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Abstract

Placental angiogenesis is dramatically increased during pregnancy in association with the elevated 

placental blood flows to support the rapidly growing fetus. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

(TCDD) is an environmental toxicant and a ligand of aryl hydrocarbon receptor (AhR). Herein, we 

investigated the effects of TCDD on proliferation, migration, and viability of fetoplacental 

endothelial cells in response to a complete growth medium which contained serum and growth 

supplement using human umbilical cord vein (HUVECs) and artery (HUAECs) cells as models. 

We found that TCDD dose- and time-dependently inhibited (p < 0.05) proliferation of HUVECs 

and HUAECs. Treatment with TCDD at 10 nM for 6 days inhibited (p < 0.05) migration (by 

~30%) of HUAECs, but not HUVECs. TCDD at 10 nM also attenuated (p < 0.05) viability of 

HUVECs and HUAECs. Interestingly, specific AhR siRNA blocked (p < 0.05) the TCDD-

inhibited cellular responses in HUAECs, but not HUVECs. Nonetheless, TCDD at 10 nM neither 

affected the cell cycle process, nor did it induce cell apoptosis in HUVECs and HUAECs. In 

addition, TCDD at 10 nM also did not alter activation of ERK1/2 and AKT1 in HUVECs and 

HUAECs. Collectively, TCDD suppresses proliferation and/or migration (two key steps of 

angiogenesis) of HUVECs and HUAECs independent and dependent of AhR, respectively. These 

data suggest that TCDD inhibited growth of HUVECs and HUAECs via decreasing cell viability. 

Thus, TCDD may inhibit fetoplacental angiogenesis, leading to negative pregnancy outcomes.
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1. Introduction

During pregnancy, fetoplacental angiogenesis is dramatically increased in association with 

the elevated placental blood flows to support the rapidly growing fetus (Magness and Zheng, 

1996, Reynolds et al., 2005; Wang and Zheng, 2012). In addition, it is well established that 

defective placental angiogenesis is linked to severe pregnancy complications such as 

preeclampsia and intrauterine growth restriction, leading to negative pregnancy outcomes 

(Gilbert et al., 2008; Khankin et al., 2010; Mayhew et al., 2004). Thus, any factor that 

impairs fetoplacental angiogenesis will jeopardize pregnancy and fetal development.

2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) is a ubiquitous environmental pollutant and 

toxicant, which belongs to the halogenated aromatic hydrocarbons family (Denison et al., 

2011; Pocar et al., 2005). Exposure of humans to TCDD could cause severe intoxication 

including chloracne, hepatotoxicity, neurotoxicity, and cardiotoxicity (Denison et al., 2011; 

Pelclová et al., 2006; Pocar et al., 2005). Humans are primarily exposed to TCDD by 

ingesting contaminated food and by industrial accidents (Pelclová et al., 2006; Pocar et al., 

2005). After ingested, TCDD is fairly stably stored in the fatty acid and resistant to 

metabolic degradation, potentially posing chronic adverse effects on humans (Denison et al., 

2011; Pelclová et al., 2006; Pocar et al., 2005). In the general population, average TCDD 

equivalents (TEQ) concentrations are estimated at 58 ng/kg serum lipid, corresponding to 13 

ng TEQ/kg body weight (DeVito et al., 1995). TCDD concentrations in human infant tissues 

(0.16-0.38 ng/kg lipid of adipose tissue and 0.29-0.49 ng/kg lipid of liver) (Kreuzer et al. 

1997), which are believed to be lower than or comparable to those in adults (Kreuzer et al. 

1997; Leung et al., 1990; Neubert, 1988). However, when humans are accidently exposed to 

moderate to high levels of TCDD, the serum lipid TCDD concentrations can reach much 

high levels, ranging from 130-144,000 ppt (Aylward et al., 2005).

During pregnancy, TCDD can easily cross the placental barrier and enter the fetus (Bell et 

al., 2007; Nau and Bass, 1981). Thus, repeated prenatal exposure to TCDD can induce 

fetotoxicity, leading to increased prenatal mortality in many species including mouse, rat, 

monkey, and perhaps human too (Hernández-Ochoa et al., 2009; Peterson et al., 1993). 

Importantly, the TCDD-induced fetotoxicity may be partially attributed to abnormal 

vascular formation, growth, and function. For example, prenatal exposure of chicks to 

TCDD impairs coronary vasculogenesis in chicken embryos by attenuating responsiveness 

of embryos to angiogenic factors including vascular endothelial growth factor-A (VEGFA; 

Ivnitski-Steele et al., 2005). In addition, TCDD exposure suppresses vascular remodeling in 

the labyrinth zone of rat placentas (Ishimura et al., 2006; Wu et al., 2014) and also induces 

vascular inflammatory response, contributing to the development of atherosclerosis in adult 

mice (Wu et al., 2011).

The majority of TCDD’s activities is mediated via activation of aryl hydrocarbon receptor 

(AhR), a ligand-activated transcription factor (Denison et al., 2011). While most of 
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unliganded AhR resides in the cytoplasm of cells (Denison et al., 2011), upon binding to its 

ligands, AhR will transfer to the nucleus, where it binds to aryl hydrocarbon nuclear 

receptor translocator to form a heterodimer (Denison et al., 2011). This heterodimer 

subsequently binds to the dioxin response element, activating expression of its downstream 

genes such as CYP1A1 (cytochrome P450, family 1, subfamily A, polypeptide 1) and 

CYP1B1 (cytochrome P450, family 1, subfamily B, polypeptide 1) (Denison et al., 2011). 

The AhR-induced downstream signaling also includes the MEK/ERK1/2 and PI3K/AKT1 

pathways (Tan et al., 2002, 2004; Wu et al., 2007). After activation, AhR is translocated 

back to the cytoplasm rapidly degraded by the proteasome (Denison et al., 2011). In 

addition, AhR activation can also be suppressed by the AhR repressor (Denison et al., 2011). 

Intriguingly, TCDD may exert its actions independent of AhR (Ahmed et al., 2005; 

Kondraganti et al., 2003; Park et al., 2003; Park et al., 2005; Sanders et al., 2005). For 

example, TCDD induces an antiproliferative response in human breast cancer cells and 

reduces expression of p16ink4a (a cell cycle regulator and tumor suppressor) in human 

endothelial cells via an AhR independent manner (Akintobi et al., 2007; Yoshioka et al., 

2012).

We have recently reported that AhR is present in human placentas, primarily in endothelial 

cells within villous cords, and in endothelial cells of umbilical cord veins, and arteries (Jiang 

et al., 2010). We have also shown that one dose of TCDD at 1.6 μg/kg body weight 

interferes with remodeling of rat placentas (Wu et al., 2014). However, the role of TCDD in 

human fetoplacental angiogenesis is not known, although 3-methylcholanthrene, another 

exogenous AhR ligand, has been shown to inhibit cell proliferation of human umbilical 

vascular endothelial cells in vitro (Juan et al., 2006). Therefore, in this study, we 

hypothesize that TCDD inhibits the angiogenic responses of fetoplacental endothelial cells 

via AhR, which may ultimately lead to adverse pregnancy outcomes. Specifically, we 

examined the effect of TCDD on the fetoplacental endothelial proliferation and migration, 

two key steps of angiogenesis, in response to a complete growth medium containing 10% 

FBS and growth supplement using human umbilical vein (HUVECs) and artery (HUAECs) 

endothelial cells as cell models since endothelial cells in vein and artery are different 

tremendously in their global gene expression profiles (Chi et al., 2003; Jiang et al., 2013a,b), 

possibly leading to different responses to TCDD. We have also attempted to explore the 

mechanisms underlying TCDD’s effects on these cells.

2. Materials and Methods

2.1. Cell Isolation and Culture

HUVECs and HUAECs, two endothelial cell types widely used as fetoplacental endothelial 

cell models were isolated from umbilical cords of patients with normal term pregnancies 

using a standard collagenase enzyme digestion as described (Jiang et al., 2013a,b). After 

isolation, cells were cultured in basal RPMI 1640 media (BM; Life Technology, Grand 

Island, NY) supplemented with 10% FBS (Thermo Scientific, Waltham, MA), 1% 

penicillin/streptomycin, 100 mg/L heparin (EMD Chemicals, San Diego, CA), and 37.5 

mg/L endothelial cell growth supplement (Millipore, Billerica, MA) under 37°C, 5% CO2, 

and 95% air. This supplemental medium was designated as the complete growth medium 
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(CGM). After verification of their endothelial phenotypes, cells were pooled from five 

individual cell preparations and passaged. Cells at passages 4-5 were used for all studies 

described below.

2.2. Cell Proliferation and Migration

To determine the effect of TCDD on cell proliferation and migration, two indicatives of 

angiogenesis were performed. Cell proliferation was assayed as described (Li et al., 2014; 

Wang et al., 2013). Subconfluent cells were seeded in 96-well plates (5000 and 8000 cells/

well for HUVECs and HUAECs, respectively). After 16 hr of culture, cells were treated 

with 0.1 to 100 nM of TCDD (cat # ED-901-B Cambridge Isotope Laboratories, Tewksbury, 

MA) or the vehicle, dimethyl sulfoxide (DMSO, 0.1% v/v; the maximum concentration used 

in the final TCDD solutions, Sigma, St. Louis, MO) in CGM up to 6 days with daily change 

of media containing TCDD or DMSO. At the end of treatment, the number of cells was 

determined using the crystal violet method (Li et al., 2014; Wang et al., 2013). The relative 

IC50 values of TCDD for cell proliferation on Day 6 were calculated using the SigmaPlot 

graphing and statistical analysis software (v12.7; San Jose, CA).

Cell migration was evaluated using a FluoroBlok Insert System (8.0 μm pores; cat# 351158, 

BD Biosciences, San Jose, CA) as described (Li et al., 2014; Wang et al., 2013). 

Subconfluent cells grown on 60 mm culture dishes were treated with TCDD (10 nM) or 

DMSO (0.01% v/v) in CGM for 6 days with a daily change of medium containing TCDD or 

DMSO. This dose of TCDD was widely used for in vitro studies and was also chosen based 

on the dose response of cell proliferation described above. Moreover, this concentration of 

TCDD is ~ 23 fold higher than that in general population (DeVito et al., 1995) and appears 

to be within the range of TCDD levels in humans who were accidently exposed to moderate 

to high levels of TCDD (Aylward et al., 2005). Cells were lifted and seeded into the insert 

(30,000 cells/insert). The bottom wells were also filled with the same medium. After 6 hr of 

culture, cells migrated were stained with 0.2 μg/ml of calcein AM (cat# C3100MP, 

Invitrogen, Carlsbad, CA) and counted using the MetaMorph image analysis software.

2.3. Cell Viability

To examine if the TCDD-inhibited cell proliferation is associated with a decrease in cell 

viability, cell viability assay was performed using 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, a tetrazole (MTT) assay kit (cat # 10009365, Cayman 

Chemical Company, Ann Arbor, MI). This method is based on reducing the yellow MTT to 

violet formazan, which is catalyzed by mitochondrial dehydrogenases. Since these enzymes 

are active only in living cells, the MTT method is widely used to assess cell viability 

(Berridge et al., 2005). Different from the cell proliferation assay as described above, the 

confluent cells (40000 cells/well, 6 wells/dose) were seeded in 96-well plates. After 16 hr of 

culture, cells were treated with TCDD (10 or 100 nM) or DMSO (0.1% v/v, the 

concentration used in 100 nM of TCDD) in CGM for 4 or 6 days with a daily change of 

medium containing TCDD or DMSO. At the end of treatment, cells were incubated with the 

MTT reagent for 4 hr, followed by the cell lysis. The absorbance was read at 570 nm using 

the microplate reader.
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2.4. Western Blot Analysis

Western blot analysis was conducted as described (Li et al., 2014; Wang et al., 2013). To 

confirm AhR activation induced by TCDD, cells were treated with a single dose of TCDD 

(10 nM) in CGM for 0, 1, 2, 8, 24, or 48 hr. Proteins were subjected to Western blotting (Li 

et al., 2014; Wang et al., 2013). The membranes were probed with the rabbit anti-AhR 

antibody (1: 2000; cat# BML-SA210-0100, Enzo Life Sciences, Plymouth Meeting, PA), 

followed by reprobing with a mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

antibody (1:10,000; cat# H00002597-M01, Novus, Littleton, CO). Proteins were visualized 

using the enhanced chemiluminescence reagent (Amersham, Piscataway, NJ). Signals were 

recorded using an Epson Perfection 4990 Photo Scanner (Long Beach, CA) and analyzed 

using NIH Image J software.

2.5. Reverse Transcription-Quantitative PCR (RT-qPCR)

To confirm induction of AhR’s downstream signaling, and to determine the role of TCDD in 

mRNA expression of pro-angiogenic factors, RT-qPCR was performed as described (Jiang 

et al., 2013a,b; Li et al., 2014). Subconfluent cells were treated with a single dose of TCDD 

(10 nM) in CGM for 0, 24, or 48 hr. Total RNA were extracted using RNeasy Plus Mini Kit 

(Qiagen, cat # 74134, Valencia, CA) and quantified by using NanoDrop 1000 

Spectrophotometer (Nanodrop Technologies, Wilmington, DE). The quality and integrity of 

total RNA were confirmed using the Agilent RNA6000 NanoChip in the Agilent 2100 

bioanalyzer (Agilent Technologies, Santa Clara, CA). Only samples with RNA integrity 

number scores larger than 9.0 were used. Samples of total RNA (1 μg) were reverse 

transcribed to cDNA using High-Capacity cDNA Reverse Transcription Kits (AB applied 

Biosystems, cat# 4368814) in a 20 μL volume.

The effects of TCDD on mRNA expression of CYP1A1 and CYP1B1 (two well-known 

signaling molecules induced by TCDD) were first analyzed. The effects of TCDD on 

mRNA expression of VEGFA and its major receptors (VEGFR1, VEGFR2, NP1, and NP2) 

were also examined. In parallel, TBP (TATA-BOX), ACTB (β-actin), and GAPDH were 

run, serving as controls. All primers were showed as the Supplemental table S1. RT-qPCR 

was performed using the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad 

Laboratories, Hercules, CA) according to the manufacturer’s instruction. Amplification was 

performed using a Roche 480 Lightcycler system. Each cDNA reaction was performed in 

triplicate. Fluorescence was measured at the end of each annealing step for each cycle. To 

check the specificity of each primer pair, the predicted PCR amplicon melting temperature 

was confirmed by a dissociation curve analysis. Relative expression values for the genes 

studied were normalized to the mean of the relative expression values of two out of three 

reference genes TBP, ACTB, and GAPHD, selected by Qbase Plus software.

2.6. AhR siRNA Transfection

To determine the AhR role in the TCDD-inhibited cell proliferation, migration, and 

viability, siRNA transfection was performed as described (Li et al., 2014; Wang et al., 

2013). The AhR siRNA targeting human AhR was purchased (Dharmacon, Cat # 

L-004990-00-0020, Chicago, IL). Scrambled siRNA (siRNA) with 5’-Cy3 (Sense: 5-

GAGAGGUCCCUCCCAUCUUTT-3; Antisense: 5-AAGAUGGGAGGGACCUCUCTT-3) 
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was synthesized (IDT, Coralville, IA). Subconfluent cells were transfected with 20 nM of 

the AhR or scrambled siRNA (the siRNA control) in the Lipofectamine RNAiMAX 

transfection reagent (Invitrogen) or treated with the transfection reagent alone (the vehicle 

control) up to 6 days. After an optimal time point was identified, additional cells were 

transfected for determining their proliferation, migration, and viability in response to TCDD.

2.7. Cell Cycle and Cell Apoptosis

To determine if the TCDD-inhibited cell proliferation is associated with a decrease in cell 

cycle progress, cell cycle was analyzed using flow cytometry. After serum-starved for 24 hr, 

cells were treated with TCDD or DMSO in CGM for 24, 36 or 144 hr and then stained with 

propidium iodide (PI, 0.033 mg/ml) (cat # 195458, MP Biomedicals, Santa Ana, CA). After 

staining, cells in each phase (G1, S, G2, and M) were analyzed using a flow cytometer 

(FACSCalibur).

To examine if the TCDD-inhibited cell proliferation is associated with an increase in cell 

apoptosis, two apoptosis experimental approaches were taken. First, cell apoptosis was 

examined using the Annexin V and PI apoptosis detection kit (Cat#:88-8005-72, 

eBioscience, San Diego, CA), following the manufacturer’s instruction. After treatment with 

TCDD (10 nM) or DMSO (0.01% v/v) for 8, 24, 36 or 144 hr, cells were stained by PI and 

fluorescein isothiocyanate -conjugated Annexin V and analyzed using a flow cytometer 

(FACSCalibur). Secondary, apoptosis was determined by analyzing the formation of 

cleaved-caspase-3 proteins by TCDD using Western blotting. Cells were treated with one 

single dose of TCDD (10 nM) or DMSO (0.01% v/v) in CGM up to 48 hr. Cells treated with 

Staurosporine (200 nM, 8 hr; cat# s5921, Sigma) were used as a positive control in both 

apoptosis experimental approaches.

2.8. Statistics

Data were analyzed using one-way ANOVA using the SigmaStat software (Jandel Co., San 

Rafael, CA). When an F-test was significant, data were compared with their respective 

control by the Bonferroni’s multiple comparison test or Student’s t-test. p < 0.05 was 

considered statistically significant.

3. Results

3.1. TCDD Inhibits Proliferation of HUVECs and HUAECs, and Migration of HUAECs

As compared to the vehicle control (DMSO), TCDD dose- and time-dependently 

significantly inhibited (p < 0.05) proliferation of HUVECs and HUAECs induced by CGM 

(Fig. 1A and B). In both HUVECs and HUAECs, TCDD at 10 and 100 nM caused a 

maximal inhibition on Days 4 and 6, respectively, whereas TCDD at 0.1 nM had no effects 

on Days 2, 4, and 6. On Day 6, TCDD at 100 nM decreased (p < 0.05) proliferation of 

HUVECs and HUAECs by 40% and 35%, respectively. The relative IC50 values for 

HUVECs and HUAECs on Day 6 were estimated to be 0.94 nM and 3.23 nM, respectively 

(Supplemental Fig. S1).
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Treatment with TCDD at 10 nM for 6 days significantly suppressed (p < 0.05) migration of 

HUAECs, but not HUVECs by ~30% (Fig. 2).

3.2. TCDD Attenuates Viability of HUVECs and HUAECs

Treatment with TCDD at 10 and 100 nM decreased (p < 0.05) viability of HUVECs by 12% 

and 17 %, respectively on Day 4, and by 8% and 13%, respectively on Day 6 (Fig. 3A). 

Similarly, TCDD at 10 and 100 nM also significantly decreased (p < 0.05) viability of 

HUAECs by 19% and 19%, respectively on day 4, and by 17% and 32%, respectively on 

Day 6 (Fig. 3B).

3.3. TCDD Activates the AhR/CYP1A1 and AhR/CYP1B1 Pathways

The AhR protein was detected at ~ 95kD in HUVECs and HUAECs (Fig. 4) as reported 

(Jiang et al., 2010; Juan et al., 2006; Li et al., 2014; Wang et al., 2013). A single dose of 

TCDD at 10 nM quickly (1 or 2 hr) decreased (p < 0.05) AhR protein levels in HUVECs and 

HUAECs, indicating that TCDD induced activation and degradation of AhR. However, the 

patterns of changes in AhR protein levels appeared to be slightly different between the 

HUVECs and HUAECs. For instance, the TCDD-induced decrease in AhR began at 8 hr 

(68%) in HUVECs, whereas it started at 1 hr (35%) in HUAECs.

To further confirm activation of the AhR downstream signaling, RT-qPCR was conducted 

for CYP1A1 and CYP1B1. TCDD increased (p < 0.05) mRNA levels of CYP1A1 by ~ 52 

and 46 fold at 24 and 48 hr, respectively, in HUVECs; and by ~ 94 and 92 fold at 24 and 48 

hr, respectively in HUAECs (Fig. 5 A). Similarly, TCDD increased (p < 0.05) mRNA of 

CYP1B1 by ~ 1504 and 1696 fold at 24 and 48 hr, respectively in HUVECs, and by ~ 3131 

fold and 5385 fold at 24 and 48hr, respectively in HUAECs (Fig. 5 B). These data 

demonstrate that TCDD substantially activates the AhR/CYP1A1 and AhR/CYP1B1 

pathways in both HUVECs and HUAECs.

3.4. Effects of the AhR siRNA on TCDD-Inhibited Cell Proliferation, Migration and Viability

To further evaluate roles of AhR in the TCDD-inhibited cellular responses in HUVECs and 

HUAECs, AhR was knocked-down by the AhR siRNA (Fig. 6), followed by conducting the 

cell proliferation, migration, and viability assays (Fig. 7). As compared with the vehicle 

control and the scrambled siRNA control, the AhR siRNA at 20 nM decreased (p < 0.05) 

AhR protein levels by 93%, 81%, and 55% in HUVECs (Fig. 6A), while it decreased (p < 

0.05) AhR protein levels by 89%, 86%, and 58% in HUAECs (Fig. 6B) after 2, 4, and 6 

days of AhR siRNA transfection, respectively, indicating the successful knockdown of AhR 

expression in HUVECs and HUAECs.

The AhR siRNA did not affect the TCDD-inhibited proliferation and viability of HUVECs 

(Fig. 7A and D, respectively), while it blocked (p < 0.05) the TCDD-inhibited proliferation 

and viability of HUAEC (Fig. 7B and E, respectively). Similarly, the AhR siRNA also 

blocked (p < 0.05) the TCDD-suppressed migration of HUAECs grown in CGM (Fig. 7C 

and Supplement Fig. S2). These data indicate that TCDD inhibited cell proliferation and 

viability of HUVECs independent of AhR, whereas TCDD inhibited proliferation, 

migration, and viability of HUAECs dependent of AhR.
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3.5. TCDD Mediates mRNA Expression of VEGFA, VEGFR1, VEGFR2, NP1, and NP2

The effects of TCDD on mRNA expression of VEGFA (one potent angiogenic factor) and 

its receptors in HUVECs and HUAECs were determined using RT-qPCR. TCDD 

significantly increased (p < 0.05) VEGFA mRNA levels by ~ 210% at 24 hr in HUVECs, 

and by 40% and 60% at 24 hr and 48 hr, respectively in HUAECs (Fig. 8A). TCDD 

significantly decreased (p < 0.05) VEGFR1 mRNA levels by ~ 20% and 12% at 48 hr in 

HUVECs and HUAECs, while increased (p < 0.05) VEGFR2 by ~ 27% at 24 hr in 

HUVECs, and by 32% at 24 hr and 48 hr in HUAECs (Fig. 8C). However, TCDD had no 

effect on the mRNA levels of NP1 and NP2 in HUVECs and HUAECs (data not shown).

3.6. TCDD Does Not Alter CGM-Induced Phosphorylation of ERK1/2 and AKT1

We first confirmed that CGM induced robust activation of the ERK1/2 and AKT1 

(Supplement Fig. S3) and the MEK1/2/ERK1/2 and PI3K/AKT1 pathways mediated the 

CGM-stimulated cell proliferation, and migration (Supplement Fig. S4 and S5). However, 

we observed that TCDD did not alter the CGM-induced phosphorylation of ERK1/2 and 

AKT1 at 10 min (Supplemental Fig. S6). TCDD also did not change the phosphorylation 

levels of ERK1/2 and AKT1 after 1 to 48 hr of TCDD treatment in HUVECs and HUAECs 

(Supplemental Fig. S7).

3.7. TCDD Does Not Alter Cell Cycle Progression, Neither Does TCDD Increase Cell 
Apoptosis

To evaluate the TCDD’s effects on the cell cycle progression, flow cytometry was 

conducted. As compared with the vehicle control, TCDD did not alter the percentage of cells 

in each cell cycle phase (G1, S, G2, and M) in HUVECs and HUAECs (Supplemental Fig. 

S8).

As compared with DMSO, TCDD at 10 nM did not significantly change the percentage of 

annexin V and/or PI positive cells in HUVECS and HUAECs up to 144 hr. For example, the 

percentages of annexin V (indicative of the early apoptosis) positive HUVECs after 8 hr of 

TCDD and DMSO treatments were similar (10.7% vs. 13.8%). These percentages were 

significantly (p < 0.05) lower than that induced by the positive control staurosporine (40.9 

%, Supplemental Fig. S9).

Treatment with TCDD at 10 nM up to 48 hr also did not induce cleavage of caspase-3, 

neither did it change caspase-3 protein expression in HUVECs and HUAECs (Supplemental 

Fig. S10). In contrast, staurosporine robustly induced cleavage of caspase-3 (Supplemental 

Fig. S10). These data suggest that TCDD at the dose and time studied does not induce 

significant apoptosis of HUVECs and HUAECs.

4. Discussion

In this study, we have demonstrated that TCDD inhibits proliferation of HUVECs and 

HUAECs and migration of HUAECs grown in a complete growth medium without 

significantly altering cell progression and apoptosis. These TCDD-induced inhibitory 

actions are associated with a decrease in cell viability. Intriguingly, these TCDD-inhibited 
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cellular responses are mediated independent and dependent of AhR in HUVECs and 

HUAECs, respectively. These data suggest that TCDD may attenuate proliferation and/or 

migration of fetoplacental vein and artery endothelial cells via decreasing cell viability. 

These data also indicate that different mechanisms (AhR dependent or independent) 

mediates the TCDD-inhibited proliferation, viability, and/or migration of fetoplacental vein 

and artery endothelial cells. However, it is clear that TCDD inhibits these cellular complete 

growth medium-induced responses not via suppressing the MEK1/2/ERK1/2 and PI3K/

AKT1 pathways. Thus, although mechanisms underlying the TCDD’s differential regulation 

of cellular responses in HUVECs and HUAECs remain elusive, these data suggest that 

TCDD might impair fetoplacental angiogenesis by decreasing endothelial viability, leading 

to adverse pregnancy outcomes.

The current observations that TCDD decreased cell proliferation and viability is the first 

report, as far as we are aware, to directly show the TCDD’s inhibitory effects on 

proliferation and viability of primary HUVECs and HUAECs. These observations are 

contrary to the previous studies (Beatty et al., 1975, Knutson and Poland, 1980), in which 

TCDD at 100 nM or 1 μM failed to affect growth and viability of 27 human and animal 

primary cultures and transformed cell lines (not including HUVECs and HUAECs), derived 

from tissues and/or species susceptible to TCDD toxicity in vivo. Nonetheless, our finding is 

consistent with a previous report, which showed that benzo[a]pyrene (another AhR 

exogenous ligand) inhibited angiogenic factors-induced neovasculogenesis and angiogenic 

activity of HUVECs (Li et al., 2010). It is still not clear why these cell types respond 

differently to TCDD in vitro. However, as the most non-responding cells used in the studies 

by Beatty et al. (1975) and Knutson and Poland (1980) were derived from adult humans and 

animals, it is possible that fetoplacental cells are more sensitive to TCDD as suggested 

(Peterson et al., 1993). Moreover, the TCDD-inhibited cell proliferation of HUVECs and 

HUAECs (Fig. 1) may partially result from the decreased viability of HUVECs and 

HUAECs as indicated by the decreased activity of mitochondrial dehydrogenases 

(intracellular NADPH-oxidoreductases) within the live cells in the MTT assay, possibly due 

to the increased accumulation of cellular reactive oxygen species (Wan et al., 2014). 

However, it is obvious that the TCDD-decreased activity of mitochondrial dehydrogenases 

in HUVECs is not sufficient to suppress migration of HUVECs. Another possibility of the 

TCDD-inhibited cell proliferation is via necroptosis, a programmed form of necrosis 

(Linkermann and Green. 2014).

It is noteworthy that TCDD differentially regulated proliferation and migration of HUVECs 

and HUAECs. We do not know what cause these differential regulation between HUVECs 

and HUAECs. However, the lack of a migratory response to TCDD in HUVECs obviously 

does not result from uncoupling TCDD from the AhR/CYP1A1 and AhR/CYP1B1 pathway 

since TCDD robustly activated both of these pathways in HUVECs and HUAECs, although 

we cannot exclude the possibility that HUAECs are more sensitive to the activation of AhR/

CYP1A1/B1 than HUVECs. Thus, other yet to be identified mechanisms must be involved 

in such differential regulation. Among these potential downstream signaling molecules, both 

ERK1/2 and AKT1, possibly JNK and p38 MAPK too (unpublished data from Zheng’s lab) 

can be excluded from the potential candidate list since TCDD did not significantly alter 
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activation of these four kinases in HUVECs and HUAECs. This is not surprisingly since that 

another AhR ligand [2-(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester 

(ITE)] also does not inhibit the TGFβ1-induced phosphorylation of ERK1/2 or AKT1 in 

primary human orbital fibroblasts (Lehmann et al., 2011). Other possible signaling 

molecules, however, might include p21 and p27 as 3-methycholanthrene (3-MC, another 

AhR ligand) has been shown to inhibit the proliferation of HUVECs via inducing p21 and 

p27 (Pang et al., 2008).

Our observation that TCDD did not suppress the cell cycle progression in HUVECs and 

HUAECs is contrast to the previous report showing that 3MC arrested the cell cycle at 

G0/G1, even though only one representative data set from the 20 hr of treatment was present 

in this report (Juan et al., 2006). In addition, the estimated doubling times for HUVECs and 

HUAECs under the current culture condition are ~ 40 and 52 hr, respectively, which are 

similar to the previously reported ones (47 and 46 hr) for HUVECs and HUAECs, 

respectively (Martín et al., 2009). Thus, it is likely that the three time points (24, 36, and 144 

hr) run in the current study should be within the optimal range to detect the possible TCDD-

induced changes in the cell cycle.

The TCDD-inhibited cell proliferation and migration are also not due to significantly 

increased apoptosis of HUVES and HUAECs as determined using two widely-used 

approaches. This is supported by the current observation that the numbers of HUVECs and 

HUAECs after TCDD treatments were always higher than those initially seeded (5000 and 

8000 cells/well for HUVECs and HUAECs, respectively). For instance, the estimated cell 

numbers in the TCDD (10 nM) treatment on Day 6 was 10000 ± 1947 and 10078 ± 2172 for 

HUVECs and HUAECs, respectively.

The most striking finding of the current study is that the TCDD-inhibited cellular responses 

(proliferation, migration, and viability) are mediated via AhR independent and dependent 

manners in HUVECs and HUAECs, respectively. These data further confirm the regulatory 

heterogeneity of HUVECs and HUAECs in addition to their tremendous differences in 

global gene expression profiles (Chi et al., 2003; Jiang et al., 2013a, b). However, these data 

are not surprising since the AhR independent manner in TCDD mediation has been reported. 

For example, TCDD induced the antiproliferative response in human breast cancer cells 

MCF-7 and reduction of p16ink4a expression in HUVECs via an AhR independent manner 

(Akintobi et al., 2007; Yoshioka et al., 2012), and that ITE also inhibited TGFβ1 signaling in 

human fibroblasts independent of AhR (Lehmann et al., 2011). In addition, since the AhR 

siRNA only partially suppressed the AhR expression in HUVECs and HUAECs, it is 

possible that the remaining AhR is sufficient to mediate the cellular responses in HUVECs, 

but not HUAECs. Moreover, as the AhR siRNA induced similar decreases in AhR protein 

levels in HUVECs and HUAECs, these data also imply that HUAECs are more sensitive to 

the altered AhR levels as compared with HUVECs.

VEGFA plays important roles in mediating the fetoplacental angiogenesis which is regulated 

via activation of its receptors including VEGFR1, VEGFR2, NP1, and NP2 (Magness and 

Zheng, 1996; Reynolds et al., 2005; Wang and Zheng, 2012). Among these receptors, 

VEGFR2 mediates most known VEGFA’s activities (i.e., cell proliferation, migration, and 
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permeability), while VEGFR1 may antagonize the VEGFR2’s stimulatory effect (Gille et 

al., 2000; Zeng et al., 2001). Our current observations demonstrated that TCDD increased 

expression of VEGFA and VEGFR2 mRNA, while decreased expression of VEGFR1 

mRNA. To date, it is unclear what is the mechanism controlling such different expression. 

However, given that TCDD also increased expression of VEGFA mRNA in rat placentas 

(Wu et al., 2014), we propose that TCDD may compensatorily increase expression of pro-

angiogenic factors and decrease expression of anti-angiogenic factor in these fetoplacental 

endothelial cells upon inhibiting growth of these endothelial cells.

5. Conclusion

In conclusion, our current data indicate that TCDD differentially suppresses angiogenic 

responses of HUVECs and HUAECs, although the underlying signaling mechanisms remain 

elusive. Moreover, since that placental angiogenesis is vital for the placental growth 

(Magness and Zheng, 1996; Reynolds et al., 2005; Wang and Zheng, 2012), and TCDD can 

easily cross the placenta barrier (Bell et al., 2007; Nau and Bass, 1981), maternal exposure 

of exogenous AhR ligands such as TCDD may impair the fetoplacental angiogenesis, 

leading to negative pregnancy outcomes. In addition, as the increased number of 

endogenous AhR ligands have been identified (Nguyen and Bradfield, 2008), further studies 

are needed to explore their roles in placentas.
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Figure 1. 
Effects of TCDD on Proliferation of HUVECs and HUAECs. Subconfluent HUVECs (A) 

and HUAECs (B) were treated with DMSO (vehicle control) or TCDD in CGM for up to 6 

days with a daily change of CGM containing DMSO or TCDD. Cell numbers were 

determined by the crystal violet. Data are expressed as means ± SEM % of the control (n 

=3-4). *Differ from the control within each corresponding day (p < 0.05).
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Figure 2. 
Effects of TCDD on Migration of HUVECs and HUAECs. Cells were treated with DMSO 

(vehicle control) or TCDD (10 nM) in CGM for 6 days, followed by the migration assay. 

The migrated cells were stained and counted. Data are expressed as means ± SEM % of the 

control (n = 4-5). *Differ from the control within each corresponding day (p < 0.05). Bars, 

200 μm.
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Figure 3. 
Effects of TCDD on Viability of HUVECs and HUAECs. Confluent HUVECs (A) and 

HUAECs (B) were treated with DMSO (vehicle control) or with TCDD in CGM for 4 or 6 

days with a daily change of DMSO or TCDD. Cell viability was determined by the MTT 

assay. Data are expressed as means ± SEM % of the control (n = 4-5). *Differ from the 

control within each corresponding day (p < 0.05).
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Figure 4. 
Effects of TCDD on Protein Levels of AhR in HUVECs and HUAECs. Cells were treated 

with a single dose of DMSO (TCDD 0 hr, vehicle control) or TCDD (10 nM) in CGM up to 

48 hr. Proteins were subjected to Western blotting. Data are expressed as means ± SEM fold 

of the control (n =3-5). *Differ from the time 0 control (p < 0.05).
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Figure 5. 
Effects of TCDD on mRNA Levels of CYP1A1 and CYP1B1 on HUVECs & HUAECs. 

Cells were treated with DMSO (vehicle control, 0.01% v/v)/with TCDD (10 nM) in CGM 

for 24 or 48 hr, followed by RT-qPCR assay for CYP1A1 (A) and CYP1B1 (B). Data are 

expressed as means ± SEM fold of the vehicle (n =3). *Differ from the vehicle (p < 0.05).
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Figure 6. 
Effects of AhR siRNA on AhR Protein Expression in HUVECs and HUAECs. HUVECs (A) 

and HUAECs (B) were treated with the transfection reagent (vehicle) or transfected with the 

scrambled (ssiRNA, 20 nM) or AhR siRNA (siRNA, 20 nM) for 2, 4, or 6 days. Proteins 

were subjected to Western blotting to determine the degree of AhR knock down. Data are 

expressed as means ± SEM fold of the vehicle (Veh, n =4). *Differ from the vehicle (Veh) 

(p < 0.05).
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Figure 7. 
Effects of AhR siRNA on the TCDD-inhibited Proliferation, Migration, and Viability of 

HUVECs and HUAECs. Cells were treated with the vehicle control or transfected with the 

scrambled (ssiRNA) or AhR siRNA for 2 days. After transfection, cells were treated with 

TCDD (10 nM) for 4 days (for cell proliferation, A and B), with TCDD (10 nM) for 2 days 

(for cell migration, C), or with TCDD (100 nM) for 4 days (for cell viability, D and E) in 

CGM with a daily change of TCDD, followed by the cell proliferation, viability, and 

migration assays. Data are expressed as means ± SEM % of the vehicle (Veh; n = 5-6). 

*Differ from Veh (p < 0.05).
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Figure 8. 
Effects of TCDD on mRNA Levels of VEGFA, VEGFR1 and VEGFR2 in HUVECs and 

HUAECs. Cells were treated with DMSO (TCDD 0 hr, the control) or TCDD (10 nM) in 

CGM for 24 or 48 hrs, followed by real time-qPCR assay. Data are expressed as means ± 

SEM fold of the control (n=3). *Differ from the control (p < 0.05).
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