in various blood 
fractions. < 33.3% quantile (L1), 33.3–66.7% quantile 
(L2), > 66.7% quantile (L3). Three Logistic regression 
models were used as follows: Model-Raw: without adjust
ment. Model-Adj-I: with adjusting for age, BMI, education, 
occupation, place of residence. Model-Adj-II: with adjust
ing for age, BMI, education, occupation, place of residence, 
gravidity, parity, spontaneous abortion history, using folic 
acid, passive smoking, gestational weeks, and fasting 
status.   
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would dissociate and be dynamically exchanged by sTf between serum 
and blood cells (Buettner et al., 2012). The unstable distribution of Ti 
between serum and blood cells suggested that the Titb provides a more 
robust estimate of Ti in the bloodstream. 

We found a negative association between Titb and serum lipids, 
which has not been discussed in previous studies to the best of our 
knowledge. However, this was consistent to some degree with previous 
studies on TiO2 particles. Two occupational exposure studies in China 
reported significantly lower TC and TG levels, but higher low-density 
lipoprotein (LDL), in a TiO2-exposed group (Xu et al., 2016; Zhao 
et al., 2018). Some rodent studies have also suggested that exposure to 
TiO2 particles can impair liver function and the metabolism of TC and 
TG (Chen et al., 2009; Duan et al., 2010). Another study suggested that, 
based on cellular, animal, and epidemiological observation results, Ti 
might activate the NLRP3 inflammasome and induce a 
pro-inflammatory response in intestinal epithelial cells, which would 
affect the absorption of lipids (Ruiz et al., 2017). Thus, Ti might increase 
the risk of LBW by disturbing lipid metabolism in the maternal body. 

In addition, we found that 8-OHdG, a typical marker of oxidative 
stress, and especially of DNA damage, was strongly associated with Tibc. 
This finding was consistent with a series of studies indicating that Ti 
exposure can induce reactive oxygen species (ROS) production, oxida
tive stress, and genotoxicity (Shimizu et al., 2009; Wang et al., 2011; Cui 
et al., 2014; Ruiz et al., 2017). Ti has also been observed to be distrib
uted throughout the cell but has a higher concentration in the nuclear 
region (Waern et al., 2005). Based on this evidence, it can be inferred 
that Ti might cause genotoxicity, and thus inhibit the growth and 
development of infants via oxidative stress pathways (Trouiller et al., 
2009; Fadoju et al., 2019). 

No association of Ti with inflammatory biomarkers or LBW risk was 
observed, in contrast to previous in vivo and in vitro studies (Trouiller 
et al., 2009; Yazdi et al., 2010; Schanen et al., 2013). These results might 
due to the limitations associated with extrapolating animal experi
mental results to human populations, where the Ti concentration in our 
study might have been too low to activate inflammatory mechanisms 
(Yazdi et al., 2010). When evaluating the association between bio
markers and LBW risk, the ORs were > 1 for TC, TL, MCP-1 and 8-OHdG, 
and < 1 for TG, HO-1, and IL-8, in all three models (Fig. S3). However, 

none of these biomarkers were significantly associated with the risk of 
LBW. One possible explanation is that the fetus owns an independent 
circulatory system other than the mother. Due to the existence of the 
placental barrier, the genotoxicity and other potentially deleterious ef
fects may impair maternal health first, rather than harming the fetus 
grows directly. Although some previous studies found that Ti could 
accumulate in the placenta or get through into core blood, there would 
be more complex steps for maternal Ti exposure to play a role in fetus 
health (Aengenheister et al., 2019; Li et al., 2019). In addition, consid
ering the differences in Ti exposure routes and doses among animal 
experiments, cell experiments, and real-world scenarios, significant ef
fects of lipids, inflammation, and oxidative stress responses (in the 
context of pregnancy Ti exposure) on LBW risk may not be evident. 

Several limitations need to be considered when interpreting our re
sults. First, the Ti concentrations in our study should be generalized to 
other populations with caution because of the relatively high level of 
exposure and the sample we used is serum instead of plasma. Second, 
due to the relatively small sample size of the cases compared to controls, 
we only divided the Ti concentration into two levels when calculating 
the ORs. However, when we divided the Ti concentration into three 
levels for the sensitivity analysis, a dose-response relationship was 
observed. Third, we only detected Ti concentration at one time point in 
early pregnancy which could not evaluate the Ti levels changes during 
pregnancy. In addition, the exposure pathways and toxicity of the 
various forms of Ti may differ (Oberdorster et al., 2005). Finally, we did 
not observe a direct association of LBW with lipids or oxidative stress 
biomarkers, and the influence on LBW of lipid level reductions and 
8-OHdG production in relation to Ti requires further investigation. 
However, our study also had some advantages. First, it was based on a 
prospective cohort, such that recall bias was avoided. Second, blood 
samples collected during early pregnancy reflected the critical periods of 
offspring development. Third, we collected serum, blood cells, lipids, 
inflammatory biomarkers, and oxidative stress biomarkers for a detailed 
exploration of the association between Ti and LBW risk. Finally, we 
included controls to avoid bias in LBW and other potential confounders 
when analyzing the association between Ti and biomarkers. A sensitivity 
analysis of both the case and control groups (N = 397) showed consis
tent results among models adjusted for different confounders, as 
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Fig. 2. Association between titanium and biomarkers in 
control group (N = 352) TC, Total cholesterol; TG, Total 
triglyceride; TL, Total lipid; HO-1, heme oxygenase 1; MCP- 
1, monocyte chemotactic protein-1; IL-8, interleukin-8; 8- 
OHdG,8-hydroxy-2 deoxyguanosine. Three general linear 
models were used as follows: Model-Raw: without adjust
ment. Model-Adj-I: with adjusting for age, BMI, education, 
occupation. Model-Adj-II: with adjusting for age, BMI, ed
ucation, occupation, gravidity, parity, spontaneous abortion 
history, using folic acid, passive smoking, gestational weeks, 
and fasting status. IQR%, inter-quartile range percentage 
(with 95%CI), indicating percentage change in biomarkers 
with an inter-quartile range change in Titanium (Log 
transformed).   
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detailed in Tables S3–S6, thereby providing robust support for our 
conclusions. 

5. Conclusions 

Titb during pregnancy was associated with LBW risk at a high level of 
exposure. Compared to serum and blood cell concentrations, Ti in whole 
blood may be a more sensitive toxicological biomarker with respect to 
neonatal birth weight. Lipid metabolism and the oxidative stress 
induced by 8-OHdG may play important roles in the effects of Ti expo
sure. Further studies are needed to evaluate the health effects of Ti 
exposure during pregnancy, and the underlying mechanisms thereof. 

CRediT authorship contribution statement 

Jin Yu: Conceptualization, Formal analysis, Software, Writing - 
Original Draft. Li Zhiyi: Investigation, Formal analysis. An Hang: Data 
Curation, Validation. Pang Yiming: Methodology. Li Kexin: Investiga
tion. Zhang Yali: Resources. Zhang Le: Methodology. Yan Lailai: Re
sources, Methodology. Wang Bin: Writing - Review & Editing. Ye 
Rongwei: Conceptualization, Supervision. Li Zhiwen: Project admin
istration. Ren Aiguo: Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

All authors would like to express our gratitude to the help from the 
working group of environmental exposure and human health of the 
China Cohort Consortium (See http://chinacohort.bjmu.edu.cn/). This 
work was supported by the National Natural Science Foundation of 
China [Grant Nos. 41771527, 81673177]. 

Appendix A. Supplementary information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.ecoenv.2020.111632. 

References 

Aarabi, M.H., Moshtaghie, A.A., Mirhashemi, M., 2011. Comparative in vitro study of the 
intestinal absorption of titanium and iron in rats. Pak. J. Biol. Sci. 14 (20), 945–949. 

Abukabda, A.B., Bowdridge, E.C., McBride, C.R., Batchelor, T.P., Goldsmith, W.T., 
Garner, K.L., Friend, S., Nurkiewicz, T.R., 2019. Maternal titanium dioxide 
nanomaterial inhalation exposure compromises placental hemodynamics. Toxicol. 
Appl. Pharm. 367, 51–61. 

Aengenheister, L., Dugershaw, B.B., Manser, P., Wichser, A., Schoenenberger, R., 
Wick, P., Hesler, M., Kohl, Y., Straskraba, S., Suter, M.J., Buerki-Thurnherr, T., 2019. 
Investigating the accumulation and translocation of titanium dioxide nanoparticles 
with different surface modifications in static and dynamic human placental transfer 
models. Eur. J. Pharm. Biopharm. 142, 488–497. 

Basu, R., Harris, M., Sie, L., Malig, B., Broadwin, R., Green, R., 2014. Effects of fine 
particulate matter and its constituents on low birth weight among full-term infants in 
California. Environ. Res. 128, 42–51. 

Bell, M.L., Belanger, K., Ebisu, K., Gent, J.F., Leaderer, B.P., 2012. Relationship between 
birth weight and exposure to airborne fine particulate potassium and titanium 
during gestation. Environ. Res. 117, 83–89. 

Bermudez, E., Mangum, J.B., Wong, B.A., Asgharian, B., Hext, P.M., Warheit, D.B., 
Everitt, J.I., 2004. Pulmonary responses of mice, rats, and hamsters to subchronic 
inhalation of ultrafine titanium dioxide particles. Toxicol. Sci. 77 (2), 347–357. 

Bruneel, N., Helsen, J.A., 1988. In vitro simulation of biocompatibility of Ti-Al-V. 
J. Biomed. Mater. Res. 22 (3), 203–214. 

Buettner, K.M., Collins, J.M., Valentine, A.M., 2012. Titanium(IV) and vitamin C: 
aqueous complexes of a bioactive form of Ti(IV). Inorg. Chem. 51 (20), 
11030–11039. 

Carlson, S.E., Gajewski, B.J., Alhayek, S., Colombo, J., Kerling, E.H., Gustafson, K.M., 
2018. Dose-response relationship between docosahexaenoic acid (DHA) intake and 

lower rates of early preterm birth, low birth weight and very low birth weight. 
Prostaglandins Leukot. Essent. Fat. Acids 138, 1–5. 

Chen, J., Dong, X., Zhao, J., Tang, G., 2009. In vivo acute toxicity of titanium dioxide 
nanoparticles to mice after intraperitioneal injection. J. Appl. Toxicol. 29 (4), 
330–337. 

Chen, Z., Myers, R., Wei, T., Bind, E., Kassim, P., Wang, G., Ji, Y., Hong, X., Caruso, D., 
Bartell, T., Gong, Y., Strickland, P., Navas-Acien, A., Guallar, E., Wang, X., 2014. 
Placental transfer and concentrations of cadmium, mercury, lead, and selenium in 
mothers, newborns, and young children. J. Expo. Sci. Environ. Epidemiol. 24 (5), 
537–544. 

Chiou, C.C., Chang, P.Y., Chan, E.C., Wu, T.L., Tsao, K.C., Wu, J.T., 2003. Urinary 8- 
hydroxydeoxyguanosine and its analogs as DNA marker of oxidative stress: 
development of an ELISA and measurement in both bladder and prostate cancers. 
Clin. Chim. Acta 334 (1–2), 87–94. 

Collins, J.M., Uppal, R., Incarvito, C.D., Valentine, A.M., 2005. Titanium(IV) citrate 
speciation and structure under environmentally and biologically relevant conditions. 
Inorg. Chem. 44 (10), 3431–3440. 

Cui, Y., Chen, X., Zhou, Z., Lei, Y., Ma, M., Cao, R., Sun, T., Xu, J., Huo, M., Cao, R., 
Wen, C., Che, Y., 2014. Prenatal exposure to nanoparticulate titanium dioxide 
enhances depressive-like behaviors in adult rats. Chemosphere 96, 99–104. 

deSilva, P.E., 1981. Determination of lead in plasma and studies on its relationship to 
lead in erythrocytes. Br. J. Ind. Med. 38 (3), 209–217. 

Duan, Y., Liu, J., Ma, L., Li, N., Liu, H., Wang, J., Zheng, L., Liu, C., Wang, X., Zhao, X., 
Yan, J., Wang, S., Wang, H., Zhang, X., Hong, F., 2010. Toxicological characteristics 
of nanoparticulate anatase titanium dioxide in mice. Biomaterials 31 (5), 894–899. 

Ebisu, K., Bell, M.L., 2012. Airborne PM2.5 chemical components and low birth weight in 
the northeastern and mid-Atlantic regions of the United States. Environ. Health 
Perspect. 120 (12), 1746–1752. 

Fadoju, O., Ogunsuyi, O., Akanni, O., Alabi, O., Alimba, C., Adaramoye, O., Cambier, S., 
Eswara, S., Gutleb, A.C., Bakare, A., 2019. Evaluation of cytogenotoxicity and 
oxidative stress parameters in male Swiss mice co-exposed to titanium dioxide and 
zinc oxide nanoparticles. Environ. Toxicol. Pharmacol. 70, 103204. 

Freire, C., Amaya, E., Gil, F., Murcia, M., Casas M., L.L.S., Vrijheid, M., Lertxundi, A., 
Irizar, A., Fernandez-Tardon, G., Castro-Delgado, R.V., Olea, N., Fernandez, M.F., 
Project, I., 2019. Placental metal concentrations and birth outcomes: the 
environment and childhood (INMA) project. Int. J. Hyg. Environ. Health 222 (3), 
468–478. 

Gluckman, P.D., Hanson, M.A., Cooper, C., Thornburg, K.L., 2008. Effect of in utero and 
early-life conditions on adult health and disease. N. Engl. J. Med. 359 (1), 61–73. 

Golasik, M., Herman, M., Piekoszewski, W., 2016. Toxicological aspects of soluble 
titanium – a review of in vitro and in vivo studies. Metallomics 8 (12), 1227–1242. 

Gomes, J., Au, F., Basak, A., Cakmak, S., Vincent, R., Kumarathasan, P., 2019. Maternal 
blood biomarkers and adverse pregnancy outcomes: a systematic review and meta- 
analysis. Crit. Rev. Toxicol. 49 (6), 461–478. 

Hao, Y., Pang, Y., Yan, H., Zhang, Y., Liu, J., Jin, L., Yan, L., Chen, D., Hu, L., Liu, Q., 
Qin, Y., Wang, B., Li, Z., Ye, R., Zhang, L., Ren, A., 2019. Association of maternal 
serum copper during early pregnancy with the risk of spontaneous preterm birth: a 
nested case-control study in China. Environ. Int. 122, 237–243. 

Hong, F., Zhou, Y., Zhao, X., Sheng, L., Wang, L., 2017. Maternal exposure to nanosized 
titanium dioxide suppresses embryonic development in mice. Int. J. Nanomed. 12, 
6197–6204. 

Hougaard, K.S., Jackson, P., Jensen, K.A., Sloth, J.J., Loschner, K., Larsen, E.H., 
Birkedal, R.K., Vibenholt, A., Boisen, A.M., Wallin, H., Vogel, U., 2010. Effects of 
prenatal exposure to surface-coated nanosized titanium dioxide (UV-Titan). A study 
in mice. Part Fibre Toxicol. 7, 16. 

Hou, Q., Huang, L., Ge, X., Yang, A., Luo, X., Huang, S., Xiao, Y., Jiang, C., Li, L., Pan, Z., 
Teng, T., Zhang, H., Li, M., Mo, Z., Yang, X., 2019. Associations between multiple 
serum metal exposures and low birth weight infants in Chinese pregnant women: a 
nested case-control study. Chemosphere 231, 225–232. 

Kim, Y.J., Hong, Y.C., Lee, K.H., Park, H.J., Park, E.A., Moon, H.S., Ha, E.H., 2005. 
Oxidative stress in pregnant women and birth weight reduction. Reprod. Toxicol. 19 
(4), 487–492. 

Koller, D., Bramhall, P., Devoy, J., Goenaga-Infante, H., Harrington, C.F., Leese, E., 
Morton, J., Nunez, S., Rogers, J., Sampson, B., Powell, J.J., 2018. Analysis of soluble 
or titanium dioxide derived titanium levels in human whole blood: consensus from 
an inter-laboratory comparison. Analyst 143 (22), 5520–5529. 

Laurent, O., Hu, J., Li, L., Cockburn, M., Escobedo, L., Kleeman, M.J., Wu, J., 2014. 
Sources and contents of air pollution affecting term low birth weight in Los Angeles 
County, California, 2001-2008. Environ. Res. 134, 488–495. 

Liu, X., Chen, D., Wang, B., Xu, F., Pang, Y., Zhang, L., Zhang, Y., Jin, L., Li, Z., Ren, A., 
2020. Does low maternal exposure to per- and polyfluoroalkyl substances elevate the 
risk of spontaneous preterm birth? A nested case-control study in China. Environ. 
Sci. Technol. 54, 8259–8268. 

Li, Z., Huo, W., Li, Z., Wang, B., Zhang, J., Ren, A., 2016. Association between titanium 
and silver concentrations in maternal hair and risk of neural tube defects in 
offspring: a case-control study in north China. Reprod. Toxicol. 66, 115–121. 

Li, A., Zhuang, T., Shi, J., Liang, Y., Song, M., 2019. Heavy metals in maternal and cord 
blood in Beijing and their efficiency of placental transfer. J. Environ. Sci. (China) 80, 
99–106. 

Lukina, E., Laka, A., Kollerov, M., Sampiev, M., Mason, P., Wagstaff, P., Noordeen, H., 
Yoon, W.W., Blunn, G., 2016. Metal concentrations in the blood and tissues after 
implantation of titanium growth guidance sliding instrumentation. Spine J. 16 (3), 
380–388. 

McCormick, M.C., 1985. The contribution of low birth weight to infant mortality and 
childhood morbidity. N. Engl. J. Med. 312 (2), 82–90. 

Y. Jin et al.                                                                                                                                                                                                                                       

http://chinacohort.bjmu.edu.cn/
https://doi.org/10.1016/j.ecoenv.2020.111632
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref1
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref1
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref2
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref2
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref2
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref2
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref3
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref3
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref3
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref3
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref3
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref4
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref4
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref4
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref5
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref5
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref5
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref6
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref6
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref6
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref7
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref7
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref8
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref8
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref8
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref9
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref9
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref9
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref9
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref10
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref10
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref10
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref11
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref11
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref11
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref11
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref11
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref12
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref12
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref12
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref12
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref13
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref13
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref13
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref14
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref14
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref14
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref15
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref15
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref16
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref16
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref16
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref17
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref17
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref17
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref18
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref18
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref18
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref18
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref19
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref19
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref19
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref19
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref19
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref20
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref20
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref21
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref21
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref22
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref22
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref22
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref23
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref23
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref23
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref23
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref24
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref24
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref24
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref25
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref25
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref25
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref25
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref26
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref26
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref26
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref26
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref27
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref27
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref27
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref28
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref28
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref28
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref28
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref29
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref29
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref29
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref30
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref30
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref30
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref30
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref31
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref31
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref31
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref32
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref32
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref32
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref33
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref33
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref33
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref33
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref34
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref34


Ecotoxicology and Environmental Safety 208 (2021) 111632

7

Mridha, M.K., Matias, S.L., Chaparro, C.M., Paul, R.R., Hussain, S., Vosti, S.A., 
Harding, K.L., Cummins, J.R., Day, L.T., Saha, S.L., Peerson, J.M., Dewey, K.G., 
2016. Lipid-based nutrient supplements for pregnant women reduce newborn 
stunting in a cluster-randomized controlled effectiveness trial in Bangladesh. Am. J. 
Clin. Nutr. 103 (1), 236–249. 

Musial, J., Krakowiak, R., Mlynarczyk, D.T., Goslinski, T., Stanisz, B.J., 2020. Titanium 
dioxide nanoparticles in food and personal care products-what do we know about 
their safety? Nanomaterials 6. Basel.  

Oberdorster, G., Oberdorster, E., Oberdorster, J., 2005. Nanotoxicology: an emerging 
discipline evolving from studies of ultrafine particles. Environ. Health Perspect. 113 
(7), 823–839. 

Oshida, Y., 2013. 1 – Introduction. In: Oshida, Y. (Ed.), Bioscience and Bioengineering of 
Titanium Materials, Second edition. Elsevier, Oxford,, pp. 1–7. 

Pele, L.C., Thoree, V., Bruggraber, S.F., Koller, D., Thompson, R.P., Lomer, M.C., 
Powell, J.J., 2015. Pharmaceutical/food grade titanium dioxide particles are 
absorbed into the bloodstream of human volunteers. Part Fibre Toxicol. 12, 26. 

Peters, R.J.B., Oomen, A.G., van Bemmel, G., van Vliet, L., Undas, A.K., Munniks, S., 
Bleys, R., Tromp, P.C., Brand, W., van der Lee, M., 2020. Silicon dioxide and 
titanium dioxide particles found in human tissues. Nanotoxicology 14 (3), 420–432. 

Ruiz, P.A., Moron, B., Becker, H.M., Lang, S., Atrott, K., Spalinger, M.R., Scharl, M., 
Wojtal, K.A., Fischbeck-Terhalle, A., Frey-Wagner, I., Hausmann, M., Kraemer, T., 
Rogler, G., 2017. Titanium dioxide nanoparticles exacerbate DSS-induced colitis: 
role of the NLRP3 inflammasome. Gut 66 (7), 1216–1224. 

Rylander, L., Nilsson-Ehle, P., Hagmar, L., 2006. A simplified precise method for 
adjusting serum levels of persistent organohalogen pollutants to total serum lipids. 
Chemosphere 62 (3), 333–336. 

Sarmiento-Gonzalez, A., Marchante-Gayon, J.M., Tejerina-Lobo, J.M., Paz-Jimenez, J., 
Sanz-Medel, A., 2008. High-resolution ICP-MS determination of Ti, V, Cr, Co, Ni, and 
Mo in human blood and urine of patients implanted with a hip or knee prosthesis. 
Anal. Bioanal. Chem. 391 (7), 2583–2589. 

Saxena, M., Loza-Rosas, S.A., Gaur, K., Sharma, S., Perez Otero, S.C., Tinoco, A.D., 2018. 
Exploring titanium(IV) chemical proximity to iron(III) to elucidate a function for Ti 
(IV) in the human body. Coord. Chem. Rev. 363, 109–125. 

Schanen, B.C., Das, S., Reilly, C.M., Warren, W.L., Self, W.T., Seal, S., Drake, D.R., 2013. 
Immunomodulation and T helper TH(1)/TH(2) response polarization by CeO(2) and 
TiO(2) nanoparticles. PLoS One 8 (5), e62816, 3rd.  

Shimizu, M., Tainaka, H., Oba, T., Mizuo, K., Umezawa, M., Takeda, K., 2009. Maternal 
exposure to nanoparticulate titanium dioxide during the prenatal period alters gene 
expression related to brain development in the mouse. Part Fibre Toxicol. 6, 20. 

Shinohara, N., Danno, N., Ichinose, T., Sasaki, T., Fukui, H., Honda, K., Gamo, M., 2014. 
Tissue distribution and clearance of intravenously administered titanium dioxide 
(TiO2) nanoparticles. Nanotoxicology 8 (2), 132–141. 

Silver, M.K., Arain, A.L., Shao, J., Chen, M., Xia, Y., Lozoff, B., Meeker, J.D., 2018. 
Distribution and predictors of 20 toxic and essential metals in the umbilical cord 
blood of Chinese newborns. Chemosphere 210, 1167–1175. 

Silwood, C.J., Grootveld, M., 2005. Chemical nature of implant-derived titanium(IV) ions 
in synovial fluid. Biochem. Biophys. Res. Commun. 330 (3), 784–790. 

Tamada, T., 2003. An indirect spectrophotometric method for the determination of 
silicon in serum, whole blood and erythrocytes. Anal. Sci. 19 (9), 1291–1296. 

Tang, W., Mu, Y., Li, X., Wang, Y., Liu, Z., Li, Q., Li, M., Scherpbier, R., Guo, S., 
Huang, X., Kang, L., Zhu, J., Liang, J., 2017. Low birthweight in China: evidence 
from 441 health facilities between 2012 and 2014. J. Matern. Fetal Neonatal Med. 
30 (16), 1997–2002. 

Tinoco, A.D., Saxena, M., Sharma, S., Noinaj, N., Delgado, Y., Quinones Gonzalez, E.P., 
Conklin, S.E., Zambrana, N., Loza-Rosas, S.A., Parks, T.B., 2016. Unusual synergism 
of transferrin and citrate in the regulation of Ti(IV) speciation, transport, and 
toxicity. J. Am. Chem. Soc. 138 (17), 5659–5665. 

Trouiller, B., Reliene, R., Westbrook, A., Solaimani, P., Schiestl, R.H., 2009. Titanium 
dioxide nanoparticles induce DNA damage and genetic instability in vivo in mice. 
Cancer Res. 69 (22), 8784–8789. 

Waern, J.B., Harris, H.H., Lai, B., Cai, Z., Harding, M.M., Dillon, C.T., 2005. Intracellular 
mapping of the distribution of metals derived from the antitumor metallocenes. 
J. Biol. Inorg. Chem. 10 (5), 443–452. 

Wang, J., Li, N., Zheng, L., Wang, S., Wang, Y., Zhao, X., Duan, Y., Cui, Y., Zhou, M., 
Cai, J., Gong, S., Wang, H., Hong, F., 2011. P38-Nrf-2 signaling pathway of oxidative 
stress in mice caused by nanoparticulate TiO2. Biol. Trace Elem. Res. 140 (2), 
186–197. 

Weir, A., Westerhoff, P., Fabricius, L., Hristovski, K., von Goetz, N., 2012. Titanium 
dioxide nanoparticles in food and personal care products. Environ. Sci. Technol. 46 
(4), 2242–2250. 

Wu, S., Wang, B., Yang, D., Wei, H., Li, H., Pan, L., Huang, J., Wang, X., Qin, Y., 
Zheng, C., Shima, M., Deng, F., Guo, X., 2016. Ambient particulate air pollution and 
circulating antioxidant enzymes: a repeated-measure study in healthy adults in 
Beijing, China. Environ. Pollut. 208, 16–24. 

Xie, G., Wang, C., Sun, J., Zhong, G., 2011. Tissue distribution and excretion of 
intravenously administered titanium dioxide nanoparticles. Toxicol. Lett. 205 (1), 
55–61. 

Xu, H.D., Zhou, J.W., Tang, S.C., Kong, F.L., Li, X.W., Shen, Z.L., Yan, L., Chen, Z.J., 
Zhao, L., Jia, G., Zhang, J., 2016. Evaluation of health effect among occupational 
population exposed to nano-titanium dioxide: a cross-sectional study [in Chinese]. 
Zhonghua Yu Fang Yi Xue Za Zhi 50 (11), 976–981. 

Yazdi, A.S., Guarda, G., Riteau, N., Drexler, S.K., Tardivel, A., Couillin, I., Tschopp, J., 
2010. Nanoparticles activate the NLR pyrin domain containing 3 (Nlrp3) 
inflammasome and cause pulmonary inflammation through release of IL-1alpha and 
IL-1beta. Proc. Natl. Acad. Sci. USA 107 (45), 19449–19454. 

Yuan, Y., Xiao, Y., Yu, Y., Liu, Y., Feng, W., Qiu, G., Wang, H., Liu, B., Wang, J., Zhou, L., 
Liu, K., Xu, X., Yang, H., Li, X., Qi, L., Zhang, X., He, M., Hu, F.B., Pan, A., Wu, T., 
2018. Associations of multiple plasma metals with incident type 2 diabetes in 
Chinese adults: the Dongfeng-Tongji Cohort. Environ. Pollut. 237, 917–925. 

Zhao, L., Zhu, Y., Chen, Z., Xu, H., Zhou, J., Tang, S., Xu, Z., Kong, F., Li, X., Zhang, Y., 
Li, X., Zhang, J., Jia, G., 2018. Cardiopulmonary effects induced by occupational 
exposure to titanium dioxide nanoparticles. Nanotoxicology 12 (2), 169–184. 

Zheng, G., Zhong, H., Guo, Z., Wu, Z., Zhang, H., Wang, C., Zhou, Y., Zuo, Z., 2014. 
Levels of heavy metals and trace elements in umbilical cord blood and the risk of 
adverse pregnancy outcomes: a population-based study. Biol. Trace Elem. Res. 160 
(3), 437–444. 

Y. Jin et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref35
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref35
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref35
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref35
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref35
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref36
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref36
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref36
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref37
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref37
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref37
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref38
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref38
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref39
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref39
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref39
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref40
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref40
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref40
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref41
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref41
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref41
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref41
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref42
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref42
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref42
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref43
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref43
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref43
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref43
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref44
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref44
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref44
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref45
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref45
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref45
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref46
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref46
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref46
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref47
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref47
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref47
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref48
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref48
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref48
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref49
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref49
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref50
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref50
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref51
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref51
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref51
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref51
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref52
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref52
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref52
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref52
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref53
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref53
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref53
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref54
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref54
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref54
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref55
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref55
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref55
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref55
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref56
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref56
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref56
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref57
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref57
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref57
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref57
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref58
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref58
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref58
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref59
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref59
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref59
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref59
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref60
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref60
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref60
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref60
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref61
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref61
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref61
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref61
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref62
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref62
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref62
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref63
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref63
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref63
http://refhub.elsevier.com/S0147-6513(20)31469-X/sbref63

	Environmental titanium exposure and reproductive health: Risk of low birth weight associated with maternal titanium exposur ...
	1 Introduction
	2 Materials and method
	2.1 Study design and participants
	2.2 Blood titanium analysis
	2.3 Analysis of serum biomarkers
	2.4 Statistical analysis

	3 Results
	3.1 Population characteristics
	3.2 Titanium concentration in maternal blood
	3.3 Association between titanium in maternal blood and LBW
	3.4 Association between blood titanium and serum biomarkers

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary information
	References


