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Abstract

:

Deoxynivalenol (DON) is a kind of natural pollutant belonging to the trichothecenes family. The aim of this study is to use diverse assays to evaluate oxidative damage as well as translocation of nuclear factor erythroid 2-related factor 2 (Nrf2), and to investigate their mechanisms in DON-induced toxicities on a placenta and embryo. Pregnant C57BL/6 mice were randomly assigned to three groups with different doses of DON: 0, 1.0, 2.5 mg/(kg·day). In gestation day (GD) 12.5 d and 18.5 d, DON induced an elevated resorption rate of the embryos as well as structural and functional damage of the placenta. In the placenta, altered levels of the antioxidant enzymes malondialdehyde, superoxide dismutase and glutathione indicated remarkable oxidative stress. Furthermore, an elevated level of heme oxygenase-1 (HO-1) and the translocation of Nrf2 from nucleus to cytoplasm indicated Nrf2/HO-1 pathway activation in DON-L group (1.0 mg/(kg·day)). It is noteworthy that the results in this experiment in GD 12.5 d were similar to those in GD 18.5 d. In conclusion, DON-induced placental oxidative damage and Nrf2 translocation were similar in GD 12.5 d and GD 18.5 d. Oxidative stress is one of the most important molecular mechanisms for embryotoxicity induced by DON, and Nrf2 translocation may play a substantial role against it.
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Key Contribution: This study presents basic data for a risk assessment of embryotoxicity induced by DON.










1. Introduction


Deoxynivalenol (DON, vomitoxin) is a kind of trichothecenes present widespread in various crops [1], especially in wheat, barley, oats, etc. [2]. DON is a dangerous natural pollutant due to its broad global distribution and extremely high stability [3]. The contamination of DON has also been reported in numerous countries such as the Czech Republic [4], Croatia [5], Canada [6], etc. With its acute toxicities has been widely reported [1,7], its immunotoxicity [2], teratogenicity [8] and carcinogenicity [9] trend becoming visible.



In 1982, the embryotoxicity of DON was reported for the first time [10]. Then studies confirmed that the main toxic effects of DON on a pregnant mother was weight restriction, and on a fetus were abnormal skeletal development [11,12,13], and other disorders that related to pregnancy were reported as well, e.g., abortions, growth restriction [14]. Our previous study showed skeleton abnormalities of the embryos induced by DON [8]. Furthermore, DON-induced oxidative stress could be one of the most critical factors that induce embryotoxicity while this effect could be mediated by Nrf2/HO-1 pathway.



Oxidative stress is an important molecular mechanism of toxicity of DON [1]. Specifically, DON disrupts the mitochondria’s normal function and leads to free radicals (including reactive oxygen species, ROS) accumulation which result in lipid peroxidation and alter the cells’ antioxidant status. Ultimately, these reduce the activities of antioxidant enzymes, including glutathione (GSH) and superoxide dismutase (SOD), etc. [15]. In addition, oxidative stress has been suggested as a causative agent in human and animal pregnancy-related disorders, such as embryonic reabsorption, recurrent pregnancy loss, preeclampsia, intra-uterine growth restriction and fetal death [16]. Heme oxygenase-1 (HO-1) is a heat stress protein which related to anti-inflammatory and antioxidant responses [17]. Various oxidative stimuli (e.g., ROS, inflammatory cytokines and UV irradiation, etc.) can increase the expression of HO-1 [17,18]. HO-1 is the rate-limiting enzyme in the degradation of heme to free iron, carbon monoxide (CO), biliverdin. While the free iron can prevent the aggregation of ROS through a complex set of biochemical processes [19]. It is noteworthy that the expression of HO-1 is regulated by nuclear factor erythroid 2-related factor 2 (Nrf2) binding to its consensus binding sequence [20]. Nrf2, a transcription factor, regulates cellular redox balance and protects phase II detoxification and antioxidant responses [21]. Under quiescent conditions, a dimer of Nrf2 and Keap1 exists in the cytoplasm. Once exposure to electrophiles or ROS, Nrf2 dissociates from Keap1 and translocates from cytoplasm into the nucleus, and activates transcription of various cytoprotective genes including HO-1 [22]. In a recent study, DON has been confirmed monitoring the nuclear translocation of Nrf2 in the human Jurkat T-cell line [23]. The study was an in vitro experiment, our study would focus on effects of DON on Nrf2 activity in vivo.



Although our previous study explored the above mechanism for the first time, further studies are needed to further elucidate it. In the current study, we used the mouse model that used in our previous study [8] to show the embryonic developmental toxicities of DON, and focused on the comparison of DON’s toxicities on gestation day (GD) 12.5 d and 18.5 d both in the placenta and embryo. GD 9.5–11.5 d is the critical period of development during pregnant, and thus is chosen as the exposure time. Examination of the placenta and embryo in GD 12.5 d can be used to assess the acute response of the mother and fetus to DON, and is compared to that in GD 18.5 d.



Therefore, we examined the placenta and embryo on GD 12.5 d and 18.5 d. Histopathological observation and the level of β-chorionic gonadotrophin (β-CG) were used to evaluate the placental structure and function situation respectively. The rates of resorbed, dead and live embryos were the reflection of embryonic survival, growth and development. The oxidant and antioxidant level of placenta was expressed using ROS, malondialdehyde (MDA), SOD, GSH. The level of HO-1 and translocation of Nrf2 showed the expression of Nrf2/HO-1 signal pathway. The current study the first time reveals the changes in placenta after DON exposure from GD 12.5 d to 18.5 d. These results present basic data for risk assessment of embryotoxicity induced by DON.




2. Results


2.1. Effect of DON Exposure on Body Weight


All mice survived until the final sacrifice (GD 12.5 d and GD 18.5 d), and no clinical signs were observed through the study. Body weight was shown in Figure 1, and no significantly difference among all groups was found throughout the whole study. Although the weight increase in DON-H group was relatively slower than the other two groups, this change was not significant.




2.2. Effect of DON Exposure on Embryonic Survival, Growth, and Development on GD 12.5 d and GD 18.5 d Embryos


The results of resorbed embryos, dead embryos and live embryos were shown in Table 1. The resorption rates in the DON-treated group (except DON-L in GD 12.5 d) were significantly higher than in the control, while no significant differences were observed when compared the dead rate among all DON-treated groups with the control.




2.3. Effect of DON Exposure on Placenta Histopathological and Function Changes in GD 12.5 d and GD 18.5 d Maternal Mice


Hematoxylin and eosin (H&E) results were shown in Figure 2. Compared to the GD 12.5 d placenta (Figure 2A–C), larger number of blood sinus and more blood flow were found in GD 18.5 d placenta (Figure 2D–F). The placental morphology in the control and DON-L groups appeared to be normal both in GD 12.5 d and GD 18.5 d. However, for the DON-H groups in both GD 12.5 d and GD 18.5 d, decreased number of blood sinus and blood flow were found, and inflammatory cell infiltration was observed (see arrows in Figure 2C,F). In addition, vacuole-like changes, apoptosis and necrosis could be observed in some placenta syncytiotrophoblast.



In addition to blood supply, the level of β-CG is another biomarker to reflect placental function. The level of β-CG was shown in Figure 3 on GD 12.5 d and GD 18.5 d, the level of β-CG in DON-treated groups were significantly higher than in the control (p < 0.05 in DON-H group on GD 12.5 d, and others all p < 0.01).




2.4. Effect of DON Exposure on the Levels of Oxidant and Antioxidant Biomarkers in the Placenta of GD 12.5 d and GD 18.5 d Maternal Mice


The levels of ROS, MDA, SOD and GSH were shown in Figure 4. On GD 12.5 d and GD 18.5 d, the levels of ROS in DON-treated groups were lower than in the control, however, it was significant only in DON-L group on GD 12.5 d (p < 0.01). MDA and GSH in all DON-treated groups were significantly higher than in the control, on GD 12.5 d and on GD 18.5 d (p < 0.01 and p < 0.05 respectively). SOD in all DON-treated groups were higher than in the control, but it was significant only in DON-L group on GD 12.5 d and in DON-H group on GD 18.5 d (both p < 0.05).




2.5. Effect of DON Exposure on the HO-1 Level in Maternal Placenta on GD 12.5 d and GD 18.5 d


The level of HO-1 was shown in Figure 5. HO-1 in all DON-treated groups were significantly higher than in the control (p < 0.05 in DON-H group on GD 18.5 d, p < 0.01 in all of the other DON-treated groups).




2.6. Effect of DON Exposure on the Intracellular Translocation of Nrf2 in the Placenta of GD 12.5 d and GD 18.5 d Maternal Mice


The Nrf2 translocation was shown in Figure 6. Mean fluorescence intensity (MFI) in the DON-L group was significantly higher than in the control on both GD 12.5 d (p < 0.05) and GD 18.5 d (p < 0.01), while MFI in DON-H group on GD 12.5 d was markedly lower than in the control (p < 0.01).





3. Discussion


Embryotoxicity of DON has received increasing attention in recent studies. In the current study, we revisited the model of DON’s embryotoxicity to mouse and focused on the observation of placenta and embryo on both GD 12.5 d and GD 18.5 d. The effect of DON on embryonic survival, growth and development has been proven in the previous study [10], and our result of resorbed embryos rate was in line with the previous literature. Compared with the previous study, our experiment also examined the resorbed embryos rate on GD 12.5 d. Our result first demonstrates that embryos were resorbed early on GD 12.5 d when exposed pregnant mice in DON during GD 9.5–11.5 d. Furthermore, the rate of resorbed embryos was significant not only in the DON-H group, but also in the DON-L group, suggesting that a low dose of DON (1.0 mg/(kg·day)) might be enough to induce embryos to resorb. Another embryotoxicity of DON is to induce skeleton abnormalities which has been proven in our previous experiment [8]. However, as the skeleton of a normal embryo is not fully developed by GD 12.5 d, this index is not included in the current study.



Apart from the toxicities of DON on embryo, the other aim of the study is to concern the toxicities of DON on the placenta. Our results shows clear structural damage in the placenta, and another index β-CG was also evaluated. The human chorionic gonadotropin (β-HCG) is produced by placental syncytiotrophoblasts, and its role could be mainly autoregulatory and exerting growth-promoting activity [24]. It has been demonstrated that elevated β-HCG may reflect early placental damage or dysfunction [25,26] and villous syncytiotrophoblast in the placenta is the main site for synthesis of HCG [27,28]. Therefore, we measured the level of β-CG in mouse placenta to evaluate placental function. Our findings showed elevated β-CG in the placenta induced by DON exposure both on GD 12.5 d and GD 18.5 d, which indicated placental damage or dysfunction. In conclusion, DON exposure of pregnant mice resulted in resorbed embryos, skeleton deformities of embryos, and structural and functional damage of the placenta.



Our hypothesis of the molecular mechanisms of DON’s embryotoxicity is that DON exposure may lead to ROS accumulation in the placenta, which result in placental oxidative damage and related deficiency of embryo development. To confirm this hypothesis, we firstly measured oxidant and antioxidant markers. ROS is critical for the regulation of embryonic development because of its function to maintain the stability of internal redox environment [14]. Many studies have reported that placenta ROS excessive accumulation induces numerous adverse outcomes of pregnancy [29,30]. Moreover, MDA was one of the most often analyzed markers of oxidative stress over the years. In our current study, MDA in all DON-treated groups were significantly higher while the level of ROS in DON-treated groups were lower than in the control. Meanwhile, the levels of antioxidant indexes SOD and GSH significantly increased. A possible explanation to this is that, DON exposure in pregnant mice probably induced ROS generation in placenta. Then antioxidant system was activated, with the levels of SOD and GSH increased, and eventually led to decrease of ROS. The products of lipid peroxidation, MDA, could be a plausible indicator of ROS-dependent tissue damage [31]. Elevated MDA in DON-treated groups indicated ROS-dependent placental tissue damage. With all of these changes together, it’s surprising that the results in GD 12.5 d were similar with them in the GD 18.5 d. We speculate that the oxidative damage of placenta appears right after the DON exposure and continued until the end of pregnancy. However, further experiment will be needed to verify this speculation.



Oxidative stress, an imbalance between pro-oxidative and anti-oxidative forces in biological systems, is considered to be responsible for the initiation or development of pathological processes affecting female reproductive processes [32]. Nrf2/HO-1 pathway is one of the most critical pathways which can protect cells from oxidative damage to some extent. Therefore, in recent years, the relationship between Nrf2/HO-1 pathway expression and the pregnant outcomes has drawn increasing attention. A study revealed that cigarette smoke might inhibit the development of placenta via activation of ROS by inducing apoptosis and autophagy by affecting the expression of Keap1-Nrf2 expression [33]. In women with both type 2 diabetes mellitus and obesity, oxidative stress detrimentally alters placenta function and increase metabolic disturbance susceptibility in their offspring, in which the Nrf2/HO-1 pathway is involved [34]. Moreover, maternal fructose intake provoked an imbalanced redox status in placenta and a clear diminution of HO-1 expression, which could be responsible for the augmented oxidative stress found in their fetuses [35]. As a result, some antioxidants have been applied to upregulate the expression of Nrf2/HO-1 pathway to protect placenta from oxidative damage. Dietary resveratrol, an antioxidant, was found regulating placental antioxidant genes expression by the Keap1-Nrf2-HO-1 pathway in placenta and features of placental and endothelial dysfunction characteristic of preeclampsia were improved [36,37].



Although the relevance of Nrf2/HO-1 pathway and the pregnant outcomes has been widely discussed, direct evidence of Nrf2 translocation and the pregnant outcomes is limited. A study in vitro found that melatonin improved endothelial function and prolonged pregnancy in women with early-onset preeclampsia through reduced oxidative stress and enhanced antioxidant markers (Nrf2 translocation, HO-1) [38]. In trophoblast cells, it is demonstrated that chlorpyrifos alters the redox balance by inducing an adaptive activation of the Nrf2 translocation with an increase in HO-1 gene. And the adaptive activation of the Nrf2/ARE pathway could confer fetal protection against xenobiotics injury in placenta [39]. However, experiments (in vivo) are needed to connect Nrf2 translocation with the placenta function (pregnant outcomes). In our study, the increased HO-1 level in placenta in all DON-treated groups demonstrated HO-1 might play an important role. In addition, we have implicated the Nrf2/ARE pathway expression in the embryotoxicity of DON in our previous study [8]. Observed translocation of Nrf2 in the present study confirmed the previous findings that DON-induced ROS accumulation led to oxidative stress in placenta. However, in DON-L group, ROS activated the Nrf2 translocation, and the upregulation of HO-1 protected placenta against oxidative damage. However, the frequency of Nrf2 translocation in longer time and higher dose were lower than the other groups. The reason might be that at the shorter time exposure and with the DON-L doses, the cells are in a compensatory state, so the obvious translocation of Nrf2 can be observed. Nevertheless, as the exposure time and dose increased and exceeded the threshold for normal Nrf2 function, the structure and function of cells are impaired, the translocation of Nrf2 disappeared. Our findings thus suggested that applying antioxidants to upregulate the expression of Nrf2/HO-1 pathway could be one of the most useful methods to protect placenta from DON-induced oxidative damage during pregnancy. Our results warrant future study on the Nrf2/HO-1 pathway in DON-induced oxidative damage during pregnancy.




4. Materials and Methods


4.1. Chemicals


DON (12,13-epoxy-3,4,15-trihydroxytrichotec-9-en-8-one, C15H20O6, MW: 296.32, CAS RN: 51481-10-8, purity ≥99%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The melting point is 151–153 °C. The ELISA kits of β-CG, HO-1, ROS, MDA, SOD, GSH were acquired from the Huyu Biological Technology Co., Ltd. (Shanghai, China).




4.2. Animals and Treatment


C57BL/6 mice (adult female: 64; adult male: 32) were procured from Lingchang BioTech Co., Ltd. (Suzhou, China) and used after one week acclimatization. A specific pathogen-free (SPF) animal facility with strictly controlled environment was used to feed the animals. The feed and tap water were provided ad libitum, whereas the chip bedding were replaced twice a week. The study strictly followed the Guide for the Care and Use of Laboratory Animals, National Institute of Health, 1996, Bethesda, MD, USA. Animal experiments were approved by the Institutional Animal Care and Use Committee at Jiangnan University (Ethical approval code: JN.NO20180115c1440619, Date of approval: 12 January 2018).




4.3. Study Design


Eight-week-old female mice were mated with males (female:male = 2:1). Once a vaginal plug was detected in a female mouse, then gestation day 0.5 (GD 0.5 d) was designated. The pregnant mice were randomly divided into three groups according to our previous study [8]: high-dose group (2.5 mg/(kg·day), DON-H), low-dose group (1.0 mg/(kg·day), DON-L) and control group (0 mg/(kg·day), control). We deleted the 5.0 mg/(kg·day) group due to its extremely high absorbed rate (73.1%). DON (dissolved in ultrapure water) was given to the pregnant mice at GD 9.5–11.5 d by gavage. Half of them in each group were sacrificed by cardiac perfusion at GD 12.5 d, and the rest were sacrificed at GD 18.5 d. Rapidly separated the placenta and stained 3 per liter with hematoxylin and eosin (H&E). The rest were quick-frozen with liquid nitrogen for 15 min and then stored at −80 °C until analysis.




4.4. β-CG, ROS, MDA, SOD, GSH, and HO-1 in the Placenta


Firstly, placenta tissue was homogenized in ice-cold 50 mM phosphate buffer (pH 7.0) using a Teflon pestle connected to a Braun homogenizer motor (Frankfurt, Germany). The homogenate was then centrifuged at 3500× g (Eppendorf centrifuge 5804R, Hamburg, Germany, 4 °C, 10 min) in order to remove all the cell debris and nuclei. Finally, the final supernatant was stored at −20 °C for the following biochemical assays. The levels of β-CG, ROS, MDA, SOD, GSH and HO-1 were measured using commercial Elisa kits (Huyu Biological Technology Co., Ltd., Shanghai, China). The measurements were conducted according to the manufacturer’s specifications. The results of β-CG, ROS, MDA, SOD, GSH and HO-1 are expressed as IU/L, IU/mL, nmol/L, pg/mL, ng/L and pg/mL, respectively.




4.5. Placental Pathological Examination and Immunostaining


Placenta tissue was fixed in 10% formalin (24 h), embedded in paraffin, and sectioned at 4 µm. Then, the lacenta sections were deparaffinized, rehydrated, and stained with H&E. Standard immunohistochemical and immunofluorescent staining were performed as described previously [40]. The placental sections were incubated with rabbit monoclonal Nrf2 antibody (1:100, Abcam, Cambridge, MA, USA) overnight at 4 °C. Then, secondary antibodies, goat anti-rabbit antibody (1:200, Abcam, Cambridge, MA, USA) were applied and counterstained with 4,6-diamidino-2-phenylindole (DAPI, 0.0002% solution, Sigma-Aldrich). Images were acquired using an Axio Imager Z2 microscope (Carl Zeiss AG, Heidenheim, Germany). And the expression of Nrf2 was calculated with the Image-Pro Plus 6.0 (Media Cybernetics, Inc. Rockville, MD, USA).




4.6. Statistical Analysis


Statistical procedures were carried out with the SPSS 12.0 software for Microsoft Windows (SPSS Inc., Chicago, IL, USA). The results were expressed as means ± SEM. p value < 0.05 was considered statistically significant. For comparison between groups, ANOVA was used. Once a statistically significant difference was found, Dunnett’s multiple tests would be used to compare the differences between control and the other groups.





5. Conclusions


DON-induced placenta oxidative damage and Nrf2 translocation were similar in GD 12.5 d and GD 18.5 d. Oxidative stress is one of the most important molecular mechanisms for embryotoxicity induced by DON, and Nrf2 translocation may play a substantial role against it.
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	DON low-dose group



	GD
	Gestation day



	GSH
	Glutathione



	H&E
	Hematoxylin and eosin



	HO-1
	Heme oxygenase-1



	MDA
	Malondialdehyde



	MFI
	Mean fluorescence intensity



	Nrf2
	NF-E2-related factor 2



	ROS
	Reactive oxygen species



	SPF
	Specific Pathogen Free



	SOD
	Superoxide Dismutase







References


	



Wu, Q.; Wang, X.; Nepovimova, E.; Wang, Y.; Yang, H.; Li, L.; Zhang, X.; Kuca, K. Antioxidant agents against trichothecenes: New hints for oxidative stress treatment. Oncotarget 2017, 8, 110708–110726. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Peng, Z.; Chen, L.; Nussler, A.K.; Liu, L.; Yang, W. Deoxynivalenol, gut microbiota and immunotoxicity: A potential approach? Food Chem. Toxicol. 2018, 112, 342–354. [Google Scholar] [CrossRef] [PubMed]

	



Joint FAO/WHO Expert Committee on Food Additives. Evaluation of Certain Mycotoxins in Food: Fifty-Sixth Report of the Joint FAO/WHO Expert Committee on Food Additives; WHO: Geneva, Switzerland, 2002; pp. 1–62. [Google Scholar]

	



Malachova, A.; Dzuman, Z.; Veprikova, Z.; Vaclavikova, M.; Zachariasova, M.; Hajslova, J. Deoxynivalenol, deoxynivalenol-3-glucoside, and enniatins: The major mycotoxins found in cereal-based products on the czech market. J. Agric. Food Chem. 2011, 59, 12990–12997. [Google Scholar] [CrossRef] [PubMed]

	



Pleadin, J.; Zadravec, M.; Persi, N.; Vulic, A.; Jaki, V.; Mitak, M. Mould and mycotoxin contamination of pig feed in northwest croatia. Mycotoxin Res. 2012, 28, 157–162. [Google Scholar] [CrossRef] [PubMed]

	



Tran, S.-T.; Smith, T.K.; Girgis, G.N. A survey of free and conjugated deoxynivalenol in the 2008 corn crop in ontario, canada. J. Sci. Food Agric. 2012, 92, 37–41. [Google Scholar] [CrossRef] [PubMed]

	



Pestka, J.J. Deoxynivalenol: Mechanisms of action, human exposure, and toxicological relevance. Arch. Toxicol. 2010, 84, 663–679. [Google Scholar] [CrossRef] [PubMed]

	



Yu, M.; Chen, L.; Peng, Z.; Wang, D.; Song, Y.; Wang, H.; Yao, P.; Yan, H.; Nussler, A.K.; Liu, L.; et al. Embryotoxicity caused by DON-induced oxidative stress mediated by Nrf2/HO-1 pathway. Toxins 2017, 9, 188. [Google Scholar] [CrossRef] [PubMed]

	



Sobrova, P.; Adam, V.; Vasatkova, A.; Beklova, M.; Zeman, L.; Kizek, R. Deoxynivalenol and its toxicity. Interdiscip. Toxicol. 2010, 3, 94–99. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Khera, K.S.; Whalen, C.; Angers, G.; Vesonder, R.F.; Kuiper-Goodman, T. Embryotoxicity of 4-deoxynivalenol (vomitoxin) in mice. Bull. Environ. Contam. Toxicol. 1982, 29, 487–491. [Google Scholar] [CrossRef] [PubMed]

	



Yu, M.; Chen, L.; Peng, Z.; Nussler, A.K.; Wu, Q.; Liu, L.; Yang, W. Mechanism of deoxynivalenol effects on the reproductive system and fetus malformation: Current status and future challenges. Toxicol. In Vitro 2017, 41, 150–158. [Google Scholar] [CrossRef] [PubMed]

	



Debouck, C.; Haubruge, E.; Bollaerts, P.; van Bignoot, D.; Brostaux, Y.; Werry, A.; Rooze, M. Skeletal deformities induced by the intraperitoneal administration of deoxynivalenol (vomitoxin) in mice. Int. Orthop. 2001, 25, 194–198. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Collins, T.F.; Sprando, R.L.; Black, T.N.; Olejnik, N.; Eppley, R.M.; Hines, F.A.; Rorie, J.; Ruggles, D.I. Effects of deoxynivalenol (DON, vomitoxin) on in utero development in rats. Food Chem. Toxicol. 2006, 44, 747–757. [Google Scholar] [CrossRef] [PubMed]

	



Al-Gubory, K.H.; Fowler, P.A.; Garrel, C. The roles of cellular reactive oxygen species, oxidative stress and antioxidants in pregnancy outcomes. Int. J. Biochem. Cell Biol. 2010, 42, 1634–1650. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.-H.; Wang, X.; Yang, W.; Nussler, A.K.; Xiong, L.-Y.; Kuca, K.; Dohnal, V.; Zhang, X.-J.; Yuan, Z.-H. Oxidative stress-mediated cytotoxicity and metabolism of T-2 toxin and deoxynivalenol in animals and humans: An update. Arch. Toxicol. 2014, 88, 1309–1326. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, A.C.; Martel, F. Oxidative stress in pregnancy and fertility pathologies. Cell Biol. Toxicol. 2014, 30, 301–312. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Keyse, S.M.; Tyrrell, R.M. Heme oxygenase is the major 32-kDa stress protein induced in human skin fibroblasts by UVA radiation, hydrogen peroxide, and sodium arsenite. Proc. Natl. Acad. Sci. USA 1989, 86, 99–103. [Google Scholar] [CrossRef] [PubMed]

	



Foresti, R.; Clark, J.E.; Green, C.J.; Motterlini, R. Thiol compounds interact with nitric oxide in regulating heme oxygenase-1 induction in endothelial cells. Involvement of superoxide and peroxynitrite anions. J. Biol. Chem. 1997, 272, 18411–18417. [Google Scholar] [CrossRef] [PubMed]

	



Baker, H.M.; Anderson, B.F.; Baker, E.N. Dealing with iron: Common structural principles in proteins that transport iron and heme. Proc. Natl. Acad. Sci. USA 2003, 100, 3579–3583. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kansanen, E.; Kuosmanen, S.M.; Leinonen, H.; Levonen, A.L. The Keap1-Nrf2 pathway: Mechanisms of activation and dysregulation in cancer. Redox Biol. 2013, 1, 45–49. [Google Scholar] [CrossRef] [PubMed]

	



Mitsuishi, Y.; Motohashi, H.; Yamamoto, M. The Keap1-Nrf2 system in cancers: Stress response and anabolic metabolism. Front. Oncol. 2012, 2, 200. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.C.; Nguyen, T.; Pickett, C.B. Phosphorylation of Nrf2 at Ser-40 by protein kinase C regulates antioxidant response element-mediated transcription. J. Biol. Chem. 2002, 277, 42769–42774. [Google Scholar] [CrossRef] [PubMed]

	



Katika, M.R.; Hendriksen, P.J.; van Loveren, H.; Peijnenburg, A.A.C.M. Characterization of the modes of action of deoxynivalenol (DON) in the human Jurkat T-cell line. J. Immunotoxicol. 2015, 12, 206–216. [Google Scholar] [CrossRef] [PubMed]

	



Butler, S.A.; Iles, R.K. The free monomeric beta subunit of human chorionic gonadotrophin (hCGβ) and the recently identified homodimeric beta-beta subunit (hCGββ) both have autocrine growth effects. Tumor Biol. 2004, 25, 18–23. [Google Scholar] [CrossRef] [PubMed]

	



Redman, C.W. Current topic: Pre-eclampsia and the placenta. Placenta 1991, 12, 301–308. [Google Scholar] [CrossRef]

	



Barros, J.S.; Baptista, M.G.; Bairos, V.A. Human chorionic gonadotropin in human placentas from normal and preeclamptic pregnancies. Arch. Gynecol. Obstet. 2002, 266, 67–71. [Google Scholar] [CrossRef] [PubMed]

	



Beck, T.; Schweikhart, G.; Stolz, E. Immunohistochemical location of HPL, SP1 and β-HCG in normal placentas of varying gestational age. Arch. Gynecol. 1986, 239, 63–74. [Google Scholar] [CrossRef] [PubMed]

	



Kurman, R.J.; Main, C.S.; Chen, H.-C. Intermediate trophoblast: A distinctive form of trophoblast with specific morphological, biochemical and functional features. Placenta 1984, 5, 349–369. [Google Scholar] [CrossRef]

	



Prater, M.R.; Laudermilch, C.L.; Liang, C.; Holladay, S.D. Placental oxidative stress alters expression of murine osteogenic genes and impairs fetal skeletal formation. Placenta 2008, 29, 802–808. [Google Scholar] [CrossRef] [PubMed]

	



Myatt, L. Review: Reactive oxygen and nitrogen species and functional adaptation of the placenta. Placenta 2010, 31, S66–S69. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Matsuda, T.; Tao, H.; Goto, M.; Yamada, H.; Suzuki, M.; Wu, Y.; Xiao, N.; He, Q.; Guo, W.; Cai, Z.; et al. Lipid peroxidation-induced DNA adducts in human gastric mucosa. Carcinogenesis 2013, 34, 121–127. [Google Scholar] [CrossRef] [PubMed]

	



Finkel, T. Oxidant signals and oxidative stress. Curr. Opin. Cell Biol. 2003, 15, 247–254. [Google Scholar] [CrossRef]

	



Lee, H.M.; Choi, K.C. Cigarette smoke extract and isoprene resulted in the induction of apoptosis and autophagy in human placenta choriocarcinoma JEG-3 cells. Environ. Toxicol. 2018, 33, 178–190. [Google Scholar] [CrossRef] [PubMed]

	



Duan, Y.; Sun, F.; Que, S.; Li, Y.; Yang, S.; Liu, G. Prepregnancy maternal diabetes combined with obesity impairs placental mitochondrial function involving Nrf2/ARE pathway and detrimentally alters metabolism of offspring. Obes. Res. Clin. Pract. 2018, 12, 90–100. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigo, S.; Rodriguez, L.; Otero, P.; Panadero, M.I.; Garcia, A.; Barbas, C.; Roglans, N.; Ramos, S.; Goya, L.; Laguna, J.C.; et al. Fructose during pregnancy provokes fetal oxidative stress: The key role of the placental heme oxygenase-1. Mol. Nutr. Food Res. 2016, 60, 2700–2711. [Google Scholar] [CrossRef] [PubMed]

	



Meng, Q.; Guo, T.; Li, G.; Sun, S.; He, S.; Cheng, B.; Shi, B.; Shan, A. Dietary resveratrol improves antioxidant status of sows and piglets and regulates antioxidant gene expression in placenta by Keap1-Nrf2 pathway and Sirt1. J. Anim. Sci. Biotechnol. 2018, 9, 34. [Google Scholar] [CrossRef] [PubMed]

	



Gurusinghe, S.; Cox, A.G.; Rahman, R.; Chan, S.T.; Muljadi, R.; Singh, H.; Leaw, B.; Mockler, J.C.; Marshall, S.A.; Murthi, P.; et al. Resveratrol mitigates trophoblast and endothelial dysfunction partly via activation of nuclear factor erythroid 2-related factor-2. Placenta 2017, 60, 74–85. [Google Scholar] [CrossRef] [PubMed]

	



Hobson, S.R.; Gurusinghe, S.; Lim, R.; Alers, N.O.; Miller, S.L.; Kingdom, J.C.; Wallace, E.M. Melatonin improves endothelial function in vitro and prolongs pregnancy in women with early-onset preeclampsia. J. Pineal Res. 2018, e12508. [Google Scholar] [CrossRef] [PubMed]

	



Chiapella, G.; Flores-Martin, J.; Ridano, M.E.; Reyna, L.; de Potas, G.M.; Panzetta-Dutari, G.M.; Genti-Raimondi, S. The organophosphate chlorpyrifos disturbs redox balance and triggers antioxidant defense mechanisms in JEG-3 cells. Placenta 2013, 34, 792–798. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X.; Zhang, C.; Xin, Y.; Huang, Z.; Tan, Y.; Huang, Y.; Wang, Y.; Feng, W.; Li, X.; Li, W.; et al. Protective effect of FGF21 on type 1 diabetes-induced testicular apoptotic cell death probably via both mitochondrial- and endoplasmic reticulum stress-dependent pathways in the mouse model. Toxicol. Lett. 2013, 219, 65–76. [Google Scholar] [CrossRef] [PubMed]








[image: Toxins 10 00370 g001 550] 





Figure 1. Mean body weight of pregnant mice in different groups. Values were expressed as means ± SEM (n = 6). SEM: Standard Error of Mean. 
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Figure 2. Histopathological changes of placenta of the maternal mice on gestation day (GD) 12.5 d and 18.5 d. GD 12.5 d: (A) Control, (B) DON low-dose group (DON-L), (C) DON high-dose group (DON-H); GD 18.5 d: (D) Control, (E) DON-L, (F) DON-H. Stained with hematoxylin and eosin (H&E, 400×). 
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Figure 3. The level of β-chorionic gonadotropin (β-CG) in the placenta on GD 12.5 d and GD 18.5 d. Values were expressed as means ± SEM (n = 6). Significant statistical difference compared to the control: * p < 0.05 and ** p < 0.01. 
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Figure 4. Activities of anti-oxidative system in the placenta on GD 12.5 d and GD 18.5 d. (A) ROS; (B) MDA; (C) SOD; (D) GSH. Values were expressed as means ± SEM (n = 6). Significant statistical difference compared to the control: * p < 0.05 and ** p < 0.01. 
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Figure 5. The level of HO-1 in the placenta on GD 12.5 d and GD 18.5 d. Values were expressed as means ± SEM (n = 6). Significant statistical difference compared to the control: * p < 0.05 and ** p < 0.01. 
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Figure 6. Immunofluorescent findings of Nrf2. Nrf2 in the nucleus (a, 400×); and cytoplasm (b) in the placenta on GD 18.5 (400×); and (c, 400×) an overlay of a and b on GD 12.5 d (A) and on GD 18.5 d (B). Mean fluorescence intensity (MFI) were assayed using Image-pro Plus 6.0 (Media Cybernetics, Inc. Rockville, MD, USA). The ratio of nucleus/cytoplasm were expressed as mean ± SEM (n = 4) (C). Significant statistical difference compared to the control: * p < 0.05 and ** p < 0.01. 
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Table 1. Effects of DON on GD 12.5 d and GD 18.5 d embryos.
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	Group
	N
	Resorbed Embryos (%)
	Dead Embryos (%)
	Live Embryos (%)





	E12.5 d
	
	
	
	



	Control
	6
	2.0 (1/51)
	0 (0/51)
	98.0 (50/51)



	DON-L
	6
	17.6 ** (9/51)
	2.0 (1/51)
	80.4 (41/51)



	DON-H
	6
	28.0 ** (14/50)
	6.0 (3/50)
	66.0 (33/50)



	E18.5 d
	
	
	
	



	Control
	6
	2.1 (1/48)
	0 (0/48)
	97.9 (47/48)



	DON-L
	6
	10.2 (5/49)
	0 (0/49)
	89.8 (44/49)



	DON-H
	6
	18.8 ** (9/48)
	2.1 (1/48)
	79.1 (38/48)







Values were expressed as means ± SEM, significant statistical difference: ** p < 0.01 versus the Control. N: number of pregnant mice that examined.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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