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Effect of 20-hydroxyeicosatetraenoic acid on
biological behavior of human villous trophoblasts
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Abstract. During pregnancy, disorders in uterine spiral artery
remodeling (USAR) cause preeclampsia and other diseases. The
aim of this study was to investigate the effect of 20-hydroxye-
icosatetraenoic acid (20-HETE) on the biological behavior of
human villous trophoblasts (HVTs) and human uterine vascular
smooth muscle cells (HUVSMCs), and explore the role of
20-HETE in USAR. 20-HETE and its inhibitor HET0016 were
used to study migration, invasion and apoptosis in the HVT and
HVT-HUVSMC models. 20-HETE inhibited the migration and
invasion of HVTs, and inhibited apoptosis in HUVSMCs and
HUVSMC:s co-cultured with HVTs. 20-HETE had thus obvious
effects on the biological behavior of HVTs and HUVSMCs.
These effects may cause USAR disorders and vascular dysfunc-
tion, leading to preeclampsia.

Introduction

The pathogenesis of preeclampsia (PE) is complex, involving
immunological, genetic and nutritional factors (1), but the
above factors can not fully explain its clinical and pathophysi-
ological behavior. However, numerous studies have found that
there are similar pathophysiological characteristics in cases
of preeclampsia: namely, the disorders of uterine spiral artery
remodeling (USAR) cause placental ischemia and hypoxia,
followed by the release of a high number of vasoactive factors
into the peripheral circulation. The vascular endothelial func-
tions are thus impaired, leading to the appearance of various
clinical PE symptoms, with the USAR disorder being the central
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one (2). The mechanisms causing USAR disorder are numerous,
but none has been elucidated yet. Studies focusing on the under-
lying mechanisms of USAR disorder have gained considerable
interest in the context of elucidating PE pathogenesis.

Spiral artery is the branch of the uterine artery that mainly
provides nutrients to the uterine basement membrane. Since
1967, when Brosens et al (3) first proposed the concept of
‘spiral artery remodeling’ (SAR), the roles of the spiral artery
in pregnancy have gradually attracted the scientific attention.
Gestational SAR is a highly complex process, mainly medi-
ated by the trophoblast mother cells (4). With the progress of
pregnancy, ectodermal trophoblast mother cells differentiate
into two types: The syncytiotrophoblasts and the extravillous
trophoblast cells (ETCs). ETCs invade the spiral arteries via
their extremity and against the blood flow direction, as well
as spiral arteries surrounding the decidual stroma (5,6). The
villous trophoblast cells inside and outside the spiral arteries
interact with endothelial and smooth muscle cells, mediate
their apoptosis, secrete the matrix metalloproteinase (MMP)
protein to degrade the elastic matrix of the spiral arterial walls,
and secrete an amorphous cellulose-like substance (endothe-
liocyte/uterine smooth muscle cell/decidua) to replace it at the
same time, until the ETCs and the cellulose-like substance
become the main component of the spiral arterial wall (5-7).
The diameter of the remodeled spiral arteries increases,
and their sensitivity towards maternal vasomotor regulatory
factors is reduced, forming vessels with high flow rate and
low resistance to provide sufficient nutrient and oxygen supply
for fetus and placenta (6). Any alteration in the events of this
process can lead to SAR disorder, followed by pregnancy
complications such as PE, and restricted fetal growth.

A number of studies has found that 20-hydroxyeicosatetrae-
noic acid (20-HETE), one of the arachidonic acid metabolites,
is the upstream regulatory factor or the 2nd/3rd messenger
of multiple signal transduction systems (e.g., HIF-la and
PI3K/AKT) involved in the regulation of cell proliferation,
differentiation, apoptosis and migration in vascular endothelial
and smooth muscle cells (8-10). Therefore, 20-HETE can be
considered as a key factor in functional regulation, and abnor-
malities related to its metabolism are expected to result in
dysfunctions of endothelial and smooth muscle cells, leading
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to vascular dysfunctional diseases, such as hypertension (11).
Llinds et al (12) found that pregnant rats with chronic utero-
placental ischemia exhibited certain PE features. The authors
confirmed that these rats have a reduced 20-HETE production
due to the inhibition of the activity of the cytochrome P450
that catalyzes its formation, and show reduced hypertension,
induced by reductions in placental perfusion pressure. These
results indicated that 20-HETE is involved in the development
of vascular disorders, and may be involved in the regulation of
placental vessels in pregnant rats (5).

In the present study, we hypothesized, based on the rele-
vant characteristics of PE and gestational USAR, that since
20-HETE is the upstream regulatory factor of multiple signal
transduction pathways involved in the functional maintenance
of vascular endothelial and smooth muscle cells, abnormalities
in its metabolism would result in altered transduction of the
related signal, thus leading to SAR and vascular dysfunction
disorders, and causing preeclampsia. In order to prove this
hypothesis, mono- or co-cultures of the main cells involved in
SAR (human villous trophoblasts, HVTs and human uterine
vascular smooth muscle cells, HUVSMCs) were treated with
20-HETE and its inhibitor (HET0016). Using this model, we
investigated the effect of 20-HETE on apoptosis of HUVSMCs
co-cultured with HVTs, which was caused by the invasion of
20-HETE into the villous trophoblasts, as well as the effect of
20-HETE on USAR, with the aim of gaining novel insights on
the pathogenesis of PE. To the best of our knowledge, this is
the first report on a similar study system.

Materials and methods

Establishment of the co-culture model. The cultured HVT
(ScienCell Research Laboratories, Carlsbad, CA, USA)
and HUVSMCs (PromoCell GmbH, Heidelberg, Germany)
were all adherent-growing cells, and the culture system was
Dulbecco's Modified Eagle's Medium/F12 (Gibco-BRL,
Carlsbad, CA, USA). The 3.0 ym aperture Transwell chamber
was placed into the 24-well plate and the hydration was
performed in a 5% CO, and 37°C incubator for 2 h (CO, incu-
bator; Forma Scientific Inc., Marietta, OH, USA). The HVT
and HUVSMC cells in the logarithmic growth phase were
collected, then the cell suspension density was 1x10° cells/ml
and 1x10° cells/ml with the prepared optimized concentrations
of the corresponding drugs that could generate the best culture
environment. The HVT cell suspension (200 ul) was added
into the upper chamber, and the lower chamber was added with
500 ul HUVSMC cell suspension, which was then placed in
the 5% CO, and 37°C incubator for 48 h cultivation, followed
by the corresponding detection. The co-culture model was
based on that of Stec et al (13).

Determination of optimal drug concentration and treatment
time. HVTs and HUVSMCs were treated with a gradient
of concentrations of 20-HETE and its inhibitor HET0016
(Cayman Chemical Co., Ann Arbor, MI, USA) with 5 repli-
cates for each concentration. The optimal drug concentration
and treatment time were determined based on the results of
the MTT assay (Sigma-Aldrich, St. Louis, MO, USA), used to
detect the proliferation of cells after 24 and 48 h (Microplate
reader; Bio-Rad, Hercules, CA, USA).
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Assessment of HVT invasive ability and MMP-2 expression.
HVTs in logarithmic growth phase were collected. The cell
suspension density was adjusted using media containing the drug
at the optimal concentration. Five wells were set for each group.
The experiment was conducted as follows: i) the cell suspension
was added to a Transwell chamber (Nunc A/S Plastfabrikation,
Roskilde, Denmark) having a well diameter of 8.0 ym. The cells
were incubated at 37°C, under 5% CO, for 48 h, followed by
staining with 0.1% crystal violet staining (Beyotime Institute of
Biotechnology, Shanghai, China) and determination of the HVT
invasive ability according to a previously described method (13).
ii) The cell suspension was added to a 24-well plate. Following
incubation (37°C, 5% CO,) for 48 h, the total RNA of cells was
extracted, followed by determination of the MMP-2 mRNA
level using a RT-PCR kit (TRIzol Reagent Power SYBR® Green
PCR Master mix; Invitrogen, Carlsbad, CA, USA). iii) The cell
suspension was added to a 24-well plate. Following incubation
(37°C, 5% CO,) for 48 h, the cell supernatant was collected, and
the protein concentration of MMP-2 was detected by ELISA
(SuperScript® Vilo™ ¢DNA Synthesis kit; R&D Systems Inc.,
Minneapolis, MN, USA). Two-step immunohistostaining was
performed, using rat anti-human monoclonal anti-MMP-2 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) as the primary
antibody and goat anti-rabbit HRP-polymer IgG (Beyotime
Institute of Biotechnology) as the second antibody. The scoring
was conducted using a double-blind method as in (14).

Determination of HUVSMC apoptotic rate. HVTs/HUVSMCs
in logarithmic growth phase were collected. The cell suspen-
sion density was adjusted using media containing the drug at the
optimal concentration. Five wells were set for each group. HVTs
and HUVSMCs were added to the upper and lower Transwell
chamber (well diameter, 3.0 ym), respectively. Following incu-
bation (37°C, 5% CO,) for 48 h, HUVSMCs was collected. The
apoptotic rate of HUVSMCs was determined using Annexin-
V-fluorescein isothiocyanate (FITC), (Sigma-Aldrich), the
Annexin V-FITC Apoptosis Detection kit (Sigma-Aldrich) and
a flow cytometer (Beckman Coulter, Miami, FL, USA).

Statistical analysis. The SPSS 17.0 software package (IBM,
Armonk, NY, USA) was used to statistically analyze the
experimental data. Intergroup comparisons were performed
with single- or multi-factor analysis of variance, and LSD
(when data met the condition of homogeneity of variance) and
Dunnett's (when data did not meet the condition of homoge-
neity of variance) tests were used to assess the significance of
differences, with P<0.05 indicating a significant difference.

Results

Optimal drug concentration and treatment time. Following 24-
and 48-h treatment of HVTs and HUVSMCs with increasing
concentrations of 20-HETE and/or HET0016, the MTT assay
was used to detect cell proliferation (by measuring OD values).
The multi-factor analysis of variance revealed that the effect
of 10 ng/ml of 20-HETE on HVT and HUVSMC proliferation
was most prominent after 48 h of incubation. This concentra-
tion of 20-HETE enhanced the proliferation of both cell
types (Fig. 1A). As for HET0016, the most prominent effect on
HVT and HUVSMC proliferation was observed after 48 h of
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Figure 1. Effects of different treatment periods and concentrations of (A) 20-hydroxyeicosatetraenoic acid (20-HETE) and (B) HET0016 on the proliferation
of human villous trophoblasts (HVTs) and human uterine vascular smooth muscle cells (HUVSMCs). Multivariate analysis of variance showed that treatment
(48 h) with 10 ng/ml of 20-HETE enhanced the proliferation of HVTs and HUVSMCs (P<0.05), while treatment (48 h) with 10 g¢g/ml HET0016 inhibited the
proliferation of HVTs and HUVSMCs (P<0.05). Arrows indicate significant differences.
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Figure 2. Effects of 20-hydroxyeicosatetraenoic acid (20-HETE) and
HETO0016 on the number of invading human villous trophoblasts (HVTs).
Compared to the control group, the number of invading HVTs in the
Transwell chamber assay was reduced in the 20-HETE group and the
20-HETE + HETO0O016 group, while it was increased in the HET0016 group.

incubation with 10 ug/ml of the inhibitor; at this concentration,
the proliferation of both cell types was inhibited (Fig. 1B).

Inhibitory effect of 20-HETE on the invasive ability of
HVTs. The Transwell chamber assay combined with trypan
blue staining was performed to study the invasive ability of
HVTs after 48 h of treatment with 20-HETE and HET0016.
HVT cells were counted in 5 non-overlapping fields of the
optical microscope (Olympus BX41, Tokyo, Japan; magnifi-
cation, x400). Compared to the control group (normal group
without drug and reagents), no statistically significant differ-
ence was observed in the solvent group (P>0.05), while the
number of invading HVTs was significantly reduced (P<0.05)
after 20-HETE treatment, was significantly increased after
HETO0016 treatment (P<0.05), and was significantly reduced
(P<0.05) after 20-HETE + HETO0016 treatment (Fig. 2).

Effect of 20-HETE on MMP-2 expression. Following treat-
ment of HVTs with 20-HETE and HETO0016 for 48 h, cDNA

was synthesized from total cellular RNA, the MMP-2 gene was
amplified by PCR and the product was run on an agarose gel, in
order to detect its relative expression using a gel imaging system.
No significant difference between the solvent and the control
group (P>0.05) was observed, while the expression of MMP-2
was significantly reduced in the 20-HETE group (P<0.05),
significantly increased in the HET0016 group (P<0.05), and
significantly reduced (P<0.05) in the 20-HETE + HET0016
group compared with the control (Fig. 3A).

Following HVT treatment with 20-HETE and HET0016
for 48 h, the supernatant was collected for the detection
of the MMP-2 protein using an ELISA assay. No signifi-
cant difference between the solvent and the control group
(P>0.05) was observed, while the protein levels of MMP-2
were significantly reduced in the 20-HETE group (P<0.05),
significantly increased in the HET0016 group (P<0.05), and
significantly reduced (P<0.05) in the 20-HETE + HET0016
group compared with the control (Fig. 3B). MMP-2 was also
detected with immunohistostaining following 20-HETE
and HETO0016 treatment of HVTs for 48 h. No difference in
detected MMP-2 was observed in the comparison between
the 20-HETE, the 20-HETE + HETO0016 and the solvent
group to the control, while the expression of MMP-2 was
prominently detected in the HET0016 group (Fig. 3C).

Inhibition of HUVSMC apoptosis by 20-HETE. Following
HUVSMC treatment with 20-HETE and HET0016 for 48 h,
Annexin-V FITC staining and flow cytometric analysis were
performed to estimate the apoptotic rate (%) of HUVSMCs.
No statistically significant difference was observed between
the solvent and the control group (P>0.05), while the apoptotic
rate was significantly reduced in the 20-HETE group (P<0.05),
significantly increased in the HET0016 group (P<0.05), and
significantly reduced (P<0.05) in the 20-HETE + HET0016
group compared to the control (Fig. 4A). The same analyses
were performed to detect the apoptotic rate of HUVSMCs
following treatment of the HVT-HUVSMC co-culture with
20-HETE and HETO0016 for 48 h. No statistically significant
difference was observed between the solvent and the control
group (P>0.05), while the apoptotic rate was significantly
reduced in the 20-HETE group (P<0.05), significantly
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Figure 3. Effects of 20-hydroxyeicosatetraenoic acid (20-HETE) and HETO0016 on (A) the mRNA expression of matrix metalloproteinase 2 (MMP-2) in
human villous trophoblasts (HVTs) and (B) MMP-2 protein concentration (ng/ml) in the HVT supernatant. (C) Immunohistochemical detection of MMP-2
in 20-HETE- and HET0016-treated HVTs (magnification, x200). Compared to the control group, the transcriptional level, the protein concentration in the
supernatant and the expression of MMP-2, as assessed by immunohistochemistry, are reduced in the 20-HETE group and the 20-HETE + HET0016 combined
treatment group, while the above indexes are increased in the HET0016 group.

increased in the HET0016 group (P<0.05), and significantly
reduced (P<0.05) in the 20-HETE + HETO0016 group
compared to the control (Fig. 4B).

Discussion

Arachidonic acid (AA) is metabolized into hydroxyeicosatet-
raenoic acids (HETEs) and epoxy eicosatriene acids (EETs)
by cytochrome P450 (CYP450) proteins (15). In the human
body, the two main CYP450 isoenzymes are the CYP 4A and
4F, metabolizing AA into 20-HETE (16), while the other two
isoenzymes, CYP 2C and 2J, metabolize AA into EETs (17).
HETO0O016 is a specific inhibitor of 20-HETE, which can

selectively inhibit the in vivo activities of CYP 4A and 4F,
while increased doses of HET0016 can also inhibit
CYP 2C and 2J (18). The active concentrations of 20-HETE
and HETO0016 depend on the type of tissue and cell. There is
currently no report on the impact of 20-HETE on the main
cells involved in USAR, HVTs and HUVSMC:s. In the present
study, 20-HETE and its inhibitor HET0016 were used to
treat HVTs and HUVSMCs, and the resulting changes in the
biological behavior of these cells are discussed below.

In order to identify the most potent effects of 20-HETE and
HETO0016 on HVTs and HUVSMCs, we referred to the reported
active concentrations of 20-HETE and HETO0O016 in the endo-
thelial cells and the smooth muscle cells, and studied the effects
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Figure 4. Effects of 20-hydroxyeicosatetraenoic acid (20-HETE) and HET0016 on apoptosis of human uterine vascular smooth muscle cells (HUVSMCs)
in (A) monoculture and (B) in HVT-HUVSMC co-culture. Compared to the control group, HUVSMC apoptosis is reduced in the 20-HETE and in the
20-HETE + HETO0016 groups and increased in the HET0016 group, independently of how HUVSMCs were cultured.

of 20-HETE and HETO0016 on cell proliferation using the MTT
assay (19,20). We found that 10 ng/ml of 20-HETE and 10 pg/ml
of HETO0O016 exerted the most prominent effect on the prolifera-
tion of HVTs and HUVSMCs after 48 h of treatment.

Our study found that 20-HETE can inhibit HVT inva-
sion, while HET0016 can promote it. Numerous signal
transduction pathways are involved in the regulation of HVT
migration, among which the most important are HIF-1a
and PI3K/AKT/FOSLI (8,9,21). HIF-1a can inhibit the
migration of HVTs through promoting the expression of
TGF-p3, while PI3K/AKT/FOSLI can enhance their ability
to migrate through regulating the expression of downstream
invasion-related proteins. Recent studies have found that
20-HETE is the upstream regulatory factor of signal transduc-
tion cascades, including HIF-1a and PI3K/AKT/FOSLI, and
through these signaling cascades, 20-HETE is able to regulate
biological behaviors such as vascular cell proliferation and
migration (9). These studies overall suggest that 20-HETE
can inhibit the invasion of HVTs through a number of signal
transduction pathways. The invasion of HVTs comprises two
processes, namely migration and infiltration. To the best of our
knowledge, there is no study reporting the effect of 20-HETE
on the invasive ability of HVTs to date.

The degradation of the extracellular matrix of uterine
spiral arteries is the main step in trophoblast invasion and
spiral artery remodeling. A recent study showed that MMP-2
is an important molecule involved in the degradation of the
extracellular matrix of uterine spiral arteries (14). In order to
further explore the effect of 20-HETE on trophoblast invasion,
20-HETE and HET0016 were here used to treat HVTs in vitro.
The results showed that 20-HETE has inhibitory effects on
the transcription and the translation of the protein MMP-2 in
HVTs, while HET0016 exhibited an enhancing effect. Under
normal physiological conditions, the activation or inhibition
of the transcription of endogenous MMPs allows to adjust
their relative activities (22), while the decreased expression of
placenta MMPs (MMP-2) leads to the relatively shallow inva-
sion of HVTs and to spiral artery remodeling disorder (23).
Therefore, the inhibition of the expression of MMP-2 by
20-HETE in HVTs might affect their ability to invade the
uterine spiral arteries. In patients with early PE, the expression

of AA metabolites (20-HETE) in the decidua was found to be
significantly enhanced, and the MMP-2 levels in plasma and
amniotic fluid were significantly increased (23,24), indicating
that metabolic abnormalities of 20-HETE and MMP-2 may
underlie the remodeling disorders associated with PE. The
present study is the first to report that 20-HETE can inhibit
the invasion of HVTs, which might provide a new target in the
investigation of therapies for spiral artery remodeling disor-
ders and related pregnancy complications.

Our study also found that 20-HETE can inhibit the apoptosis
of HUVSMCs, and strongly inhibit their apoptosis when they are
co-cultured with HVTs, while HET0016 showed a promoting
effect on apoptosis. To the best of our knowledge, this is the first
time that an inhibitory role on HUVSMC apoptosis is demon-
strated for 20-HETE. The extracellular death receptor pathway
is the mediator of HVT-induced apoptosis of spiral arterial
endothelial cells and smooth muscle cells (25-27). HVTs can
express certain factors (TNF-a, FasL. and TRAIL) that bind to
their relative receptors and activate caspase-3, thereby inducing
apoptosis (6). A recent study found that 20-HETE is involved
in cell apoptosis by adjusting the activity of caspase-3 (10).
It was hypothesized that 20-HETE may inhibit apoptosis of
HUVSMC:s via regulating caspase-3, but this hypothesis on the
underlying mechanism was not confirmed.

In addition, our study revealed that the combination of
20-HETE with HET0016 surprisingly exerts similar, and even
stronger, effects compared to treatment with 20-HETE alone.
A comprehensive review of the current literature suggested
that: HET0016 selectively inhibits the de novo synthesis of
20-HETE by targeting CYP 4A and 4F, while it can not inhibit
the activity of total free 20-HETE in vivo, and polymorphisms
in the CYP 4A and CYP 4F genes may result in related
functional changes (28-30). Another type of AA metabolite,
EETs, was also found to be involved in vascular protection,
anti-inflammatory and renal excretion, and in endogenous
compression. Under normal physiological conditions, HVTs,
the placenta, amnion, decidua and gravid myometrium cells
all express EETs (31). The in vivo secretion of 20-HETE
and EETs is regulated by independent isozymes, while their
biological activities intertwine, so that 20-HETE and EETs can
both regulate the fluid balance through inhibiting relative ion
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channels and the PI3K/AKT signaling pathway (12,15,31,32).
In our experiments, a potential feedback effect of 20-HETE
and HET0016 on EETs was not explored. HET0016 could not
inhibit the activity of total free 20-HETE in vivo; the high
concentration HET0016 could not only inhibit the synthesis of
20-HETE, but also inhibit the synthesis of consecutive prod-
ucts of arachidonic acid (29). Along the course of development
of 20-HETE inhibitors, which started with 17-ODYA, and
eventually led to 1-ABT and HETO0016, the specificity of the
inhibition gradually increased (13,17,30). Since the metabo-
lites of AA are mainly isomers, the development of inhibitors
has presented certain difficulties, and thus the specificity of
HETO0016 still requires further verification.

The results from the present study confirmed that 20-HETE
can inhibit the invasion and apoptosis of HVTs, and strongly
inhibit the apoptosis of HUVSMCs when co-cultured with
HVTs. HVT and HUVSMCs are the main cells involved in
USAR. During the remodeling process, the invasive ability of
HVTs and the apoptosis of HUVSMCs are altered, which leads
to the remodeling disorder, and indicates that abnormalities
in the 20-HETE metabolism in the placenta uterina may lead
to the spiral arteries remodeling disorder. At the early stages
of pregnancy, USAR disorders are centrally associated with
the occurrence of PE. Further investigation on the mechanism
of action of 20-HETE with regards to the reported effects on
the biological behavior of HVTs and HUVSMCs, may provide
new clues for the etiology and pathophysiology of PE.

It should be noted that, due to sampling difficulties, research
on USAR has its limitations (5). Here, in order to study spiral
artery remodeling, we used uterine vascular smooth muscle
cells instead of spiral arterial smooth muscle cells. It is gener-
ally established from previous studies that the biological
functions of uterine arterial and spiral arterial smooth muscle
cells are similar (5.6).

In conclusion, as an upstream regulatory factor in multiple
signal transduction pathways involved in the remodeling process
and in vascular maintenance, 20-HETE can effectively inhibit
the invasion of HVTs and strongly inhibit the apoptosis of uterine
smooth muscle cells co-cultured with HVTs. This indicates that
abnormalities in the metabolism of 20-HETE cause inaccurate
transduction of the associated signals, which may lead to USAR
and vascular functional disorders, and eventually cause PE.
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