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Abstract

Aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor is involved in regulation 

of many essential biological processes including vascular development and angiogenesis. 2-(1′H-

indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) is an AhR ligand, which 

regulates immune responses and cancer cell growth. However, the roles of the ITE/AhR pathway 

in mediating placental angiogenesis remains elusive. Here, we determined if ITE affected placental 

angiogenic responses via AhR in human umbilical vein (HUVECs) and artery endothelial 

(HUAECs) cells in vitro. We observed that ITE dose- and time-dependently inhibited proliferation 

and viability of HUAECs and HUVECs, whereas it inhibited migration of HUAECs, but not 

HUVECs. While AhR siRNA significantly suppressed AhR protein expression in HUVECs and 

HUAECs, it attenuated the ITE-inhibited angiogenic responses of HUAECs, but not HUVECs. 

Collectively, ITE suppressed angiogenic responses of HUAECs and HUVECs, dependent and 

independent of AhR, respectively. These data suggest that ITE may regulate placental 

angiogenesis.
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1. Introduction

Placental angiogenesis is an essential process to support rapid placental and fetal growth 

under physiologic conditions during pregnancy [1,2]. In contrast, either abnormal 

angiogenesis or aberrant expression of angiogenic factors is associated with various human 
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diseases, e.g., intrauterine growth retardation and preeclampsia [3–5]. Thus, better 

understanding of mechanisms underlying placental angiogenesis might open a new 

therapeutic avenue to target these angiogenesis-related diseases [3–5].

Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor, which is 

expressed in various tissues and cells including in human placentas [6] and endothelial cells 

[7,8]. It is well-documented that AhR is activated by many environmental toxicants (i.e., 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which could lead to increased expression of 

many downstream enzymes involved in metabolism of toxicants [7]. In addition, perinatal 

exposure to air pollution and cigarette smoke has also been shown to trigger the AhR 

pathway as polyaromatic hydrocarbons are AhR ligands, leading to adverse pregnancy 

outcomes such as intrauterine growth restriction and low birth weight [9]. However, 

evidence from mouse knockout studies has defined the physiological roles of AhR in 

numerous biological processes including cardiovascular growth and development [10–12]. 

Specifically, AhR knockout can lead to formation of abnormal vascular structure in multiple 

organs and cardiac hypertrophy [10–12].

The physiological importance of AhR is also supported by the discovery of many AhR 

endogenous ligands, including 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid 

methyl ester (ITE), which is presumingly derived from tryptophan and cysteine via a 

condensation reaction [13]. ITE was first identified in porcine lung tissues [14]. Recently, 

ITE was found to be present in human tumor cells in vitro [15]. Thus far, the physiological 

level of ITE has not been reported in any tissue in any species. However, ITE can regulates a 

variety of cellular functions. For instance, ITE can induce the differentiation of stem-like 

cancer cells and reduce their tumorigenic potential [15]. ITE also suppresses immunologic 

responses by directly targeting dendritic and T cells [16,17]. We have observed that ITE 

attenuates the growth of human ovarian cancer cells in vitro and in vivo [18]. Together, given 

that ITE does not cause significant toxicity in mice [13,16–18], ITE as an endogenous AhR 

ligand could be used to investigate physiological roles of AhR [17,18].

Two major AhR downstream target genes are cytochrome P450, family 1, member A1 
(CYP1A1) and member B1 (CYP1B1) [7]. The AhR-induced downstream signaling 

molecules also include mitogen activated protein kinase 3/1 (also termed ERK1/2) and v-akt 

murine thymoma viral oncogene homolog 1 (AKT1) [19–22]. Once the downstream 

signaling pathways of AhR are activated, the ligand-bound AhR is rapidly degraded by the 

26S proteasome system [7,23]. Thus, the AhR ligand-induced decreases in AhR levels and 

increases in CYP1A1 and CYP1B1 are two hallmarks of AhR activation.

Despite the fact that the majority of AhR ligand-induced cellular responses are mediated via 

AhR [7, 23,24], AhR ligands can also activate other pathways via an AhR independent 

manner. For example, TCDD induces antiproliferative response of human breast cancer cells 

(MCF-7) [25] and reduction of p16ink4a (a cell cycle regulator and tumor suppressor) in 

human dermal fibroblasts [26] independent of AhR. Recently, we have also revealed that 

AhR is not involved in mediating TCDD-inhibited angiogenic responses of human umbilical 

vein endothelial cells (HUVECs) [8]. These data clearly indicate that some AhR ligands are 

capable of functioning either dependent or independent of AhR.
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Little is known about the role of the ITE in mediating placental endothelial functions. Thus, 

in this study, we examined if ITE affected endothelial angiogenic responses via AhR and 

investigated potential underlying mechanisms using primary HUVECs and human umbilical 

artery endothelial cells (HUAECs) as in vitro endothelial models. Both vein and artery 

endothelial cells were used because these endothelial cells of different origins differ 

tremendously in their global gene expression profiles [27–29], possibly leading to their 

different responses to ITE as TCDD does [8].

2. Materials and methods

2.1. Cell isolation and culture

Both HUVECs and HUAECs were isolated from umbilical cord vessels of women with 

normal term pregnancies using a standard collagenase enzyme digestion as described 

[8,28,29]. The cord collection and endothelial cell isolation protocols were approved by the 

Institutional Review Board of Meriter Hospital, and the Health Sciences Institutional Review 

Boards of the University of Wisconsin-Madison. After isolation, cells were cultured in basal 

RPMI 1640 media (BM; Life Technology, Grand Island, NY) supplemented with 10% fetal 

bovine serum (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 

supplemented medium was designated as complete growth medium (CGM) and was used to 

stimulate all in vitro cellular responses in this study. After verification of their endothelial 

phenotypes (see Supplemental Methods), cells were pooled from 5 individual cell 

preparations at passage 1 to reduce inter-cell preparation variations and cultured [8,28,29]. 

These pooled cells at passages 4–5 were used for all studies described below.

2.2. Cell proliferation, viability, and migration

Cell proliferation was assayed as described [8,18,30]. 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, 1, 10, 100, or 1000 nM of ITE (Tocris Bioscience, San 

Diego, CA) or the vehicle (dimethyl sulfoxide, DMSO, 0.01% v/v; the maximum 

concentration used in the final ITE solutions; Sigma-Aldrich, St. Louis, MO) in CGM up to 

6 days (6 wells/treatment) with a daily change of CGM containing ITE or DMSO. At the 

end of treatment, the number of cells was determined using the crystal violet method.

Cell viability was determined using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, a tetrazole (MTT) assay kit (Cayman Chemical Company, Ann Arbor, MI) [8,18]. 

This method is based on reducing the yellow MTT to violet formazan, which is catalyzed by 

mitochondrial dehydrogenases, and is widely used to assess cell viability [31]. The confluent 

cells (40,000 cells/well, 6 wells/dose) were seeded in 96-well plates. After 16 hr of culture, 

cells were treated with ITE (1 μM) or DMSO (0.01% v/v; 6 wells) in CGM for 4 or 6 days 

with a daily change of CGM containing ITE 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 (Biotek, Winooski, VT).
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Cell migration (random cell movement) was evaluated using a FluoroBlok Insert System 

(8.0 μm pores; BD Biosciences, San Jose, CA) as described [28,30]. Subconfluent cells 

grown on 60 mm culture dishes were treated with ITE (1 μM) or DMSO (0.01% v/v) in 

CGM for 6 days with a daily change of CGM containing ITE or DMSO. Cells were then 

seeded into the insert (30,000 cells/insert; 2 wells/treatment). The bottom wells were also 

filled with the same medium. After 6 hr of culture, cells migrated (random movement) 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. Western blot analysis

Western blot analysis was conducted as described [8,28–30]. To determine the ITE’s effect 

on AhR protein levels, cells were treated with a single dose of ITE (1 μM) in CGM for 48, 

24, 8, 2, 1, or 0 hr (cells were treated with DMSO for 48 hr). Proteins were subjected to 

Western blotting. The membranes were probed with the rabbit anti-AhR antibody (1:2000; 

Enzo Life Sciences, Plymouth Meeting, PA), followed by reprobing with a mouse 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:10,000; 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.

2.4. Reverse transcription-quantitative PCR (RT-qPCR)

To determine ITE’s effects on its downstream gene expression, RT-qPCR was performed as 

described [8,28–30]. Subconfluent cells were treated with a single dose of ITE (1 μM) in 

CGM for 48, 24 or 0 hr (cells were treated with DMSO for 48 hr) hr. Total RNA were 

extracted using RNeasy Plus Mini Kit (Qiagen, 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, Waltham, Mass) in a 20μL volume.

The effects of ITE on mRNA expression of CYP1A1 and CYP1B1 were first analyzed. In 

parallel, TBP (TATA-BOX), ACTB (β-actin), and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) were run, serving as endogenous controls. All primers are shown 

in the Supplemental Table S1. RT-qPCR was performed using the SsoAdvanced™ Universal 

SYBRR® Green Supermix (Bio-Rad Laboratories, Hercules, CA) and a Roche 480 

Lightcycler system according to the manufacturer’s instruction, each RT-qPCR reaction was 

performed in triplicate. The specificity of each primer pair set was confirmed by a 

dissociation curve analysis. Relative expression levels of genes of interest were normalized 

to the geometric mean of two out of three reference genes TBP, ACTB, and GAPHD, 

selected by the Qbase Plus software.

RT-qPCR was also run to determine the effects of ITE on mRNA expression of vascular 

endothelial growth factor A (VEGFA), vascular endothelial growth factor C (VEGFC), 
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vascular endothelial growth factor receptor 1 (VEGFR1), and vascular endothelial growth 

factor receptor 1 (VEGFR2), neuropilin 1(NP-1), neuropilin 2 (NP-2), and fibroblast growth 

factor-1 (FGFR1) (see Supplemental Methods).

2.5. siRNA transfection

To determine the AhR role in the ITE-induced cellular response, siRNA transfection was 

performed as described [8,18,30]. The AhR siRNA targeting human AhR was purchased 

(Cat # L-004990-00-0020, Dharmacon, Chicago, IL). Scrambled siRNA (ssiRNA) with 5′-
Cy3 (Sense: 5-GAGAGGUCCCUCCCAUCUUTT-3; Antisense: 5-

AAGAUGGGAGGGACCUCUCTT-3) 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, viability, and 

migration in response to ITE.

2.6. Cell cycle and cell apoptosis

To examine the ITE’s effects on the cell cycle and apoptosis, the flow cytometry and 

Western blot analysis were conducted, respectively [8] (see Supplemental Methods).

2.7. Statistics

For results from the cell proliferation assay, a factorial ANOVA was conducted to compare 

the main effect of ITE dose and treatment day and the interaction effect between these two 

factors using the SigmaStat software (Jandel Co., San Rafael, CA). When an F-test was 

significant, pair-wise comparisons were followed using the Holm-Sidak method. For all 

other assays, data were analyzed using either one-way ANOVA followed by comparisons 

verse the respective control using the Holm-Sidak method or Student t-test when 

appropriate. p < 0.05 was considered statistically significant.

3. Results

3.1. ITE inhibits proliferation and viability of HUVECs and HUAECs, as well as migration of 
HUAECs

For HUVECs, significant effects of ITE dose, treatment day, and their interaction on cell 

proliferation were observed. For HUAECs, significant effects of ITE dose and treatment day 

on cell proliferation were detected. As compared with the vehicle control, ITE time- and 

dose-dependently inhibited (p < 0.05) CGM-stimulated proliferation of HUVECs and 

HUAECs (Fig. 1A and B). On Day 2, ITE at all doses studied did not significantly alter 

proliferation of HUVECs and HUAECs. On Days 4 and 6, ITE at 0.1 nM did not 

significantly affect proliferation of HUVECs and HUAECs. However, ITE at doses from 1 

nM to 1 μM similarly inhibited (p < 0.05) proliferation of HUVECs by 13–17% on Day 4 

and 23–29% on Day 6, respectively (Fig. 1A). ITE at doses from 1 nM to 1 μM also 

decreased (p < 0.05) proliferation of HUAECs by 23–39% on Day 4 and 26–33% on Day 6, 

respectively (Fig. 1B). As ITE from 1 nM to 1 μM exhibited similar inhibition on cell 

proliferation, 1 μM of ITE was chosen to be used in all subsequent assays.
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ITE at 1 μM decreased (p < 0.05) viability of HUVECs by 17% and 22% on Days 4 and 6, 

respectively (Fig. 1C). Similarly, ITE at 1 μM reduced (p < 0.05) viability of HUAECs by 

15% and 18% on Days 4 and 6, respectively (Fig. 1D).

Treating cells with 1 μM of ITE for 6 days suppressed (p < 0.05) migration of HUAECs by ~ 

40%, but not HUVECs (Fig. 2; Supplemental Fig. S1).

3.2. ITE activates the AhR/CYP1A1 and AhR/CYP1B1 pathways

To determine ITE-induced AhR activation, Western blotting was conducted (Fig. 3A and B). 

The AhR protein was detected at ~95kD in HUVECs and HUAECs as reported [6,8,18,32]. 

A single dose of ITE at 1 μM quickly decreased (p < 0.05) AhR protein levels in both 

HUVECs and HUAECs, indicating that ITE indeed induced AhR activation. The ITE-

induced decrease in AhR began at 1 h (by 36 and 57% in HUVECs and HUAECs, 

respectively), and lasted up to 48 hr (by 70% and 90% in HUVECs and HUAECs, 

respectively) (Fig. 3A and B). To confirm the activation of the AhR downstream signaling, 

RT-qPCR was conducted to quantify transcripts of CYP1A1 and CYP1B1 (Fig. 3C and D). 

Compared with the time 0 control, ITE elevated (p < 0.05) mRNA levels of CYP1A1 by ~ 

11 and 16 fold at 24 and 48 hr, respectively in HUVECs, and by ~ 16 and 17 fold at 24 and 

48 hr, respectively in HUAECs. Similarly, ITE also increased (p < 0.05) mRNA levels of 

CYP1B1 by ~ 278 and 347 fold at 24 and 48 hr, respectively in HUVECs, and by ~ 21 and 

23 fold at 24 and 48 hr, respectively in HUAECs. The increases in fold changes of CYP1B1 

mRNA levels in HUVECs are much higher than those in HUAECs. These data clearly 

indicate that ITE activates the AhR/CYP1A1 and AhR/CYP1B1 signaling pathways in both 

HUVECs and HUAECs.

3.3. Effects of AhR siRNA on ITE-inhibited cell proliferation, viability and/or migration

To determine the role of AhR in ITE-inhibited cell responses in HUVECs and HUAECs, 

AhR was knocked down by the AhR siRNA (Fig. 4), followed by the cell proliferation, 

viability and migration assays. We previously have reported that as compared with the 

vehicle control and the scrambled siRNA, the AhR siRNA at 20 nM significantly decreased 

(p < 0.05) AhR protein levels by 93%, 81%, and 55% in HUVECs after 2, 4, and 6 days of 

AhR siRNA transfection, respectively, while it reduced AhR protein levels by 89%, 86%, 

and 58% in HUAECs, respectively, at the same time frame [8]. However, the AhR siRNA 

did not significantly alter ITE-inhibited proliferation and viability of HUVECs (Fig. 5A and 

C), while it blocked (p<0.05) ITE-inhibited proliferation and viability of HUAECs (Fig. 5B 

and D), and ITE-suppressed migration of HUAECs (Fig. 5E and Supplement Fig. S1).

3.4. ITE does not alter the cell cycle progression and apoptosis as well as phosphorylation 
of ERK1/2, AKT1, c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase 
(p38)

As compared with the vehicle control, treatment of ITE at 1 μM up to 144 hr did not alter 

the percentage of cell numbers in each cell cycle phase (G0/G1, S, and G2/M) in HUVECs 

and HUAECs (Supplemental Fig. S2). ITE at 1 μM did not increase apoptosis and necrosis 

in HUVECs and HUAECs (Supplemental Fig. S3). Treatment of ITE at 1 μM up to 48 hr did 

not induce the formation of cleaved caspase-3 (Supplemental Fig. S4). Treatment of ITE at 1 
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μM also did not alter CGM-induced phosphorylation of ERK1/2, AKT1, p38, and JNK in 

the HUVECs and HUAECs (Supplemental Fig. S5).

3.5. ITE decreases NP-1 mRNA levels in HUVECs, but not HUAECs

RT-qPCR analysis revealed that ITE slightly but significantly decreased (p < 0.05) NP-1 
mRNA levels in HUVECs, but not HUAECs (Supplemental Fig. S6). However, ITE had no 

significant effect on the mRNA levels of VEGFA, VEGFC, VEGFR1, and VEGFR2, NP-2, 

and FGFR1 in HUVECs and HUAECs (data not shown).

4. Discussion

Herein, we have demonstrated that similar to TCDD as we recently reported [8], ITE inhibits 

cell proliferation and viability of HUVECs and HUAECs as well as migration of HUAECs 

induced by the complete growth medium. Our data clearly reveal the anti-angiogenic activity 

of ITE in vitro. Intriguingly, these ITE-inhibited cellular responses are independent and 

dependent of AhR in HUVECs and HUAECs, respectively, indicating differential roles of 

AhR in the ITE-inhibited angiogenic responses in artery and vein endothelial cells (Table 1). 

Thus, although the signaling mechanisms underlying the ITE-inhibited cellular responses in 

HUVECs and HUAECs remain elusive, these data suggest that ITE may inhibit placental 

angiogenesis, which may hold a great promise of targeting angiogenesis-related diseases.

The diverse functions of ITE are increasingly recognized as ITE has been shown to suppress 

the tumorigenic potential of stem-like cancer cells [15], autoimmunologic responses [16,17], 

and attenuate the growth of human ovarian cancer cells [18]. Our current data extend the role 

of ITE in inhibiting angiogenic response of human placental endothelial cells. To date, the 

physiological level of ITE and its biosynthesis process in vivo are unknown in any type of 

tissue of any specie. However, given the high binding affinity of ITE to AhR (the estimated 

Ki of ITE for AhR: ~ 3nM) [14] and its high efficacy (the estimated IC50: ~ 0.2 nM) of ITE 

for human ovarian cancer cell (OVCAR-3) proliferation [18], even very low levels of ITE 

present in placental tissues might be functional.

The current observation that ITE-suppressed cell proliferation and viability of HUVECs and 

HUAECs is consistent with activities of another AhR ligand, benzo[a]pyrene (B[a]P), which 

inhibits angiogenic factors-induced neovasculogenesis and angiogenic activity of HUVECs 

[33]. The ITE-suppressed cell proliferation of HUVECs and HUAECs is associated with the 

decreased cell viability as indicated by the decreased activity of mitochondrial 

dehydrogenases enzyme (intracellular NADPH-oxidoreductases) within the live cells in the 

MTT assay (Fig. 1C and D). Such decreases in activity of intracellular dehydrogenases 

enzyme might increase the accumulation of cellular reactive oxygen species, decreasing the 

cell viability [34]. However, even in this case, it is obvious that the ITE-decreased activity of 

mitochondrial dehydrogenases in HUVECs is not sufficient to suppress migration of 

HUVECs.

In the current study, ITE differentially regulated cellular responses in HUVECs and 

HUAECs. Firstly, ITE only suppressed migration of HUAECs, but not HUVECs. Secondly, 

ITE only slightly decreased mRNA levels of NP-1 of HUVECs, but not HUAECs. Thirdly, 
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the decreasing effect of ITE on AhR protein levels appeared to be more potent and 

sustainable in HUAECs than HUVECs (Fig. 3B), whereas the promoting effect of ITE on 

CYP1B1 mRNA was much greater in HUVECs than HUAECs. To date, mechanisms 

underlying these differential regulations of ITE between HUVECs and HUAECs remain 

elusive. However, the failure of ITE to suppress the cell migration of HUVECs apparently is 

not due to the uncoupling of ITE to the AhR/CYP1A1 and AhR/CYP1B1 pathways, since 

ITE robustly activates both signaling pathways in HUVECs and HUAECs. Thus, other yet to 

be identified signaling mechanisms must be involved in such disparity. Obviously, ERK1/2, 

AKT1, p38, and JNK are not among the potential downstream signaling molecules because 

ITE does not robustly alter the activation of any of these four kinases in HUVECs and 

HUAECs. This notion is not surprising since ITE has also failed to inhibit the TGFβ1-

induced phosphorylation of ERK1/2 or AKT1 in primary human orbital fibroblasts [35]. 

Other possible signaling molecules might include p21 and p27 (cell cycle regulators) as well 

as FAK as 3-methycholanthrene (3-MC, another AhR ligand) has been show to inhibit the 

proliferation and motility of HUVECs via these molecules [19,24]. In addition, since vein 

and artery endothelial cells are tremendously different in their global gene expression 

profiles [27–29], it is very likely that ITE stimulation may differentially alter gene 

expression profiles between artery and vein endothelial cells, leading to different angiogenic 

responses as we observed in the current study. Interestingly, ITE also does not slow down 

the cell cycle progression of either HUVECs or HUAECs, which is contrast to previous 

report that 3-MC arrests the cell cycle at G0/G1 [33]. In the current study, the time points 

(24, 36, and 144 hr) studied are within the optimal time frame to detect changes in the cell 

progress since the estimated doubling times are ~ 40 and 52 hr for HUVECs and HUAECs, 

respectively, which are similar to the previously reported ones (47 and 46 hr) for HUVECs 

and HUAECs, respectively [36]. Thus, it is likely that these discrepancies induced by ITE 

and 3-MC might be attributed to the distinct structures and characteristics of two ligands 

[14].

ITE-inhibited endothelial proliferation and migration are also not associated with increased 

apoptosis of HUVECs and HUAECs as determined using two well-established apoptosis 

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

HUAECs after ITE treatments are always higher than those initially seeded (5000 and 8000 

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

numbers in the ITE (1 μM) treatment on Day 6 were 22,527 ± 2335 and 11,824 ± 3,558 for 

HUVECs and HUAECs, respectively.

The differential roles of AhR in mediating the ITE-inhibited endothelial responses 

(proliferation, migration, and viability) in HUVECs and/or HUAECs confirm the regulatory 

heterogeneity of HUVECs and HUAECs [27,29]. The independence of AhR in the ITE-

inhibited angiogenic responses of HUVECs is not unanticipated since both AhR dependent 

and independent manners exist in the various cellular responses induced by AhR-ligands 

including TCDD [24,37,38]. We have recently reported that the TCDD-inhibited angiogenic 

responses of HUVECs independent of AhR [8]. This independence of AhR also happens in 

non-endothelial cells too. For example, ITE inhibits TGFβ1 signaling in human fibroblasts 

via an AhR independent manner [35]. To date, the AhR-independent signaling pathways that 

are involved in ITE-regulated endothelial functions in HUVECs remain unknown. Moreover, 
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given that the AhR siRNA only partially suppresses the AhR expression in HUVECs and 

HUAECs, it is also possible that the decrease in AhR protein levels by AhR siRNA in 

HUAECs is sufficient to block ITE-inhibited cell responses in HUAECs, but not in 

HUVECs.

FGF2 and VEGFA are two key regulators of angiogenesis [39]. We and other researchers 

have shown that FGF2 and VEGFA promote placental angiogenesis [39–42]. The receptors 

of FGF2 include FGFR1, FGFR2, FGFR3, and FGFR4 [41], among which FGFR1 is the 

predominantly form present in the human umbilical endothelial cells [28,29]. The major 

VEGFA receptors consist of VEGFR1 and VEGFR2 as well as NP-1 and NP-2 [39]. Wu et 

al reported that in rats ITE increased the mRNA levels of both VEGFA and VEGFB in 

placental tissues [43]. However, in our current human study, ITE has only minimal effects on 

the mRNA expression of NP-1 in HUVECs but fails to alter mRNA expression of VEGFA, 

VEGFC, VEGFR1, VEGR2, FGFR1, NP-2 in both HUVECs and HUAECs. Therefore, 

although we do not know exactly underlying mechanisms, the ITE-inhibited angiogenesis in 
vitro might be not mediated via decreasing endothelial expression of these angiogenesis 

related genes.

In conclusion, these data indicate that AhR differentially mediates ITE-suppressed 

angiogenic responses of human fetoplacental vein and artery endothelial cells in vitro in 

association with decreased cell viability..
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Abbreviations

AhR Aryl hydrocarbon receptor

B[a]P benzo[a]pyrene

CYP1A1 cytochrome P450, family 1, member A1

CYP1B1 cytochrome P450, family 1, member B1

BM basal RPMI 1640 media

CGM complete growth medium

FBS fetal bovine serum

FGF2 fibroblast growth factor-2

FGFR1 FGF receptor 1

FITC fluorescein 5(6)-isothiocyanate

GAPDH glyceraldehyde 3-phosphate dehydrogenase
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HPAECs human pulmonary artery endothelial cells

HUAECs human umbilical cord artery cells

HUVECs human umbilical cord vein cells

ITE 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NP-1 neuropilin 1

NP-2 neuropilin 2

PAHs polycyclic aromatic hydrocarbons

RT-qPCR Reverse Transcription-Quantitative PCR

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

VEGFA vascular endothelial growth factor A

VEGFC vascular endothelial growth factor C

VEGFR1 VEGF receptor 1

VEGFR2 VEGF receptor 2
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Highlights

• The AhR ligand, ITE suppresses growth of human umbilical endothelial cells 

in vitro in association with decreased cell viability.

• ITE suppresses angiogenic responses of human vein and artery endothelial 

cells in vitro independent of and dependent on AhR, respectively.

• These data suggest that ITE may regulate human placental endothelial 

function.
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Fig. 1. 
Effects of ITE on proliferation and viability of HUVECs and HUAECs. Proliferation (A and 

B): Subconfluent cells were treated with ITE or DMSO (the vehicle control) in CGM up to 6 

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

by the crystal violet. Cell viability (C and D): confluent cells were treated with ITE or 

DMSO in CGM for 4 and 6 days with a daily change of CGM containing ITE or DMSO. 

Cell viability was determined by the MTT assay. Data are expressed as means ± SEM% of 

the control (n = 3 for the cell proliferation assay; n = 5 for the cell viability assay). Two-way 

ANOVA was conducted for data from the cell proliferation, followed by pair-wise 

comparisons using the Holm-Sidak method. Student t-test was conducted for data from the 

cell viability assay. a,b,c Within a day, means with different superscripts differ. *Differ from 

the control at each corresponding day (p < 0.05).
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Fig. 2. 
Effects of ITE on migration of HUVECs and HUAECs. Cells were treated with ITE (1 μM) 

or DMSO (the control) for 6 days, followed by the migration assay. The migrated cells were 

stained and counted. Representative images for migrated cells are shown. Data are expressed 

as means ± SEM% of the control (n = 4 and 5 for HUVECs and HUAECs, respectively). 

Student t-test was conducted. *Differ from the control within each cell type (p < 0.05). Bars, 

200 μm.
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Fig. 3. 
Effects of ITE on AhR protein levels of and CYP1A1 and CYP1B1 mRNA levels in 

HUVECs and HUAECs. Protein levels (A and B): Cells were treated with a single dose of 

ITE (1 μM) or DMSO (0 hr, the control) up to 48 hr. Proteins were subjected to Western 

blotting. Representative images of Western blotting are shown. Data normalized to GAPDH 

are expressed as means ± SEM fold of the control (n = 4–5). mRNA levels (C and D): Cells 

were treated with ITE (1 μM) or DMSO (0 hr, the control) for 24 or 48 hr, followed by RT-

qPCR assay. Data are expressed as means ± SEM fold of the control (n = 3). One-way 

ANOVA was conducted followed by comparisons verse the respective control within each 

cell type. *Differ from the time 0 control within each cell type (p < 0.05).
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Fig. 4. 
Effects of AhR siRNA on AhR protein expression in HUVECs and HUAECs. Cells were 

treated with the transfection reagent (vehicle) or transfected with scrambled (ssiRNA, 20 

nM) or AhR siRNA (siRNA, 20 nM) for 6, 4, or 2 days. Proteins were subjected to Western 

blotting. Representative images were shown (n =4).
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Fig. 5. 
Effects of AhR siRNA on the ITE-inhibited proliferation and viability of HUVECs and 

HUAECs as well as migration of HUAECs. Cells were treated with the vehicle control or 

transfected with the scrambled (ssiRNA) or AhR siRNA (siRNA) for 2 days. After 

transfection, cells were treated with ITE (1 μM) for 4 days for cell proliferation (A and B) 

and for cell viability (C and D), or for 2 days for cell migration (E) with a daily change of 

ITE, followed by the cell proliferation, viability, and migration assays. Data are expressed as 

means ± SEM% of the vehicle (Veh; n = 5–6) in the absence of ITE. One-way ANOVA was 

conducted followed by comparisons verse the respective Veh in the absence of ITE. *Differ 

from Veh in the absence of ITE (p < 0.05).

Li et al. Page 18

Reprod Toxicol. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li et al. Page 19

Table 1

Summary of ITE’s and AhR siRNA’s Effects on HUVECs and HUAECs.

HUVECs HUAECs

Cell proliferation ↓ ↓

Cell migration Not significant ↓

Cell viability ↓ ↓

AhR protein levels ↓ ↓

CYP1A1 mRNA ↑ ↑

CYP1B1 mRNA ↑↑ ↑

siRNA on AhR protein levels ↓ ↓

siRNA on ITE-inhibited proliferation Not significant Blocked

siRNA on ITE-inhibited-migration Not applied Blocked

siRNA on ITE-inhibited viability Not significant Blocked
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