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Prenatal exposure to the contaminant perfluorooctane sulfonate elevates lipid peroxidation during mouse fetal development but not in the pregnant dam
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Introduction

Perfl uorooctane sulfonate (PFOS, C 8 F 17 SO 3 H) is a member of the perfl uorinated chemical family and is synthetically produced for industrial use. The stable carbon -fl uorine bonds of the compound make it highly resistant to all forms of degradation and exhibit environmental persistence. Due to their unique chemical properties of water and oil repulsion and an improved reduction in surface tension compared with those of other surfactants, they are mainly used as multi-resistant coatings for a wide range of products, including paper, textile, and food packaging [1]. The extensive use of PFOS since the 1950s has resulted in substantial bioaccumulation; a wide distribution in human [START_REF] Olsen | Half-life of serum elimination of perfl uorooctanesulfonate,perfl uorohexanesulfonate, and perfl uorooctanoate in retired fl uorochemical production workers[END_REF], wildlife [3], arctic populations [START_REF] Dc | Identifi cation of long-chain perfl uorinated acids in biota from the Canadian Arctic[END_REF], and detrimental eff ects to growth and development.

The main route of PFOS exposure in humans is believed to be through the consumption of contaminated water and food. Traces of PFOS have been found in human plasma, PFOS has also been shown to cross the placenta and enter fetal circulation to aff ect early development by disrupting thyroid hormone homeostasis [7], glucose metabolism [8], and lipid metabolism [START_REF] Wan | PFOS-induced hepatic steatosis, the mechanistic actions on beta-oxidation and lipid transport[END_REF]10]. Maternal exposure to PFOS results in fetal brain accumulation during animal gestation [11]. PFOS causes peroxisome proliferation, and aff ects the enzymes and proteins that are involved in lipid metabolism, leading to metabolic disruption [START_REF] Bjork | Structure-activity relationships and [human relevance for perfl uoroalkyl acid-induced transcriptional activation of peroxisome proliferation in liver cell cultures[END_REF]. However, studies in laboratory rodents have primarily assessed blood lipid levels, including triglycerides, low-density lipoprotein, and high-density lipoprotein [START_REF] Wan | PFOS-induced hepatic steatosis, the mechanistic actions on beta-oxidation and lipid transport[END_REF]10,[START_REF] Bd | Exposure to perfl uorooctane sulfonate during pregnancy in rat and mouse. I: maternal and prenatal evaluations[END_REF], while studies in cultured cells [14] and fi sh embryos [15] have studied overall lipid peroxidation in the form of malondialdehyde (MDA). There are insuffi cient reports on the different classes and species of lipids and their oxidized products after PFOS exposure.

In the present study, we examined the levels of diff erent lipid precursors (focusing on polyunsaturated fatty acids (PUFAs)) and their oxidized metabolites in adult, maternal, and fetal mouse organs in the presence of PFOS. Our fi ndings help to elucidate the mechanism of PFOS-induced oxidative stress, which leads to detrimental eff ects on health and development.

Materials and methods

Animal handling

All animals were maintained and used in accordance with the guidelines of the Department of Health, the Government of Hong Kong Special Administrative Region. Experimental procedures were performed in accordance with the guidelines of Hong Kong Baptist University Committee on the Use of Human and Animal Subjects (Permit no. 261812). Female CD-1 mice (6 -8 weeks old) were purchased from the Laboratory Animal Service Centre of the Chinese University of Hong Kong. The mice were acclimated for one week before the experiments began. The conditions and well-being of the animals were closely monitored, and no death was recorded during the study. Mice were mated overnight and vaginal plugs were identifi ed the next day and counted as day 1 of gestation (GD1). Pregnant mice were randomized into two groups, control and PFOS treatment (3 mg/kg b.w.) groups, with n Ն 4 per group. The dose of 3 mg/kg was chosen based on a dose-dependent PFOS toxicity study, which showed that rats treated with 3 mg/kg exhibited signifi cant PFOS toxicity with moderate rate of mortality [16]. They were housed in polypropylene cages with sterilized bedding, under controlled temperature (20 -25 ° C) and humidity (35 -70%) with 12-h alternating light and dark cycles, and fed with standard lab chow (Lab-Diet 5001 Rodents Diet) and water ad libitum . Oral PFOS (98% purity, Sigma Aldrich) doses was prepared by dissolving the PFOS in dimethyl sulfoxide (DMSO; fi nal concentration, Յ 0.05%) and subsequently mixing it with corn oil. The control group was given corn oil with 0.05% DMSO. Both the control and treatment groups were fed daily via oral gavage until GD17. In a separate study, mature (non-pregnant) female mice were housed in the same setting and given PFOS (3 mg/kg b.w.) for 14 days.

Tissue collection and PFOS measurement

Maternal mice (F 0 ) were euthanized via cervical dislocation, and the unborn fetuses (F 1 ) were surgically harvested on GD17. Maternal blood was collected via cardiac puncture. Blood was allowed to clot and centrifuged at 3000 ϫ g for 15 min at 4 ° C to produce a serum sample. The collected serum was immediately stored at Ϫ 20 ° C until analysis. Maternal (liver and placenta) and fetal organs (liver, brain, and kidney) were harvested and washed with phosphate-buff ered saline containing 0.005% (w/v) butylated hydroxytoluene (BHT) and 0.005% (w/v) indomethacin. The harvested organs were snap frozen and stored at Ϫ 80 ° C until further analysis.

PFOS concentrations in maternal sera were measured as described previously [START_REF] Wan | Blood plasma concentrations of endocrine disrupting chemicals in Hong Kong populations[END_REF]. In brief, the serum sample was diluted and mixed with tetra-n-butyl ammonium hydrogen sulfate buff er and methyltert -butyl ether (MTBE). The organic phase was transferred, re-extracted with MTBE, and pooled. After drying under a stream of nitrogen, it was reconstituted with 10 mM ammonium acetate:acetonitrile (6:4, v/v) and analyzed by liquid chromatography -tandem mass spectrometry (LC -MS/MS, Agilent 1200 series, Agilent Technologies, USA). PFOS and labeled PFOS standards used for calibration were both prepared in methanol. A guard column (Zorbax Eclipse PlusC8, Agilent Technologies, USA) connected to Zorbax Eclipse Plus C8 column (100 mm ϫ 2.1 mm, 3.5 μ m, Agilent Technologies, USA) was established according to the procedure described by Zhao et al. [18] and used for the analysis.

Tissue lipid extraction

Tissue homogenization and extraction were performed as described previously [19] with modifi cations. Briefl y, tissue samples were homogenized in ice-cold Folch solution (chloroform:methanol, 2:1, v/v) with 0.01% (w/v) BHT. Aqueous 0.9% NaCl was added to allow phase separation. After centrifugation at 800 ϫ g for 10 min, at 4 ° C, the lower phase was transferred to a glass vial and the solvent was evaporated under a stream of nitrogen gas. The dried Folch extract was reconstituted with methanol and hydrolyzed overnight in the dark at room temperature with 1 M aqueous potassium hydroxide (1:1, v/v). After hydrolysis, the sample was neutralized and formic acid (pH: 4.5) was added [20]. The lipid extract mixtures were centrifuged to remove any protein precipitate before solid-phase extraction. For solid-phase extraction, 60-mg MAX columns (Oasis, Waters, USA) were used to purify the hydrolyzed samples according to the method described by Lee et al. [21].

Lipid analysis

Oxidized lipid product and fatty acid measurements [22] were performed using LC -MS/MS (1290 Infi nity, Agilent Technologies and Sciex 3200 QTRAP, Applied Biosystems, USA). A Kinetex HILIC column (30 ϫ 3 mm, 2.6 μ m, Phenomenex, USA) was used and maintained at room temperature. The mobile phase consisted of 0.1% acetic acid in water (A) and 0.1% acetic acid in methanol (B). A step-wise gradient elution from 60% B for 5 min, followed by increasing to 70% for 1 min, and 100% for a fi nal 1 min was used. The fl ow rate was set to 100 μ l/min for the fi rst 5 min, and subsequently to 200 μ l/min. 

Cholesterol analysis

Cholesterol analysis was performed using the same setup for lipids with diff erent buff ers and the ESI mode [22]. The LC mobile phase of 5 mM ammonium acetate in 10% methanol (A) and 5 mM ammonium acetate in 85% methanol (B) was set to a constant 200 μ l/min fl ow rate. The mobile phase ran at a constant of 0% B phase from 0 to 4 min and gradually increased to 100% from 4 to 5 min, and then 100% B for a subsequent 2 min. The sample injection volume was 20 μ l. An ESI positive mode was applied for QTRAP 3200 triple quadrupole MS (Sciex Applied Biosystems, USA) with a source temperature of 400 ° C and capillary temperature of 250 ° C. The analytes were detected by MS/MS using MRM and the transitions were monitored as suggested by Shui et al. [23]. Cholesterol quantitation was achieved by relating the peak area with its corresponding internal standard peak. Both cholesterol and deuterated cholesterol standards were purchased from Avanti Polar Lipids (USA).

Antioxidant enzyme activity assays

Superoxide dismutase (SOD) and catalase (CAT) enzyme activities were analyzed using commercial kits from Cayman Chemical (Ann Arbor, MI, USA) according to the manufacture instructions. Briefl y, samples were homogenized and centrifuged, and the supernatants were removed for immediate analysis. Total protein concentrations in each supernatant were measured by the Bradford assay (Bio-Rad, USA) and enzyme activities were normalized to per 1 mg of total protein. One unit of SOD activity was defi ned as " the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical. " One unit of catalase activity was defi ned as " the amount of enzyme that will cause the formation of 1.0 nmol of formaldehyde per minute at 25 ° C. "

Statistical analysis

Statistical analysis was performed and fi gures were prepared using GraphPad Prism version 6.0 (GraphPad Software, CA, USA). All values were expressed as the mean Ϯ standard deviation (SD). Data were analyzed by Student ' s t-test and a p value of Ͻ 0.05 was denoted as statistically signifi cant.

Results

Fetuses mandatorily received PFOS from dams via placenta

In the study, prolonged PFOS exposure via oral administration markedly increased PFOS levels in the serum of CD-1 maternal mice (Figure 1) and was signifi cantly ( p Ͻ 0.0001) higher than that in the control group. The PFOS concentration was 41.98 Ϯ 8.20 μ g/ml in the serum of maternal mice after 16 days of treatment during pregnancy, which was approximately 175-fold higher than that in the control group. This confi rms that PFOS is delivered and retained in the body of treated pregnant mice for distribution to other organs. Due to the limited fetal blood specimens present, PFOS measurements in fetal serum were not obtained, but the transfer of PFOS from the maternal blood circulation to the fetus through the placenta is thought to be the only way for the fetus to be exposed to PFOS during gestation.

PFOS altered cholesterol and PUFA levels in the exposed fetus

To determine the eff ects of PFOS on lipid metabolism, endogenous levels of PUFAs and cholesterol were measured in both the control and PFOS-treated groups (Figure 2A -D). The organs were chosen (maternal liver, placenta, and fetal liver) based on the route of PFOS exposure. In the present study, we quantifi ed cholesterol and PUFA precursors, including arachidonic (AA, 20:4 n -6), eicosapentaenoic (EPA, 20:5 n -3), and docosahexaenoic (DHA, 22:6 n -3) acids. The levels of cholesterol and PUFA precursors in PFOS-treated fetal livers were consistently diff erent from those in the control, with signifi cant increases in AA, DHA ( p Ͻ 0.05), and cholesterol ( p Ͻ 0.001), while EPA decreased significantly ( p Ͻ 0.001). However, DHA in maternal liver and AA in placenta were both elevated ( p Ͻ 0.05) after PFOS treatment. No signifi cant changes were observed in other tissues after PFOS treatment compared with those in the control group.

PFOS induced lipid peroxidation primarily in the fetus

To probe the pathway in which PFOS participates to induce oxidative stress, non-enzymatic (Figure 3A -F) and enzymatic (Figure 4A -H) oxidized lipid mediators were quantifi ed. Non-enzymatic oxidized lipid products were measured, namely 15-F 2t -isoprostane (IsoP) and 5-F 2t -IsoP derived from AA, 8-F 3t -IsoP liberated from EPA, and 4( RS )-F 4t -neuroprostance (NeuroP) released from DHA, as well as 7 β -hydroxycholesterol and 7-ketocholesterol produced from cholesterol. Collectively, non-enzymatic oxidized lipid products were signifi cantly increased in the liver of PFOS-treated fetuses, but not in maternal liver and placenta. This indicates that PFOS treatment enhanced lipid peroxidation in developing fetuses, regardless of the precursor concentration. We also investigated enzymatically oxidized lipid products derived from the lipoxygenase (LOX) and cytochrome P450 (CYP450) pathways. Concentrations of the various hydroxyeicosatetraenoic acids (HETEs, derived from AA) released via the LOX (Figure 4A -D) and CYP450 pathways (Figure 4E -H) showed no diff erences between the two groups, except for a decrease in the 15( S )-HETE level in fetal liver and an increased 5( S )-HETE level in maternal liver in the PFOS group compared with those in the control. The concentration of 27-hydroxycholesterol was also increased in the fetal liver of the PFOS group compared with that in the control. The levels of oxidized lipid products generated by the enzymatic pathway are, therefore, inconsistent compared with the non-enzymatic pathway, showing the latter to be predominant in PFOS-associated lipid peroxidation.

Maternal antioxidant enzyme activities coped with PFOS-induced oxidative stress

Despite the substantial amount of PFOS that is delivered and retained in the maternal body, our data showed that maternal mice coped with the oxidative stress better than fetuses (Figures 3 and4). We hypothesized that the welldeveloped antioxidant enzyme system in the dam is the reason for this diff erence. Thus, we assessed the activities of the antioxidant enzymes SOD and CAT (Figure 5A -B). However, due to the limitation of organ samples, fetal livers were not available for these measurements. When PFOS and lipid peroxidation in maternal/fetal mice 5 evaluating placental antioxidant enzyme activities, we found that the activities of SOD and CAT in PFOS-treated maternal liver and placenta were not signifi cantly diff erent from those of the control.

Lipid peroxidation in fetal brain is in lesser extent than that in liver and kidney

To further evaluate the eff ects of PFOS-induced lipid peroxidation (focusing on PUFAs) in other vital organs such as brain and kidney, we conducted a separate experiment where the adult (non-pregnant) female mice and unpaired fetuses were exposed to the same dose of PFOS for a similar duration (fetuses: 17 days; adult: 14 days), and their levels of lipid precursors and oxidized products were measured. The lipid precursors analyzed in this study include AA, adrenic acid (AdA, 22:4, n -6; an elongated form of AA), EPA, and DHA. Various isoprostanoids and isofuranoids (generated under higher oxygen tension) derived from diff erent precursors were determined to assess their levels of lipid peroxidation after PFOS exposure. Table I illustrates the levels of lipid precursors and their mediators from adult and fetal mouse brain tissues. The PFOS-treated brain tissues showed signifi cant increases in AA ( p Ͻ 0.05) and AdA ( p Ͻ 0.01) but not in EPA and DHA, while the levels in fetal brain were not altered compared with those in the control group. Non-enzymatic oxidized lipid products in both adult and fetal brain tissues were not statistically signifi cant between the two groups, except for the increase in neurofuran and 8-F 3t -IsoPs ( p Ͻ 0.05) in PFOS-treated adult and fetal tissues, respectively. Similarly, enzymatically oxidized lipid products derived from the LOX and CYP450 pathways were quantifi ed in adult and fetal brain tissues (Table II). These products in PFOS-exposed adult mice brain tissues were not aff ected compared with those in control, but the fetal counterparts for 9( S )-HETE, 5( S )-HETE, and 8( S )-HETE production were signifi cantly inhibited. Identical sets of lipid precursors and oxidized lipid mediators were analyzed for adult and fetal kidneys (Table III). Seemingly, PFOS exposure appeared to have an apparent eff ect on both adult and fetal kidney lipid peroxidation. While the levels of all lipid precursors (except for DHA) and their non-enzymatic metabolites in the PFOS-treated fetal kidney increased compared with those in the control, lipid precursors and oxidized products in PFOS-treated adult kidney showed a signifi cant decrease in EPA, DHA, 5-F 2t -IsoP, and 4( RS )-4-F 4t -NeuroP, and 17( RS )-F 2t -dihomo-IsoP and 17( RS )-SC-∆ 15 -11-dihomo-IsoF from AdA, but 15-F 2t -IsoP (an overall in vivo oxidative stress biomarker) was elevated.

Finally, enzymatically oxidized lipid products in PFOStreated adult mice kidney had reduced 9( S )-, 11( S )-, 8( S )-, and 12( S )-HETE levels, whereas 5( S )-and 15( S )-HETE PFOS and lipid peroxidation in maternal/fetal mice 7 levels were increased compared with those in the control (Table IV). PFOS-treated fetal kidney showed a decreased amount of 5( S )-and 11( S )-HETEs, while 15( S )-HETE levels increased compared with the control group. Aside from these, other precursors and oxidized lipid products (Table IV) were not signifi cantly altered between the control and PFOS-treated groups.

(A) (B) (C) (D) (E) (F) (G) (H)

Discussion

The purpose of this study was to probe how PFOS aff ects lipid metabolism and induces oxidative stress by evaluating the levels of oxidized PUFAs and cholesterol products from enzymatic and non-enzymatic pathways. It is well documented that the elevation of these oxidized lipid products in vivo leads to metabolic and cognitive dysfunction and a risk of developing cardiovascular disease, diabetes, cancer, and neurodegeneration [21,24 -26].

In this study, we found that lipid precursor levels in PFOS-treated fetal, but not maternal livers were consistently elevated, with the exception of EPA. As reported by others, the increase in these lipid precursor levels is rationalized by the reduction in serum lipid levels, in which triglycerides and cholesterols are transported into the liver from the circulation and retained, leading to lipid vacuolation [27,28]. This is due to the upregulation of hepatic lipoprotein lipase and fatty acid translocase for lipoprotein traffi cking, and the uptake of free fatty acids with a simultaneous reduction in apolipoprotein-B100 level that is needed for very-low-density lipoprotein packaging and secretion [START_REF] Wan | PFOS-induced hepatic steatosis, the mechanistic actions on beta-oxidation and lipid transport[END_REF]10]. However, we noted a signifi cant reduction in EPA level in fetal liver, which may indicate a possible modifi cation of the enzymes that participate in the bioconversion of EPA to docosapentaenoic acid (DPA, 22:5 n -3) and DHA, such as Δ 5 -and Δ 6 -desaturases [29], in the presence of PFOS.

Based on previous fi ndings, prenatal exposure to PFOS in humans and rodents was approximately twice as much as what is present in the fetus, whether harvested from plasma or postnatal liver [START_REF] Luebker | Neonatal mortality from in utero exposure to perfl uorooctanesulfonate (PFOS) in Sprague-Dawley rats: dose-response, and biochemical and pharamacokinetic parameters[END_REF]31]. On average, mouse gestation is approximately 18 days, and the fetal samples used in this study were extracted on GD17, which is one day before term. Assuming that treated pregnant mice carry the same PFOS distribution ratio as their fetuses, we determined the representative oxidized lipid products derived from AA, EPA, DHA, and cholesterol via enzymatic and non-enzymatic pathways. The levels of non-enzymatic oxidized lipid products in PFOS-exposed fetal livers were consistently increased, but a similar trend was absent from maternal tissues. However, enzymatically oxidized lipid products derived from AA and cholesterol had a limited overall oxidation eff ect, with the exception of 15( S )-HETE and 27-hydroxycholesterol in fetal liver and 5( S )-HETE from maternal liver. Both 15( S )-and 5( S )-HETE are reported to have modulating roles during infl ammation [32]. Of note, F 2 -IsoPs (15-F 2t -IsoP and 5-F 2t -IsoP) derived from AA, and the " gold " standard for in vivo oxidative damage [24 -26], increased tremendously in PFOSexposed fetuses, implying that PFOS-treated fetuses were under oxidative stress. Taken together, our data suggest that PFOS aff ects fetal tissues more than maternal tissues. First, PFOS exposure consistently elevated total free PUFAs and cholesterol content in fetal liver. Additionally, lipid precursors were extensively and exclusively oxidized in fetal liver, which seemed to favor a non-enzymatic pathway rather than an enzymatic pathway. These results showed that PFOS-induced oxidative stress PFOS had larger eff ects in fetuses than in dams by releasing ROS that lead to lipid peroxidation. Subsequently, we questioned whether the PUFAs were oxidized in maternal tissues and transported to the fetus, or the accumulated PFOS within fetal tissues led to lipid peroxidation. The fact that the oxidized lipid products in maternal tissues showed insignifi cant diff erences in the presence and absence of PFOS eliminates the possibility that these oxidized products were transferred to the fetuses. Thus, we can assume that the elevation of lipid peroxidation in fetal livers was due to the presence of PFOS in the tissue.

The exclusive lipid peroxidation in fetal livers then led us to postulate that the maturity of fetal antioxidant system is not in place during early stages of fetus development, or it led to antioxidant system dysfunction that resulted in a high level of oxidative stress. It is noted that, depending on the species and organs, glutathione and antioxidant enzymes, such as SOD, CAT and glutathione peroxidase, are equally important to fetal development [26]. Regardless, SOD and CAT antioxidant enzyme activities were measured in maternal liver and placenta to test our hypothesis. Surprisingly, no signifi cant diff erences were observed in the level of each antioxidant enzyme in the presence of PFOS in both types of tissues. However, because of the sample limitations in fetuses, we remain inconclusive on whether the excess lipid peroxidation experienced in fetal tissues is due to the maturity of their antioxidant systems.

Furthermore, a recent study reports on the formation of free radicals from aqueous PFOS in the presence of iron under ultraviolet (UV) irradiation [33]. Although this is an in vitro study, reactive PFOS radicals are formed with the assistance of an exogenous UV source. High amounts of free iron are present in the fetus during pregnancy, and iron is known to facilitate lipid peroxidation, particularly through the non-enzymatic free radial reaction, to generate hydrogen peroxide, superoxide radical, and hydroxyl radical [34]. Hence, the high level of iron in developing fetuses could be a main culprit for the free radical generation in the presence of PFOS presented here. In a separate study, we analyzed the brain and kidney from adult female mice exposed to the same level of PFOS, which were then compared with the fetal organs. Adult and fetal mice exposed to PFOS showed elevated levels of F 2 -IsoPs in kidney, indicating the presence of oxidative stress. The high levels of oxidative damage found in the fetal kidney may have detrimental eff ects on developmental because F 2 -IsoPs is also reported to be an endogenous vasoconstrictor [START_REF] Roberts | Camille Oger] at 00:14 06 May 2015 PFOS and lipid peroxidation in maternal/fetal mice 11 are produced in vivo in humans by a non-cyclooxygenase, free radical-catalyzed mechanism[END_REF]25]. In addition to F 2 -IsoPs, levels of oxidized lipid products derived from other precursors were increased in both adult and fetal kidney. Most notably, the isofuranoid group (IsoFs, NeuroFs, and 17( RS )-SC-∆ 15 -11-dihomo-IsoF), which is generated under high oxygen tension, was signifi cantly augmented by PFOS treatment compared with the control. The importance of the endogenous isofuranoids is unknown, but it appears to be a potentially more stable form of oxidized lipid products, in particular for the brain [START_REF] Roberts | Camille Oger] at 00:14 06 May 2015 PFOS and lipid peroxidation in maternal/fetal mice 11 are produced in vivo in humans by a non-cyclooxygenase, free radical-catalyzed mechanism[END_REF]35,36]. Nevertheless, unlike the kidney, the mouse brain was not consistently aff ected, possibly because limited PFOS was taken up in the brain [37], which might have been potentially hindered by the blood -brain barrier. Although brain development matures at a much later stage than many other organs, the blood -brain barrier is a natural protector and is fully developed before birth [START_REF] Saunders | Bar-[rier mechanisms in the developing brain[END_REF].

It should be noted that this is the fi rst study to measure the precise oxidized lipid products of the non-enzymatic pathway, particularly 17( RS )-SC-Δ 15 -11-dihomo-IsoF, in mouse brain tissues. Recent measurements on 17( RS )-SC-Δ 15 -11-dihomo-IsoF levels were performed on pig and rat brain samples [35,36], which have distinctly diff erent results from our data. However, the species used, the maturity of the subjects, the region of the brain assessed (as whole brain was used in this study), and the sample sizes used might lead to the inconsistencies with the current result. Taken together, PFOS-induced lipid peroxidation seemed to aff ect tissues in the order of kidney Ͼ liver Ͼ brain.

Downloaded by [E R F I], [Camille Oger] at 00:14 06 May 2015

There are previous reports on the eff ects of prenatal PFOS exposure. Notwithstanding this, samples from these studies were mainly conducted at birth or postnatal stages. Additionally, the PFOS concentrations in the exposed dams were shown to increase steadily throughout gestation and postnatal stages [START_REF] Bd | Exposure to perfl uorooctane sulfonate during pregnancy in rat and mouse. I: maternal and prenatal evaluations[END_REF]16]. However, the amount of PFOS found in the pups was only measured at postnatal days, although they were exposed during the prenatal period. Therefore, PFOS levels were not previously investigated in paired dams and pups during gestation. To the best of our knowledge, this is the fi rst report that studies trans-generational eff ects of PFOS in mouse maternalfetal lipid metabolism during gestation.

In conclusion, we have shown, for the fi rst time, that PFOS exposure in pregnant mice induces notable lipid peroxidation in fetuses during their gestation. However, PFOS-induced fetal lipid peroxidation is organ-specifi c, and occurs primarily through the non-enzymatic lipid peroxidation pathway. Nevertheless, the detrimental eff ects of prolonged oxidative stress during gestation are not determined here. Therefore, a postnatal study needs to be employed to identify whether the eff ects on fetal development will continue at a later age due to altered lipid metabolism and if cognitive behaviors are aff ected.

Figure 1 .

 1 Figure 1. PFOS concentrations in maternal serum. Values in each column are expressed as the mean Ϯ SD. The number of sample replicates of maternal serum in the control group is n ϭ 4, and in the 3 mg/kg PFOS group it is n ϭ 4. * * * p Ͻ 0.001 compared with control.

Figure 2 .

 2 Figure 2. Concentrations of AA, EPA, DHA, and cholesterol in maternal and fetal livers and placenta. Panels represent AA (A), EPA (B), DHA (C), and cholesterol (D). Values in each column are expressed as the mean Ϯ SD. C: control; T: PFOS-treated. The number of sample replicates of maternal liver is n ϭ 4, and that of placenta and fetal liver is n ϭ 8. * p Ͻ 0.05, * * * p Ͻ 0.001 compared with control.

Figure 3 .

 3 Figure 3. Non-enzymatically oxidized lipid products of PUFAs after PFOS exposure. Panels represent F 2 -IsoPs (A -B) derived from AA, F 3 -IsoP (C) derived from EPA, F 4 -NeuroP (D) derived from DHA, and 7 β -hydroxycholesterol (E) and 7-ketocholesterol (F) derived from cholesterol. Values in each column are expressed as the mean Ϯ SD. C: control; T: PFOS-treated. The number of sample replicates of maternal liver is n ϭ 4, and that of placenta and fetal liver is n ϭ 8. * p Ͻ 0.05, * * * p Ͻ 0.001 compared with control.

Figure 4 .

 4 Figure 4. Enzymatically oxidized lipid products of AA and cholesterol. Panels represent products from the LOX (A -E) and CYP450 (F -H) pathways. Values in each column are expressed as the mean Ϯ SD. C: control; T: PFOS-treated. The number of sample replicates of maternal liver is n ϭ 4, and that of placenta and fetal liver is n ϭ 8. * p Ͻ 0.05 compared with control.

Figure 5 .

 5 Figure 5. Antioxidant enzyme activities in maternal liver and placenta. Panels represent SOD (A) and CAT (B) enzyme activities. Enzyme activities are expressed as unit per mg of total protein. Values in each column are expressed as the mean Ϯ SD. The number of sample replicates of maternal liver and placenta is n ϭ 4.

Table I .

 I Level of PUFAs and their non-enzymatic oxidized lipid products in adult and fetal mice brain after PFOS treatment.

			Brain	
			Adult	Fetus
		Control	PFOS-treated	Control	PFOS-treated
	Lipid precursors				
	AA ϩ	4.27 Ϯ 2.13	9.3 Ϯ 1.04 *	4.60 Ϯ 0.48	5.10 Ϯ 0.60
	AdA	75.18 Ϯ 13.40 147.15 Ϯ 5.61 * * 82.55 Ϯ 8.86	85.72 Ϯ 9.70
	EPA	6.96 Ϯ 0.38	8.69 Ϯ 1.38	47.15 Ϯ 14.69	45.27 Ϯ 15.59
	DHA	459.46 Ϯ 96.62 556.00 Ϯ 69.78 551.33 Ϯ 83.53 492.43 Ϯ 75.57
	Isoprostanoids				
	15-F 2t -IsoP	9.58 Ϯ 2.67	9.56 Ϯ 3.35	1.50 Ϯ 0.42	1.38 Ϯ 0.28
	5-F 2t -IsoP 8-F 3t -IsoP	31.34 Ϯ 13.65 57.18 Ϯ 62.87 9.80 Ϯ 0.30 7.90 Ϯ 1.68	6.95 Ϯ 1.26 0.61 Ϯ 0.12	5.77 Ϯ 2.76 0.80 Ϯ 0.21 *
	4( RS )-4-F 4t -NeuroP	37.64 Ϯ 17.74 34.81 Ϯ 9.79	32.06 Ϯ 7.79	31.21 Ϯ 7.68
	17( RS )-F 2t -dihomo-IsoP	14.35 Ϯ 3.04	18.14 Ϯ 12.50	2.67 Ϯ 0.71	2.59 Ϯ 0.42
	Isofuranoids				
	IsoF	3.73 Ϯ 1.30	5.50 Ϯ 1.25	0.52 Ϯ 0.17	0.50 Ϯ 0.09
	NeuroF	13.56 Ϯ 2.90	29.08 Ϯ 8.30 *	37.86 Ϯ 12.15	41.72 Ϯ 11.23
	17( RS )-SC -Δ 15 -11-dihomo-IsoF	4.47 Ϯ 1.39	4.28 Ϯ 1.20	0.39 Ϯ 0.18	0.33 Ϯ 0.16

Concentration values are expressed in mean Ϯ SD, ng/g of tissue except ϩ μ g/g tissue. * p Ͻ 0.05, * * p Ͻ 0.01 compared with control. Adult: n ϭ 4; Fetus: n ϭ 8.

Table II .

 II Level of enzymatic oxidized lipid products of AA via LOX and CYP450 pathways measured in adult and fetal brain after PFOS exposure. Concentration values are expressed in mean Ϯ SD, ng/g tissue. * p Ͻ 0.05, * * p Ͻ 0.01, * * * p Ͻ 0.001 as compared with control. Adult: n ϭ 4; Fetus: n ϭ 8.

			Brain		
		Adult		Fetus	
		Control	PFOS-treated	Control	PFOS-treated
	CYP450-mediated				
	9( S )-HETE	13.88 Ϯ 2.00	17.80 Ϯ 4.44	14.16 Ϯ 5.37	8.99 Ϯ 1.53 *
	11( S )-HETE	68.81 Ϯ 8.30	71.88 Ϯ 12.28	58.44 Ϯ 22.71	40.21 Ϯ 10.75
	20-HETE	94.49 Ϯ 5.40	109.65 Ϯ 15.74	63.72 Ϯ 23.73	47.22 Ϯ 11.81
	LOX-mediated				
	5( S )-HETE	39.42 Ϯ 12.27	46.29 Ϯ 13.78	41.87 Ϯ 9.31	26.05 Ϯ 6.53 * *
	8( S )-HETE	22.81 Ϯ 1.38	28.69 Ϯ 7.49	21.62 Ϯ 6.70	15.49 Ϯ 2.55 *
	12( S )-HETE	113.05 Ϯ 12.96	94.13 Ϯ 8.85	48.55 Ϯ 12.56	44.95 Ϯ 9.28
	15( S )-HETE	9.93 Ϯ 0.78	9.56 Ϯ 2.39	10.77 Ϯ 3.77	9.27 Ϯ 2.96

Table III .

 III Level of PUFAs and their non-enzymatic oxidized lipid products in adult and fetal mice kidney after PFOS treatment.

			Kidney	
			Adult		Fetus
		Control	PFOS-treated	Control	PFOS-treated
	Lipid precursors				
	AA	145.95 Ϯ 36.81 162.86 Ϯ 46.79	6.83 Ϯ 4.67	24.49 Ϯ 4.09 * * *
	AdA	0.47 Ϯ 0.06	0.39 Ϯ 0.11	0.18 Ϯ 0.11	1.33 Ϯ 0.91 * *
	EPA	485.09 Ϯ 20.60 259.23 Ϯ 10.20 * * * 43.72 Ϯ 12.36 72.64 Ϯ 16.37 * *
	DHA ϩ	4.69 Ϯ 0.27	2.82 Ϯ 0.77 *	0.40 Ϯ 0.06	0.46 Ϯ 0.10
	Isoprostanoids				
	15-F 2t -IsoP	89.02 Ϯ 6.00	114.62 Ϯ 6.55 * *	12.91 Ϯ 11.81 45.40 Ϯ 18.72 * * *
	5-F 2t -IsoP ϩ 8-F 3t -IsoP	0.33 Ϯ 0.08 33.04 Ϯ 5.82	0.08 Ϯ 0.01 * * 24.77 Ϯ 3.93	0.46 Ϯ 0.04 39.95 Ϯ 6.03	5.03 Ϯ 2.95 * * * 69.78 Ϯ 10.83 * * *
	4( RS )-4-F 4t -NeuroP	68.41 Ϯ 5.75	56.70 Ϯ 1.32 *	9.06 Ϯ 8.18	20.19 Ϯ 4.16 * *
	17( RS )-F 2t -dihomo-IsoP	33.75 Ϯ 2.62	22.18 Ϯ 2.54 * *	7.66 Ϯ 6.64	25.63 Ϯ 3.59 * * *
	Isofuranoids				
	IsoF	24.51 Ϯ 3.71	17.58 Ϯ 3.63	6.09 Ϯ 5.62	20.02 Ϯ 5.57 * * *
	NeuroF	43.17 Ϯ 6.45	50.80 Ϯ 8.42	16.45 Ϯ 2.55	36.29 Ϯ 8.88 * * *
	17( RS )-SC-Δ 15 -11-	18.15 Ϯ 1.85	4.54 Ϯ 0.73 * * *	3.79 Ϯ 3.25	16.15 Ϯ 2.65 * * *
	dihomo-IsoF				

Concentration values are expressed in mean Ϯ SD, ng/g tissue except ϩ μ g/g tissue. * p Ͻ 0.05, * * p Ͻ 0.01, * * * p Ͻ 0.001 compared with control. Adult: n ϭ 4; Fetus: n ϭ 8.

Table IV .

 IV Level of enzymatic oxidized lipid products of AA via LOX and CYP450 pathways in adult and fetal kidney after PFOS exposure. Concentration values are expressed in mean Ϯ SD, μ g/g tissue except ϩ ng/g tissue. * p Ͻ 0.05, * * p Ͻ 0.01, * * * p Ͻ 0.001 compared with control. Adult: n ϭ 4; Fetus: n ϭ 8.

			Kidney		
			Adult		Fetus
		Control	PFOS-treated	Control	PFOS-treated
	CYP450-mediated				
	9( S )-HETE ϩ	151.86 Ϯ 15.60	42.87 Ϯ 1.97 * * *	51.35 Ϯ 10.91	61.24 Ϯ 15.23
	11( S )-HETE	1.86 Ϯ 0.32	0.81 Ϯ 0.14 * *	2.46 Ϯ 0.35	0.19 Ϯ 0.04 * * *
	20-HETE	3.07 Ϯ 0.78	2.64 Ϯ 0.31	8.22 Ϯ 2.39	7.61 Ϯ 3.21
	LOX-mediated				
	5( S )-HETE	0.85 Ϯ 0.14	3.00 Ϯ 0.33 * * *	1.07 Ϯ 1.04	0.19 Ϯ 0.04 *
	8( S )-HETE	0.30 Ϯ 0.02	0.09 Ϯ 0.01 * * *	2.00 Ϯ 0.69	1.59 Ϯ 1.50
	12( S )-HETE	2.44 Ϯ 0.58	0.36 Ϯ 0.01 * *	15.80 Ϯ 2.03	0.02 Ϯ 0.01
	15( S )-HETE ϩ	74.79 Ϯ 21.20	266.66 Ϯ 51.73 * *	3.84 Ϯ 1.77	11.99 Ϯ 7.02 * *

Downloaded by [E R F I], [Camille Oger] at 00:14 06 May 2015

Acknowledgements

This work was supported by General Research Fund (HKBU261812) and the University of Hong Kong Seed Funding Programme for Basic Research (No. 104002391 and 104003173).

Declaration of interest

The authors report no declarations of interest. The authors alone are responsible for the content and writing of the paper.

Supplementary material available online

Supplementary Table I to be found at online http://informahealthcare.com/doi/abs/10.3109/10715762.2015.1027199.