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Abstract

Background: This project aimed to investigate the role of two arachidonic acid metabolites (14,15-epoxyeicosatrienoic acid (14,15-
EET) and 15-hydroxyeicosateraenoic acid (15-HETE)) as a precursor of hypertensive disorders in pregnancy by comparing their serum
levels between third-trimester hypertensive and normal pregnant women. The relationship between their differential levels and pregnancy
outcomes was investigated to clarify the role of arachidonic acid metabolites in the occurrence and development of hypertensive disorders
during pregnancy. Methods: This is a prospective cohort study and a total of 88 patients were included in the study. 17 of them were
recognized as the gestational hypertension and 25 of them were considered to be the preeclampsia. 24 women were diagnosed with
severe preeclampsia. The control group consisted of 22 healthy patients pregnancy course, with no disease at the present and in the
history. For this purpose, the serum levels of 14,15-EET and 15-HETE of gestational hypertension, preeclampsia (PE) and normal
pregnant women group were detected by enzyme-linked immunosorbent assay (ELISA) during the third trimester of pregnancy. It
was followed by detecting placental cytochrome P450 2J2 (CYP2J2) and 15-lipoxygenase-2 (15-LOX-2) expression and localization
using immunohistochemistry, their corresponding proteins employing western blotting. All outcomes of maternal pregnancy were then
statistically analyzed. Results: The analysis indicated that the levels of 14,15-EET, and 15-HETE were significantly higher (p < 0.05)
in gestational hypertension compared to control, where the same differences were observed when severe preeclampsia and preeclampsia
groups were compared, which were altogether higher than gestational hypertension group patients. Similarly, the 14,15-EET and 15-
HETE levels were significantly (p < 0.05) higher in the adverse pregnancy outcome than in the normal pregnancy outcome group in
severe preeclampsia. The immunohistochemical analysis results revealed that the positive staining for CYP2J2 and 15-LOX-2 expression
in the placenta of the preeclampsia group was significant (p< 0.05) compared to the normal pregnant control and gestational hypertension
groups, with significantly higher (p < 0.05) relative CYP2J2 and 15-LOX-2 protein levels in preeclampsia compared to normal control
pregnancy group. Conclusions: The study concluded that the 14,15-EET and 15-HETE might be involved in gestational hypertension
pathophysiology and preeclampsia, associated with disease severity and adverse pregnancy outcomes. Moreover, CYP2J2 and 15-LOX-2
signaling expression in the placenta may be related to arachidonic acid metabolites generated in preeclampsia.
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1. Introduction
China has currently completely and successively lib-

eralized the second and third-child policy, which translated
into an increase in the number of high-risk pregnancies, par-
ticularly a higher number of patients with hypertensive dis-
orders pregnancy (HDP), which not only seriously threatens
maternal and infant health but is also the primary cause of
maternal and perinatal death. The HDP has a higher recur-
rence rate and pregnancy termination is currently the only
viable cure. Therefore, an in-depth understanding of ges-
tational hypertension and preeclampsia (PE) pathogenesis
is envisaged to offer the possibility of early prediction and
intervention, an important subject that needs to be explored
in the field.

Recent study has shown that arachidonic acid (AA)
metabolites are antihypertensive and protect vascular en-
dothelial function [1]. Since various vascular dysfunc-
tion diseases are caused by metabolic abnormalities [2–
4]. The AA and eicosanoids are metabolized by sets
of enzymes in three pathways, including cyclooxygenase
(COX) [5], lipoxygenase (LOX) [6], and cytochrome oxi-
dase P450 (CYP450) [7]. The 15-hydroxyeicosateraenoic
acid (15-HETE) is produced via the AA-LOX path-
way [8], while epoxyeicosatrienoic acids (EETs) and 20-
hydroxyeicosatetraenoic acid (20-HETE) are CYP450-
derived [9]. Current studies indicated that EETs and 20-
HETE are essential in regulating local vascular tone and
developing hypertension [10,11]. A report published re-
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Table 1. The basic information of each group.
Control Gestational hypertension PE Severe PE p

Age (years) 28.55 ± 2.36 28.35 ± 2.50 27.48 ± 2.63 29.29 ± 2.56 >0.05
Week of delivery 38.91 ± 1.19 38.24 ± 1.03 35.44 ± 1.19 34.29 ± 1.04 <0.01
BMI (kg/m2) 23.78 ± 3.09 22.90 ± 2.33 22.50 ± 2.11 23.37 ± 2.39 >0.05
SP (mmHg) 122.27 ± 8.64 148.35 ± 4.43 148.40 ± 3.96 168.13 ± 6.64 <0.01
DP (mmHg) 76.14 ± 6.27 100.76 ± 4.91 100.80 ± 4.84 120.71 ± 5.99 <0.01
PRO (g/24 h) - 0.22 ± 0.04 3.85 ± 0.41 4.15 ± 0.59 <0.01
Values are the mean ± standard deviation, BMI, body mass index; SP, systolic pressure; DP, diastolic pressure; PRO,
urine protein; PE, preeclampsia.

cently used mass spectrometry for analyzing dihydroxye-
icosatrienoic acids (DHETs), an EETs metabolite, in the
PE patient’s urine sample and found significantly lower
levels compared to normal pregnant women [12], sug-
gesting that the metabolism of EETs may be associated
with renal dysfunction and hypertension in PE patients.
It has already been confirmed that 20-HETE plays a vital
role in hypertension pathogenesis, and some PE patients
were found to have an increased 20-HETE serum level
[10]. Similarly, 15-HETE is also highly expressed in the
serum of patients with pulmonary hypertension [13]. How-
ever, there are few reports on the levels of 15-HETE and
14,15-epoxyeicosatrienoic acid (14,15-EET) in the periph-
eral blood of gestational hypertension and PE patients, with
scarce investigations on the LOX and CYP, which are re-
sponsible for the synthesis of AAmetabolites in gestational
hypertension and PE patients.

Lipoxygenases (LOXs) are a family of dioxygenases
that catalyze the peroxidation of polyunsaturated fatty. The
fatty acid hydroperoxides formed by the different LOX
isoenzymes involved in many relevant cell processes and
human pathologies. One of the most important LOX en-
zymes is 15-LOX. Human 15-LOX-2 metabolizes AA ex-
clusively to 15-HETE [14]. Cytochrome P450 comprises
a superfamily of heme-thiolate proteins named for the
spectral absorbance peak of their carbon-monoxide-bound
species at 450 nm. Although 12 human CYP genes have
been reported to possess epoxygenase activity, the most
important appear to be the CYP2J and CYP2C families.
CYP2J2 remains a strong candidate for a vascular pro-
tective lipid metabolising epoxygenase. CYP2J2 protein
metabolises arachidonic acid to all four cis-EETs and is
highly enantio-selective for 14,15-EET [15]. Our study
is to investigate the expression of CYP2J2 and 15-LOX-
2 proteins in placental tissue, also serum 14,15-EET and
15-HETE levels in the pregnant women of gestational hy-
pertension and preeclampsia.

2. Materials and Methods
2.1 Grouping of Study Subjects

A prospective cohort study was established to collect
peripheral blood, and as a result that a total of 88 normoten-
sive pregnant women and pregnant women with gestational

hypertension and preeclampsia between 34–40 weeks of
gestational age who were undergoing routine obstetric ex-
amination and inpatient delivery at Affiliated Hospital of
Nantong University from January 2018 to January 2022
were selected. All patients were grouped into experimen-
tal groups, i.e., gestational hypertension (n = 17), PE (n =
25), severe PE (n = 24), and control group, i.e., normal
healthy pregnant women (n = 22) in the same gestational
period. There was no significant difference in the age and
body mass index (BMI) of all groups (p > 0.05). In con-
trast, significant differences (p < 0.05) were observed for
gestational age, blood pressure, and urinary proteins. The
patients were included in the study per the diagnostic HDP
guidelines in American College of Obstetrics and Gynecol-
ogy (ACOG) Practice Bulletin [9]. Inclusion criteria: (1)
aged 18–35 years; (2) single pregnancy and natural concep-
tion; (3) no hypertensive disease in the past; (4) no previous
obstetric complications and internal and surgical complica-
tions, no recent infection, fever, etc., no previous history of
serious cardiovascular disease, diabetes, kidney disease, no
infectious disease, no autoimmune disease, no bad habits
such as smoking and drinking, no family history of dia-
betes, hypertension, coronary heart disease and other dis-
eases. Exclusion criteria: (1) initial antenatal examination
greater than 20 weeks; (2) there are other obstetric com-
plications or medical and surgical diseases; (3) abortion or
termination of pregnancy for reasons other than preeclamp-
sia; (4) loss of follow-up. The hospital’s Ethics Committee
approved this study (Ethics number: 2019-L123), and all
patients signed informed consent. All puerpera were able
to be followed up for three months after delivery during the
study period, where after three months, blood pressure lev-
els returned to normal in all patient groups, essentially the
same as before pregnancy, with no need for further med-
ication. The basic information of each group is shown in
Table 1.

2.2 Serum Collection and ELISA

All study participants were put on fasting for ≥8
hours, followed by withdrawal of venous blood samples
by trained nursing personnel, followed by centrifuging the
samples at 3000 rpm for 10 minutes to separate serum from
other cellular components and stored at –80 °C refrigera-
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tor till further use. The serum samples were analyzed for
14,15-EET and 15-HETE levels using enzyme-linked im-
munosorbent assay (ELISA) in the same batch. ELISA kits
were purchased from the Jiangsu Meimian Industry Co.,
Ltd. (Yancheng, Jiangsu, China), and assays were per-
formed per the manufacturer’s instructions. Each sample
was analyzed twice, and the results were averaged.

2.3 Pregnancy Outcomes
The adverse pregnancy outcomes in this study in-

cluded perinatal death (intrauterine death or induced labor
and neonatal death), neonates intensive care unit (NICU)
stay after birth, very low birth weight, 5 min Apgar score
<7 after delivery, intrauterine growth restriction, neonatal
respiratory distress syndrome, placental abruption, oligo-
hydramnios, postpartum hemorrhage, hemolysis, elevated
liver enzymes, and low platelets (HELLP) syndrome, and
heart failure.

2.4 Immunochemistry Analysis of CYP2J2 and 15-LOX-2
in Placental Tissue

The placental tissues were sliced with the help of mi-
crotome, fixed in paraformaldehyde (Servicebio, Wuhan,
Hubei, China), and rinsed with 1% tween-phosphate
buffered saline solution (Servicebio, Wuhan, Hubei, China)
twice for 5 minutes. The slides were then immersed in
3% hydrogen peroxide (Servicebio, Wuhan, Hubei, China)
for 20 minutes to quench endogenous peroxidase activ-
ity. The specimens were pre-blocked for 30 minutes with
bovine serum albumin (BSA, Servicebio, Wuhan, Hubei,
China). Subsequently, the slides were incubated with rab-
bit monoclonal antibody CYP2J2 and 15-LOX-2 (Invit-
rogen, Carlsbad, CA, USA, 1:200 dilution) for 1 hour at
room temperature. After washing thrice with phosphate
buffered saline (PBS) (Servicebio, Wuhan, Hubei, China),
the slides were incubated in biotin-conjugated goat antirab-
bit immunoglobulin (IgG, EnVision, Dako, Ely, UK, 1:500
dilution) for 1 hour at room temperature. Negative controls
were prepared by replacing the primary antibody with tris-
buffered saline (Servicebio, Wuhan, Hubei, China). The
positive controls were performed on the samples of known
cases. Respective sections were photographed at 200×
magnification and analyzed using Image J software (version
1.8.0, National Institutes of Health, Bethesda, MD, USA).

2.5 Analysis of CYP2J2 and 15-LOX-2 in Placental Tissue
by Western Blot

Patient-derived tissue samples were lysed by ra-
dio immunoprecipitation assay (RIPA) buffer (Servicebio,
Wuhan, Hubei, China). Protein concentrations were deter-
mined by bicinchoninic acid (BCA) Protein Assay Kit (Be-
yotime Biotechnology, Shanghai, China). Protein extracted
from above samples was loaded in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE, Service-
bio, Wuhan, Hubei, China), resolved by electrophoresis,
and transferred to polyvinylidene fluoride (PVDF) mem-

branes (Millipore, Billerica, MA, USA). Nonspecific pro-
tein bands on these membranes were blocked by by BSA
for 30 minutes, followed by incubation of rabbit mono-
clonal antibody CYP2J2 and 15-LOX-2 (Invitrogen, Carls-
bad, CA, USA) at 1:1000 dilution at 4 ℃ overnight. Fol-
lowing incubation with goat anti-rabbit at 1:20,000 dilu-
tion for 2 hours at room temperature, the bands of specific
proteins on the membranes were developed using Odyssey
(LICOR, Lincoln, NE, USA). The level of proteins was
quantified using the ImageJ software (National Institutes of
Health, Bethesda, MD, USA). The expression of β-actin
was used as control.

2.6 Statistical Processing
All data were statistically analyzed using GraphPad

Prism (version 8.00, GraphPad Software, Inc., San Diego,
CA, USA). The intra-group measurement data were ex-
pressed as mean ± standard deviation (M ± S). Student’s
t-test was used to analyze the differences between the two
groups, while multiple group comparisons were analyzed
using one-way analysis of variance (ANOVA). A p-value
< 0.05 indicate a statistically significant difference.

3. Results
3.1 Serum Levels of 14,15-EET and 15-HETE in Pregnant
Women of Each Group

The ELISA results of all samples for serum levels of
14,15-EET and 15-HETE are shown in Fig. 1. Results indi-
cated that the levels of 14,15-EET (Fig. 1A) and 15-HETE
(Fig. 1B) were significantly higher (p < 0.05) with ele-
vated blood pressure and disease severity among different
groups (control, gestational hypertension, PE, and severe
PE groups).

3.2 Analysis of Serum 14,15-EET and 15-HETE Levels
and Pregnancy Outcomes during PE

Based on pregnancy outcomes, the severe PE group
was further divided into adverse pregnancy (n = 14) and
normal pregnancy outcome groups (n = 10). The associ-
ation between serum 14,15-EET, 15-HETE levels and ad-
verse pregnancy outcomes in the pregnant women was ana-
lyzed, and results showed that the 14,15-EET and 15-HETE
levels in the adverse pregnancy were significantly higher (p
< 0.05) than normal pregnancy outcome group, as shown
in Table 2.

3.3 CYP2J2 and 15-LOX-2 Expression in Placental Tissue
Samples by Immunohistochemistry

The immunohistochemical analysis results of placen-
tal tissue specimens revealed that CYP2J2 and 15-LOX-
2 were localized and expressed in the cytoplasm of tro-
phoblast cells in the placenta. The positive staining for
CYP2J2 (Fig. 2B) and 15-LOX-2 (Fig. 2E) in the severe
PE group was significantly higher than the normal pregnant
control group (Fig. 2A,D), as shown in Fig. 2C,F.
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Fig. 1. Levels of serum 14,15-EET (A), and 15-HETE (B) in control, gestational hypertension, PE, and severe PE groups. **p
< 0.01, ***p < 0.001, compared with the control group; ###p < 0.001, compared with the severe PE (ANOVA). 14,15-EET, 14,15-
epoxyeicosatrienoic acid; 15-HETE, 15-hydroxyeicosateraenoic acid; con, control; PE, preeclampsia.

Fig. 2. CYP2J2 and 15-LOX-2 expression in placental tissue samples by immunohistochemistry. Expression of CYP2J2 (A,B) and
15-LOX-2 (D,E) in placental tissues of control and PE group detected by immunohistochemistry (200×). Analysis of CYP2J2 (C) and
15-LOX-2 (F) protein relative expression in PE tissues compared to the control tissues using T-test, *p < 0.05. MOD, mean optical
density; IHC, immunohistochemistry; CYP2J2, cytochrome P450 2J2; 15-LOX-2, 15-lipoxygenase-2.

3.4 CYP2J2 and 15-LOX-2 Expression in Placental Tissue
Samples by Western Blot

The western blot analysis results revealed that the pro-
tein levels of CYP2J2 (Fig. 3A) and 15-LOX-2 (Fig. 3C) in
the PE placental group were significantly higher than the
normal pregnant control group, as shown in Fig. 3B,D.

4. Discussion

The pathogenesis of HDP is complex, and charac-
terized by extensive endothelial dysfunction and placental
changes. Different factors have been found to contribute to
HDP development, including inflammatory [16], immuno-

4

https://www.imrpress.com


Fig. 3. Expression of CYP2J2 and 15-LOX-2 in placental tissue samples by western blot. Analysis of relative protein levels
of CYP2J2 (A,B) and 15-LOX-2 (C,D) in PE placental tissues compared with the control tissues using T-test, *p < 0.05. GADPH,
glyceraldehyde-3-phosphate dehydrogenase.

Table 2. Analysis of serum 14,15-EET, 15-HETE and pregnancy outcome during severe PE.
14,15-EET (pg/mL) 15-HETE (pg/mL)

Adverse pregnancy outcome group 201.92 ± 25.73 191.22 ± 10.01
Normal pregnancy outcome group 121.07 ± 5.35 132.26 ± 4.71
T-value 9.727 17.23
p-value <0.0001 <0.0001

logical [17], and nutritional [18], however, no clear conclu-
sion has yet been drawn till date, but generally, it is now
accepted that HDP pathogenesis is closely related to uter-
ine spiral artery recasting disorders [19] and cardiovascular
endothelial dysfunction. Owing to rapid and uncontrollable
HDP progression, the accuracy of predicting the HDP oc-
currence risk only through risk factors assessment could be
low. Work has been in progress for predicting HDP occur-
rence by analyzing different biochemical indicator levels in
maternal blood from the early onset before 20 weeks of ges-
tation, as well as to delay disease development via timely
intervention, further prolonging the gestational weeks, im-
proving maternal and infant survival and prognosis, and ul-
timately achieving HDP cure. For example, Diniz et al.
[20] used the ratio of soluble fms-like tyrosine kinase 1
(sFlt-1) to placental growth factor (PIGF) for predicting PE
occurrence and prognosis, while a study also reported the
effects of vitamin D supplementation on PE [21]. However,
there are still no clear, well-accepted, early, rapid, econom-
ical and effective biochemical indicators for HDP monitor-
ing and clinical disease severity assessment.

Endothelial cells are the core participants in the re-
casting process of uterine spiral arteries, while AA metabo-
lites are critical regulatory factors for the proliferation and
apoptosis of vascular endothelial cells. Their metabolic ab-
normalities are associated with dysfunctional vascular dis-
eases. EETs are produced by CYP450 from AA, which ex-
ists in four different regioisomers forms, including 14,15-
EET, distributed in trophoblasts, placenta, fetal membranes,
and decidua. Similarly, 15-HETE is a major AAmetabolite
formed via the LOX-COX pathway. The study used liquid
chromatography coupled with mass spectrometry to com-
pare placental EET and HETE levels in normal pregnant
and PE patients, where 5-, 12- and 15-HETE contents in
PE patients were significantly higher than in normal preg-
nant women, meanwhile PE patient’s placental EET con-
tents were positively correlated with HETEs [22], suggest-
ing that EETs and HETEs may play a particular role in the
cellular regulatory mechanism of the placental vasculature.
Our results showed that the serum14,15-EET and 15-HETE
levels were related to disease severity and adverse preg-
nancy outcome in the hypertensive disorders pregnancy.
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Previous study has reported that EETsmainly function
as vasodilators and could promote angiogenesis [23]. The
plasma EETs tend to decrease in non-pregnant patients with
secondary hypertension, such as renal hypertension, but in-
crease during pregnancy. The study has shown that HDP
patients secrete large amounts of 14,15-EET in their urine,
suggesting that 14,15-EET might have a regulatory effect
on HDP [24]. EETs are also produced in the placenta, tro-
phoblast cells, amniotic membrane, chorion, decidua, and
myometrium of the pregnant uterus, and increased EETs
levels in the embryo-placenta are more significant than
those in plasma [25]. EETs contribute to the physiolog-
ical response to normal pregnancy and the pathophysiol-
ogy of pregnancy-induced hypertension [26]. Moreover, a
study showed that the expression of cytochrome P450-2J2
(CYP2J2) in the placenta and decidua of HDP patients was
higher than that in normal pregnant women, which could
promote the synthesis and secretion of EETs in the placenta,
helping to dilate spasmodic and narrowed placental vessels,
in order to improve maternal-fetal circulation [27]. Our re-
sults indicated that the CYP2J2 protein was specifically lo-
calized in the placental trophoblasts and was upregulated in
PE, in agreement with previous study. Enhanced EET level
in circulation reflects incremental CYP2J2-mediated EET
biosynthesis in the maternal-fetal interface in PE, indicat-
ing CYP2J2 might be regarded as a novel potential candi-
date for the disturbed uteroplacental vascular remodeling,
leading to pregnancy-induced hypertension.

The related functions of HETEs on uterine spiral
artery endothelial cells and smooth muscle cells may cause
dysfunction of trophoblast invasion, resulting in the in-
adequate recasting of the uterine spiral arteries, aggravat-
ing placental ischemia and hypoxia, and forming a vicious
circle [28]. Hypoxia induces the simultaneous synthesis
of 15-HETE in the maternal serum and placenta in HDP
patients, also significantly increasing of 15-HETE in the
serum of hypertensive patients. Previous study has shown
that hypoxia induces the secretion of 15-HETE from tro-
phoblast cells in the cytotrophoblast and umbilical artery
rings [29]. Those increased 15-HETE levels promote con-
striction of the umbilical artery and placental vessels, result-
ing in placental ischaema and hypoxia, thereby affecting the
recasting of the uterine spiral arteries and accelerating the
progression of HDP. However, the underlying mechanism
by which 15-HETE affects vascular regulation in human
vascular endothelial cells is still poorly understood. The
study has shown that extracellular regulated protein kinases
(ERK) are necessary for the vascular regulation of human
umbilical cord endothelial cells by 15-HETE, whichmay be
a potential novel target for treating of vascular regulation-
related diseases [30].

The immunostaining results showed an increment of
15-LOX-2 expression in the placenta, leading to an in-
creased synthesis of AA metabolites in PE. 15-HETE pro-
duced under hypoxic conditions is derived mainly from 15-
LOX-2 [31]. LOX are non-heme iron enzymes that can

oxygenate unsaturated fatty acids such as AA to produce
bioactive metabolites. The LOX family of enzymes is char-
acterized by members including 5-, 8-, 12- and 15-LOX.
The 15-LOX-1 and -2 have been identified as two sub-
types of 15-LOX, where the latter has a limited tissue dis-
tribution, with mRNA detected in the prostate, lung, skin,
and cornea, but not in numerous other tissues. The pri-
mary metabolites of AA produced by the LOX family are
5-, 8-, 12-, and 15-HETE. Increased free AA could pro-
duce leukotrienes, HETEs, and other bioactive substances
produced by 15-LOX [32], contributing to pathophysiolog-
ical processes such as oxidative stress and inflammation.
Hypoxia-inducible factor 1α (HIF-1α)/15-LOX/15-HETE
axis activation induced abnormal endothelial cell migration
process, vasoconstriction, microangiopathy and increased
blood pressure [24].

The results of this study suggested that the levels of
14,15-EET and 15-HETE in the serum showed an increas-
ing trend with the progression of HDP, especially in patients
with severe PE. Their abnormal levels in HDP patients are
suggestive that 14,15-EET and 15-HETE are closely re-
lated to the progression of HDP. In the severe PE group,
14,15-EET and 15-HETE levels were associated with ad-
verse pregnancy outcomes, where their levels in adverse
pregnancy outcome group were significantly higher than
the normal pregnancy outcome group. It has been reported
that higher 15-HETE in PE is closely related to EETs, where
the EETs concentration in the umbilical cord blood of new-
borns was 3-5 times higher than maternal circulation. The
blood gas analysis in the fetal umbilical cord suggested that
partial pressure of carbon dioxide (pCO2) was positively
correlated with the level of placental plasma EETs [33],
suggesting 14,15-EET and 15-HETE levels are related to
neonatal hypoxia and acidosis. Consequently, the effects
of 14,15-EET and 15-HETE on the maternal-fetal interface
might be involved in the occurrence and development of
adverse pregnancy outcomes in HDP.

5. Conclusions
This study suggested that 14,15-EET and 15-HETE

are involved in the occurrence and progression of HDP. De-
tection of serum 14,15-EET and 15-HET levels in HDP pa-
tients might predict the severity of the disease. Our findings
shed light on the involvement of 14,15-EET and 15-HETE
in PE by CYP2J2 and 15-LOX signaling.
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