
1 3

Arch Toxicol (2016) 90:119–136
DOI 10.1007/s00204-015-1620-8

REVIEW ARTICLE

The role of mid‑chain hydroxyeicosatetraenoic acids in the 
pathogenesis of hypertension and cardiac hypertrophy

Zaid H. Maayah1 · Ayman O. S. El‑Kadi1,2 

Received: 9 September 2015 / Accepted: 19 October 2015 / Published online: 2 November 2015 
© Springer-Verlag Berlin Heidelberg 2015

are not fully understood, the present review proposes sev-
eral mechanisms which include activating G-protein-cou-
pled receptor, protein kinase C, mitogen-activated protein 
kinases, and nuclear factor kappa B. This review provides a 
clear understanding of the role of mid-chain HETEs in the 
pathogenesis of cardiovascular diseases and their impor-
tance as novel targets in the treatment for hypertension and 
cardiac hypertrophy.
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Introduction

Mounting evidence is shedding light on the role of arachi-
donic acid (AA) metabolites in the pathogenesis of car-
diovascular disease (CVD) (Roman 2002). AA is released 
following activation of phospholipase A2 and subsequent 
metabolism by cyclooxygenase (COX), lipoxygenase 
(LOX), and cytochrome P-450 (CYP) pathways. These 
enzymes insert oxygen at different positions in AA to gen-
erate a major family of biologically active mediators called 
eicosanoids (Capdevila et al. 1981). CYP, cysteinato-heme 
mixed function mono-oxygenases enzymes, oxidizes 
AA into epoxyeicosatrienoic acids (EETs) and hydrox-
yeicosatetraenoic acids (HETEs) which are known to play 
an important role in the maintenance of cardiovascular 
health (Zordoky and El-Kadi 2010). CYP ω-hydroxylases, 
namely CYP4 family, metabolize AA into its cardiotoxic 
form 20-HETE (Anwar-Mohamed et  al. 2013; Elshenawy 
et al. 2013; Fava et al. 2012; Gross et al. 2005; Schwartz-
man et al. 1996; Wu and Schwartzman 2011; Yousif et al. 
2009; Zordoky et al. 2008, 2010), whereas CYP epoxyge-
nases, mainly CYP2B, CYP2C, and CYP2J  subfamilies, 

Abstract  The incidence, prevalence, and hospitaliza-
tion rates associated with cardiovascular diseases (CVDs) 
are projected to increase substantially in the world. Under-
standing of the biological and pathophysiological mecha-
nisms of survival can help the researchers to develop new 
management modalities. Numerous experimental stud-
ies have demonstrated that mid-chain HETEs are strongly 
involved in the pathogenesis of the CVDs. Mid-chain 
HETEs are biologically active eicosanoids that result from 
the metabolism of arachidonic acid (AA) by both lipoxyge-
nase and CYP1B1 (lipoxygenase-like reaction). Therefore, 
identifying the localizations and expressions of the lipoxy-
genase and CYP1B1 and their associated AA metabolites in 
the cardiovascular system is of major importance in under-
standing their pathological roles. Generally, the expression 
of these enzymes is shown to be induced during several 
CVDs, including hypertension and cardiac hypertrophy. 
The induction of these enzymes is associated with the gen-
eration of mid-chain HETEs and subsequently causation of 
cardiovascular events. Of interest, inhibiting the formation 
of mid-chain HETEs has been reported to confer a protec-
tion against different cardiac hypertrophy and hypertension 
models such as angiotensin II, Goldblatt, spontaneously 
hypertensive rat and deoxycorticosterone acetate (DOCA)-
salt-induced models. Although the exact mechanisms of 
mid-chain HETEs-mediated cardiovascular dysfunction 
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metabolize AA into four regioisomers of cardioprotec-
tive EETs, 14,15-EET, 11,12-EET, 8,9-EET, and 5,6-EET 
metabolites (Roman 2002). EETs are further metabolized 
by soluble epoxide hydrolase (sEH) into their correspond-
ing degradation products dihydroxyeicosatrienoic acids 
(DHETs) (Imig et  al. 2002). Mid-chain hydroxyeicosa-
tetraenoic acids (mid-chain HETEs), typified by 5-, 12-, 
and 15-HETE, are biologically active eicosanoids that 
result from the metabolism of AA by both LOX- and CYP-
catalyzed bis-allylic oxidation reaction (LOX-like reaction) 
(Fig. 1). In this review, we will focus on lipoxygenase prod-
ucts of AA, namely mid-chain HETEs, and we will discuss 
the role of 5-, 12-, and 15-HETEs in the pathogenesis of 
hypertension and cardiac hypertrophy.

Biosynthesis of mid‑chain HETEs

LOX

Regulation of LOX enzymes

LOXs, non-heme iron dioxygenase enzymes, constitute a 
family of lipid-peroxidizing enzymes that insert molecu-
lar oxygen into free and esterified polyunsaturated fatty 
acids. The LOX enzymes are named according to the spe-
cific carbon atoms of AA that are oxidized (Chen et  al. 
1994). For instance, the 12-LOX oxygenates AA at C-12 
and catalyzes the formation of 12-hydroxyperoxyeicosa-
tetraenoic acid (12-HPETE), which then is subsequently 
converted into 12-hydroxyeicosaenoic acid (12-HETE) by 
glutathione peroxidase. The platelet-type 12-lipoxygenase 
was the first mammalian LOX to be cloned as a function-
ally distinct isoform and is expressed in leukocytes and epi-
dermal cells (Yamamoto 1992). Interestingly, though some 
LOXs form exclusively one metabolite from AA, others are 
categorized as dual-specificity LOX [12-LOX (leukocyte 

type), 15-LOX-1] because they form both 12-HETE and 
15-HETE metabolites at the same time (Yamamoto 1992). 
15-LOX-1 has been shown to catalyze the metabolism of 
linoleic acid to synthesize hydroxy octadecadienoic acids. 
A second 15-LOX gene has been discovered in human 
in 1997 (Brash et  al. 1997). Based on the amino acid 
sequence, it seems that the murine homolog of 15-LOX-2 
has primarily 8-LOX activity, while the rat homolog has not 
been characterized to date (Jisaka et al. 2000). Unlike other 
LOXs, 5-LOX requires the presence of 5-LOX activating 
protein (FLAP) for productive 5-HETE synthesis in  vivo. 
FLAP is a member of the Membrane-Associated Proteins 
in Eicosanoid and Glutathione metabolism (MAPEG) 
superfamily, localizing to the nuclear envelope. FLAP has 
been shown to be existed as a trimer, creating a binding 
pocket that allows AA to laterally diffuse into the protein 
complex from the membrane (Ferguson et  al. 2007). The 
cytosolic loops of FLAP interact with the 5-LOX catalytic 
domain and transfer AA into the 5-LOX active site.

LOX expressions in cardiovascular system

12/15-LOX was originally isolated from porcine leukocytes 
(Yokoyama et  al. 1986), but its tissue distribution is now 
known to be relatively wide, including the adrenal gland, 
the brain, and the kidneys (Gu et al. 1994; Katoh et al. 1994; 
Watanabe et  al. 1993). Significant amounts of 12/15-LOX 
mRNA were also detected in rat spleen, aorta, lung, and 
leukocytes (Hada et al. 1994). In endothelial cells, the basal 
level of 12-LOX is required for serum-stimulated endothe-
lial cell proliferation and for minimally modified low-den-
sity lipoprotein-induced monocyte binding to endothelial 
cells (Honda et  al. 1999; Tang et  al. 1995). Although the 
expression of 12/15-LOX in heart tissue is relatively low 
compared with the blood vessels, the induced 12/15-LOX 
activities in heart were four times greater than in reticulo-
cytes, previously the richest known source of the enzyme 

Fig. 1   Arachidonic acid 
metabolism pathway. Arachi-
donic acid is released following 
the activation of phospholipase 
A2 and subsequent metabolism 
by cyclooxygenase (COX), 
lipoxygenase (LOX) and 
cytochrome P-450 (CYP) 
pathways. These enzymes insert 
oxygen at different positions in 
AA to generate a major family 
of biologically active mediators 
called eicosanoids
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(Bailey et al. 1995). Furthermore, the 5-LOX mRNA con-
tent was significantly greater in the heart compared to the 
brain in mice (Dzitoyeva et al. 2009). The induction of LOX 
has been shown to play a major role in the pathogenesis of 
cardiovascular diseases (CVDs) including hypertension and 
atherosclerosis. Furthermore, a nonsynonymous polymor-
phism in 12-LOX was shown to be associated with essential 
hypertension and urinary 12-HETE (Quintana et al. 2006). 
5-LOX polymorphism has been reported to be related to the 
vulnerability of the carotid atherosclerosis plaques (Jin et al. 
2010). The 5-LOX protein was abundantly expressed in 
arterial walls of patients afflicted with various lesion stages 
of atherosclerosis of the aorta and of coronary and carotid 
arteries (Spanbroek et al. 2003).

CYP1B1

Regulation of CYP1B1 enzyme

CYP1B1, CYP-catalyzed bis-allylic oxidation (LOX-
like reaction), also metabolizes AA to produce mid-chain 
HETEs (Choudhary et al. 2004). CYP1B1 is a monooxyge-
nase enzyme that is involved in a number of cellular func-
tions such as metabolism of xenobiotics (Walisser et  al. 
2005). CYP1B1 gene was cloned in 1994 from tetrachloro-
dibenzo-1/2-dioxin-treated human keratinocyte cells (Sut-
ter et al. 1994). CYP1B1 is a tumor-related form of CYPs 
which is constitutively expressed in extrahepatic tissues 
and is markedly overexpressed in a wide variety of primary 
tumors (McFadyen et al. 2001a). The presence of CYP1B1 
in tumor tissues may be of importance in the modulation of 
these tumors by anticancer drugs (McFadyen et al. 2001b; 
Murray et al. 2001). In this regard, the high expression level 
of CYP1B1 in tumor tissues, with lack of expression in nor-
mal tissues, was found to be partially regulated through pro-
teasomal degradation of the enzyme (Bandiera et al. 2005). 
CYP1B1 has been shown to be responsible for the bioac-
tivation of a variety of environmental carcinogens such as 
polycyclic aromatic hydrocarbons (PAHs) to epoxide and 
diol epoxide intermediates (Shimada and Fujii-Kuriyama 
2004). The biochemical and carcinogenic effects of PAHs 
are primarily initiated by binding to and activation of a 
cytosolic ligand-activated transcription factor, aryl hydro-
carbon receptor (AhR). Mechanistically, upon binding with 
its ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD), AhR dissociates from its inhibitory proteins (Den-
ison et  al. 1986) allowing it to translocate to the nucleus, 
where it heterodimerizes with a nuclear transcription fac-
tor protein called the AhR nuclear translocator (ARNT) 
(Whitelaw et  al. 1994). The heterodimeric AhR-ARNT 
complex then binds to specific DNA recognition sequences, 
GCGTG, within the xenobiotic-responsive element (XRE) 
located in the promoter region of CYP1B1 gene (Korashy 

and El-Kadi 2006; Nebert et al. 2004). Beside a transcrip-
tional mechanism, CYP1B1 expression has been shown to 
be controlled by posttranslational mechanisms (Murray 
et al. 2001). Several studies demonstrated that the constitu-
tive and inducible expressions of CYP1B1 mRNA do not 
correlate with the expression of AhR mRNA. In addition, 
the constitutive Cyp1b1 mRNA and protein were expressed 
in ARNT-deficient murine hepatoma cells as compared to 
wild-type (WT) cells (Eltom et al. 1999). These results sug-
gested that other mechanisms possibly contributed to the 
regulation of CYP1B1, including non-AhR-mediated path-
ways and/or posttranscriptional mechanisms.

CYP1B1 expression in cardiovascular system

Though most CYPs are expressed in the liver, extrahepatic 
expression of these genes was reported in the kidney, lung, 
and brain (Malik et  al. 2012). Among extrahepatic sites, 
CYP1B1 has been reported to be constitutively expressed 
in adult human heart at mRNA level and in the human fetal 
ventricular cardiomyocyte, RL-14 cell line, at mRNA and 
protein levels (Choudhary et al. 2005; Maayah et al. 2015). 
Furthermore, Cyp1b1 mRNA is predominantly expressed 
at a significant level in the heart of both AhR-WT and AhR-
null adult mice heart representing about 13  % of the total 
cardiac CYPs (Choudhary et  al. 2003). In female NMRI 
mice heart, ethoxy resurofin O-deethylase (EROD) activity, 
the functional marker of Cyp1b1, was 8- and 180-fold lower 
than the lung and hepatic EROD activity, respectively (Gran-
berg et al. 2000). In blood vessel, CYP1B1 has been shown 
to be constitutively expressed in vascular smooth muscle 
cells, retinal endothelial cells, and coronary artery smooth 
muscle cells (Conway et al. 2009; Dubey et al. 2003; Tang 
et al. 2009). Although CYP1B1 is expressed in normal tis-
sues and is constitutively active, the induction of CYP1B1 
has been shown to play a major role in the pathogenesis of 
CVDs including ischemic heart diseases, myocardial infarc-
tion, hypertension, atherosclerosis, cardiac hypertrophy, and 
heart failure (Korashy and El-Kadi 2006; Malik et al. 2012). 
Furthermore, CYP1B1 polymorphism was shown to play 
a role in the pathogenesis of heart diseases. In this regard, 
hazard ratio for heart disease among never smokers was 
1.9 (95 % confidence interval: 1.2–3.2) for CYP1B1*3 GG 
(19 %) versus CC (32 %) according to the Copenhagen City 
Heart Study (Kaur-Knudsen et al. 2009) (Table 1).

Metabolism of mid‑chain HETEs

5‑HETE

5-HETE is metabolized by acyltransferase-dependent 
acylation into cellular phospholipids and glycerides (Arai 
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et  al. 1997; O’Flaherty et  al. 1986; Stenson and Parker 
1979). Microsome-bound nicotinamide adenine dinu-
cleotide phosphate (NAD+)-dependent dehydrogenase 
(5-hydroxyicosanoid dehydrogenase [5-HEDH]) converts 
5-HETE into its 5-keto analog, 5-oxo-6E,8Z,11Z,14Z-eico-
satetraenoate (5-oxo-ETE, 5-oxoETE); (Powell et al. 1992). 
CYP4F2 and CYP4F3 oxidize 5-HETE to 5,20-dihydroxy-
ETE (5,20-diHETE) (Kikuta et al. 1998, 2000; O’Flaherty 
et  al. 1986). 12-lipoxygenase metabolizes 5-HETE to 
5,12-diHETE, whereas cyclooxygenase-2 further metabo-
lizes 5-HETE into its corresponding degradation products, 
5-(S),15(R)-diHETE, and 5-(S),11(R)-diHETE (Borgeat 
et al. 1981; Mulugeta et al. 2010; Tejera et al. 2012).

12‑HETE

12-HETE is metabolized to 12-oxo-ETE by microsomal 
NAD+-dependent 12-hydroxyeicosanoid dehydrogenase in 
porcine polymophonuclear leukocytes (Powell and Rokach 
2015). 12-Oxo-ETE is further metabolized in porcine 
neutrophils by the NADH-dependent cytosolic enzyme, 
12-oxoeicosanoid Δ10-reductase, to 12-oxo-6,8,14-eico-
satrienoic acid (12-oxo-ETrE, i.e., 10,11-dihydro-12-oxo-
ETE) (Powell and Rokach 2015). CYP4F2 and CYP4F3 
oxidize 12-HETE to 12,20-dihydroxyETE (12,20-diHETE) 
(Kikuta et  al. 1998, 2000; Marcus et  al. 1984). Tetranor-
12-HETE is the major β-oxidation product resulting from 
peroxisomal metabolism of 12-HETE in numerous tis-
sues including vascular smooth muscle cells (Lacape et al. 
1992). 12-HETE released from platelets is converted into 5, 
12-dihydroxy-(E,Z,E,Z)-6,8,10,14-eicosatetraenoic acid [5, 
12-DHETE] by the 5-lipoxygenase in Ca2+-ionophorestim-
ulated neutrophils (Marcus et al. 1982).

15‑HETE

15-HETE is oxidized to its keto analog, 15-oxo-ETE, by 
NAD+-dependent 15-hydroxyprostaglandin dehydroge-
nase, 15-oxo-ETE, similar to 15-HETE, in which its prod-
uct can be converted to 13-cysteinyl-glycyl-glutamyl and 

then 13-cysteinyl-glycine products (Bergholte et  al. 1987; 
Hammond et al. 2012). 5-LOX oxidizes 15-HETE to form 
its 5,6-trans epoxide derivative which may then rearrange 
to the lipoxins (LX), LXA4 and LXB4 or to 5,15-dihydrop-
eroxy-6E,8Z,11Z,13E-eicosatetraenoate (5,15-diHETE) 
(Serhan 2005). 15-HETE may be also acylated into mem-
brane phospholipids, particularly phosphatidylinositol and 
phosphatidylethanolamine (Brezinski and Serhan 1990; 
Brinckmann et al. 1998; Maskrey et al. 2007; Thomas et al. 
2010). The phosphatidylethanolamine-bound 15-HETE 
may be then metabolized to phosphatidylethanolamine-
bound 15-oxo-ETE (Hammond et al. 2012).

Mid‑chain HETEs and their role in cardiovascular 
diseases

The role of mid‑chain HETEs in the vasculature

Prior commencing the role of mid-chain HETEs in the 
pathogenesis of hypertension, it is imperative to discuss 
the vasoactive functions of these metabolites. Increased 
formation of mid-chain HETE metabolites by the biologi-
cal agents involved in cardiovascular dysfunction has been 
reported in vascular smooth muscle cells, endothelial cells, 
and monocytes (Conrad et al. 1992; Natarajan et al. 1993, 
1996; Patricia et  al. 1999). Mid-chain HETEs have direct 
effects like chemotaxis, changes in vascular tone and pro-
duction of vascular endothelial growth factor, a potent 
angiogenic agent (Honda et  al. 1999; Nakao et  al. 1982; 
Stern et al. 1989; Tang et al. 1995). Mid-chain HETEs have 
been shown to exhibit direct mitogenic effects and increase 
the levels of the key extracellular matrix protein fibronec-
tin in vascular smooth muscle cells (Natarajan et al. 1994). 
Furthermore, they also mediate the hypertrophic effect of 
angiotensin II and have a direct hypertrophic effect on vas-
cular smooth muscle cells (Reddy et al. 2002; Zhang et al. 
2014).

The role of 5- and 15-HETEs as a vasoactive monohy-
droxyeicosatetraenoic acid has been investigated on the 

Table 1   Expression of 
CYP1B1 in cardiovascular 
system

Species Tissue/segment/cell CYP1B1 References

Human Adult heart
RL-14 cells

mRNA
Protein

Choudhary et al. (2005), Maayah et al. (2015)

Mouse WT adult heart
AhR-null adult heart

mRNA Choudhary et al. (2003)

Mouse Emale NMRI mice heart EROD Granberg et al. (2000)

Human Coronary artery smooth muscle cells Protein Dubey et al. (2003)

Human Vascular smooth muscle cells mRNA
Protein

Conway et al. (2009)

Mouse Retinal endothelial cells mRNA Tang et al. (2009)
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pulmonary artery of isolated perfused lung (Burhop et  al. 
1988). It has been shown that 5- and 15-HETEs were 
able to induce pulmonary vasoconstriction, lung vascular 
permeability, and edema (Burhop et  al. 1988). 15-HETE 
mediates hypoxia-induced pulmonary vascular medial 
thickening, intimal endothelial cells migration, and angio-
genesis (Ma et  al. 2011; Shen et  al. 2013). Mechanisti-
cally, 15-HETE controlled the cell cycle progression from 
the G0/G1 phase to the G2/M+S phase and enhanced the 
microtubule formation in cell nucleus (Ma et al. 2011). The 
effect of 15-HETE was mediated via Rho-kinase pathway 
(ROCK) (Ma et  al. 2010). The prominence of ROCK in 
chronic hypoxic pulmonary hypertension is emphasized 
because of its potential role in maintaining vasoconstriction 
and the vascular wall cell proliferation (Kroll et al. 2009).

The vasoactive effects of 12-HETE have been investi-
gated on isolated perfused renal arcuate arteries of the dog 
using videomicroscopy (Ma et  al. 1991). 12-HETE was 
found to act as a vasoconstrictor in small renal arteries 
since it reduces vascular diameter by 63 um (from 306 um), 
which was 37 % of the maximal vasoconstrictor response to 
norepinephrine (Ma et al. 1991; Yiu et al. 2003). Mechanis-
tically, the vasoconstrictor response induced by 12-HETE 
was associated with depolarization of vascular smooth 
muscles. This is supported by a previous finding demon-
strated that 12-HETE is an inhibitor of the Na+-K+-ATPase 
in the corneal epithelium (Masferrer et al. 1990; Schwartz-
man et  al. 1987) and the kidney (Masferrer et  al. 1990). 
Furthermore, the incubation of renal arteries obtained from 
ischemic kidneys with nordihydroguaiaretic acid (NDGA), 
the LOX inhibitor, showed no effect on the formation of 
12-HETE, suggesting that the 12-HETE formed by renal 
arteries may be produced by the LOX pathway-independ-
ent mechanism (Ma et  al. 1991). In agreement with this 
suggestion, it has been demonstrated that inhibitors of CYP 
attenuate the myogenic response of dog renal arcuate arter-
ies (Kauser et al. 1991). The L-type calcium channel may 
be also involved in 12-HETE-mediated vasoconstriction 
in renal blood vessels. In that, the vasoconstrictive effect 
of 12-HETE was abolished during L-type calcium channel 
inhibition (Yiu et al. 2003). Renal myocyte Ca2+ response 
following exposure to 12-HETE was greatly reduced in the 
absence of extracellular Ca2+ or calcium channel blockade 
implying it as an important mechanism responsible for the 
afferent arteriolar vasoconstriction stimulated by 12-HETE 
(Yiu et al. 2003).

The role of mid‑chain HETEs in the pathogenesis 
of hypertension

Hypertension is a powerful risk factor for heart disease in 
which the force of the blood against arterial walls is high 
enough to cause adverse heart events, such as cardiac 

hypertrophy, acute myocardial infraction, stroke, and coro-
nary artery disease (Chaturvedi 2004; DiNicolantonio et al. 
2015; Vakili et al. 2001). Accumulating data provide con-
vincing evidence that mid-chain HETEs are involved in 
the development of hypertension. In that, the generation of 
mid-chain HETEs was shown to be increased in patients 
with essential hypertension (Dolegowska et  al. 2009; 
Gonzalez-Nunez et  al. 2001). This generation suggests a 
role for these metabolites in the pathogenesis of essential 
hypertension.

Experimentally, mice lacking macrophage 12/15-LOX 
has been reported to be resistant to toward both N(G)-nitro-
l-arginine-methyl ester (L-NAME)- and deoxycorticoster-
one acetate/high-salt-induced hypertension (Kriska et  al. 
2012). Furthermore, 12-HETE participates in angiotensin 
II-induced hypertension by the modulation of angiotensin 
II-induced aldosterone secretion. In this regard, BW755c, 
a non-selective LOX blocker, inhibited the angiotensin II-
stimulated level of aldosterone in a dose-dependent man-
ner (Nadler et  al. 1987). The specific role of 12-HETE is 
supported by the following findings, first; angiotensin 
II induces 12-HETE production in adrenal glomerulosa 
cells; second, the inability of BW755c to block the bind-
ing of angiotensin II with its receptor, suggesting an AT-I 
receptor-independent mechanism; third, the addition of 
12-HETE and 12-HPETE restores the angiotensin II stimu-
latory effects during LOX inhibition (Nadler et  al. 1987). 
The above observations suggest that the 12-HETE forma-
tion may be an obligatory step in angiotensin II control 
of aldosterone secretion. Moreover, it raises a question of 
whether or not 12-HETE is a mediator of angiotensin II 
effect in vascular tissue paralleling to its effect in the adre-
nal cortex. This hypothesis was confirmed by a previous 
study investigated the potential role of 12-HETE in the vas-
culature in an angiotensin II-dependent model of hyperten-
sion. In that, the two-kidney, one-clip (2 K, lC) Goldblatt 
hypertensive rat was used as a model since it is primar-
ily dependent on the renin–angiotensin system (DeFor-
rest et  al. 1982; Freeman et  al. 1977). Acute and chronic 
administration of phenidone, a non-selective LOX inhibi-
tor, prevents the development of hypertension in this model 
(Nozawa et  al. 1990). The antihypertensive effect of phe-
nidone was accompanied by a suppression of 12-HETE 
formations produced by aortic segments in the 2K, 1C rats 
(Nozawa et al. 1990). In agreement with the above results, 
it has been shown that 12-HETE potentiates the angiotensin 
II-induced pressor response (Takai et al. 2001). In addition, 
renal microvascular 12-HETE formation has been reported 
to be increased in response to angiotensin II-induced renal 
vasoconstriction (Yiu et  al. 2003). Inhibiting the forma-
tion of 12-HETE markedly attenuated the in vitro contrac-
tile response to angiotensin II of femoral artery rings par-
allel with lowering the pressor effect in  vivo (Stern et  al. 
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1989). The previous studies suggested that the formation of 
12-HETE in vascular tissue may mediate, at least in part, 
the vasoconstrictor actions of angiotensin II.

The mechanism by which the inhibition of 12-HETE 
formation attenuates the rise in blood pressure produced by 
angiotensin II has been investigated by studying changes 
in cytosolic calcium in cultured rat vascular smooth mus-
cle cells using the fluorescent dye fura-2 (Saito et al. 1992). 
In that, baicalein and 5,8,11-eicosatriynoic acid, 12-LOX 
inhibitors, repressed angiotensin II-induced increases in 
cytosolic calcium in both normal and calcium-poor buffer 
(Saito et al. 1992). The addition of 12-HETE alone to the 
cells had no acute effect on  the intracellular calcium con-
centration. However, the addition of 12-HETE restored 
the initial calcium response to angiotensin II in vascu-
lar smooth muscle cells pretreated with LOX inhibitors. 
12-HETE, by increasing angiotensin II-induced cytosolic 
calcium in vascular tissue, may enhance pressor-induced 
vascular reactivity (Sasaki et  al. 1997). Furthermore, 
5,8,11-eicosatriynoic acid, 12-HETE formation inhibitor, 
repressed vasopressin and endothelin-stimulated induc-
tion of the intracellular calcium (Saito et al. 1992). Taken 
together, 12-HETE may participate in the contractile action 
of angiotensin II through modulation of the intracellular 
calcium in vascular smooth muscle cells.

Spontaneously hypertensive rat often with the Wistar-
Kyoto rat as the normotensive control is the most com-
monly used model of hypertension, with over 5000 Pub-
Med references in the last 10 years. The importance of this 
model comes from the following factors; first, it is clini-
cally relevant; second, it has uniform polygenetic disposi-
tion and excitatory factors; and third, it lacks inter-individ-
ual variation (Lindpaintner et  al. 1992). Accordingly, the 
modulation in the formation of mid-chain HETEs using 
this model would reflect, at least in part, their importance in 
the pathogenesis of essential hypertension.

The association between the formation of 12-HETE and 
intra-arterial blood pressure in spontaneously hyperten-
sive rats and Wistar-Kyoto rats has been investigated using 
both a cross-sectional analysis and an acute pharmaco-
logical intervention (Sasaki et al. 1997; Stern et al. 1996). 
12-HETE production was substantially induced in spon-
taneously hypertensive rats compared with Wistar-Kyoto 
rats. An overall linear correlation between 12-HETE and 
systolic pressure suggested a positive relationship between 
systolic arterial pressure and the formation of 12-HETE 
(Stern et al. 1996). This is consistent with the finding that 
specific 12-LOX inhibitors, cinnamyl-3,4-dihydroxycya-
nocinnamate and 5,8,11-eicosatriynoic acid, significantly 
provoked a noticeable hypotensive effect in spontaneously 
hypertensive rats but not in Wistar-Kyoto rats (Sasaki et al. 
1997; Stern et  al. 1996). This reduction in arterial pres-
sure was accompanied by a clear inhibition in 12-HETE 

formation in both serum and aortic smooth muscle, sug-
gesting an important role of 12-HETE in the pathogenesis 
of elevated arterial blood pressure in spontaneously hyper-
tensive rats.

Both 5- and 15-HETEs have also been reported to be 
implicated in the development of hypertension. In that 
respect, the formation of 5- and 15-HETEs was mark-
edly increased in female spontaneously hypertensive rats 
(Koeners et  al. 2011). Treatment of female spontaneously 
hypertensive rat with 12-(3-adamantan-1-yl-ureido)-dode-
canoic acid during the perinatal phase was accompanied by 
a marked decrease in the formation of 5- and 15-HETEs, 
suggesting an important role of these mono-HETEs in the 
pathogenesis of hypertension (Koeners et  al. 2011). The 
importance of 15-HETE as a potential mediator of hyper-
tension is highlighted by its high formation level in placen-
tae from pregnancies complicated by pregnancy-induced 
hypertension compared with gestation-matched controls 
(Mitchell and Koenig 1991). Mechanistically, 15-HETE 
and its hydroperoxy precursor mediated their effect through 
the inhibition prostacyclin biosynthesis which may con-
tribute to the pathological sequelae of pregnancy-induced 
hypertension (Mitchell and Koenig 1991).

The role of mid‑chain HETEs in the pathogenesis 
of cardiac hypertrophy

Cardiac hypertrophy is a major risk factor for heart dis-
eases which frequently occur following acute events, such 
as myocardial infraction, or accompanying chronic insults 
such as hypertension (Vakili et al. 2001). At early stage of 
pathological cardiac hypertrophy, the heart walls thicken 
in an attempt to compensate for the increased stress (Car-
reno et al. 2006). However, prolonged hypertrophy deterio-
rates heart functions and eventually leads to heart failure. 
Despite the substantial progress of heart research during 
the past two decades, the molecular pathogenesis of cardiac 
hypertrophy is still ambiguous.

Several lines of evidence are supporting the role of mid-
chain HETEs in the development of cardiac hypertrophy. In 
that, the formation of mid-chain HETEs was shown to be 
increased during pressure overload-induced cardiac hyper-
trophy (El-Sherbeni and El-Kadi 2014). The importance of 
descending aortic constriction (DAC) as a model of cardiac 
hypertrophy is pronounced since it is more clinically rel-
evant as the cardiac hypertrophy is developed over rela-
tively longer period of time (Patten and Hall-Porter 2009). 
Of particular interest in this study, the generation of mid-
chain HETEs was accompanied by a high expression level 
of CYP1B1 protein. The role of CYP1B1 in the formation 
of mid-chain HETEs was confirmed by the ability of the 
recombinant CYP1B1 enzyme to catalyze the formation of 
mid-chain HETEs (Choudhary et al. 2004; El-Sherbeni and 
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El-Kadi 2014). In addition to DAC model, we have also 
demonstrated a high  formation level of mid-chain HETEs 
in rats treated with angiotensin II. Interestingly, pretreat-
ment of rats with tetramethoxy stilbene (TMS), a selec-
tive CYP1B1 inhibitor, significantly inhibited angiotensin 
II-induced cardiac hypertrophy (data not published yet). 
Of importance, the protection against cardiac hypertrophy 
associated with a marked decrease in the formation of mid-
chain HETEs not only suggest a crucial role of mid-chain 
HETEs in cardiac hypertrophy but also confirmed CYP1B1 
as an important generator of mid-chain HETEs.

The overexpression of 12-LOX in cardiac fibroblast 
cells was used as a model to investigate the hypertrophic 
effect of 12-HETE (Wen et  al. 2003). The importance of 
cardiac fibroblast cells is confirmed by the fact that the 
growth of fibroblast cell and its concomitant deposition 
of extracellular matrix proteins are one of the characteri-
zations of cardiac fibrosis (Lal et  al. 2014). The previous 
detrimental effects account for the abnormal myocardial 
stiffness and ultimate ventricular dysfunction that is seen 
in many forms of pathogenic cardiac hypertrophy (Souders 
et al. 2009). The expressed 12-LOX enzyme was function-
ally intact after transfection since overexpressed 12-LOX 
cardiac fibroblasts showed a higher level of 12-HETE in 
comparison with control cells. Overexpression of 12-LOX 
induced cell [(3)H]leucine and [(3)H]thymidine incorpora-
tion, cell protein content, fibronectin content, collagen pro-
tein expression, and enlargement of cell size compared with 
that of mock-transfected cells (Wen et  al. 2001). 12-LOX 
overexpression leads to morphologic evidence of cellular 
hypertrophy in rat cardiac fibroblasts. This is supported by 
cell morphologic examination using hematoxylin and eosin 
(H&E) staining. This demonstrated that long axis of nuclei 
and the mean number of nucleoli of 12-LOX-transfected 
cells were significantly higher than mock-transfected cells 
(Wen et al. 2001, 2003).

15-HETE has been shown to increase the sensitivity of 
the isoproterenol-mediated β-adrenergic response in car-
diomyocytes and has been proposed to be implicated in 
heart failure by induction of cardiac fibrosis (Kayama et al. 
2009; Levick et al. 2007; Wallukat et al. 1994; Zhang et al. 
2014). Furthermore, it has been shown that norepinephrine 
induced its hypertrophic effect through the induction of 12- 
and 15-HETEs (Parmentier et  al. 2001). Mechanistically, 
15-HETE is markedly incorporated into the cellular phos-
phatidylinositol pool. The 15-HETE-containing phosphati-
dylinositols may then be converted to 15-HETE-substituted 
diacylglycerol. This diacylglycerol species may in turn 
modulate a protein kinase C (PKC) (Wallukat et al. 1994). 
15-HETE also induced adventitia fibrosis and fibroblasts 
phenotypic alterations depended on signaling of the trans-
forming growth factor-β1 (Zhang et  al. 2014). The above 
observation comes in agreement with a previous finding 

illustrated that baicalein, 12/15LOX inhibitor, attenuated 
myocardial fibrosis in spontaneously hypertensive rats 
(Kong et al. 2011). Moreover, 12/15 LOX inhibitors, baica-
lein and wogonin, have been reported to suppress collagen 
deposition in response to angiotensin II (Kong et al. 2010).

5-HETE has been shown to participate in the pathogene-
sis of angiotensin II-induced hypertrophy (Revermann et al. 
2011). In that, LP105, 5-LOX blocker, inhibited angioten-
sin II-induced hypertrophy in ApoE−/− mice. This was 
manifested by the ability of LP105 to show a lower heart 
rate, a trend toward reduced heart-to-body weight ratio 
and it significantly prevented the increase in aortic weight 
and diameter mediated by angiotensin II (Revermann et al. 
2011). In agreement with the previous result, selenium was 
reported to reduce diabetic cardiac hypertrophy through 
down-regulation of 5-LOX and its corresponding metabo-
lite, 5-HETE (Dhanya et al. 2014).

Although the previous studies have illustrated the 
potential hypertrophic effect of mid-chain HETEs in the 
cardiovascular system, none of them have utilized human 
cardiomyocytes to study the cardiac hypertrophic effect 
of mid-chain HETEs. Therefore, we have investigated 
recently, for the first time, the role of mid-chain HETEs 
to induce cellular hypertrophy using human ventricular 
cardiomyocytes, RL-14 cell line (Maayah and El-Kadi 
2015). The ability of mid-chain HETEs to induce cellular 
hypertrophy was evidenced first by the induction of the car-
diac hypertrophy markers brain natriuretic peptide (BNP), 
atrial natriuretic peptide (ANP), α-myocin heavy chain 
(α-MHC), β-myocin heavy chain (β-MHC) in time- and 
concentration-dependent manners. The second evidence 
for the induction of cellular hypertrophy was the capabil-
ity of mid-chain HETEs to increase the cell surface area of 
human ventricular cardiomyocytes in comparison with con-
trol cells. Our previous study provided the first evidence of 
the ability of mid-chain HETEs to induce cellular hypertro-
phy in the human ventricular cardiomyocytes (Maayah and 
El-Kadi 2015).

The role of mid‑chain HETEs in the pathogenesis 
of heart failure and cardiomyopathy

The role of mid-chain HETEs is not restricted on cardiac 
hypertrophy but also involved in the development of car-
diac dysfunction and heart failure. In this regard, it has 
been demonstrated that 12- and 15-HETEs were markedly 
up-regulated in heart failure (Kayama et al. 2009). The role 
of 12- and 15-HETEs in the pathogenesis of heart failure 
was investigated in transgenic mice that overexpressed 
12/15-LOX in cardiomyocytes. The overexpression of 
12/15-LOX and its corresponding 12- and 15-HETE metab-
olites was able to induce systolic dysfunction, infiltration of 
macrophages, up-regulation of monocyte chemoattractant 
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protein 1, and cardiac fibrosis (Kayama et  al. 2009). In 
HL-1 mouse cardiac myocytes, 12-HETE increases intram-
itochondrial calcium and mitochondrial NO, and induces 
apoptosis (Nazarewicz et al. 2007). Furthermore, treatment 
for cardiac fibroblasts and endothelial cells with 12-HETE 
significantly induced the expression of monocyte chemoat-
tractant protein 1. On the other hand, disruption of 12/15-
LOX significantly inhibited cardiac monocyte chemoat-
tractant protein 1 expression, macrophage infiltration, and 
restoring systolic dysfunction induced by chronic pres-
sure overload, suggesting an important role of 12- and 
15-HETEs in the development of heart failure (Kayama 
et al. 2009).

Mid-chain HETEs were also involved in the pathogen-
esis of heart failure induced by doxorubicin. In this regard, 
we have demonstrated that doxorubicin treatment caused 
cardiac dysfunction and fibrosis in vitro in the human ven-
tricular cardiomyocytes, RL-14 cell line, and in  vivo in 
rats. This was associated with proportional increase in the 
formation of mid-chain HETEs. The direct involvement of 
mid-chain HETEs in the doxorubicin-induced cardiac dys-
function was supported by the ability of TMS, a CYP1B1 
inhibitor, to attenuate doxorubicin-induced cardiotoxicity 
as well as it inhibited the formation of mid-chain HETEs. 
The above study has confirmed the role of mid-chain 

Table 2   Pathological roles of mid-chain HETEs on CVS

Species Tissue/segment/cell HETE Effect References

Guinea pig
Rat

Isolated perfused lung
Pulmonary artery smooth muscle

5-HETE
15-HETE

Vasoconstriction
Hypertrophy

Burhop et al. (1988), Ma et al. (2011), 
Shen et al. (2013)

Dog
Rat

Small renal arteries 12-HETE Vasoconstriction Ma et al. (1991), Yiu et al. (2003)

Mouse Cardiac fibroblast cells 12-HETE Hypertrophy Wen et al. (2003)

Rat Cardiomyocytes 15-HETE Supersensitivity to β-adrenergic ago-
nists

Wallukat et al. (1994)

Human Cardiomyocytes 5-HETE
12-HETE
15-HETE

Hypertrophy Maayah et al. (2015)

Mouse Cardiac fibroblast cells
Endothelial cells

12-HETE Monocyte chemoattractant protein 1 
induction

Kayama et al. (2009)

Rat Adrenal glomerulosa cells 12-HETE Angiotensin II-induced aldosterone 
secretion

Nadler et al. (1987)

Table 3   Generation of mid-chain HETEs during hypertension and cardiac hypertrophy

Species Disease Model HETE References

Rat Hypertension Two-kidney, one-clip (2K, lC) Gold-
blatt

12-HETE Nozawa et al. (1990)

Rat Hypertension Spontaneously hypertensive rats 5-HETE
12-HETE
15-HETE

Koeners et al. (2011), Sasaki et al. 
(1997), Stern et al. (1996)

Rat Cardiac hypertrophy Descending aortic constriction 5-HETE
12-HETE
15-HETE

El-Sherbeni and El-Kadi (2014)

Mouse Heart failure Transgenic mice 12-HETE
15-HETE

Kayama et al. (2009)

Rat
Human

Cardiac dysfunction Doxorubicin 5-HETE
12-HETE
15-HETE

Maayah et al. (2015)

Mouse Diabetic cardiomyopathy Streptozotocin 12-HETE
15-HETE

Kumar et al. (2013), Suzuki et al. 
(2015)

Mouse Hypertension-induced renal dysfunc-
tion

Angiotensin II 12-HETE Jennings et al. (2012)

Human Essential hypertension Patients 12-HETE
5-HETE

Dolegowska et al. (2009), Gonzalez-
Nunez et al. (2001)
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HETEs in the development of cardiac dysfunction and 
heart failure.

12- and 15-HETEs have been also shown to be impli-
cated in the development of diabetic cardiomyopathy. 
Treatment of mice with streptozotocin, a well-known dia-
betes inducer, up-regulated the expression of 5-LOX and 
12/15-LOX and its corresponding AA metabolites, 12- and 
15-HETEs; it also induced cardiac dysfunction and fibrosis 
(Kumar et al. 2013; Suzuki et al. 2015). Interestingly, dis-
ruption of 12/15-LOX significantly inhibited the induction 
of TNF-α, nuclear factor kappa B (NF-κB), reactive oxygen 
species and eventually attenuated streptozotocin-induced 
cardiac dysfunction and fibrosis (Suzuki et al. 2015). In a 
manner similar to what was observed in vivo, neonatal cul-
tured cardiomyocytes incubated with high glucose condi-
tions illustrated a high expression of 12/15-LOX as well as 
TNF-α, NF-κB, and collagen markers which were inhibited 
by treatment of the 12/15-LOX inhibitor implying the role 
of 12- and 15-HETEs in the development of diabetic cardi-
omyopathy (Suzuki et al. 2015). Tables 2 and 3 summarize 
the effect and the role of mid-chain HETEs in the develop-
ment of CVDs.

Molecular mechanism of mid‑chain HETEs action

The process of cardiac hypertrophy and myopathy is com-
plex and involves multiple cross-regulated signaling path-
ways (Frey and Olson 2003) that culminate in massive 
alterations in myocardial architecture (Fard et  al. 2000). 
Understanding the mechanism by which mid-chain HETEs 
are involved in cardiac hypertrophy and myopathy could 
be a critical issue in cardiac homeostasis. However, these 
molecular mechanisms have not been fully elucidated, and 
no precise cellular receptors for mid-chain HETEs have 
yet been identified. Importantly, some potential pathways, 
such as PKC, mitogen-activated protein kinases (MAPKs), 
and NF-κB, by which these AA metabolites may stimulate 
cellular growth and hypertrophy have been explored. PKC, 
MAPKs, and NF-kB are pivotal to this process as central 
mediators of cardiac remodeling in response to injury and/
or cardiac wall stress. Therefore, it is necessary to discuss 
the role of mid-chain HETEs on each pathway.

MAPKs

MAPKs are serine/threonine-specific protein kinases that 
are involved in the regulation of various cellular responses 
such as gene expression, mitosis, differentiation, prolifera-
tion, and survival/apoptosis (Kayama et al. 2009). MAPKs 
were found to exert control over those genes that stimu-
late protein synthesis and initiate hypertrophy (Thorburn 
et al. 1994). When hypertrophy stimulus is initiated at cell 

membrane, activated MAPKs move through large pores on 
the nuclear membrane, translocating into the nucleus, and 
activate transcription factors involved in cardiac hypertro-
phy (Pearson et  al. 2001). MAPK signaling cascade con-
sists of extracellular-regulated kinases (ERK), c-Jun NH2-
terminal kinases (JNKs), and p38 MAPK (Sopontammarak 
et  al. 2005). Previous studies analyzing MAPK activities 
in cardiac hypertrophy and myopathy have demonstrated 
differential effects; in that, persistent activation of p38 and 
JNK can promote apoptosis, resulting in cardiac dilation 
and dysfunction (Pearson et al. 2001), whereas ERK1/2 has 
been proposed to regulate smooth muscle contraction and 
to promote cellular hypertrophy (Modesti et al. 2008; Pear-
son et al. 2001; Sopontammarak et al. 2005). With regard 
to mid-chain HETEs, we have demonstrated recently that 
the activation of ERK1/2 signaling pathway positively reg-
ulates the induction of the cellular hypertrophy in response 
to mid-chain HETEs (Maayah et al. 2015). This was sup-
ported by two interesting findings; first, the ability of mid-
chain HETEs to induce the phosphorylated ERK1/2; sec-
ond, blocking of the phosphorylated ERK1/2 using the 
ERK1/2 inhibitor, U0126, significantly attenuated mid-
chain HETE-induced cellular hypertrophy (Maayah et  al. 
2015). Our results come in agreement with a previous find-
ing illustrated that mid-chain HETEs induced cell growth 
in cancer and cardiac fibroblast cells through ERK1/2 sign-
aling pathway (Cabral et  al. 2013; Garcia-Verdugo et  al. 
2012; Guo et al. 2011a; Kang et al. 2013; Lu et al. 2006; 
O’Flaherty et  al. 2002; Song et  al. 2015; Szekeres et  al. 
2000). Norepinephrine has been reported to stimulate cyto-
solic phospholipase A(2)-dependent phospholipase D(2) 
through mid-chain HETEs via ERK pathway by a mecha-
nism involving tyrosine phosphorylation of phospholipase 
D(2) in rabbit vascular smooth muscle (Parmentier et  al. 
2001). Furthermore, it has been shown that angiotensin II 
induced cellular hypertrophy in H9c2 cells through ERK1/2 
but not p38 or JNK (Zong et al. 2013). Of particular inter-
est in this study, baicalein, 12/15 LOX inhibitor, blocked 
the cellular hypertrophic effect of angiotensin II through 
ERK1/2 signaling pathway (Zong et al. 2013). The effect of 
mid-chain HETEs is not restricted only on ERK1/2 but also 
involve the activation of p38 pathway. In that, 12-HETE 
has been shown to induce hypertrophy in cardiac fibroblast 
through p38 signaling pathway (Wen et al. 2003). Further-
more, treatment of porcine vascular smooth muscle cells 
with 12-HETE led to hypertrophy through the activation of 
Ras and p38 MAPK (Reddy et al. 2002). Inhibition of p38 
using, SB202190, significantly blocked the hypertrophy 
induced by 12-HETE in both cardiac fibroblast and porcine 
vascular smooth muscle cells, suggesting an important role 
of p38 in 12-HETE induced cellular hypertrophy (Reddy 
et al. 2002; Wen et al. 2003). Angiotensin II also induced 
protein synthesis and hypertrophy in rat vascular smooth 
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muscle through mid-chain HETEs/p38 signaling pathways 
(Yaghini et  al. 2007). Moreover, 12- and 15-HETEs have 
been reported to augment AT-1 receptor and angiotensin II 
signaling through ERK and p38 signaling pathways (Xu 
et al. 2008).

NF‑κB

Cardiac hypertrophy and myopathy are also regulated 
by several transcription factors such as NF-κB, myocyte 
enhancer factor 2 (MEF2), and homeobox transcription 
factors Csx/Nkx 2-5 (Akazawa and Komuro 2003). Among 
these transcription factors, NF-κB plays a wide range of 
physiological and pathophysiological functions, such as 
B cell proliferation, cell cycle control, carcinogenesis and 
cardiac hypertrophy, and myopathy (Grabellus et al. 2002). 
Biochemical analysis has established that the major form 
of NF-κB consists of two distinct polypeptides of 50 and 
65  kDa, termed p50 and p65. Upon activation by inflam-
matory mediators and hypertrophy agonist, NF-κB binds to 
its responsive element sequences, κB, to initiate target gene 
transcription that is involved in cardiac hypertrophy (Ley-
chenko et al. 2011). NF-κB has been shown to be activated 
in the failing human heart (Grabellus et al. 2002). Genetic 
NF-κB inhibition attenuates angiotensin II-induced hyper-
trophy, suggesting an important role of NF-κB in cardiac 
hypertrophy (Esposito et  al. 2002). Furthermore, it has 
been demonstrated that blockade of NF-κB ameliorates 
myocardial hypertrophy in response to aortic banding and 
chronic infusion of angiotensin II, suggesting an important 
role of NF-κB as a signaling pathway in the regulation of 
cardiac hypertrophy (Kawano et  al. 2005). Recently, we 
have demonstrated that mid-chain HETEs were able to 
induce the binding activity of NF-κB to their responsive 
elements (Maayah et al. 2015). The direct evidence for the 
involvement of NF-κB in the mid-chain HETEs-mediated 
induction of cellular hypertrophy was supported by the 
observation that blocking of NF-κB using pyrrolidinedithi-
ocarbamate (PDTC) significantly resulted in restoration of 
the mRNA expression of the hypertrophy markers to their 
normal levels implying that the activation of NF-κB is 
required for the induction of cardiac hypertrophy (Maayah 
et al. 2015). Our results are consistent with previous find-
ings reported that mid-chain HETEs induced cell growth 
and angiogenesis through NF-κB signaling pathway (Kan-
douz et al. 2003; Prato et al. 2010; Stoltz et al. 1996; Von-
ach et  al. 2011). Viral vector-mediated 12/15-LOX over-
expression in vascular smooth muscle cells stimulated the 
expression of NF-κB (Dwarakanath et al. 2008). Of particu-
lar interest in this study, mid-chain HETEs induced NF-κB 
through MAPK-dependent mechanism (Dwarakanath et al. 
2008; Guo et  al. 2011b). Inhibition of 12/15 LOX, baica-
lein, attenuates angiotensin II-induced cardiac hypertrophy 

and fibrosis through the inhibition of ERK1/2 and NF-κB 
signaling pathways in mice (Wang et al. 2015).

PKC and Gq‑protein coupled receptor (GPCR)

The PKC is a family of multifunctional isoenzymes expressed 
in different tissues which plays a pivotal role in apoptosis, 
migration, adhesion, tumorigenesis, cardiac hypertrophy, 
angiogenesis, platelet function, and inflammation (New-
ton 2001). PKC was named PKM when it was discovered 
by Inoue et al. in 1977 since it was hypothesized that mag-
nesium ion is essential for its activation (Inoue et al. 1977). 
However, after understanding the crucial role of calcium and 
the phospholipid for its activation, the protein was renamed 
as PKC. PKC has three isoforms, α, β, and γ, which differ 
in their composition of the 50 amino acids at the C-terminal 
end. They are expressed in various organs of the body, and 
this specificity is associated with their physiological func-
tions. Of importance, PKCα is found in almost all the organs 
especially in the heart (Wetsel et al. 1992). PKCα functions 
distinctly from PKCβ and PKCγ in regulating cardiac con-
tractility and heart failure in which transgenic mice with 
greater PKCα activity showed decreased cardiac contractil-
ity, ventricular dilation, and secondary hypertrophy, suggest-
ing that increased PKCα signaling is detrimental to the heart 
(Braz et al. 2004; Hahn et al. 2003; Liu et al. 2009). Inhibi-
tion of PKCα protects against cardiac hypertrophy induced 
by angiotensin II (Yan et  al. 2010). PKCα is regulated by 
GPCR in which activation of GPCR activates the effector 
enzyme phospholipase C (PLC). PLC cleaves phosphor ino-
sitol bisphosphate (PIP2) in the membrane to yield diacylg-
lycerol (DAG) and inositol trisphosphate. DAG remains in 
the membrane and activates PKC (Hahn et al. 2003).

It has been demonstrated that 12-HETE activates PKCα 
through GPCR-mediated hydrolysis of inositol phospho-
lipids (Liu et  al. 1995). Several studies also suggest that 
12-HETE activates the PKCα/ERK1/2 axis via an unidenti-
fied plasma membrane GPCR (Szekeres et al. 2000). Mech-
anistically, mid-chain HETEs mainly 12-HETE treatment 
specifically induced GTPγS coupling in membrane frac-
tions of GPCR31-transfected cells (Guo et al. 2011b). Fur-
thermore, 12-HETE stimulated ERK1/2 and NF-κB acti-
vation in GPR31-transfected cells. In contrast, there was 
no detectable ERK1/2 or NF-κB activation in 12-HETE-
treated mock-transfected cells (Guo et al. 2011b). Further-
more, it has been shown that 12-HETE stimulates PKCα/
NF-κB axis in freshly isolated aortic endothelial cells 
(Bolick et al. 2005). 5- and 15-HETEs have been shown to 
induce their pathological responses through PKCα/MAPK 
signaling pathway (Awasthi et  al. 2001; Guo et  al. 2009; 
Rao et al. 1994). In addition, 15-HETE specifically stimu-
lates a signal transduction cascade leading to a supersen-
sitivity of the cells toward β-adrenergic agonists, which 
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involves the phosphatidylinositol cycle and a PKC (Wallu-
kat et al. 1994). Figure 2 summarizes the molecular mecha-
nism of action of mid-chain HETEs.

Mid‑chain HETEs as a promising drug targets

As suggested in the discussions above, inhibiting the for-
mation of mid-chain HETEs can be achieved by suppress-
ing both LOXs and CYP1B1 enzymes. Unlike receptor 
antagonism, inhibition of these enzymes results directly 
in reducing the production of fatty acid metabolites with 
concomitant damping of the associated inflammatory and 
hypertrophy activities that contribute to the pathogenesis of 
cardiovascular diseases.

Baicalein, a low molecular weight 5,6,7-trihydroxyfla-
vone isolated from Scutellaria baicalensis Georgy roots, 
is a key component of chinese herbal medicine Scutel-
laria species, commonly used to treat bacterial and viral 
infections and cardiovascular diseases in China (Li-Weber 
2009). Early studies conducted on rat platelets showed that 
baicalein exerts potent inhibitory activity against 12/15-
LOX in addition to CYP1B1 (Chan et al. 2002; Deschamps 
et  al. 2006). Baicalein exerts protective effects against I/R 
injury, hypertension, and cardiac dysfunction in mouse or 
rat models (Li-Weber 2009). Baicalein significantly attenu-
ated angiotensin II-induced elevation of blood pressure, 

cardiac hypertrophy, and fibrosis. These beneficial effects 
were associated with inhibition of inflammation, oxida-
tive stress, and multiple signaling pathways ERK1/2 and 
NF-κB (Wang et  al. 2015). In addition to baicalein, the 
flavonoid luteolin, 3′,4′,5,7-tetrahydroxyflavone, and natu-
rally occurring furocoumarins, imperatorin, display a wide 
range of pharmacological properties including anti-inflam-
matory and antioxidant activities (Abad et  al. 2001; Guo 
et al. 2012; Lopez-Lazaro 2009). Luteolin and imperatorin 
exert an inhibitory effect against both LOXs and CYP1B1 
at nanomolar concentration (Abad et  al. 2001; Kim et  al. 
2005; Mammen et al. 2005; Sadik et al. 2003). Recent study 
has demonstrated that luteolin protects against the progres-
sion of diabetes mellitus-induced cardiac dysfunction by 
the attenuation of myocardial oxidative stress (Wang et al. 
2012). Imperatorin can attenuate cardiac hypertrophy both 
in vivo and in vitro and halt the process leading from hyper-
trophy to heart failure (Zhang et al. 2012). However, natu-
rally occurring furocoumarin and flavonoid compounds are 
known to have poor bioavailability in that they are rapidly 
metabolized and excreted which limit their uses clinically.

Zileuton [Leutrol, N-(1-benzo(b)-thien-2yl) ethyl-N-hy-
droxyurea] is a specific 5-LOX inhibitor that was devel-
oped by Abbott (Carter et  al. 1991). Zileuton apparently 
inhibits 5-LOX via iron chelation but is lacking of 12- and 
15-LOX inhibitory activity. Furthermore, it has an inhibi-
tory activity against CYP1 family (Wang and Zhou 2009). 
Of interest, the 5-HETE formation inhibitor, zileuton, has 
been shown to protect cardiomyocytes from H2O2-induced 
cytotoxicity which suggests its possible application as a 
potent therapeutic agent for the prevention of ischemia and 
heart failure (Kwak et al. 2010).

Mid-chain HETEs probably produced by the CYP path-
way might be involved in the mitogenesis and the regula-
tion of cellular growth. This is supported by the finding 
that CYP inhibitors such as SKF-525A persuade a cell 
cycle delay and inhibit cellular hypertrophy, whereas LOX 
inhibitors such as NDGA have failed to produce such 
effect (Nieves and Moreno 2006). The inhibition of cellular 
growth in response to SKF-525A was associated with CYP 
inhibition and the subsequent impairment of mid-chain 
HETEs synthesis. Interestingly, exogenous addition of mid-
chain HETEs reversed the effects of SKF-525A confirming 
an important role of CYP in the regulation of mid-chain 
HETEs (Nieves and Moreno 2006).

TMS, a selective CYP1B1 inhibitor, and Cyp1b1 gene 
disruption have been shown to reduce the formation of mid-
chain HETEs induced by angiotensin II (Jennings et  al. 
2012). Of particular interest in this study, the levels of 12/15 
LOX, Cyp4a, and Cyp4f protein were not changed in the 
Cyp1b1−/− mice, suggesting a CYP1B1-specific produc-
tion of mid-chain HETEs. TMS and Cyp1b1 gene disruption 
also exert protective effects against angiotensin II-induced 

Fig. 2   Molecular mechanism of mid-chain HETEs. Mid-chain 
HETEs bind to G-protein-coupled receptor (GPCR), induce GTPγS 
coupling, and activate protein kinase C (PKC). The activated PKC 
phosphorylates MAPK signaling cascade, extracellular-regulated 
kinases (ERK), c-Jun NH2-terminal kinases (JNKs), and p38. Phos-
phorylate MAPKs then stimulate NF-κB binding to its responsive 
element sequences, κB, to initiate target gene transcription that is 
involved in cardiac hypertrophy
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hypertension and associated cardiac hypertrophy, fibrosis, 
and inflammation (Jennings et al. 2010). Furthermore, they 
reversed deoxycorticosterone-salt-induced hypertension and 
cardiac and vascular hypertrophy and minimized renal dys-
function through the inhibition of reactive oxygen species 
(ROS) and MAPKs (Sahan-Firat et al. 2010). TMS displays 
antihypertensive effect and inhibits its associated cardiovas-
cular events in spontaneously hypertensive rats, primarily 
by inhibiting ROS, pro-inflammatory cytokines, catechola-
mines, and MAPKs (Jennings et al. 2014b).

Although CYP1B1 inhibition has attenuated angiotensin 
II-induced hypertension and associated pathophysiologi-
cal changes in male mice and rats, CYP1B1 plays a critical 
role in maintaining the reduced hypertensive effect of angi-
otensin II and its associated pathophysiological changes in 
female mice and rats, most likely through the generation of 
2-methoxyestradiol metabolite (Jennings et al. 2014a). This 
is supported by a recent finding demonstrated that angio-
tensin II caused cardiovascular remodeling and endothelial 
dysfunction and increased vascular reactivity and oxidative 
stress in Cyp1b1(−/−) but not in Cyp1b1(+/+) female 
mice (Jennings et  al. 2014a). Furthermore, the induction 
of cardiovascular changes by angiotensin II was associ-
ated with a dramatic decrease in the formation of 2-meth-
oxyestradiol in Cyp1b1−/− mice, suggesting a 2-methox-
yestradiol-dependent mechanism.

Of particular interest, 2-methoxyestrogen has been 
shown to exert feedback inhibition of CYP1B1 and pos-
sesses cardioprotective activity by inhibiting vascular 
smooth muscle cell growth in arteries (Dawling et  al. 
2003). Recently, FDA has approved 2-methoxyestradiol 
sustained-release injection indicated for the treatment for 
pulmonary arterial hypertension and ovarian carcinoma. 
In endothelial cell cultures, 2-methoxyestradiol was shown 
to significantly reduce endothelin-1 levels and increase 
prostacyclin production. In various animal models, these 
effects have translated into a significant reduction in vascu-
lar remodeling and right ventricular hypertrophy, resulting 
in reduced disease severity and improved survival (Tofovic 
et  al. 2010). Furthermore, 2-methoxyestradiol attenuates 
hypertension and coronary vascular remodeling in sponta-
neously hypertensive rats and deoxycorticosterone-induced 
hypertension (Bonacasa et  al. 2008; Yuan et  al. 2013). 
However, whether 2-methoxyestradiol would inhibit the 
formation of mid-chain HETEs and subsequently protect 
against left ventricular hypertrophy has never been exam-
ined before and needs further investigations.

Conclusion

In conclusion, mid-chain HETEs induced by CYP1B1 
enzyme could serve as a novel target for the development 

of therapeutic agents for the treatment for hypertension and 
cardiac hypertrophy.
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