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Abstract
Androgen plays an important role in blood pressure regulation. Epidemiological studies have
shown that men have a higher prevalence for developing hypertension than aged-matched,
premenopausal women. Interestingly, postmenopausal women and women with polycystic ovary
syndrome, both of which have increased endogenous androgen production, have elevated risks for
hypertension suggesting that androgen may contribute to its development. Studies from our
laboratory and others have provided substantial evidence that 20-hydroxyeicosatetraenoic acid
(20-HETE) mediates the hypertension seen in rodents treated with androgen. 20-HETE is the
cytochrome P450 (CYP)-derived ω-hydroxylated metabolite of arachidonic acid. 20-HETE plays a
complex role in blood pressure regulation. In the kidney tubules, 20-HETE decreases blood
pressure by promoting natriuresis, while in the microvasculature it has a pressor effect. In the
microcirculation, 20-HETE participates in the regulation of vascular tone by sensitizing the
smooth muscle cells to constrictor stimuli and contributes to myogenic, mitogenic and angiogenic
responses. In addition, 20-HETE acts on the endothelium to promote endothelial dysfunction and
endothelial activation. Recently, we have demonstrated that 20-HETE induces endothelial ACE
thus setting forth a potential feed forward mechanism through activation of the Renin-
Angiotensin-Aldosterone-System. In this review, we will discuss the pro-hypertensive effects of
20-HETE and its role in androgen-induced vascular dysfunction and hypertension.
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1. Introduction
Gender differences are observed in many aspects of mammalian cardiovascular physiology
and pathology. In particular, hypertension is more common in men than in premenopausal
women of the same age [1, 2]. Possible contributing factors for this dimorphism include
environmental factors, genetic polymorphisms, and gonadal hormones [3, 4]. Many
epidemiological, clinical, and experimental studies have shown that androgens may be an
important determinant of sex-specific differences in arterial blood pressure [3, 5]. Reports
have shown that men younger than 60 years of age have a higher systolic BP than women
[2]. Furthermore, the ratio of androgen/estrogen has also been suggested to play a role in
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hypertensive effects in postmenopausal women [6]. Androgens have been hypothesized to
modulate blood pressure both at the cardiac level as well as the vascular level [5, 7]. Sex-
specific differences in blood pressure are also observed in experimental animals including,
spontaneously hypertensive rats (SHR)[8-10], Dahl salt-sensitive rats[11],
deoxycorticosterone (DOCA) acetate-salt hypertensive rats [12, 13], New Zealand
genetically hypertensive rats [14], and cyp4a14 (-/-) knockout mice [15]; in all, males
demonstrated higher blood pressure than females. Treatment of rats or mice with androgen
increased blood pressure in both male and female rats [16]. The cellular mechanism
underlying the androgen-induced increase in blood pressure and susceptibility to
cardiovascular morbidity is not completely known. Recent studies from our laboratory and
others provided substantial evidence that androgen-induced hypertension is 20-HETE-
dependent and suggest that CYP4-derived 20-HETE is a key mediator of androgen-induced
vascular resistance and hypertension. In this review, we will discuss the pro-hypertensive
properties of 20-HETE, its role in androgen-mediated vascular dysfunction and
hypertension, and its contribution to hypertension in human.

2. Androgen and hypertension
Clinical studies have shown that elevated levels of androgen, both endogenous and
exogenous, are correlated with an increase in blood pressure.

2.1 Endogenous androgen and hypertension
Epidemiological, clinical, and experimental studies have shown implicated androgens as an
important determinant of gender-specific differences in arterial blood pressure. Men younger
than 60 years of age have a higher systolic blood pressure than premenopausal women of the
same age [2]. In a Danish study of 352 healthy, normotensive subjects, 24-hour ambulatory
blood pressure was monitored as blood pressure was measured every 15 minutes from 7:00
AM to 22:59 PM and every 30 minutes from 23:00 PM to 6:59 AM [17]. These investigators
found that blood pressure increased with age in both men and women, but men had a
significantly higher systolic blood pressure than women. This sexually dimorphic pattern
was also seen in a larger study, the Third National Health and Nutrition Evaluation Survey
(NHANES III). Data from a total of 6635 men and 7189 women over the age of 18 years old
who were not under treatment for high blood pressure was collected from 1988 through
1994. Results indicated that the mean systolic blood pressure in men is higher than women
in early adulthood across ethnicities (non-Hispanic Blacks, non-Hispanic White, and
Mexican Americans) [18]. Interestingly, sex-specific differences in blood pressure are also
observed in various animal models including SHR [8-10], Dahl salt-sensitive rats [11],
DOCA-salt hypertensive rats [12, 13], New Zealand genetically hypertensive rats [14], and
Cyp4a14 (-/-) knockout mice [15]. Within all models, males demonstrated higher BP than
females. There are various contributing factors for this dimorphism including environmental
factors, genetic polymorphisms, sex chromosome, and gonadal hormones [3, 4, 19].
Importantly, epidemiological, clinical, and experimental studies have shown that androgens
may be an important determinant of sex-specific differences in arterial blood pressure [3, 5].

Along with gender differences, the correlation between androgen and blood pressure is also
seen in postmenopausal women [6]. It is generally accepted that postmenopausal women
have a higher risk in developing high blood pressure equal to that of or greater than men.
Many factors may contribute to this elevated risk including the loss of protective effects of
estrogen. In addition to loss of estrogen, androgen levels are often elevated in
postmenopausal women suggesting a possible correlation with blood pressure elevation [20].
In a study by Phillips and colleagues [21], 24 hypertensive and 19 healthy postmenopausal
women were screened for levels of total testosterone and free testosterone. Mean serum free
testosterone levels and free-to-total testosterone ratios were increased in women with
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hypertension. This suggests that androgen may play a role in promoting a hypertensive risk
factor in these patients. Recently there is increasing evidence suggesting that women with
polycystic ovary syndrome (PCOS) have a greater risk at developing cardiovascular disease.
According to the NHLBI sponsored Women's Ischemia Syndrome Evaluation which studied
390 postmenopausal women, women with PCOS have a significantly higher risk for
developing hypertension as compared to women without PCOS (60.1% vs 44.2%
respectively) [22]. Given that women with PCOS often present with hyperandrogenemia, it
is possible that the increased androgen levels contribute in part to the hypertension.
However, the link between hypertension and 20-HETE in PCOS may relate to obesity.
Obesity is seen in a high percentage (30-70%) of PCOS patients [23]. Interestingly, several
studies reported a direct relationship between 20-HETE and BMI [24, 25], suggesting that
obesity may be a confounder in the potential link between 20-HETE and hypertension in
PCOS patients.

2.2 Exogenous androgen and hypertension
In addition to elevated endogenous androgens, exogenous androgens may also promote
blood pressure elevation. Achar et al., [26] carried out a meta-analysis investigating the role
of anabolic-androgenic steroid (AAS) abuse on lipids, blood pressure, left ventricular
dimensions and rhythms. This study showed a significant association between AAS use and
increases in systolic as well as diastolic blood pressures. Furthermore, in a retrospective
study by Urhausen et al.,[27] body builders using anabolic steroids had a significantly higher
mean systolic blood pressure (140±10mmHg) in comparison to ex-users and non-users
(130±5 mmHg and 125 ±10mmHg respectively). Other studies suggested that there is no
significant correlation between AAS abuse and blood pressure elevation [26]. Variations in
results may be due to the variety of AAS used, the reliability of ex-users reporting
discontinuation of AAS use, as well as other supplements taken in addition to AAS. Clearly
additional studies are necessary to define the correlation between AAS and blood pressure;
however, this does suggest a potential role between exogenous androgen and blood pressure.

Testosterone supplementation and its relationship to blood pressure elevation is also
observed in young men with congenital hypogonadism. Sonmez et al. [28] reported that
patients with congenital hypogonadism have elevated baseline blood pressure as compared
to control patients. Interestingly, testosterone supplementation further elevated blood
pressure and this increase was also correlated with arterial stiffness. Bernini et al. [29],
showed that hypogonadal patients have impaired vascular reactivity, including decrease in
endothelial-dependent vasorelaxation due to reduced nitric oxide availability. Similar to the
results in the blood pressure study by Sonmez, testosterone administration further impaired
nitric oxide availability in these patients. Exogenous androgen also increases vascular
stiffness in female-to-male transsexuals receiving androgen supplementation [30]. These
studies support a pressor role for androgen in blood pressure regulation.

3. Androgen, 20-HETE, and hypertension
20-hydroxyeicosatetraenoic acid (20-HETE) is an arachidonic acid metabolite of the
cytochrome P450 (CYP) system that plays a complex role in blood pressure modification. In
renal tubules, 20-HETE is anti-hypertensive; it promotes natriuresis and diuresis by
inhibiting tubular epithelial ion transport mechanisms. In contrast, within the vasculature,
20-HETE is pro-hypertensive; it increases vascular resistance by increasing vascular smooth
muscle cell contraction and impairing endothelial-dependent vasorelaxation [31]. Recent
studies have shown that vascular 20-HETE production is stimulated by androgen suggesting
that androgen-dependent hypertension is driven, at least in part, by 20-HETE [15, 32-34].
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3.1. 20-HETE synthesis in the vasculature
20-HETE is the ω-hydroxylated metabolite of arachidonic acid that is produced by CYP
enzymes, mainly by members of the CYP4 family. The CYP4 gene family is comprised of
thirty proteins in three subfamilies, CYP4A, CYP4B and CYP4F, which catalyze the
hydroxylation of the terminal co-carbon and the (ω-1) carbon of saturated and unsaturated
fatty acids [35]. CYP4 proteins share high sequence similarity and common catalytic
properties, but differ in their tissue localization and hormonal regulation [35]. Arachidonic
acid metabolism by CYP4A and CYP4F occurs in the liver, kidney, heart, lung, brain, and
the vasculature [36, 37]. Both the CYP4A and CYP4F subfamilies produce 20-HETE in
animals and humans, although to varying degrees [38, 39]. The major 20-HETE producing
CYP4 isoforms are CYP4F2 and CYP4A11 in human [40, 41], CYP4A1, CYP4A2/3,
CYP4A8, CYP4F1 and CYP4F4 in rats [42, 43] and Cyp4a12 in mice [15, 44]. The catalytic
activity of the five murine Cyp4f isoforms (4f13, 4f14, 4f15, 4f16, and 4f18) with regard to
20-HETE synthesis is unknown [45]. Changes in the production of 20-HETE have been
observed in numerous pathological conditions including ischemic cerebrovascular diseases,
polycystic kidney diseases, hypertension, diabetes, toxemia of pregnancy and cancer [46].
Of importance are the numerous studies linking CYP4A to the development of hypertension
and to the severity of ischemic cerebral and cardiac disease in experimental models [46, 47],
and reports of correlation between urinary 20-HETE, oxidative stress and endothelial
dysfunction in human subjects [48-50] along with association between CYP4F2
polymorphism and hypertension [51, 52] and ischemic stroke [53].

The synthesis of 20-HETE has been localized to occur at the vascular smooth muscle [54]. It
can also be formed in human and canine neutrophils (upon the addition of arachidonic acid)
and human myeloid cells in the peripheral blood and bone marrow [55, 56]. However,
except for the pulmonary circulation [57], the ability of 20-HETE to be produced in the
endothelium is still unknown. In the vasculature, CYP4A proteins show a distinct
distribution along the vascular tree, where their expression increases with decreased vascular
diameter [58]. Likewise, synthesis of 20-HETE increases as vascular diameter decreases.
Levels of 20-HETE are not detected in large conduit vessels [58]. It is largely believed that
20-HETE is an eicosanoid of the microcirculation.

3.2. 20-HETE prohypertensive mechanisms
20-HETE participates in the regulation of vascular tone by sensitizing the smooth muscle
cells to constrictor stimuli such as angiotensin II (Ang II), phenylephrine, and endothelin,
and contributes to myogenic, mitogenic and angiogenic responses. Its release is stimulated
by Ang II, endothelin, and serotonin and is also increased following treatment with NOS
inhibitors [31]. The vasoconstrictor action of 20-HETE was first documented in 1988 by
Escalante et al. [59], and was determined to be cyclooxygenase-dependent in rat aortic rings.
Further studies demonstrated that in the microcirculation including the renal, cerebral,
mesenteric and skeletal muscle arterioles, the constrictor activity of 20-HETE is largely
cyclooxygenase-independent [46]. It can activate protein kinase C (PKC), mitogen activated
protein kinase (MAPK), and src-type typrosine kinase, all of which phosphorylate and
inhibit the conductance Ca2+-activated K+ channels, leading to depolarization and elevation
in cytosolic [Ca2+], as well as opening and increasing Ca2+ entry through the L-type Ca2+

channels [31]. 20-HETE alone also increases the conductance of L-type Ca2+ channels
through activation of PKC. Recent work by Inoue et al., [60] demonstrated that synergistic
activation of vascular transient receptor potential canonical 6 (TRPC6) channel in the
presence of 20-HETE enhances the conductance of inward nonselective cation and amplifies
myogenic tone. In some blood vessels, 20-HETE acts through Rho-kinase to preserve
phosphorylated myosin light chain 20 (MLC20) and to sensitize the contractile apparatus to
Ca2+ [61]. Previous studies have shown that suppression and overexpression of CYP4A
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proteins in small arteries and arterioles decreases and increases vascular reactivity and
myogenic tone, respectively [62-64]. These effects may contribute to the increase in blood
pressure and the development of hypertension seen in experimental models where vascular
20-HETE synthesis is increased [32, 34, 65-67].

In addition to acting on the smooth muscle cells, 20-HETE can also act on the endothelium.
The endothelium is important in the regulation of vascular tone, vessel diameter, and blood
flow. It acts as the first layer of defense against injurious stimuli. The function of the
endothelium is dependent upon many factors, one of which is nitric oxide (NO), which is
generated from L-Arginine by endothelial nitric oxide synthase (eNOS) yielding L-citrulline
as a byproduct. Loss of NO bioavailability leads to “endothelial dysfunction”, a term that
refers to the diminished production or bioavailability of NO and/or an imbalance in relative
contribution of endothelium-derived relaxation and contraction. Endothelial dysfunction is a
feature of hypertension and an early risk factor for cardiovascular disease [68]. The 20-
HETE affects on NO homeostasis was first suggested in a report by Frisbee et al. [69]
showing that 20-HETE attenuated acetylcholine-induced relaxation of cremasteric arterioles.
Other studies suggested a link between 20-HETE levels and endothelial dysfunction in
hypertensive individuals [50], whereas in the pulmonary circulation 20-HETE increases
relaxation by activating eNOS [70, 71]. Our recent studies provided substantial evidence for
a causative link between the CYP4A-20-HETE pathway and endothelial dysfunction in vitro
and in vivo. We showed that intravenous injection of an adenovirus to overexpress CYP4A2
in rats caused hypertension and that renal arteries from these rats featured increased vascular
CYP4A expression and 20-HETE production, and displayed endothelial dysfunction
exemplified by reduced vasodilator response to acetylcholine, reduced levels of NO, and
increased levels of superoxide anion [72]. Similar results were obtained in a rat model of
androgen-induced hypertension in which the vascular expression of CYP4A8 and
production of 20-HETE were upregulated [32, 33]. In both models, inhibition of 20-HETE
synthesis abrogated androgen-induced vascular dysfunction and hypertension. Moreover,
20-HETE inhibition of acetylcholine-induced relaxation was limited to the NO component
of the relaxation to acetylcholine suggesting that 20-HETE interferes with NO synthesis
and/or bioavailability [72]. These initial studies prompted a thorough examination of the
relationship between 20-HETE and the eNOS-NO pathway in the vascular endothelium. In
cultured endothelial cells, 20-HETE causes eNOS uncoupling by inhibiting the association
of HSP90 with eNOS, leading to reduced NO production and bioavailability [73]. This was
further validated in isolated renal arteries using the phosphorylation of vasodilator-
stimulated phosphoprotein (VASP) at serine 239 which has been shown to be an indicator of
bioactive NO and the activity of the NO/cGMP/PKG signaling pathway [73]. Additional
studies indicated that 20-HETE-mediated eNOS uncoupling and endothelial dysfunction is
EGFR-, MAPK- and IκB Kinase (IKK)-dependent [74]. Interaction between 20-HETE and
eNOS were also studied in endothelial cells of other vascular beds. Ward et al. [75] further
showed that in human umbilical vein endothelial cells chronic activation of AMPK inhibited
20-HETE-mediated dissociation of eNOS from HSP90. In contrast, within pulmonary
endothelial cells, 20-HETE activates eNOS by increasing the phosphorylation of eNOS at
serine 1179 and AKT at serine 473 leading to increase NO production [71]. It should be
noted that unlike the renal, cerebral and mesenteric arteries, pulmonary arteries relax in
response to 20-HETE [46]. In all, our studies and studies in several animal models [32, 67,
72, 76] implicate 20-HETE as an important determinant of endothelial dysfunction in the
microcirculation and this adds to the mechanisms underlying the pro-hypertensive effect of
20-HETE.

Vascular wall inflammation plays a key role in the pathogenesis of various diseases
including atherosclerosis, cardiovascular disease, and hypertension. Blood pressure is
determined by cardiac output and total peripheral resistance and an increase in either of
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these two factors can lead to hypertension. Hypertension is known to be associated with an
increase in the wall/lumen ratio (W/L) of resistance arteries, and the greatest vascular
resistance occurs in the small arteries and arterioles [77, 78]; hence, decrease in the lumen of
the small arteries significantly increases resistance. Decrease in lumen size can be attributed
to mechanical and functional changes as well as structural changes in the blood vessels [78].
Recent studies provided evidence to suggest that inflammation-mediated vascular
remodeling leads to an increase in vascular resistance, thus implicating inflammation in the
pathophysiology of hypertension [79]. Inflammation contributes to the dysfunction of the
vascular endothelium that is characteristically observed in hypertension. Pro-inflammatory
changes in endothelial phenotype (i.e., endothelial activation) lead to an increase in cellular
adhesion molecules, endothelial-leukocyte interaction and permeability, as well as
alterations in the secretion of autocrine and paracrine factors that are important for an
inflammatory response. Up-regulation of selectins, vascular cell adhesion molecule-1
(VCAM-1), and intracellular adhesion molecule-1 (ICAM-1) promotes the adherence of
monocytes [80, 81]. Furthermore, continued release of cytokines and chemokines such as
Monocyte Chemoattractant Protein-1 (MCP-1) by activated endothelial cells further
increases migration/adhesion of monocytes via interactions with the CCR2 receptor [82, 83].
Suppression or deletion of these inflammatory molecules ameliorates inflammation and the
associated vascular dysfunction and activation in the model of AngII-induced hypertension
[84, 85]. These studies and recent reports demonstrating a role for immune cells in blood
pressure regulation advanced the notion that inflammation may be a key factor in the
pathogenesis of hypertension [86].

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a key
transcriptional activator of the inflammatory gene program [87, 88]. Recently, there is
increasing evidence that NF-κB activation and reactive oxygen species (ROS) play a key
role in endothelial activation and the associated inflammation in cardiovascular diseases
including atherosclerosis, hypertension, stroke and with aging [81, 87, 89-94]. NF-κB
activation induces the transcription of a large number of genes related to vascular
inflammation. Inhibition of NF-κB attenuates endothelial activation in aged rats, ameliorates
atherosclerosis, reduces Ang-II-induced hypertension and prevents Ang II-induced end-
organ damage [79, 95, 96]. There are many activators of NF-κB, and many of them act via
ROS-dependent mechanisms [81]. Increase in ROS leads to activation of the IKK complex
that further leads to the phosphorylation and degradation of IκB, thus unmasking NF-κB and
contributing to endothelial activation [81, 87]. Previous work from our laboratory
demonstrated that an increase in the levels of vascular 20-HETE is associated with increased
expression of the NADPH oxidase system and increased vascular superoxide anion
production in adenovirus CYP4A2- and DHT-induced hypertensive rats [32, 72].
Furthermore, in vitro studies showed that treatment of endothelial cells with 20-HETE lead
to increased ROS and NF-κB activity resulting in endothelial activation with increased
expression of ICAM and IL-8 levels [97]. These findings suggest that 20-HETE plays a role
in endothelial activation, thus contributing to hypertension.

The inhibitor of kappa-B kinase (IKK) complex plays an important role in 20-HETE
mediated signaling. As mentioned above 20-HETE causes endothelial dysfunction in an
IKK-dependent manner [74]. Interestingly, 20-HETE also causes NF-κB activation in both
IKK dependent and independent manner [74]. Hence, IKK seems to be a key downstream
second messenger for both 20-HETE-induced endothelial dysfunction and activation that
characterize the vascular phenotype in hypertension models. In a recent study, we showed
that in the androgen-induced hypertensive model, in which blood pressure elevation,
increased smooth muscle reactivity, endothelial dysfunction and endothelial activation is 20-
HETE dependent, and administration of parthenolide (an IKK inhibitor) attenuated DHT-
mediated endothelial dysfunction and hypertension [33]. Interestingly, inhibition of IKK did
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not alter smooth muscle reactivity suggesting that DHT-mediated (20-HETE-dependent)
endothelial dysfunction is IKK-dependent whereas the increase in smooth muscle reactivity
is IKK-independent. To further confirm the effect of IKK inhibition on 20-HETE-mediated
vascular effects, acetylcholine-induced relaxation and vascular reactivity to phenylephrine
were measured in renal interlobar arteries from normotensive SD rats treated with or without
parthenolide (5 μg/ml) in the presence and absence of 20-HETE (1 μM). As seen in Figure
1A, parthenolide did not affect 20-HETE-mediated increase in smooth muscle reactivity;
however, it did negate 20-HETE-mediated inhibition of acetylcholine-induced relaxation
(IKK-dependent mechanism) (Figure 1B). These results suggest that the mechanisms by
which 20-HETE affect endothelial function differ from those activated by 20-HETE in the
smooth muscle. In the endothelium 20-HETE causes endothelial dysfunction and activation
via IKK-dependent pathway, whereas 20-HETE actions in the smooth muscle are not
mediated through IKK activation.

In addition to increasing vascular reactivity and myogenic tone, 20-HETE has been
implicated in the generation of superoxide and other ROS [98], thus promoting oxidative
stress. Western blot analysis of renal interlobar arteries from androgen-treated rats revealed
a 3- and 2-fold increase in levels of the NADPH oxidase subunits, p47phox and gp91phox,
respectively. This was accompanied with an increase in vascular superoxide levels [32]. An
increase in gp91phox expression and superoxide levels was also observed in arteries from
rats transduced with adenovirus or lentivirus carrying the CYP4A2 cDNA [67, 72]. This
finding is of clinical significance as hypertensive patients have been shown to exhibit
oxidative stress (measured as increase in F2-isoprostane levels) in association with an
increase in urinary 20-HETE excretion [49]. In vitro, 20-HETE has been shown to stimulate
superoxide production in pulmonary artery endothelial cells and in human dermal
microvascular cells [73, 99, 100]. These results suggests that 20-HETE promotes oxidative
stress.

The Renin-Angiotensin-Aldosterone system is a key regulator of blood pressure and fluid
homeostasis. Components of the renin-angiotensin system (RAS) includes renin,
angiotensin-converting enzyme (ACE), and angiotensin type 1 receptor (AT1R), which are
generally expressed throughout the body in tissues that impact blood pressure modulation.
Ang II, the product of sequential degradation of angiotensinogen by renin and ACE and the
final effector of the RAS, increases blood pressure by mechanisms that include (i)
vasoconstriction via AT1R activation in the vasculature as well as increasing sympathetic
tone and the release of arginine vasopressin, (ii) modulation of renal sodium and water
reabsorption by stimulating renal AT1R, the production and release of aldosterone from the
adrenal glands, or the sensation of thirst in the central nervous system. Blocking the
synthesis or actions of Ang II lowers BP in patients with hypertension. Mice null for
angiotensinogen, renin, ACE and AT1A (the closest murine homologue to the single human
AT1R gene) exhibit marked reduction in BP, indicating the role of RAS in normal BP
homeostasis [101, 102]. Given the characteristics of the RAS and the CYP4A-20-HETE
pathways, interactions between these two systems are highly conceivable. Ang II has been
shown to stimulate the release of 20-HETE in isolated preglomerular vessels [103] and the
renal synthesis of 20-HETE [104]. Increased production of 20-HETE in the peripheral
vasculature contributes to the acute vasoconstrictor response to Ang II [105], acute
inhibition of 20-HETE synthesis attenuates the renal pressor response to Ang II [104], and
chronic inhibition of 20-HETE biosynthesis attenuates the development of Ang II-dependent
hypertension [106]. In cultured aortic vascular smooth muscle cells, 20-HETE mediates Ang
II- induced mitogenic effects and contributes to the vascular injury, hypertrophy and
hypertension caused by Ang II in rats [107-109]. These studies suggest that 20-HETE may
contribute to the hypertensive actions of Ang II. To this end, experimental models of
hypertension that show increased vascular 20-HETE production, such as the SHR [65, 76]
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and the androgen-induced hypertension in rats and mice [15, 32, 34, 44] are also RAS
mediated. Studies in our lab suggested that the interaction between 20-HETE and the RAS
also includes induction of vascular ACE. In endothelial cells, 20-HETE is a potent inducer
of ACE expression. Increased expression and synthesis of 20-HETE as in the CYP4A2-
transduced rats [110] or the androgen-treated rats (Figure 2), is associated with increased
expression of renal and vascular ACE which is abolished by treatment with 20-HETE
synthesis inhibitors. In the model of 20-HETE-dependent hypertension (rats overexpressing
the CYP4A2 in vascular endothelium), blood pressure is normalized by ACE inhibition or
AT1R blockade [110]. This suggests the presence of a feed forward amplification of 20-
HETE-induced vascular dysfunction by the RAAS. Thus, ACE induction by 20-HETE
brings about increases in Ang II levels and its actions through the AT1R in vascular smooth
muscle and endothelial cells. Such interactions may constitute at least in part the mechanism
by which 20-HETE causes hypertension.

3.3. Androgen-induced hypertension and 20-HETE
The report by Sacerdoti et al. [111] showing that depletion of CYP normalizes blood
pressure in the SHR was the first to implicate 20-HETE in the pathogenesis of hypertension.
Consequently, numerous studies in animal models and human provided ample evidence of a
role for 20-HETE in the regulation of blood pressure [reviewed in [31]]. The possible role of
20-HETE in androgen-induced hypertension was first introduced by Capdevila and
colleagues who undertook a genetic approach to substantiate a causal relationship between
CYP4, 20-HETE and blood pressure [15, 34]. These investigators found that targeted
disruption of the Cyp4a14 gene (the mouse homologue of the rat CYP4A2) resulted in
spontaneous hypertension that was androgen-dependent [15]. The Cyp4a14 null mice also
displayed increased plasma androgens, elevated expression of Cyp4a12, and increased
urinary excretion of 20-HETE. A subsequent vascular function study showed that in Krebs-
perfused isolated kidneys, perfusion pressure to phenylephrine was elevated in Cyp4a14 null
mice and this effect was blunted using 12,12-dibromododec-11-enoic acid (DBDD) (a 20-
HETE synthesis inhibitor) [112]. These results suggest that blood pressure elevation in
Cyp4a14 (-/-) mice is mediated by increased vascular 20-HETE production through elevated
expression of Cyp4a12 driven by androgen [15].

The correlation between androgen and Cyp4a12 expression is also seen in wild type mice.
Muller et al [44] compared the level of Cyp4a12a expression in male and female wild type
mice from NMRI, FVB/N, 129 Sv/J, Balb/C, and C57BL/6 background. In general, levels of
Cyp4a12 were higher in male compared to female (45-fold for NMRI, 88-fold for FVB/N,
40-fold for 129 Sv/J, 7-fold for Balb/c and 48-fold for C57BL/6). These results correlated
with 20-HETE production in mouse renal microsomes in which male had higher levels than
female mice. Along with gender differences, exogenous implantation of a pellet containing
5α-dihydrotestosterone (DHT, 5 mg/day pellet) led to further increase in Cyp4a12
expression as well as microsomal 20-HETE production. In addition to the mice model,
exogenous androgen also increases 20-HETE production and blood pressure in rats. Sprague
Dawley (SD) rats, both male and female, treated with exogenous DHT resulted in elevated
blood pressure as well as 20-HETE production in renal arteries [16, 32, 34]. RNA analysis
from whole kidney as well as renal interlobar arteries showed that DHT elevated expression
of CYP4A8 (the rat homologue to the mice Cyp4a12) [32]. Recent studies from our
laboratory [33] have confirmed these findings and showed that upon androgen treatment,
vascular 20-HETE production significantly increases at day 2 of treatment. This elevation
seemed to precede that of androgen-induced blood pressure elevation, which significantly
increases at day 3. Furthermore, inhibition of 20-HETE synthesis with HET0016 or its
action with a synthetic 20-HETE antagonist (20-HEDE) prevented and reversed androgen-
mediated blood pressure elevation, led to increase in smooth muscle reactivity to
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phenylephrine, and endothelial dysfunction suggesting that androgen-dependent
hypertension is 20-HETE mediated. Given that androgen can mediate its signaling through
androgen receptor dependent and independent mechanisms, we treated SD rats with vehicle,
DHT (56 mg/kg/day, IP in benzyl alcohol with corn oil), DHT with Flutamide (an androgen
receptor blocker), or Flutamide (50 mg/kg/day, IP in benzyl alcohol with corn oil). Co-
treatment with Flutamide prevented DHT-mediated blood pressure elevation as well as
vascular 20-HETE suggesting that androgen-mediated elevation in blood pressure and
vascular 20-HETE is androgen receptor-dependent (Figure 3A and B).

4. Summary and perspective
4.1. Clinical relevance

To date, several polymorphisms have been identified in the CYP4 family [113]. Some of the
polymorphisms lead to gain of function while others lead to loss of function. Polymorphisms
in CYP4A11 [41, 114, 115] and CYP4F2 [51 -53, 116-118] have been associated with
cardiovascular diseases including hypertension, myocardial infarction, ischemic stroke and
cerebral infarction However, at which extent do these polymorphisms contribute to
hypertension is still unclear. The CYP4A11 gene is a highly polymorphic gene out of which
the most important genetic variant is the T8590C variant that results in a significant
reduction in the catalytic activity of CYP4A11 [41]; however, its role in blood pressure
modulation is yet to be elucidated due to conflicting results from different cohort studies. In
the Tennessee cohort, the 8590C allele was associated with an increased risk of hypertension
in Caucasians; however, it had no effect in African Americans [41, 115]. In a following
study screening 732 African Americans with hypertensive renal disease, men with the
8590CC genotype was associated with higher systolic blood pressures and pulse pressures
[114]. Other studies have also shown that carriers of the C allele had higher blood pressures
and prevalence of hypertension [119, 120]. On the other hand, Ward et al [52] studied a
cohort consisted of 235 (129 men and 106 women) predominately white individuals (97%)
and suggested that while the CYP4A11 T8590C variant is associated with reduction in
urinary 20-HETE, it does not associated with hypertension. Given that 20-HETE has
opposing effects in the tubules versus vasculature, the distribution of CYP4A11 expression
within different ethnic groups may play a role in this contradicting data.

Recent studies have shown that polymorphisms in CYP4F2, both in the regulatory region as
well as in the coding region, are associated with hypertension. An initial study by Liu and
collaborators [51] showed that G421C (c.-48G→C, rs3093100) polymorphism in the
regulatory region of CYP4F2 gene is correlated with essential hypertension. Further
investigation showed six additional variants in the regulatory region of CYP4F2: c.-91T→C
(rs3093098), c.-77T→C (rs3093099), c.-43C→T (rs3093101), c.-23G→A (rs3093102),
c.-13T→C (rs3093103), and c.+34T→G (Trp12Gly, rs3093105), within intron 1 and exon 2.
These polymorphisms were commonly seen in two haplotypes, Hap I (c.-91T/c.-48G/c.-13T/
c.+34T) and Hap II (c-91C/c.-48C/c.-13C/c.+34G), in which Hap I increased transcriptional
activity of CYP4F2 via an NF-κB responsive element at c.-91T resulting in elevated urinary
20-HETE level. This increase in urinary 20-HETE was associated with hypertension in both
the case-control and family based studies. Interestingly, levels of urinary 20-HETE were
slightly higher in men than women. In addition to regulatory domain, Stec et al. [121]
further identified two nonsynonymous single nucleotide polymorphism that lead to amino
acid changes at position 12 (W12G) and 433 (V433M) in African and European Americans
(n=24 and n=23 respectively). The M433 amino acid change was associated with a decrease
in 20-HETE production (56-66% that of control). Since then numerous studies have shown
association between V433M polymorphism and hypertension. The valine-to-methionine
amino acid substation at 433 can occur due to SNP resulting in a guanine-to-adenine
missense transition at nucleotide 1347. Ward and colleagues [52] performed a cohort study
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on 235 individuals and found that in the CYP4F2 coding region, 50% were homozygous for
the G allele (GG), 40% were heterozygous with a single A transition (GA), and 9% were
homozygous for the A allele (AA). Individuals with either GA or AA had significantly
higher blood pressure than those with the GG alleles. Furthermore, patients with GA or AA
alleles also had the highest levels of urinary 20-HETE. Similar findings were confirmed by
Fava and colleagues in a cohort of the Malmö Diet and Cancer Study [53]. In their study,
they found that the V433M polymorphism in CYP4F2 is associated with elevated BP level
and hypertension prevalence in the male urban population-based sample of middle-aged
Swedes. Recent studies by Hu et al. [122] showed that patients with either M433M or
V433M polymorphism had elevated urinary 20-HETE concentration than V433V
homozygotes. Furthermore, M433 allele carriers had a significantly greater peripheral
augmentation index in men versus V433V homozygotes suggesting that 20-HETE may play
a role in modulating arterial stiffness and contributing to hypertension.

4.2. Conclusions
20-HETE has been identified as a primary microcirculatory eicosanoid whose biological
activities are conducive of a hypertensive factor. Numerous studies have documented a
direct relationship between its vascular synthesis and blood pressure in animal models of
hypertension and recent clinical studies suggested its involvement in human hypertension
[49, 52]. Androgen has been implicated as a contributing factor to gender-specific
differences in blood pressure and cardiovascular morbidity, postmenopausal hypertension
and to the pathogenesis of polycystic ovary diseases [123]. In a series of studies, we and
others have demonstrated that 20-HETE is a key mediator of the hypertension that follows
administration of exogenous androgen such as DHT in rats and mice. The potential
mechanisms by which 20-HETE mediates the actions of androgen in the vasculature and in
the cardiovascular system are yet to be fully explored and have not been fully elucidated.
Recent studies from our lab set forth a novel paradigm (Figure 4) where excessive
production of 20-HETE within the vasculature triggered by increased androgen levels leads
to hypertension via mechanisms that include smooth muscle contraction, endothelial
dysfunction (eNOS uncoupling), endothelial activation (IKK-NF-kB stimulation, oxidative
stress) and the induction of endothelial ACE, that further perpetuates an increase in vascular
Ang II which, in turn and together with 20-HETE, promotes vascular dysfunction, increased
vascular resistance and hypertension. A possible relationship between androgen, 20-HETE
and menopausal hypertension was recently documented in rat model of menopause [124].
Such studies along with evidence for gender-specific and androgen-driven expression of
CYP4-20-HETE synthases in animal models and in human as well as clinical association of
polymorphism in these CYPs with hypertension suggest that 20-HETE and its downstream
signaling molecules in the vasculature may be potential targets for treating androgen-related
hypertension and cardiovascular disease.
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Highlights

This review discusses the role of 20-HETE in androgen-induced hypertension.

20-HETE is the cytochrome P450-derived ω-hydroxylated metabolite of arachidonic
acid.

20-HETE promotes vasoconstriction and endothelial dysfunction.

20-HETE activates the RAS via induction of endothelial ACE.

CYP4F2 polymorphism is associated with increased urinary 20-HETE and hypertension.
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Figure 1. IKK inhibition with parthenolide abrogates 20-HETE-mediated inhibition of
acetylcholine-induced relaxations but does not affect 20-HETE-mediated increase in vascular
reactivity to phenylephrine
Rat renal interlobar arteries (∼150 μm) were microdissected and placed in a wire myograph.
(A) Vascular reactivity to phenylephrine and (B) relaxation to acetylcholine were measured
in the presence and absence of parthenolide (5 μg/ml) and 20-HETE (1 μM) as described
[33]. Results were analyzed by ANOVA and are mean±SE (n=4); *p<0.05 vs control;
#p<0.05 vs 20-HETE alone.
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Figure 2. Androgen increases ACE protein levels in a 20-HETE-dependent manner
Rats were treated with DHT (56 mg/kg/day, IP in benzyl alcohol with corn oil) or its vehicle
with and without HET0016 (10mg/kg/day) or 20-HEDE (10 mg/kg/day) for 14 days [33].
(A) Renal cortical tissue and (B) microdissected renal interlobar arteries were processed for
Western blot analysis of ACE as described [110]. Results were analyzed by ANOVA are
mean±SE (n=4); *p<0.05 vs Vehicle; #p<0.05 vs DHT alone.
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Figure 3. Androgen receptor blockade with flutamide inhibits androgen-induced hypertension
and 20-HETE synthesis
Rats were treated with DHT (56 mg/kg/day, IP in benzyl alcohol with corn oil) or its vehicle
with and without Flutamide (50 mg/kg/day, IP in benzyl alcohol with corn oil) for 3 days.
(A) Systolic blood pressure and (B) 20-HETE levels in the renal interlobar arteries were
measured as described [33]. Results were analyzed by ANOVA are mean±SE (n=4);
*p<0.05 vs vehicle control; #p<0.05 vs DHT alone.
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Figure 4. Postulated vascular mechanisms underlying the pro-hypertensive actions of 20-HETE
In most vascular beds, the synthesis of 20-HETE is primarily localized to the vascular
smooth muscle where it is subjected to regulation by various autacoids [125] as well as
androgen. In the vascular smooth muscle, 20-HETE elicits vasoconstriction largely via
inhibition of the SMC large-conductance Ca2+-activated K+ channel, leading to
depolarization and elevation in cytosolic [Ca2+] [54], and in some blood vessels via a Rho-
kinase phosphorylation of MLC20 and the sensitization of the contractile apparatus to Ca2+

[61]. 20-HETE acts on the endothelium in a paracrine manner through a yet to be identified
“receptor”; it stimulates IKK activation through EGFR and MAPK (ERK1/2). The
activation of IKK is a key signaling mechanism of 20-HETE actions in the vascular
endothelium as it leads to eNOS uncoupling, NF-kB activation and ACE induction [73, 74].
The induction of ACE by 20-HETE brings about increases in Ang II levels and its actions
through the AT1R in vascular smooth muscle and endothelial cells, thus setting up a feed
forward amplification of 20-HETE-induced vascular dysfunction by the RAS.
Vasoconstriction, endothelial dysfunction and endothelial activation are all contributing to
hypertension.
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