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Maternal exposure to nano-titanium dioxide impedes fetal development via endothelial-to-mesenchymal transition in the placental labyrinth in mice
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Abstract
Background
Extensive production and usage of commercially available products containing TiO2 NPs have led to accumulation in the human body. The deposition of TiO2 NPs has even been detected in the human placenta, which raises concerns regarding fetal health. Previous studies regarding developmental toxicity have frequently focused on TiO2 NPs < 50 nm, whereas the potential adverse effects of large-sized TiO2 NPs received less attention. Placental vasculature is essential for maternal–fetal circulatory exchange and ensuring fetal growth. This study explores the impacts of TiO2 NPs (100 nm in size) on the placenta and fetal development and elucidates the underlying mechanism from the perspective of placental vasculature. Pregnant C57BL/6 mice were exposed to TiO2 NPs by gavage at daily dosages of 10, 50, and 250 mg/kg from gestational day 0.5–16.5.

Results
TiO2 NPs penetrated the placenta and accumulated in the fetal mice. The fetuses in the TiO2 NP-exposed groups exhibited a dose-dependent decrease in body weight and length, as well as in placental weight and diameter. In vivo imaging showed an impaired placental barrier, and pathological examinations revealed a disrupted vascular network of the labyrinth upon TiO2 NP exposure. We also found an increase in gene expression related to the transforming growth factor-β (TGF-β) -SNAIL pathway and the upregulation of mesenchymal markers, accompanied by a reduction in endothelial markers. In addition, TiO2 NPs enhanced the gene expression responsible for the endothelial-to-mesenchymal transition (EndMT) in cultured human umbilical vein endothelial cells, whereas SNAIL knockdown attenuated the induction of EndMT phenotypes.

Conclusion
Our study revealed that maternal exposure to 100 nm TiO2 NPs disrupts placental vascular development and fetal mice growth through aberrant activation of EndMT in the placental labyrinth. These data provide novel insight into the mechanisms of developmental toxicity posed by NPs.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12989-023-00549-3.
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Introduction
Titanium dioxide nanoparticles (TiO2 NPs) are one of the most commonly used nanomaterials [1–3]. The main routes of human exposure to TiO2 NP are ingestion through food supplements (E 171) and pharmaceuticals, occupational inhalation, and dermal contact with cosmetics [4–7]. A recent study has detected TiO2 nanoparticles in human fetal feces and found TiO2 (E171) in the syncytiotrophoblast microvilli and placental chorionic mesenchyme in ex vivo human placental perfusion test [8]. Moreover, experimental studies using the mouse and rat models have found that maternal exposure to TiO2 NPs during pregnancy can even lead to TiO2 NPs accumulation in the fetal brain [9, 10], suggesting that TiO2 NPs can penetrate the placental barrier and pose a threat to fetal health. Unfortunately, no direct epidemiological evidence exists for the link between TiO2 NPs exposure and adverse pregnancy or birth outcomes. Nevertheless, a longitudinal study of children in France has revealed an association between maternal occupational exposure to nanoscale particles and small for gestational age (SGA) outcomes [11]. Although there is an urgent need for epidemiological data, a large number of experimental studies on the developmental effects of TiO2 NPs using animals models have reported a range of impacts, including pregnancy complications, miscarriages, retarded fetal development, and aberrant breathing in the offspring [12–15]. Previous studies on the developmental toxicity of TiO2 have investigated fetal birth outcomes, while the early events and toxic injury mechanisms remain largely unknown.
The normal function of placental blood vessels is vital for promoting fetal growth, and placental blood vessel disturbance is often observed in adverse birth outcomes [16–19]. Previous studies on TiO2 NP developmental toxicity had found that exposure to TiO2 NPs smaller than 50 nm caused a decrease in placental diameter and weight, and a dysregulation of vascularization [20–22]. Endothelial cells (ECs) play a critical role in placental vascular growth and barrier function [23–25]. They are the central effector cells during early and long-term TiO2 NP exposure. However, little is known about the damaging effects of TiO2 NP exposure on placental vascular ECs. The endothelial-to-mesenchymal transition (EndMT) is an essential process in angiogenesis: tightly connected ECs lose their endothelial properties and acquire strong fluidity, detach from the endothelium and migrate to elongate blood vessels [26–28]. Upon hypoxia, redox stress, and inflammation, aberrant activated EndMT by the TGF-β pathway may lead to chronic vascular injury [29–31]. Given that exposure to TiO2 NPs can trigger oxidative stress in ECs, we hypothesized that TiO2 NPs may disturb fetal development through the induction of EndMT in placental blood vessels.
Previous studies have focused on developmental toxicity in TiO2 NPs smaller than 50 nm, while more recent attention has been paid to the effects of foodborne TiO2 (larger than 50 nm) on maternal and infant health [32, 33]. For instance, food-grade E171, which primarily comprises TiO2 particles ranging from 60 to 300 nm, with an average size of 118 nm, has recently been found to be detrimental to human health by the European Food Safety Authority (EFSA) panel [34, 35]. Animal experiments have shown that the food additive TiO2 (E171) can accumulate in the placenta and cause a decrease in female rats’ pregnancy rates [34, 36]. Given the increasing evidence of crossing the placental barrier, there is an urgent need to investigate whether foodborne TiO2 NPs (> 50 nm) impose adverse effects on fetal development and explore potential toxicity mechanisms.
In this study, we explored the adverse effects of TiO2 NPs (100 nm in size) on the placenta and fetal development and elucidated the underlying mechanism from the perspective of placental vasculature. We found that TiO2 NPs appear to interfere with vascular EndMT in the placental labyrinth, thus hindering intrauterine fetal development. Our findings may shed light on nanomaterial-induced fetal developmental toxicity.

Results
TiO2 NPs accumulate in the placenta and fetus
The characterization of TiO2 NPs is shown in Table 1. The hydrodynamic size distribution of NPs is shown in Fig. 1a. Inductively coupled plasma-mass spectrometry (ICP-MS) has been used to measure the concentration of Ti elements to evaluate TiO2 NP accumulation in the placenta and the fetus. As shown in Fig. 1b, titanium element (Ti) concentrations increase in the fetus in a dose-dependent manner. Compared with a control, the Ti concentration in the fetuses increased by 19.7%, 43.1%, and 95.4% in the 10, 50, and 250 mg/kg groups, respectively (Fig. 1b). Meanwhile, Ti concentration in the placenta also increased by 30.4% and 35.3% in the 10 and 50 mg/kg groups, respectively, while no significant change was observed in the 250 mg/kg group (Fig. 1c). The ratio of placenta Ti versus fetus Ti concentration showed a decreasing tendency (Fig. 1d), hinting that TiO2 NPs may have penetrated the placental barrier. These data suggest that exposure to TiO2 NPs in size of 100 nm led to an accumulation in the placenta and a simultaneous leakage from the placenta to fetal mice.Table 1TiO2 NP characterization


	 	Primary size (nm)
	Hydrodynamic diameter (nm)
	Purity (%)
	PDI

	TiO2
	100
	630.4 ± 94.4
	99
	0.4


The hydrodynamic distribution of NPs were determined by dynamic light scattering (DLS) analysis using Malvern Panalytical, MA, USA. The data for each sample were obtained from three replicates.
Hydrodynamic diameter is presented as mean ± SEM. n = 3


[image: ]
Fig. 1The hydrodynamic diameter of TiO2 and Ti concentration in the fetus and the placenta. a Hydrodynamic size distribution of TiO2; b, c Titanium element (Ti) concentrations dose-dependently elevated in the fetuses with maternal exposure to TiO2 NPs. Ti concentration also increased in the placenta in the 10 and 50 mg/kg groups; d Decreased placenta Ti/fetus Ti concentration ratios suggested Ti transportation from the placenta to the fetus, hinting disturbed placental barrier function. Data are presented as mean ± SEM. n = 3 mice or placentas. *p < 0.05 as compared with the normal control (NC)



TiO2 NP exposure disrupted placental barrier function
A critical function of the placenta is to protect the fetus from hazards, which primarily relies on the intact placental vascular structure and function. Herein, we used the angiographic agent indocyanine green (ICG) to examine vascular permeability in mouse placentas. ICG would not penetrate through the placenta with an intact barrier and is mainly excreted by the liver. Hence it shows a strong signal in the liver. Upon barrier impairment, ICG leaks into the labyrinth and even into the fetus, represented by an increased signal in hypogastrium and a decreased signal in the liver [37, 38]. Compared with normal pregnant mice, significant increases in signal intensities in the hypogastrium were observed in the 50 and 250 mg/kg groups (Fig. 2a), whereas liver signal intensities in the TiO2 NP exposure group decreased slightly; after adjusting the foot signal intensities, the adjusted hypogastrium signals of the 10, 50, and 250 mg/kg exposure groups increased by 13.2%, 152.6%, and 223.7% compared with the control (Fig. 2b), respectively. This suggests that placental barrier permeability increased after TiO2 NP exposure. To further examine the impairment of the placental barrier, we measured barrier-related gene expression. As shown in Fig. 2c, TiO2 NP exposure dose-dependently suppressed gene expression of the tight junction proteins Ocln and Tjp. The result indicates that the leakage of the placental barrier caused by TiO2 NPs may be associated with the impaired tight junction.[image: ]
Fig. 2TiO2 NP exposure disrupted the placental barrier function. a, b We collected images with an in vivo imaging system (IVIS) after the indocyanine green injection. It showed stronger ICG signals in the hypogastrium in pregnant mice from the 50 and 250 mg/kg groups. Normalized by the signal intensity in the feet, the hypogastrium intensities increased in a dose-dependent manner. c Significant decreases of Ocln and Tjp gene expression were observed following TiO2 exposure, suggesting disrupted placenta barrier function. Data are presented as mean ± SEM. n = 3 mice in IVIS; n = 7 placentas from 7 mice in qPCR. *p < 0.05 and **p < 0.01 as compared with the normal control (NC)



TiO2 NPs impeded fetal and placental growth in mice
We observed impaired placental barrier function and TiO2 NP leakage to the fetuses. Hence, we evaluated the effects of TiO2 NPs on fetal and placental development. The numbers of fetus and fetal losses were similar between the control and exposed groups. TiO2 NP exposure at 10 mg/kg showed little adverse effect on the fetuses, while TiO2 NP exposure at 50 mg/kg and 250 mg/kg resulted in significant decreases in both fetus weights and fetus lengths (Table 2). Furthermore, placental weights decreased in a dose-dependent manner after TiO2 NP exposure (p < 0.05 or p < 0.01), and fetus/placenta weight ratios also decreased after TiO2 NP exposure. Moreover, histopathological examination showed that TiO2 NP exposure caused a dose-dependent decreased area of the placenta’s longitudinal section, and a pronounced reduction of the total placental area was exhibited in the 250 mg/kg group (Fig. 3a,b). Notably, the area of the placental labyrinth significantly decreased in the 250 mg/kg group. We also examined the structural change in the labyrinth (Fig. 3c) and observed a distinctly sparse structure with more and larger vacuoles after TiO2 NP exposure (in contrast to the compact and complex structure of the labyrinth in the control group), implicating an impeded labyrinth development. We did not observe any significant differences in organ-weight-to-body-weight ratios in maternal organs, including heart, liver, spleen, lung, and kidney (Additional file 1: Table S1). These results suggest that TiO2 NP exposure disrupted labyrinth structure and restrained fetal growth.Table 2TiO2 NP impeded fetal growth and placental development


	 	NC
	10 mg/kg
	50 mg/kg
	250 mg/kg

	Fetal body weight (g)
	0.760 ± 0.029
	0.720 ± 0.033
	0.614 ± 0.041**
	0.612 ± 0.030**

	Crown-rump length (cm)
	1.756 ± 0.019
	1.717 ± 0.026
	1.661 ± 0.037*
	1.651 ± 0.036*

	Placental weight (g)
	0.129 ± 0.043
	0.124 ± 0.032
	0.115 ± 0.020*
	0.115 ± 0.019*

	Placental efficiency
	6.532 ± 2.759
	5.863 ± 1.671
	5.219 ± 2.488**
	5.538 ± 2.552*

	Fetus number per dam
	9.0 ± 2.2
	7.3 ± 1.7
	8.5 ± 1.5
	8.7 ± 1.5

	Total fetal loss
	1
	1
	0
	0


Data are presented as mean ± SEM. n = 51–63. *p < 0.05, **p < 0.01 as compared with the normal control (NC)


[image: ]
Fig. 3TiO2 NP exposure impeded placental development in mice. a, b Pathological examination revealed that TiO2 NP exposure decreased the placental areas and labyrinth areas. c TiO2 NP exposure led to a dose-dependent increase in vacuoles in the labyrinth. Black arrows indicate the labyrinth vacuoles. Data are presented as mean ± SEM. n = 3 placentas from 3 mice. *p < 0.05 as compared with the normal control (NC)



TiO2 NP-induced EndMT in the placental labyrinth
As TiO2 NPs appear to impair placental barrier function and disturb labyrinth structure, we further examined the vasculature in the placental labyrinth. Firstly, we used laminin to label the blood vessels in the labyrinth by immunofluorescence. As shown in Fig. 4a, the laminin area in the labyrinth decreased by 14.5%, 19.5%, and 45.5% in the 10, 50, and 250 mg/kg groups, respectively. Meanwhile, the laminin intensities decreased by 20.1%, 25.6%, and 44.9% in the 10, 50, and 250 mg/kg groups, respectively. Accordingly, it appeared that the TiO2 NPs had affected the development of the villus blood vessels in the placental labyrinth.[image: ]
Fig. 4TiO2 NPs exposure decreased vascular density in the placenta. a, b Laminin was used to label the placental blood vessels. The laminin staining areas and intensities decreased after TiO2 NP exposure. Data are presented as mean ± SEM. n = 3 placentas from 3 mice. **p < 0.01 as compared with the normal control (NC)


Of note, endothelial cells (ECs) are the primary constituent cells of placental blood vessels, and endothelial dysfunction caused by aberrant activated EndMT is one of the most common causes of vascular structural disorders. Therefore, we then examined the EndMT in the placental labyrinth. As shown in Figs. 5a,b, the intensities of CD31 significantly decreased by 47.1% in the 250 mg/kg groups (p < 0.01); the CD31 areas also decreased by 29.5% and 42.6% in the 50 and 250 mg/kg groups, respectively (p < 0.05 and p < 0.01). We have also determined the intensity of vimentin (Vim), a typical mesenchymal marker. The result showed that the Vim intensity significantly increased by 37.0% and 154.8% in the 50 and 250 mg/kg groups, respectively. Consistently, the vimentin/CD31 intensity ratios increased by 92.4%, and 425.7% in the 50 and 250 mg/kg groups, respectively. No significant change was observed in either Vim intensity or Vim/CD31 ratio in the 10 mg/kg group. In addition, TiO2 NP exposure decreased the gene expressions of endothelial markers Cd31 and Kdr (Fig. 5c), whereas the expressions of mesenchymal markers Vim and Cdh2 increased dose-dependently (Fig. 5c). Moreover, expressions of Tgfb, Twist, Snail, and Slug increased, indicating that the transformation growth factor-β (TGF-β)-EndMT pathway had been activated and the ECs had acquired mesenchymal properties following TiO2 NP exposure. The results suggest that maternal exposure to TiO2 NPs during pregnancy induced aberrant EndMT in the placental vasculature.[image: ]
Fig. 5TiO2 NPs activated EndMT in the placental labyrinth. a, b TiO2 NPs exposure induced vimentin (Vim) expression and suppressed CD31 expression in the labyrinth in a dose-dependent manner. c The qPCR results revealed that TiO2 NPs activated the TGF-β-SNAIL pathway (Tgfb, Twist, Snail, and Slug), enhanced mesenchymal marker genes (Vim and Cdh2), and suppressed endothelial marker genes (Kdr and Cd31). Data are presented as mean ± SEM. n = 3 placentas from 3 mice for Immunofluorescence staining; n = 7 placentas from 7 mice for qPCR. *p < 0.05 and **p < 0.01 as compared with the normal control (NC)




                           SNAIL knockdown attenuated TiO2 NP-induced EndMT in HUVECs
To verify the assumption that TiO2 NPs disturbed the labyrinth vasculature by activating TGF-β-SNAIL-mediated EndMT, we used siRNA targeting SNAIL to pretreat Human Umbilical Vein Endothelial Cells (HUVECs) prior to TiO2 NP exposure. A scratch test was performed, EndMT gene expression was determined, and vimentin fluorescence staining was conducted to assess the mesenchymal transition of the HUVECs. As shown in Fig. 6a, siSNAIL treatments suppressed SNAIL expression of the HUVECs in a dose-dependent manner. siSNAIL at a concentration of 30 pmol suppressed SNAIL expression by 72.3%. Hence we used 30 pmol siSNAIL to treat the cells in the following experiment. As shown in Fig. 6b, a significantly decreased wound area by 18.3% was observed in TiO2 NPs treated cells compared to the control, whereas co-treatment with siSNAIL and TiO2 significantly increased the wound area by 22.7% compared to the TiO2 group. The gene expressions involved in the TGF-β-SNAIL-EndMT in the HUVECs were then determined (Fig. 6c, d). The mesenchymal marker genes VIM and CDH2, TGFB, SMAD2, SMAD3, and SAMD4 significantly increased after TiO2 treatment, whereas siSNAIL abrogated the induction of those genes related to TGF-β-SNAIL-EndMT pathway. We also determined vimentin intensity by Immunofluorescence staining and mRNA level by qPCR. As shown in Fig. 6d, TiO2 NP treatment significantly increased vimentin intensity and mRNA in HUVECs compared to the control, while knockdown of SNAIL abolished the elevation of the vimentin level. Collectively, our results implicated that TiO2 NPs exposure triggered EndMT through the TGF-β-SNAIL pathway.[image: ]
Fig. 6SNAIL knockdown attenuated TiO2 NP-induced EndMT in HUVECs in vitro. a siSNAIL treatment suppressed the expression of SNAIL in a dose-dependent manner. b TiO2 NP treatment enhanced cell migration, whereas siSNAIL treatment attenuated the effect. c, d The qPCR results revealed that TiO2 activated TGF-β-SNAIL-mediated EndMT in the HUVECs (enhanced TGFB, SNAIL, SMAD2, SMAD3, SAMD4, CDH2, and VIM), which was abrogated by knockdown of SNAIL. Immunofluorescence staining suggested that TiO2 treatment induced the mesenchymal marker vimentin in HUVECs, which was restrained by siSNAIL treatment. Data are presented as mean ± SEM. n = 3 independent experiments. *p < 0.05, **p < 0.01 as compared with the normal control (NC); #p < 0.05, ##p < 0.01 as compared with the TiO2 group




Discussion
Usage and human exposure levels of TiO2 NPs have been increasing over the years, while the fetal health risks of large-sized TiO2 NPs above 50 nm in diameter, which are predominant portions in food additives have yet to receive sufficient attention. In the present study, we explored the adverse effects of 100 nm TiO2 NPs on fetal development and revealed a toxic mechanism from the perspective of placental vascular injury. We discovered that 100 nm TiO2 NPs triggered EndMT by activating the TGF-β-SNAIL pathway, disrupted the labyrinth vasculature in the placenta, and ultimately hindered fetal growth (Fig. 7).[image: ]
Fig. 7Schematic diagram of the impacts of TiO2 NPs on embryonic and fetal intrauterine development and the underlying mechanism. Maternal exposure to 100 nm TiO2 NPs resulted in placental accumulation and concomitant transfer to mouse fetuses. TiO2 NP exposure caused EndMT activation in the labyrinth, endothelial dysfunction, disturbance in the placental barrier, and ultimate fetal growth retardance


We treated the pregnant mice daily with TiO2 of 100 nm in size by gavage from gestational day 0.5–16.5 at various concentrations, including a dose comparable to the human estimated daily intake of food-additive E171 (maximum level = 13.6 mg/kg/day). Transported in the circulation and distributed among the tissues, the majority of TiO2 NPs are unchanged. Nevertheless, some TiO2 NPs may form combination and precipitate, and very small amounts of TiO2 NPs would dissolve in body fluids and form ions [39]. The placental Ti concentrations in mice from the control group were comparable to basal Ti detected in human placentas[8]. Our study showed that maternal TiO2 NP exposure resulted in a significant accumulation of Ti in the placenta (1.32–4.37 μg/g) and the fetus (2.18–3.08 μg/g), consistent with the Ti accumulation in the fetus and the placenta reported in previous experimental studies upon exposure to TiO2 ranging from 10 to 35 nm (up to 5.092 μg/g in the placenta, up to 3.259 μg/g in the fetus). We found that the fetal Ti concentration increased in the 10, 50, and 250 mg/kg groups in a dose–response manner. In addition, Ti concentration dose-dependently increased in the placenta in the 10 and 50 mg/kg groups, while it did not change in the 250 mg/kg group. Notably, the highest placental barrier leakage in the ICG assay, the most disorganized vasculature, and the most robust EndMT activation were observed in the 250 mg/kg group. These results suggest that the vasculature is severely disrupted in the placenta exposed to 250 mg/kg TiO2 NPs, which may lead to an accentuated TiO2 leakage from the placenta to the fetus and ultimately alleviates placental Ti accumulation.
The placental barrier plays a critical role in maintaining fetal health [40]. In this study, we assessed placenta barrier function by in vivo imaging system (IVIS) using clinical angiographic agent ICG. Our findings showed that the placental barrier was significantly impaired in mice exposed to 50 and 250 mg/kg TiO2 NPs at GD 13.5. This may have been the reason for TiO2 NP leakage to the fetuses. In addition, the expression of barrier function genes Ocln and Tjp in the placenta also decreased, consistent with previous reports of blood barrier disruption due to nanomaterials [41–43]. Previous studies usually assessed the effect of nanoparticles on placental barrier function using the histopathological examination or detection of tight junction protein expression [44, 45]. Actually, IVIS offers a more readily approach for the in vivo placenta function evaluation in NP-induced developmental toxicity. The blood-placental barrier consists of endothelial cells of villi blood vessels, trophoblasts, and a thin layer of connective tissue [46]. In our study, TiO2 NP exposure caused the downregulated gene expression correlated with the vascular barrier, disordered vascular network, and aberrant activated EndMT in the placenta. The results strongly suggest that placental vasculature is a critical target of TiO2 NPs, and vascular disruption is more likely to be an essential reason for the placental barrier impairment. This raises further concerns about nanoparticles larger than 50 nm in the placental vascular system.
We then examined TiO2 NPs’ effects on fetal development following impaired placental barrier function. The impaired placental barrier perturbed fetal development in the 50 and 250 mg/kg groups. Similar to TiO2 NPs smaller than 50 nm [47], the developmental toxicity of 100 nm TiO2 NPs to fetal mice was manifested primarily as fetal growth. Interestingly, a previous study treated rats with 153 nm TiO2 NPs at 1000 mg/kg from GD 6 to GD 20 did not induce maternal and embryo-fetal developmental toxicities [48]. The distinct response may be due to TiO2 size difference and/or a strain-dependent effect. Alternatively, the exposure window may play a decisive role since the placental development begins at GD 3.5 [49, 50], and GD 3.5 and GD 6 is probably more sensitive to TiO2 exposure. Moreover, our study is the first to show that maternal exposure to 100 nm TiO2 NP during pregnancy impedes placental growth. The decreased placental size and disordered vascular network indicate a compromised placental development and a decrease of terminal villi blood vessels (increased vacuoles), which lower the maternal–fetal exchange efficiency, cause insufficient nutrient and oxygen transfer [51, 52], and eventually impede fetal growth caused by TiO2 NPs exposure. The dose-dependent decrease in laminin staining areas and intensities also suggested the severely impeded vascular development in the labyrinth. Defects and deficiencies in labyrinth formation are frequent causes of developmental failure and growth deficits [53, 54]. Previous studies found that TiO2 smaller than 25 nm induced placental labyrinth vascular structural disorder at the level of 10 mg/kg. Given that labyrinth development in mice begins at GD 8.5 [55–57], we speculate that placental labyrinth vascular impairment may be an early event in TiO2 NPs’ developmental toxicity.
Aberrant activation of EndMT by xenobiotics and stress can cause endothelial dysfunction, which leads to disordered vascular structure [58–61]. In the present study, we observed TiO2 NP decreased CD31 expression whereas increased vimentin expression in the vasculature of labyrinth, and the vimentin/CD31 signal intensity ratio increased dose-dependently. Meanwhile, the increased EndMT-related genes and mesenchymal markers (Tgfb, Twist, Snail, Slug, Vim, and Cdh2), and the decreased endothelial markers (Cd31 and Kdr) are hallmarks of TGF-β-SNAIL-mediated EndMT. Given the increased mesenchymal markers in ECs and the correlation between EndMT-associated genes and mesenchymal EC phenotype, we speculated that TiO2 NPs induce the mesenchymal transition of endothelial cells in the labyrinth. This may be an essential event for TiO2 NPs to cause abnormal placental vascular structure and function, ultimately affecting fetal development. To date, there has been little research on EndMT in placental vascular injury, and our findings may further broaden the connection between placental EndMT and fetal development. It should be noted that EndMT-associated genes Vim, Cdh2, Tgfb, Slug, Snail, and Twist may also be expressed by trophoblasts during migration. As we extracted the whole labyrinth and quantified the mRNA levels by qPCR, we can not exclude the role of trophoblast in the regulation of those genes and may further explore it in future studies.
As SNAIL is known as a key regulator of EndMT [28, 62], we pretreated HUVEC cells with siRNA targeting SNAIL to verify the essential role of SNAIL-mediated EndMT in TiO2 NP-induced endothelial dysfunction. After treatment with TiO2 NPs, the cell migration ability of EC treated with TiO2 NPs is enhanced, consistent with previous studies [63, 64]. In addition, mesenchymal marker genes (VIM, CDH2) and EndMT pathway genes (TGFB, SNAIL, SMAD2, SMAD 3, and SMAD4) had increased, suggesting that TiO2 NP treatment had induced mesenchymal transition of the HUVECs. In contrast, siSNAIL pretreatment appeared to attenuate TiO2-induced EndMT. A previous study also reported that 10 nm iron oxide nanoparticles induce reversible EndMT of HUVECs at acutely non-cytotoxic concentrations [65]. In line with animal and cell experiments, we speculate that excessive EndMT activation may be responsible for endothelial dysfunction induced by TiO2 NPs.
We defined 10 mg/kg as a 'human-relevant dose' because the European Food Safety Authority (EFSA) calculated the estimated daily intake (EDI) of TiO2 NPs from food in ordinary people up to 13.6 mg/kg/day [66]. Although fetal development, ICG permeability, labyrinth area, laminin intensity, Vimentin/CD31 ratio were not significantly changed, the mRNA levels of tight junction molecules Ocln and TjP, and mesenchymal marker Vim were altered in the 10 mg/kg group, indicating a disturbance of gene expression related to EndMT and barrier in labyrinth vasculature. Regarding the extrapolation of our data to humans, a variety of aspects including exposure duration, interspecies differences in exposure and pharmacokinetics, and expected differences among members of the target human population (e.g. differences between adults and children) should be considered [67]. It is noted that women may expose to TiO2 NPs before pregnancy and human pregnancy duration (~ 40 weeks) is over ten times of the mice (~ 3 weeks). A more prolonged exposure inevitably increases the risk of developmental toxicity. Given that an explicit model or an uncertainty factor (UF) should be applied in the extrapolation, the apparent dose-dependent responses of placental impairment and fetal development with an emphasis on vasculature upon exposure to 10 ~ 250 mg/kg TiO2 NPs in our findings strongly indicate a health risk for human exposure. Moreover, despite the lack of EDI of the occupational population who has a relatively higher chance of being exposed to TiO2 NPs materials/products [68, 69], the presumable exposure range for specific TiO2 manufacturing workers (e.g. surface treaters and packers) might exceed 13.6 mg/kg/day. Taken together, our study provides valuable data for health risk assessment of TiO2 NPs’ developmental effects. Our study may extend the knowledge of nanoparticle developmental toxicity and raise the concern of TiO2 NPs in food additives.

Conclusion
Maternal exposure to 100 nm TiO2 NPs from GD 0.5 to 16.5 during pregnancy inhibited development in fetal mice and induced placental labyrinth vascular injury. Combining in vivo and in vitro experiments, we found that developmental toxicity is mainly attributable to the EndMT activation in the placental labyrinth by TiO2 NPs. This suggests that food-derived TiO2 NPs may threaten human fetal intrauterine development.

Materials and methods
Chemicals and reagents
The anatase TiO2 NPs (T818939) consisting of 100 nm particles at a density of 4.26 g/mL at 25 °C were obtained from Macklin reagent (China). ICG was purchased from Sigma (USA). Isoflurane was purchased from Reward Life Science Co., Ltd. (China). Primary antibody to laminin (L9393) was purchased from Sigma-Aldrich (USA). Primary antibody to CD31 (550,274) was purchased from BD Pharmingen (USA). Primary antibody to vimentin (ab92547) was purchased from Abcam (UK). HRP binding secondary antibody was purchased from Santa Cruz (USA). Anti-rat IgG (H + L, Alexa Fluor® 555 Conjugate) and anti-mouse IgG (H + L, Alexa Fluor® 488 Conjugate) were purchased from Cell Signaling Technology (USA). Hoechst 33258 was purchased from Invitrogen (USA). Bovine serum albumin (BSA) and sodium chloride were obtained from Sigma (St.Louis, USA). Paraformaldehyde (PFA) was chased from Santa Cruz Biotechnology (California, USA).

Animal administration
Female and male C57BL/6 mice (8–10 weeks old) were purchased from Sun Yat-sen University Laboratory Animal Center (SPF grade, Certificate No. SCXK 2020–0107). The mice were housed in a specific pathogen-free (SPF) facility under constant temperature (22–25 °C) and humidity (40–60%) conditions with a 12 h light/dark cycle, and food and water provided ad libitum.
After adaptive feeding, female mice were mated with male mice (2:1) overnight to generate pregnant mouse models. Gestational day 0.5 (GD 0.5) was determined upon the appearance of the vaginal hydrant, and the pregnant dams were immediately housed in individual cages. Pregnant C57BL/6 females were randomly assigned to one normal control group and three experimental groups (n = 10 in each group). We followed the estimated daily intake of food-additive TiO2 (average size 104 ± 40 nm) in human adults (1.9–13.6 mg/kg/day) from an EFSA report [34]. The mice in the experimental groups were treated daily with a TiO2 NP water suspension (10, 50, 250 mg/kg) by gavage from GD 0.5 to GD 16.5. The mice in the pregnancy control group were administered distilled water. At GD 16.5, the mice were sacrificed and the placentas and fetuses were harvested. Fetal weight, placental weight, fetal crown-rump length, and live fetuses per mother were recorded. All collected samples were weighed and maintained in frozen conditions (approximately − 80 °C) until further analysis. All animal studies were performed in strict accordance with the recommendations of the Ethical Committee for Animal Experimentation at the School of Public Health, Sun Yat-sen University, and following the NIH guidelines “Guide for the Care and Use of Laboratory Animals”.

TiO2 size characterization and measurement
TiO2 nano-powder was diluted in 2% heat-inactivated serum in MilliQ water. Next, the solution was sonicated with an ultrasonic cleaner (SB-5200DT, Ningbo Scientz Biotechnology Co., Ltd, Ningbo, China) at 20% of maximum amplitude for 20 min on ice. The suspended TiO2 NP solution was freshly prepared before use, and vehicle control was achieved by sonication of 2% heat-inactivated serum in MilliQ water. The particles in the solution were then observed by transmission electron microscopy (Hitachi-7500; Hitachi, Ltd, Tokyo, Japan). Field emission scanning electron microscopy (Hitachi SU8010) with energy dispersive spectroscopy (Oxford X-MAN 50) (FE-SEM/EDS) was used to analyze the chemical elemental composition. The hydrodynamic diameter of the TiO2 NPs was determined by dynamic light scattering (DLS) using Malvern Zetasizer Nano ZS90 (Malvern Panalytical, UK). The data were calculated by three replicates for each sample.
The Titanium (Ti) element concentration was measured with ICP-MS. Placenta and fetal samples were weighed and added to a 12 mL teflon microwave digestion vessel along with 5 mL of 70% nitric acid and 1 mL of 30% hydrogen peroxide using a microwave-accelerated reaction system (MARS) express instrument (1600 W, ramp up to 150 °C over 15 min, ramp up to 180 °C over 15 min, hold at 180 °C for 20 min). When the digestion solution was concentrated to a total volume of 3 mL, 0.1 mL of cesium solution (1.0 μg/mL) was added as an internal standard. After dilution with nitric acid to 10 mL, ICP–MS (Agilent 7800, USA) was used to measure titanium concentrations in the collected samples. Instrumental operating conditions were as follows: 1550 W of radiofrequency (RF) power, a 1.0 L/min nebulizer gas flow rate, and a 0.9 L/min auxiliary gas flow rate. A standard Ti curve (0, 20, 40, 60, 80, and 300 μg/L) was determined and used for quantification, and the coefficients of determination (R2) for titanium exceeded 0.999. Blank samples, which consisted of solutions without the presence of tissue, were used to assess contamination during the experiments.

In vivo imaging studies
The in vivo imaging studies were conducted in accordance with previous studies [37, 38]. In an experiment, five mice at GD13.5 each from the non-pregnant control, pregnant control, 10 mg/kg, 50 mg/kg, and 250 mg/kg groups were shaved and anesthetized via isoflurane (1–2%, v/v) on a platform kept at 37 °C. Indocyanine green (ICG) solution (injected concentration 1 mM) was prepared by adding 0.167 mg ICG to a solution consisting of 10 parts double distilled water and 2 parts filtered 2 mM phosphate buffer containing 9.3% sucrose). ICG was injected into the tail vein in a total volume of 200 μL. In vivo scans of the mice were performed with the following acquisition parameters over a time period of 30 min, (excitation filter: 745 nm, emission filter: 820 nm, exposure time: 2 s, binning factor: medium, f/Stop: 2, field of view: D).
For analysis of the in vivo ICG kinetics, regions of interest (ROIs) were drawn over the maternal livers (0.25 cm2) and feet (0.09 cm2) using Living Image 4.3.1 (PerkinElmer, Waltham, MA, USA). The feet were selected as the reference background region because they are far from the injection site, the hypogastrium and the liver (preliminary studies have shown that the latter exhibits high ICG emission), and can be clearly identified. Upon quantifying fluorescence with Living Image, the mice’s radiant efficiency (represented as (photons/sec/cm2/steradian)/(μW/cm2)) was analyzed. Average radiant efficiency units over the first 20 min are presented in this analysis.

Pathological examination
Three mouse placentas from 3 different mice per treatment condition from separate litters of dams were sacrificed on GD 16.5. The placentas were quickly dissected on ice and fixed in 4% paraformaldehyde (PFA) solution for 24 h. Paraffin Sections (10 μm thickness) of three different placentas from each group stained with hematoxylin and eosin (H&E) were used to examine any pathological changes. Then sections were photographed using a Nikon DS-Fi1 microscope (Nikon) at 10 × objective magnification for morphological evaluation. Slides were observed and imaged with an Olympus IX73 microscope (Olympus Corporation, Japan). The areas of the whole placenta, the placental decidua, the spongiotrophoblast and the labyrinth were measured using sections in ImageJ (v. 1.48, National Institutes of Health). The average of the areas was calculated using 3 serial sections from 3 different placentas. To avoid bias, all placentas were analyzed without treatment knowledge.

Endothelial cell culture and treatment
HUVECs (Cell Systems, USA) were cultured in endothelial growth medium-2 (EGM-2, Lonza, USA) and maintained at 37 °C with 5% CO2. TiO2 NPs of 0.4 μg/mL and 4.0 μg/mL were used to treat HUVEC. HUVECs were seeded into 96-well plates at a density of 50% confluence, and cultured for 24 h.
Scratch assays were conducted to analyze endothelial cell migration ability. HUVECs were seeded in 12-well plates, and when cells reached 100% confluence, the cell monolayer was carefully scratched with a pipette and then washed with phosphate buffered saline (PBS) three times. Images were acquired at 0 and 12 h after the cells were scratched. ImageJ software was used to evaluate the areas of the scratch.
Small interfering RNA sequences targeting human SNAIL (Silencer@Select Pre-designed siRNA, s13186, Ambion, USA, Sense:5′–3′GAAUGUCCCUGCUCCACAAtt; Antisense:5′–3′ UUGUGGAGCAGGGACAUUCgg) were transfected using Lipofectamine2000 (Invitrogen, USA), as recommended by the manufacturer’s instructions. Cells were collected for further analysis after culture.

Immunofluorescence staining
Frozen placental sections of three placentas from three different mice in each group were fixed with 4% PFA, and incubated with blocking solution (1% bovine serum albumin (BSA) in PBS) for 1 h at room temperature. The primary antibodies anti-CD31 (1:200, BD pharmingen), anti-vimentin (1:200, abcam) and anti-laminin (1:500, Sigma-Aldrich) were incubated at 4 °C overnight. On the next day, the sections were incubated with the fluorescent dye-conjugated secondary antibodies at room temperature for 1 h. Then, the cells’ nuclei were visualized by Hoechst 33258 (Invitrogen, USA). Lastly, for the three sections from the same placenta, 18 fields were captured under a Nikon Eclipse Ti-SR fluorescent microscope (Nikon, Japan). The immunofluorescence staining area and intensity were quantified by ImageJ.

Quantitative real-time PCR assays
Total RNA was extracted from the placental labyrinth using TRIzol reagent (Invitrogen, USA), and reverse transcribed with the PrimeScript® RT Enzyme Mix I (TaKaRa Biotech, Japan), as previously described [70–72]. We performed quantitative real-time PCR assays with an SYBR Green PCR Master Mix reagent kit (Toyobo, Japan), and added template cDNA to the reaction mixture. The qPCR profile was: denaturation at 95 °C for 30 s and 40 cycles at 3 steps: 95 °C for 30 s, 60 °C for 34 s, and 72 °C for 30 s. Gene expression was normalized to that of β-actin using the 2−△△CT method, and data are presented as expressions relative to the indicated controls. Ubiquitin C (UBC) served as the housekeeping gene for calibrating the relative fold change, based on the CT value. The primer sequences are presented in the Additional file 2: Table S2 &S3. 

Data analysis
Data were analyzed with SPSS 18.0. Statistical differences were analyzed by one-way Analysis of Variance (ANOVA) followed by multiple comparisons with Dunnett’s test. All results are presented as mean ± SEM, and p < 0.05 was considered statistically significant.
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