
Selective inhibition of 20-hydroxyeicosatetraenoic acid lowers 
blood pressure in a rat model of preeclampsia

Jessica L Faulknera, Nicole L. Plentyb, Kedra Wallaceb, Lorena M Amarala, Mark W 
Cunninghama, Sydney Murphya, and Babbette LaMarcaa,b

aDepartment of Pharmacology and Toxicology, University of Mississippi Medical Center, 2500 
North State Street, Jackson, MS, 39216, USA

bDepartment of Obstetrics and Gynecology, University of Mississippi Medical Center, 2500 North 
State Street, Jackson, MS, 39216, USA

Abstract

Little is currently known of the role(s) of the vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-

HETE) in hypertensive pregnancies. We hypothesized that specific inhibition of 20-HETE would 

attenuate increases in blood pressure in the reduced uterine perfusion pressure (RUPP) rat model 

of preeclampsia. Specific 20-HETE synthesis inhibitor HET0016 (1mg/kg) was administered daily 

to RUPP rats from gestational days 14–18. Blood pressure (BP) increased in RUPP rats and was 

decreased with HET0016 administration. BP was unchanged in NP+HET0016 rats. Fetal death 

greatly increased in RUPP rats and was reduced in RUPP+HET0016 rats. 20-HETE levels 

increased modestly in RUPP rats compared to NP and was reduced in both NP+HET0016 and 

RUPP+HET0016 rats. Furthermore, circulating levels of HETEs, EET, and DHETE were 

significantly altered between groups. HET0016 shifted CYP metabolism toward EETs, as 

indicated by a decrease in plasma 20-HETE:EETs in RUPP+HET0016 rats compared to RUPP. In 

conclusion, 20-HETE inhibition in RUPP rats reduces BP and fetal death, and is associated with 

an increase in EET/20-HETE ratio.
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Introduction

Up to 10% of pregnancies in the United States are afflicted with preeclampsia, a leading 

cause of maternal and fetal mortality manifesting with late-gestation (>20 weeks) 

hypertension, abnormal placentation, low birthweight and premature birth, among other 

complications [1–5]. Preeclampsia is classified as a hypertensive disorder of pregnancy with 

a multifactorial pathophysiology including immune activation, endothelial dysfunction and 

vascular resistance [6–8]. The only cure for preeclamptic patients is delivery of the 

fetoplacental unit. Pharmaceutical treatments to improve the symptoms are targeted at 

reducing blood pressure and preventing adverse fetal effects and novel targets for beneficial 

outcomes in preeclamptic pregnancies are needed.

Cytochrome P450 (CYP) metabolites have been implicated in various forms of hypertension 

in both humans and experimental animal models [9, 10]. 20-hydroxyeicosatetraenoic acid 

(20-HETE) is an arachidonic acid metabolite whose production is catalyzed by CYP4A and 

CYP4F enzymes [11]. 20-HETE is a potent vasoconstrictor and genetic polymorphisms of 

20-HETE-production enzymes in humans are associated with hypertension [12]. In contrast, 

another product of CYP enzymes, epoxyeicosatrienoic acids (EETs) are hyperpolarizing 

vasodilators and have anti-inflammatory properties [13–16]. Alterations in CYP metabolism 

to favor 20-HETE over EETs are therefore associated with vascular dysfunction [17]. The 

primary receptor mediating the vascular effects of 20-HETE has long been unknown, 

however, new important findings from Garcia et al identify a G coupled protein receptor, 

GPR75 as a potential receptor for 20 HETE [18]. In fact, the authors show that knockdown 

of GPR75 or GPCR-kinase interacting protein-1 prevented 20-HETE-mediated endothelial 

growth factor receptor phosphorylation and angiotensin-converting enzyme induction and 

hypertension in response to 20-HETE. However, very few studies examining a role for 20-

HETE or GPR75 receptor have been performed in animal models of preeclampsia.

Total activity of CYP enzymes is increased in pregnancy [19] and several studies have 

shown that alterations of CYP activity may be present in preeclamptic patients and animal 

models of preeclampsia [20, 21]. Jiang et al. compared urine samples from normal pregnant 

and preeclamptic patients and found that DHET levels are decreased in preeclamptic 

patients, which they concluded indicated a reduction in renal EETs [22]. In addition, 

CYP4A expression is decreased in a rat model of preeclampsia, the RUPP (reduced uterine 

perfusion pressure) model, compared to normal pregnant controls [20]. However, 20-HETE 

levels are not decreased in preeclamptic rats, indicating a shift toward 20-HETE production 

by CYP enzymes [20]. We recently showed CYP epoxygenase inhibitor, MsPPOH, 

improved the preeclamptic syndrome in the RUPP rats. The mean arterial pressure (MAP) 

measured on day 19 of pregnancies with MsPPOH administration decreased from 126 

mmHg in RUPP to 111 mmHg in the MsPPOH-RUPP group [21]. However this study was 

not specific for 20-HETE. Additional studies demonstrate selective pharmacological 
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inhibition of 20-HETE improves hypertension and endothelial function in animal models of 

experimental hypertension [23–25]. Therefore, the potential for 20-HETE inhibition to 

improve hypertension and fetal outcomes associated with preeclampsia have not been 

closely examined. In the current study, we sought to evaluate changes in blood pressure, 

fetal survival and CYP enzyme metabolism in response to treatment with the 20-HETE-

specific synthesis inhibitor N-Hydroxy-N′-(4-butyl-2-methylphenyl) formamidine 

(HET0016) in a rat model of preeclampsia, the RUPP rat.

Methods

Experimental animals and the RUPP procedure

All experiments involving animals were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Mississippi Medical Center in accordance with 

guidelines set forth by the National Institutes of Health for the care and use of laboratory 

animals. Female timed-pregnant Sprague-Dawley rats from Harlan Laboratories 

(Indianapolis, IN) were maintained under a 12 hour light/dark schedule and fed standard 

laboratory chow. To induce placental ischemia in pregnant rats we performed the RUPP 

procedure on gestational day 14 (GD14). Briefly, pregnant rats were anesthetized by 

isofluorane anesthesia and surgical constrictor clips were placed on the lumbar aorta (size of 

0.2 mm) and both lateral branches of the ovarian artery (size of 0.1 mm), which served to 

restrict blood flow and induce ischemia to the placental-fetal unit. The RUPP model of 

preeclampsia induces many of the characteristics of preeclampsia seen in human patients, 

including increased blood pressure, immune activation, and endothelial dysfunction, as 

previously described [26–28]. We injected normal pregnant (NP) and RUPP rats, 

intraperitoneally, with the 20-HETE-specific synthesis inhibitor HET0016 at a dose of 

1mg/kg daily on GD 14–19. The groups were as follows: NP (n=10), NP+HET0016 (n=7), 

RUPP (n=8) and RUPP+HET0016 (n=5). On GD18, uterine artery resistance index (UARI) 

was measured by Doppler sonography, as previously described [29]. All experimental 

animals underwent insertion of indwelling carotid catheters under isofluorane anesthesia on 

GD18 and blood pressure was measured in conscious animals on GD19 on a Cobe II 

Transducer CDX Sema pressure transducer. Additionally, on GD19 animals were sacrificed 

and blood collected into vacutainer tubes containing EDTA and fetal reabsorptions and 

weights were recorded. Plasma was prepared by centrifugation and excessively hemolyzed 

plasmas were excluded from analysis.

Quantification of plasma CYP450 metabolites by LC/MS analysis

To prepare plasma for extraction, 300ul of rat plasma was combined with 2.5ml of 95% 

0.1M sodium acetate, 5% methanol buffer (pH 7.0), 100ul 10% acetic acid, and 10ul of 

0.2ng/ul 20-HETE-d6/11,12-EET-d11 as an internal standard (Cayman Chemical, Ann 

Arbor, MI). Samples were centrifuged and extracted using Bond Elute Certify Sample Prep 

columns (pre-washed with methanol followed by 95% 0.1M sodium acetate/5% methanol 

solution (pH 7.0; (Agilent Technologies, Santa Clara, CA)) before the supernatants were 

loaded onto columns.). Samples were added to the column and were then washed with 50:50 

methanol-water. Eicosanoids were eluted with 75:25 hexane-ethyl acetate solution 
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supplemented with 1% acetic acid. Samples were dried under nitrogen gas and stored at 

−80°C until analysis.

Nitrogen-dried samples were reconstituted in 30ul acetonitrile and 70ul deionized water and 

analyzed utilizing a Dionex Ultimate 3000 High-Performance Liquid Chromatography 

system (Dionex, Banmockburn, IL) prior to analysis on an ABsciex 4000 Q trap tandem 

mass spectrometer with electrospray ionization (ABsciex, Foster City, CA). Separation of 

the metabolites was achieved using a reverse phase column (Kinetex 100 × 2.1 mm, 2.6μm; 

Phenomenex Torrence, CA) and the following mobile phase conditions at a flow rate of 

200ul/min: mobile phase A was 90/10/0.1 (water/mobile phase B/acetic acid, v/v/v), and 

mobile phase B 85/15 (acetonitrile/methanol, v/v). The protocol was as follows: 45% A for 2 

min, raise to 54% B in 2 min, 54% B for 4.5 min, raise to 65% B in 5.5 min, hold at 65% for 

2 min, raise to 90% B in 1 min, hold at 90% B for 2.5 min, raise to 45% in 0.5 min, and then 

hold at 45% B for 3 min for equilibration.

Negative ion mode was used for mass spectrometry with the following settings: unit 

resolution ion spray voltage −4500 V, curtain gas 30, gas 1–50, temp 600°C and gas 2–50. 

The declustering and exit potential as well as optimum collision energy for each transition 

was evaluated using commercially-available standards. The transitions monitored for each 

metabolite measured were: 337–207 (14,15-DHETE); 337–167 (11,12-DHETE); 337–127 

(8,9-DHETE); 319–231 (19-HETE); 319–245 (20-HETE); 319–261 (18-HETE); 337–145 

(5,6-DHETE); 319–233 (16-HETE); 319–175 (15-HETE); 319–149 (11-HETE); 319–179 

(12-HETE); 319–155 (8-HETE); 319–203 (5-HETE); 319–175 (14,15-EET); 319–167 

(11,12-EET); 319– 257 (8,9-EET); 319–191 (5,6-EET); and 325–281/307 (d6-20-HETE) 

and 330-167/312 (d11-11,12-EET) for internal standards.

Final quantitation of all metabolites was based on area ratios of analyte to internal standard 

and then compared to known concentrations; using d6-20-HETE or d11-11,12-EET internal 

standards. The concentration range of 0.02 to 20ng/sample of 20-, 15-, 11-, 12-, 8- and 5-

HETE, or 0.002 to 2ng/sample of 16-,18-,19-HETE used 2ng of d6-20-HETE as internal 

standard. Quantitation range of 0.02 to 20ng/sample of the DHETE’s and EET’s used 

d11-11,12-EET internal standard.

Analyst software version 1.5 (ABSciex) was used for data acquisition, statistical 

calculations, and quantification. Linear regression analysis using the least-squares method 

was used to evaluate the calibration curve of each metabolite as a function of its 

concentration in the plasma samples.

Statistical Analysis

Data are expressed for all groups as mean ± standard error of the mean and standard 

student’s t test was utilized to determine statistical significance between the control and 

treated rats among the groups. A P value of less than 0.05 was considered statistically 

significant.
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Results

Blood pressure and fetal death are reduced in RUPP rats treated with HET0016

Blood pressure increased significantly from 104±2 mmHg in NP rats to 122±3 mmHg 

(*P<0.001) in RUPP rats [Figure 1a]. HET0016 treatment reduced the rise in blood pressure 

in RUPP rats to 110±2 mmHg, (*P<0.05) and in NP rats HET0016 treatment had no 

statistically significant effect on blood pressure (110±6 mmHg).

UARI increased in RUPP rats compared to NP (0.71±0.04 vs 0.60±0.02) and was reduced in 

RUPP+HET0016 rats (0.59±0.04), although these values did not reach statistical 

significance [Figure 1b]. The percentage of total pups that were reabsorbed on GD19 was 

drastically increased in RUPP rats to 60±5% (*P<0.0001) compared to NP reabsorptions of 

3±1% [Figure 1c]. RUPP rats treated with HET0016 had statistically fewer reabsorptions 

(23±8%, *P<0.01) than untreated RUPPs. Importantly, HET0016 treatment in NP rats did 

not increase pup reabsorptions (2±2%), indicating that HET0016 does not increase fetal 

death in pregnant rats.

CYP enzyme activity was shifted toward the production of EETs in RUPP rats treated with 
HET0016

Treatment of NP rats with HET0016 modestly reduced circulating 20-HETE levels to 

0.77±0.12 ng/ml compared to untreated NP (0.97±0.06 ng/ml), although this did not reach 

statistical significance [Figure 2a]. Unexpectedly, the RUPP procedure did not significantly 

increase plasma 20-HETE compared to NP rats (1.03±0.07 ng/ml). To assess the specificity 

of HET0016 for inhibition of 20-HETE we also measured the combined levels of 5-, 8-, 11-, 

12-, 15-, 16-, 18- and 19-HETE [Figure 2b]. Levels of all other HETEs did not significantly 

change between NP (5.94±0.83 ng/ml) and NP+HET0016 (4.57±0.91 ng/ml), nor RUPP 

(4.19±0.96 ng/ml) and RUPP+HET0016 (4.20±0.77 ng/ml). While 20-HETE levels were 

slightly increased in RUPP rats compared to NP, EET levels trended to decrease (0.39±0.05 

ng/ml) compared to NP (0.65±0.16 ng/ml) [Figure 2c]. Importantly, HET0016 treatment did 

not significantly reduce EET levels in either NP+HET0016 (0.49±0.08 ng/ml) or RUPP

+HET0016 (0.60±0.17 ng/ml) compared to their untreated counterparts. Plasma levels of 

5,6-, 8,9-, 11,12- and 14,15-DHETE, are presented as a measure of the inactive downstream 

metabolites of EETs, an indirect measure of loss of EET activity, are presented in Figure 2d. 

We observed no statistically significant differences in DHETE levels between NP (0.25±0.01 

ng/ml) and RUPP (0.30±0.05 ng/ml) nor NP+HET0016 (0.21±0.01 ng/ml) and RUPP

+HET0016 (0.38±0.02 ng/ml), indicating EET inactivation was unchanged between groups. 

However, when we assessed circulating 20-HETE:EET in our rat groups treated with 

HET0016 [Figure 2e], RUPP rats exhibited a modest increase in 20-HETE:EET (0.83±0.08) 

compared to NP (0.53±0.13). No differences were noted in NP+HET0016 compared to NP 

(0.46±0.08). However, HET0016 treated RUPP rats had a statistically significantly lower 20-

HETE:EET ratio compared to untreated RUPP rats (0.48±0.06, *P<0.01). The change in 20-

HETE:EET in RUPP rats indicates a shift of CYP enzyme metabolism from 20-HETE to 

EET production.
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Discussion

The purpose of the current study was to examine the effects of 20-HETE-synthesis inhibition 

on increases in blood pressure and fetal demise associated with the RUPP rat model of 

preeclampsia. Previous studies examined the role of 20-HETE in the development of various 

genetic and experimental models of hypertension, and suggest vascular and renal effects of 

20-HETE may play a role in the development of hypertensive disorders, which may include 

preeclampsia [9, 12, 23]. Furthermore, inhibitors specific for 20-HETE, including HET0016, 

are currently thought to be promising for treatment of hypertension [23, 30]. Our novel 

findings presented here demonstrate 20-HETE inhibition decreases MAP and fetal demise in 

association with a decrease in uterine artery resistance in the RUPP rat model of 

preeclampsia. This decrease in MAP in RUPP rats with HET0016 was in association with a 

decrease in HETE:EET ratio in the circulation.

Although there is little current data on the role of 20-HETE in pregnancy, Wang and 

colleagues have found that 20-HETE production is altered throughout pregnancy in rat 

kidneys [19]. At day 19 of gestation, medullary thick ascending limb production of 20-

HETE, which enacts sodium excretion effects, is increased while vascular production of 20-

HETE decreases, which are concurrent with a drop in blood pressure and increase in sodium 

excretion in pregnant rats [19]. This study highlights the fascinating nature of 20-HETE 

activity as it is pro-hypertensive in vascular beds but renal medullary 20-HETE induces 

urinary sodium excretion [23, 31, 32]. Urinary excretion rates of EETs are reduced in 

preeclamptic pregnancies while 20-HETE levels are unchanged [22]. This indicates 

bioavailable 20-HETE, but not EETs, may be preserved in preeclamptic patients. Our data 

highlight that plasma 20-HETE:EET ratio is increased in response to placental ischemia in 

RUPP rats, indicating that the vasoconstrictive effects of 20-HETE may be observed in these 

rats. Importantly, a reduction of plasma 20-HETE with HET0016 in RUPP rats was 

associated with a decrease in MAP and uterine vascular resistance, indicating HET0016 

inhibited vascular 20-HETE specifically, as a mechanism of reducing vasoconstriction and 

improving uterine artery resistive index in RUPPs.

EETs and 20-HETE are both arachidonic acid metabolites catalyzed by CYP enzymes and 

have opposing effects on vascular activity. EETs are a candidate for the endothelial-derived 

polarizing factor as they have been shown to hyperpolarize endothelial cells and reduce 

contractility, independent of nitric oxide bioavailability [33–35]. In contrast, 20-HETE 

prevents activation of Ca2+-activated K+ channels and activates L-type Ca2+ channels in 

vascular smooth muscle cells and prevents polarization, prolonging contractility [31, 32]. 

Myometrial resistance arteries respond to EETs with reduced contractile response and 

increase contractile response when exposed to 20-HETE [36]. Our study is the first to report 

that blood pressure and fetal demise were improved in preeclamptic rats administered a 20-

HETE inhibitor. Llinas et al. has previously shown that the RUPP procedure reduces 

expression of CYP4A enzymes in the renal tissue compared to normal pregnant rats [20]. A 

nonspecific CYP enzyme inhibitor, 1-aminobenzotriazol, reduced blood pressure in RUPP 

rats and was associated with a decrease in tissue 20-HETE levels, but not EET levels [20]. 

An important point in this report as well as the current study is that the RUPP rat, as it is a 

late-gestation mechanically-induced model of preeclampsia, does intrinsically possess 
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certain experimental limitations, most notably that the effects of 20-HETE in the 

development of placental ischemia cannot be evaluated. Therefore, the origin of 20-HETE 

and EETs dysfunction require the evaluation of these eicosenoids in yet-to-be developed 

models or studies in human patients. However, as the RUPP rat is the most widely used and 

accepted animal model of preeclampsia and represents a treatment-oriented model of 

disease, the therapeutic effects of HET0016 in this model are highly clinically relevant for 

preeclamptic patients who are started on treatment regimens post-diagnosis. It is also 

important to note that the inhibitor used in the previous study was less specific for 20-HETE 

compared to HET0016, therefore, other vasoconstrictive HETEs may have also been reduced 

in the RUPP rat. Our data suggests that the inhibition activity of HET0016 was restricted to 

20-HETE in that plasma levels of other HETEs were not altered by HET0016 in either NP or 

RUPP rats. Our study demonstrates HET0016 administration decreases 20-HETE levels 

while preserving EETs.

EETs are metabolized into a less active metabolite, DHETE, by the enzyme soluble epoxide 

hydrolase (sEH). sEH inhibition has been shown to preserve bioactive EET levels and 

reduce 20-HETE production in spontaneous hypertensive rats (SHR) [37, 38]. Our studies 

confirmed that DHETEs were not increased in response to HET0016 in either NP or RUPP 

groups, and therefore it is unlikely that HET0016 altered the downstream metabolism of 

EETs into its inactive product. These findings are in line with a previous study by Herse et 

al. demonstrating 20-HETE levels are not decreased in RUPP rats, but that placental EETs, 

and importantly, DHETs are increased in RUPP rats [21]. In the previous study, it was 

observed that in both preeclamptic patients and RUPP rats, CYP enzyme arachidonic acid 

metabolism is increased and EETs+DHETs are increased and that interruption in this 

pathway can improve pathology associated with placental ischemia, however this inhibitor 

was not specific for 20 HETE. However, the data in the current study indicate HET0016-

mediated decreases in blood pressure seen in our RUPP rats may, at least in part, be 

attributed to preserved activity of EETs concurrent with 20-HETE reduction in the maternal 

vasculature.

In conclusion, 20-HETE inhibition via the specific inhibitor HET0016 reduces blood 

pressure and fetal demise in a preeclamptic rat model without concurrently reducing 

circulating EETs. These data indicate that 20-HETE inhibition may represent a novel target 

for reduction of blood pressure in preeclamptic patients. Importantly, the NP+HET0016 

group in this report demonstrates that the pharmacological effects of HET0016 did not have 

adverse effects on BP or fetal health, as is indicated by a lack of increased fetal demise in 

this experimental group. Inclusion of control groups with pharmacological treatments in 

studies of preeclampsia is vital to to demonstrate that off-target effects will not present 

danger to a fragile feto-placental unit in an otherwise healthy pregnancy. The current data 

suggests a safety index for HET0016, prompting further studies. The addition of a 20-

HETE-specific inhibitor to therapeutic treatment plans in preeclamptic patients may be 

especially valuable given the teratogenicity of so many anti-hypertensive medications. 

Further studies are needed to fully evaluate the placental, renal and vascular activity of 20-

HETE and EETs in preeclamptic animal models and patients to better define the 

mechanisms leading to changes in maternal plasma HETE and EET levels in response to 

HET0016.
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Highlights

• 20-HETE synthesis is inhibited in RUPP rats via administration of HET0016

• Blood pressure and fetal demise are reduced by inhibition of 20-HETE in 

RUPP rats

• HET0016 did not adversely affect normal pregnant rats

• HET0016 increased the plasma EET/20-HETE ratio in RUPP rats
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Figure 1. Blood pressure and fetal death in NP and RUPP rats treated with HET0016
(a). RUPP rats had significantly increased blood pressure compared to NP rats. RUPP rats 

treated with HET0016 had significantly lower blood pressure than untreated RUPPs. (b). 
Fetal death was increased with RUPP procedure compared to NP. HET0016 did not 

adversely affect fetal survival in NP and significantly improved survival in RUPP rats. (c). 
UARI was modestly increased in RUPP rats and decreased with HET0016 treatment. 

*P<0.05.
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Figure 2. CYP enzyme production of EET’s, HETE’s and DHETE’s in NP and RUPP rats 
treated with HET0016
(a). HET0016 treatment significantly reduced 20-HETE levels in RUPP rats. (b). The sum of 

HETE isoforms 5-, 8-, 11-, 12-, 15-, 16-, 18- and 19-HETE were not altered with HET0016 

treatment in either NP or RUPP rats (c). Total EET’s expressed as the sum of 5,6-, 8,9-, 

11,12- and 14,15-EET’s were not significantly altered within any of the groups with or 

without HET0016. (d). The sum of 5,6-, 8,9-, 11,12- and 14,15-DHETE’s, were not altered 

with HET0016. (e). Ratio of 20-HETE to total EET’s levels is not changed with HET0016 in 

NP. HET0016 treatment in RUPP rats reduces the ratio of 20-HETE/EET’s. *P<0.05.
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