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ABSTRACT

The cytochrome P450 gene 4 family (CYP4) consists of a group of over 63 members that w-
hydroxylate the terminal carbon of fatty acids. In mammals, six subfamilies have been
identified and three of these subfamily members show a preference in the metabolism of
short (C;—C10)-CYP4B, medium (C;0-C16)-CYP4A, and long (C16-Cs6)-CYP4F, saturated, unsa-
turated and branched chain fatty acids. These w-hydroxylated fatty acids are converted to
dicarboxylic acids, which are preferentially metabolized by the peroxisome B-oxidation
system to shorter chain fatty acids that are transported to the mitochondria for complete
oxidation or used either to supply energy for peripheral tissues during starvation or in lipid
synthesis. The differential regulation of the CYP4A and CYP4F genes during fasting, by
peroxisome proliferators and in non-alcoholic fatty liver disease (NAFLD) suggests different
roles in lipid metabolism. The w-hydroxylation and inactivation of pro-inflammatory
eicosanoids by members of the CYP4F subfamily and the association of the CYP4F2 and
CYP4F3 genes with inflammatory celiac disease indicate an important role in the resolution
of inflammation. Several human diseases have been genetically linked to the expression
CYP4 gene polymorphic variants, which may link human susceptibility to diseases of lipid
metabolism and the activation and resolution phases of inflammation. Understanding how
the CYP4 genes are regulated during the fasting and feeding cycles and by endogenous lipids
will provide therapeutic avenues in the treatment of metabolic disorders of lipid metabolism
and inflammation.
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1. Introduction

The CYP4 family of cytochrome P450s catalyzes the -
hydroxylation of saturated, branched chain, and unsatu-
rated fatty acids, which include the physiological important
eicosanoids, prostaglandins, leukotrienes and arachidonic
acid. These w-hydroxylated fatty acids are further metabo-
lized by cytosolic alcohol and aldehyde dehydrogenase to
dicarboxylic acids (DCA), which are metabolized by the
peroxisome B-oxidation system (Fig. 1). Peroxisomes pro-
duce shorter chain fatty acids by several cycles of the B-
oxidation system [1-3]. Shorter chain fatty acids can be
excreted in the urine as sebacic, adipic, or suberic acid,
completely oxidized by the mitochondria B-oxidation system
or metabolized by the peroxisome B-oxidation system to
succinate and acetyl CoA. Succinate is a gluconeogenic
precursor while acetyl CoA is converted to acetate, which
can serve either as an energy source for peripheral tissues or
possibly lipogenic precursors for cholesterol or fatty acid
synthesis in the liver. Although, w-hydroxylation pathway is
a minor pathway in the metabolism of fatty acids (4-15%) [4],
its importance is dramatically increased during starvation,
by ethanol, hypolipidemic drugs, peroxisome proliferators,
and in different metabolic diseases.

The recent identification of CYP4 polymorphic variants
associated with different diseases suggests that these fatty
acid w-hydroxylase enzymes may play important roles in
human susceptibility to genetic, environmental, and meta-
bolic diseases associated with lipid metabolism [5-7]. The
functional role and importance of the different CYP4 subfamily
members in lipid metabolism and in different metabolic states
are largely unknown.

There are several excellent reviews on the function of the
CYP4 members in inflammation, drug metabolism, and
eicosanoid metabolism [5-8]. Therefore, this commentary will
focus only on identifying, defining and suggesting the multiple
roles and fate of w-hydroxylated fatty acids in lipid metabo-
lism catalyzed by the peroxisome B-oxidation system to
anabolic or catabolic substrates in the fed and fasting states.
Finally, I will discuss the possible role of CYP4 polymorphic
variants in lipid metabolism and inflammatory disorders, and
how CYP4 gene regulation might provide new treatments in
the management of human diseases associated with abnor-
mal lipid metabolism by CYP4 members.

2. Synthesis, fate and function of omega
hydroxylated fatty acids

In mammals six CYP4 gene subfamilies have been identified
CYP4A, CYP4B, CYP4F, CYP4V, CYP4X, and CYP4Z [5-8]. Three
of these subfamily (CYP4A, CYP4B, and CYP4F) members have
been shown to w-hydroxylate saturated, branched, and
unsaturated fatty acids, and eicosanoids. Members of the
CYP4B subfamily preferentially metabolize short chain fatty
acids (SCFA, C;-Co) while members of the CYP4A subfamily
members prefer to metabolize medium chain fatty acids
(MCFA, Cy0-Ci6) while members of the CYP4F subfamily
metabolize long chain fatty acids (LCFA) and very long chain
fatty acids (VLCFA, C15-Cye) fatty acids. In contrast, the fatty

VLDL

S

WE CE PL
Palmitoleate (C16:1n7) Oleic (C18:1n9)

P! Heoatic steatosis

SCD-1

Paimitic (C16:0) (P5)  Stearic(C18:0)
Lipid peroxidation+—— CYP4A / CYP4F

CH3{(CH,)n-COOH
+ Omega P450 hydroxylase
HO-CH,-{CH,)n-COOH
+ Alcohol dehydrogenase
P O-CH-H{CH2)n COOH
+ Aldehyde dehydrogenase
HO-CO-{CH,)n-COOH
{ dicarboxylyl CoA synthetase
CoA-5-CO-(CH,)n-COOH
Perox Lipogenesis

Steatohepatitis

Mitochondria
B-oxidation

- - ™
" DCACoA™
e LY
i + e
LCFA«—acors ACOX \
/ + HO,; A\
cors LBPIDBP \

| AcoT "
Adipic +— ACoT® / AcsH . :
. \MC-DCAC '‘Acetyl CoA—* Acetate — Pheripheral tissue
Suberic
4

Sebacic \, Succinyl CoA /

N lAcon/ /
N _1’/

Succinate (Propionatey —  Gluconeogenesis

Acetyl COA =m——esp Malonyl Coa

/
MCFA ~—|~ A ACS!

Fig. 1 - CYP4A and CYP4F function in liver fatty acid
metabolism. Fatty acids are delivered to hepatocytes for
catabolism by the mitochondria or peroxisome -
oxidation systems or be used for the synthesis and export
of triglycerides (TG), phospholipid (PL), cholesterol esters
(CE), as very low density lipoprotein (VLDL) particles.
Medium and short chain length fatty are transported as
acylcarnitine derivatives into mitochondria for complete
B-oxidation to CO,. Long and very long chain fatty acid
CoA esters are transported into the peroxisome where
they undergo chain shorting and as acylcarnitine
derivatives to the mitochondria for complete oxidation or
as free fatty acids by thioesterase 3, or 5 (ACOT3, 5). Under
normal conditions (5-10%) fatty acids are converted to
dicarboxylic acids CoA (DCA-CoA) by CYP4A or CYP4F w-
hydroxylation. During starvation the w-oxidation of fatty
increases dramatically (~40%) by through PPARa induction
of CYP4A genes. The dicarboxylic acids, adipyl-CoA (Ce),
sebacyl-CoA (Cg) or suberyl-CoA (G;0) are exported from
peroxisome by the action of acyl CoA thioesterase 8
(ACOTS) or when ACOTS is inhibited by free CoASH, the
fatty acid-CoA is converted to succinyl-CoA, which is
exported as succinate after removal of CoA by ACOT4.
Succinate can function as anaplerotic intermediate in the
mitochondria for gluconeogenesis during starvation and
excess acetate produced from acetyl-CoA can be used by
peripheral tissues after conversion to acetyl-CoA by
acetate CoA synthetase (ACSII). In the fed state long chain
(LCFA) and very long chain (VLCFA) fatty acids are
metabolized by peroxisome p-oxidation to shorter chain
products, which can be incorporated into phospholipids,
cholesterol esters or triglycerides for export as Very low
density lipoprotein (VLDS) and storage in peripheral
tissues. Excessive acetate in the cytosol is converted to
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acid specificity of the CYP4AV, CYP4X, and CYP4Z subfamily
members has not been determined.

2.1. CYP4B

Members of the CYP4B subfamily have been shown to
efficiently w-hydroxylate SCFA and short chain hydrocarbons
with a specificity of w/w-1 hydroxylation of 7.4 for octanoic acid
(Cs:0) and 1.1 for decanoic acid (Cio.0) [9]. CYP4B1 is highly
expressed in lung, peripheral tissues and liver where it has
been reported to function in the activation of pro-carcinogens
[5]. Interestingly, CYP4B1 functions in the cornea in the
metabolism of arachidonic acid to 12-HETrE (12-hydroxy-
5,8,14-eicosatrienoic acid), which has both inflammatory and
angiogenic activity [10]. The induction of the CYP4B1 gene by
hypoxia may explain its elevated expression in bladder and
lung cancer as well as during injury of the ocular surface [10-
12]. It is likely that the short chain fatty acid hydroxylation
products catalyzed by CYP4B are converted to dicarboxylic
acids, which are directed to the mitochondria for complete -
oxidation. Complete oxidation of short chain fatty acids would
increase oxidative phosphorylation and provide necessary
energy for repair and proliferation.

2.2. CYP4A

Members of the CYP4A family are by far the best understood w-
fatty acid hydroxylase in regard to their induction by
peroxisome proliferators and regulation by fasting, high fat
diet, ethanol consumption and in diabetes in rodents. The
human CYPA11 P450 efficiently and selectively w-hydroxylates
lauric acid (Cq2.0) but shows less selectivity in the metabolism
of palmitic acid (Cie0) Where both o and w-1 products are
produced (Fig. 2) [13,14]. Although CYP4All is able to -
hydroxylate arachidonic acid to 20-HETE when compared to
the metabolism of lauric acid the rate of metabolism is 10-100-
fold less, suggesting that the primary function of CYP4A genes,
at least in the liver, is to metabolize MCFAs. It is known that

acetyl-CoA by hepatocyte acetate CoA synthetase I (ACSI)
and then converted to malonyl CoA for fatty acid and
cholesterol synthesis by acetyl CoA carboxylase (ACC1).
CYP4F gene induction by insulin is mediated by sterol
regulatory element binding protein (SREBP) and saturated
fatty acid CoA activation of hepatocyte nuclear factor 4«
(HNF40). In the presence of excessive fatty acids insulin
will activate SREBP-1c increasing the synthesis of stearoyl
CoA desaturase 1 (SCD-1) and conversion of palmitic (C1¢.0)
and stearic (Gys.0) acids to palmitoleate (C;6:1) and oleic
(C1s:1), respectively, which are stored as triglycerides. Both
CYP4 P450 and SCD-1 use cytochrome bs and cytochrome
bs reductase (bs) in their catalytic cycle. The induction of
CYP4A genes by high fat diet with and an increase in SCD-1
and suppression of CYP4F genes may prevent the liver
from lipotoxicity at the expense of steatosis and
development of steatohepatitis. ACOX (acyl-CoA oxidase),
LBP (L-Bifunctional protein), DBP (D-Bifunctional protein),
TG (triglycerides), PL (phospholipid), CE (cholesterol ester),
WE (wax ester).
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Fig. 2 - Metabolism of saturated fatty acids by Baculovirus
expressed human CYP4A11 and CYP4F2 P450. Saturated
fatty acid - and w-1 hydroxylation was measured in a
reaction mixture of 20 pg/ml
dilauroylphosphatidylcholine, 100 pmol/ml CYP4A11 (A)
or CYP4F2 (B), 1000 pmol/ml of cytochrome P450 reductase
in 100 mM potassium phosphate buffer pH 7.4, 5 mM
MgCl,, 10 mM sodium isocitrate, 1 IU of isocitrate
dehydrogenase and 1 mg/ml methyl-g-cyclodextrin
containing 50,000 dpm of C'* labeled fatty acids (50 mCi/
mmol) at final concentration of 200 pM. Reactions were
allowed to proceed for 30 min at 37 °C then terminated and
fatty acid metabolites isolated and spotted on Silica linear
K pre-adsorbent plates that were developed in hexane/
ethyl acetate/isooctane/acetic acid/water (50/50/48.5/18.5/
40) then exposed to X-ray film. The separation of w- (lower
band) and -1 (upper band) hydroxylation metabolites of
lauric (C12:0), myristic (C14:0), palmitic (Cye:0), stearic (Cis:o)
and lignoceric (C.4.0) fatty acids are indicated.

production of 20-HETE from arachidonic acid by CYP4
members may be more important in peripheral tissues where
20-HETE cell signaling effects include modulation of ion
channels and transporters, mitogenesis, activation of tyrosine
kinase and phosphatidylinositol 3-kinase pathways [15]. The
importance of CYP4A P450s in the metabolism of MCFAs is
evident during starvation, caloric restriction, and in animals
fed a high fat diet, which mimics starvation-induced lipolysis
and excessive fatty acid transport to the liver. In these
situations, there is a dramatic induction of the CYP4A genes,
which may function to not only prevent lipid toxicity, but also
serve as a source of nutrients for peripheral tissue during
starvation. MCFAs in hepatocytes are transported into the
peroxisome as free fatty acids or as dicarboxylic acid after
CYP4A w-hydroxylation and esterified by peroxisomal acyl-
CoA synthetase. MCFA acyl-CoAs undergo two to three rounds
of peroxisome B-oxidation producing succinyl-CoA and
acetyl-CoA (Fig. 1) [3,16]. These products are converted by
several acyl-CoA thioesterases (ACOT), which can catalyze the
hydrolysis of CoA esters of different chain length fatty acids
including succinate. Succinate can be directly used as an
anaplerotic intermediate for gluconeogenesis while released
acetate can be taken up and oxidized by other tissues in the
same way as ketone bodies are used by extrahepatic tissues for
energy production. During starvation or administration of
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hypolipidemic drugs there is a rapid proliferation of peroxi-
somes in rodents but not humans. The proliferation of
peroxisomes requires expression of CYP4A genes suggesting
that the w-hydroxylation of the CYP2C arachidonic acid
metabolite epoxyeicosatrienonic acid (EET) to w-hydroxylated
eicosatrienoic acid (wHEET) [17] can induce peroxisome
proliferation in rodents [18]. In humans, the CYP4A11l and
CYP4F2 genes are not induced by peroxisome proliferators (PP),
and therefore the absence of peroxisome proliferation may be
due to decreased levels of wHEET, which is a high affinity
ligand in the activation of PPARa. In humans the hypolipi-
demic effect of peroxisome proliferators is not mediated
through PPARa activation but through the suppression of
HNF4a by PPs-CoAs. HNF4a controls genes involved in the
production of lipoproteins [19]. Thus the activation of PPARa in
rodents by wHEET and suppression of HNF4a in humans by PP-
CoA may explain the absence of peroxisome proliferation in
humans. It is not known whether the human CYP4A1l or
CYP4F2 P450s can w-hydroxylate EET to wHEET, even though
CYP4F2 P450 (Km 24 pM) has a 10-fold greater affinity for
arachidonic acid than CYP4A11l (K,, 228 nM) [20]. Because
peroxisome proliferators repress the expression of the CYP4F2
gene [21], it is likely that the absence of CYP4A11 induction by
PPs with reduced expression of CYP4F2 results in the reduced
formation of wHEET.

2.3. CYP4F

The CYP4F P450s w-hydroxylate a variety of long chain (LCFA)
and very long chain saturated (VLCFA) (Fig. 2), unsaturated and
branched chain fatty acids, vitamins with long alkyl side
chains, and the physiologically important leukotrienes (LT),
prostaglandins (PG) and hydroeicosatetraenoic acids (HETE)
[13,14,20,22,23]. The human CYP4F P450s metabolize and
inactivate the pro-inflammatory leukotriene B, (LTB,) [22],
with the myeloid expressed CYP4F3A having a 2-fold greater
affinity for LTB, than CYP4F2 expressed in liver, kidney, and
skin, but not myeloid cells. A splice variant of the CYP4F3 gene
produces CYP4F3B expressed in liver and has a similar affinity
as CYP4F2 for LTB, [24]. Both the CYP4F3B (Kim/Vimax 0.6) and
CYP4F2 P450 (Kp/Vmax 0.3) can metabolize arachidonic acid to
20-HETE while CYP4F3A (Km/Vmax 0.06) has little activity
towards arachidonic acid. Both CYP4F3B (K, 22 pM) and
CYP4F2 (K, 24 pM) have greater affinity for arachidonic acid
than CYP4A11 (K, 228 pM) indicating that these CYP4F P450s
are quantitatively more important in the metabolism of 20-
HETE in humans. Besides »-hydroxylating other pro-inflam-
matory eicosanoids, 5-HETE, 12-HETE and 8-HETE, CYP4F
P450s can metabolize the anti-inflammatory lipoxins, LXA,,
and LXB,. The ability of CYP4F3 and CYP4F2 to w-hydroxylate
both pro- and anti-inflammatory leukotrienes indicate they
may function both in the activation and resolution phases of
the inflammatory response. Furthermore, the ability of
CYP4F2, 4F3A and 4F3B to w-hydroxylate C;g fatty acid
epoxides and EETs suggests that they may be important in
the synthesis of oHEET [25]. CYP4F2 and CYP4F3 are also able
to omega hydroxylate the vitamin E, tocopherol phytyl side
chain metabolized by the peroxisome B-oxidation system to
3'-carboxychromanol metabolite. The metabolically inactive
y-tocopherol is preferentially w-hydroxylated instead of the

physiologically active vitamin E «a-tocopherol analogue,
suggesting a novel mechanism for the retention of the
biologically active vitamin E [23]. It is probable that CYP4F
P450s are also able to metabolize vitamin K and Coenzyme Q
that have long isoprenoid side chains with accessible w-
terminal carbon.

In contrast to liver expressed CYP4F3B, CYP4F2, CYP4F11
genes, CYP4F8 is expressed in prostate, seminal vesicles, and
several extrahepatic tissues where it metabolizes prostaglan-
din endoperoxides, PGH; and PGH,, to 19-OH PGE; and 19-OH-
PGE, by PGE synthase mediated isomerization of PGH; and
PGH, [26]. CYP4F8 has little activity towards LTB,, PGD,, PGE,,
PGE, or PGF,, but can »-1 hydroxylate arachidonic acid. The
reason for the large amounts of PGE compounds in the human
seminal fluid compared to other tissues is unknown as well as
the reason why thereis a large inter-individual variation in the
metabolism of PGE to 19-OH-PGE [27]. PGs have a local effect on
the pregnant uterus and are used to induce cervical ripening
and abortion. PGEs activate PGE receptors and 19R-OH-PGE, is
an agonist of the PGE, receptor, but less potent than PGE,. PGE
has a powerful effect on cytokine production in antigen
presenting cells, can induce tolerance in the cervix to antigen,
and plays a significant role in the resolution phase of
inflammation [28]. PGE, and hydroxylated PGE; are known
to stimulate synthesis of angiogenic factors, promote vascular
sprouting, migration, tube formation and enhance endothelial
cell survival. It will be of interest to determine if the CYP4F8
gene is expressed in placenta tissue and liver as well in the
fetal aorta during ductus arteriolous closure [27].

2.4. Other CYP4Fs

Unlike most CYP4F P450s, CYP4F11 does not catalyze the
metabolism of eicosanoids, but is active in drug metabolism of
many drug substrates that include benzphetamine, ethylmor-
phine, chlorpromazine, imipramine, and erythromycin [29].
CYP4F11 can o-hydroxylate 3-OH-stearic and palmitic acid
similar to CYP4F2 [13]. CYP4F11 is expressed in liver, kidney,
heart, brain and skeletal muscle. Of note was the increased
expression of the CYP4F11 gene in ovarian and colon tumor
tissues [30,31] and the finding that the CYP4F11 promoter has
an estrogen receptor a responsive site [32].

CYP4F12 is rather unique with respect to other human
CYP4Fs in that it has activity towards eicosanoids, drugs and
xenobiotics. CYP4F12 is expressed the liver, kidney, the
placenta at term, seminal vesicles, prostate, and epidermis
[33]. CYP4F12 is prominently expressed in the epithelial cell of
the gastrointestinal tract. CYP4F12 metabolizes the novel
antihistamine prodrug ebastine to the active drug carebastine
via hydroxylation in the intestine. CYP4F12 may also be the
major CYP4F P450 catalyzing the initial oxidative O-demethy-
lation of the antiparasitic prodrug pafuranidine (DB289).
Similar to CYP4F8 hydroxylation of PGH, at the »-1 position,
CYP4F12 hydroxylates PGH, at the w-2 and »-3 positions and
arachidonic acid at the -3 position. The preference of CYP4F8
and CYP4F12 in the -1 to -3 hydroxylation of eicosanoid
substrates is due to a glycine replacing glutamate Glu328Gly at
the heme-binding region, which influences the placement of
substrates in the CYP4 catalytic pocket in determining
positional oxygenation and formation of docosahexanenoic
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and eicospentanenoic acid epoxides by these P450s [34]. Both
CYP4F8 and CYP4F12 display little activity in the hydroxylation
of LTB,, which distinguishes them from other human CYP4F
members.

Recent identification and isolation of a seventh member of
the human CYP4F subfamily, CYP4F22 was found to be
expressed in epidermis keratinocytes, testes, kidney, brain,
placenta, bone marrow, skeletal muscle and liver [35].
Although the catalytic activity of CYP4F22 has not been
determined, it is likely to either w-hydroxylate trioxilin A3 or
acylceramides, which are hydrophobic components of the
extracellular lamellar membranes that maintain the skins
water barrier [36].

Unlike the human CYP4A and CYP4F P450s whose catalytic
activity towards a variety of fatty acid and eicosanoid
substrates has been determined, there are few studies that
have determined the functional role of the CYP4V, CYP4X and
CY4X P450s in fatty acid metabolism [8]. CYP4X1 seems to be
exclusively expressed in the brain stem, hippocampus, cortex,
cerebellum and the vascular endothelial cells where its
neurovascular physiological function is unknown [37]. It is
not know whether CYP4X1 can produce 20-HETE and act as a
vasoconstrictor or metabolize long chain fatty acids such as
docosahexanoic acids, which are an abundant fatty acid in the
brain that functions in metabolism and cell signaling.
Similarly, itis not known if the novel CYP4Z1 P450, exclusively
expressed in mammary gland and over-expressed in breast
cancer, metabolizes fatty acids and eicosanoids [30,38]. In
addition, the CYP4V2 gene was also found to be over expressed
in tumors of the colon and in lymph node metastasis [31]. The
CYP4V2 is prominently expressed in the retinal, kidney, lung
and liver of humans. In patients with corneoretinal dystrophy,
a disruption of the CYP4V2 gene leads to the accumulation of
triglycerides and cholesterol with a decrease in the metabo-
lism of n-3 polyunsaturated fatty acids [39]. It is interesting
that all these organs have a high content of lipids and fatty
acids, and therefore the CYP4V2, CYP4X1 and CYP4Z1 may
function to prevent lipotoxicity.

3. The different roles for CYP4 genes in
hepatic fatty acid metabolism

CYP4F members preferentially metabolize LCFA and VLCFA
while members of the CYP4A and CYP4B subfamilies meta-
bolize MCFA and SCFA, respectively. Omega hydroxylated
LCFA like the MCFA and SCFA are converted to dicarboxylic
acids by the sequential action of cytosolic alcohol and
aldehyde dehydrogenase. The roles of different chain length
o-hydroxylated fatty acids in lipid metabolism are indicated
by increase w-hydroxylation of MCFA by CYP4A P450s induced
in starvation, and by peroxisome proliferators, while
decreased CYP4F genes expression by peroxisome proliferator
and during starvation results in reduced w-hydroxylation of
LCFA and VLCFA. It has been recently reported that the CYP4F2
gene is activated by lovastatin through sterol regulatory
element binding protein (SREBP-2), which is known to induce
lipogenesis [40]. We have recently found that the CYP4F2 gene
is induced by the anabolic hormone insulin in primary human
hepatocytes, suggesting a differential regulation of the CYP4A

and CYP4F genes during the starvation and feeding cycles.
Unlike the w-hydroxylated MCFAs, which are B-oxidized to
succinyl-CoA an anaplerotic intermediate in gluconeogenesis,
and acetate that can be efficiently used by peripheral tissue
similar to ketone bodies, the omega hydroxylation of long
chain fatty acids would produce only shorter chain fatty acids
and acetate. Excessive acetate in the hepatocyte cytosol [41]
can be used for the synthesis of cholesterol and fatty acids
with malonyl-CoA inhibiting the mitochondria carnitine
palmitoyltransferasel (CPT1) fatty acid uptake and therefore
blocks B-oxidation. Dicarboxylic acids are preferentially
metabolized by the peroxisome B-oxidation system since
the K, value for dicarboxylic acids by the mitochondria are 15—
40-fold higher than those by the peroxisomes [42]. Further-
more, branched and long chain saturated and unsaturated
fatty acids are preferentially metabolized by the peroxisome.
The transportation of fatty acids into the peroxisome is
different for MCFA, LCFA, and VLCFAs. MCFAs are transported
as free acids, which are esterified in peroxisomes to CoA
derivatives, while LCFA and VLCFAs are transported by ABC
transporters as CoA derivatives. In addition B-oxidation in the
peroxisome does not completely oxidize fatty acid substrates,
but produces shorter chain fatty acids which are transported
from the peroxisomes and either completely oxidized by the
mitochondria B-oxidation or used for synthesis of other fatty
acid as seen in the conversion of C24:6n-3 to docosahexane-
noic acid (C22:6n-3) [2,43]. Fatty acids are transported from
peroxisomes either by conversion into carnitine esters by
peroxisomal carnitine acetyltransferase (cat2p) as is the case
for acetyl and propionyl-CoA thioesters or as free fatty acids by
several acyl-CoA thioesterases (ACOT). These acyl-CoA
thioesterases are capable of catalyzing the hydrolysis of a
wide range of substrates, including CoA esters of long-,
medium- and short-chain fatty acids, bile acids, branched
chain fatty acids, succinate, and acetate [1-3].

Omega hydroxylated fatty acids and eicosanoids have
several metabolic fates dependent upon the cell type and CYP4
gene expressed. In the liver, w-hydroxylated fatty acids can be
metabolized and used for energy production, lipogenesis, the
synthesis of structural lipids, and production of fatty acids
that function in the regulation of hormone nuclear receptors
(HNR) [44]. Omega hydroxylated eicosanoids modulate both
the activation and resolution phases of inflammation as well
as functioning as vital regulators of cell signaling. Therefore,
the tissue specific expression of specific CYP4A gene would
determine the type of w-hydroxylated fatty acid or eicosanoid
produced.

4. The role of CYP4 omega P450 hydroxylase
in human diseases

The CYP4 genes have an important yet poorly understood role
in human disease. The diverse array of w-hydroxylated fatty
acids produced by different CYP4 family members have
different functional roles in metabolism, cell signaling,
inflammation and lipid structure. The importance of -
hydroxylated fatty acids and eicosanoids in human disease
is beginning to be understood as evident by the role 20-HETE
has in hypertension and vascular disease. In addition, the
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association of CYP4F enzymes in the production of w-
hydroxylated leukotrienes and prostaglandins in inflamma-
tion, and their association with celiac disease as well as the
role of CYP4F o-hydroxylase in the synthesis of w-O-
acylceramides in ichythyoses skin disorders further impli-
cates CYP4 genes with these diseases. The strong association
of celiac disease with several autoimmune liver disorders,
cirrhosis, hemochromatosis, and non-alcoholic fatty liver
disease (NAFLD) diseases indicates that CYP4 genes may have
a pivotal role in the w-hydroxylation of fatty acids in lipid
metabolism and pro-inflammatory leukotrienes in inflamma-
tion of the liver in fatty liver disease [7,35,45-47].

4.1.  Role of CYP4 omega hydroxylase in hypertension and
vascular system

Significant progress has been made in understanding the
biological function of w-hydroxylated arachidonic acid (20-
HETE) and the molecular mechanism that determine the
intracellular levels of this eicosanoid. 20-HETE functions in the
kidney to regulate salt and water reabsorption by inhibiting
the Na*/K*-ATPase and Na*-K*-2Cl co-transporter in the
proximal tubule and medullary thick ascending limb, respec-
tively [46]. 20-HETE also functions in the kidney to regulate
vascular tone by inhibiting the Ca®* activated K* channel in
vascular smooth muscle cells of the renal micro-circulation.
Even though most studies suggest that increased levels of 20-
HETE in the renal vasculature underlie the development of
hypertension, in the salt sensitive rodent deficiency of 20-
HETE was associated with the development of hypertension
[15]. The renal induction of 20-HETE was shown to lower blood
pressure in the salt-sensitive rat, the obesity-induced and
angiotensin II-dependent hypertensive rat, and the stroke-
prone spontaneously hypertensive rat. Furthermore blockage
of 20-HETE production induces hypertension in salt-resistant
strains of rats. Although 20-HETE is a vasoconstrictor, which is
thought to act as a second messenger for contractile agonist
such as angiotension II, norepinephrine and endothelin, an
increase in 20-HETE is not always correlated with an increase
in blood pressure. 20-HETE has a dual role in the regulation of
blood pressure by its ability to induce vasoconstriction and
hypertension while also inhibiting sodium re-absorption and
therefore blood pressure. Therefore, reduction in 20-HETE
levels in the kidney would decrease vascular constriction but
enhance sodium re-absorption, while increased 20-HETE
levels would increase vascular constriction and hypertension
and reduce blood pressure by decreasing sodium re-absorp-
tion. In humans there are several CYP4 w-hydroxylases that
can convert arachidonic acid to 20-HETE. The CYP4F2, 4F3b,
4F11, 4F12, and CYP4A11 isoforms are expressed in human
kidney and function in 20-HETE production. Both the CYP4A11
and the CYP4F2 are the major kidney CYP4 P450s that
metabolize arachidonic acid to 20-HETE. CYP4F2 seems to
be quantitatively more important than CYP4A11 in 20-HETE
production in the kidney, even though studies have linked a C-
to-T mutation in the CYP4Al11 gene with reduced 20-HETE
production and elevated blood pressure in three large human
population studies [48]. Recently, a polymorphic variant of the
CYP4F2 gene has been identified with an amino acid substitu-
tion M433 that shows reduced activity in the o-hydroxylation

of arachidonic acid to 20-HETE [49]. The decrease in 20-HETE
excretion in salt-sensitive hypertensive patients may be
explained by the expression of the CYP4F2 M433 variant with
reduced w-hydroxylation of arachidonic acid, suggesting that
functional polymorphisms may influence reduced 20-HETE
production in carriers of low activity alleles for the CYP4A11
and CYP4F2 genes. It was of interest that the three CYP4F2
variants (W12/M433, G12/V433, G12/M433) did not show a
reduced ability to convert LTB,4 to 20-OH LTB, compared to the
wild type CYP4F2 (W12/V433) [49]. It will be of particular
interest to determine the regional expression of the CYP4A11
and CYP4F2 genes in the human kidney and whether
increased expression of the CYP4A1ll in the preglomerular
arteries increase 20-HETE production, vasoconstriction, and
hypertension, while increased expression of the CYP4F2 in the
thick ascending limb would produce 20-HETE that decrease
sodium re-absorption and thus blood pressure. Defining the
regional expression of the CYP4A11 and CYP4F2 genes in the
human kidney will not only be important in determining the
association and function of CYP4 polymorphisms in hyperten-
sion, but also provide novel avenues for the treatment of
hypertension by modulating the differential expression of
these genes.

4.2.  CYP4 genes in inflammation

Systemic and local inflammation in response to infection or
injury is characterized by migration of polymorphonuclear
cells, PMNs (neutrophils, eosinophils, basophils) to sites of
damages to eliminate infected or injurious agents. Pro-
inflammatory mediators, eicosanoids, chemokines, cytokines
and cell adhesion molecules, activate inflammation by
initiating the recruitment of PMNs to sites of injury while
catabolism of these mediators initiate the resolution phase of
inflammation and return to normal homeostasis. The liver
plays a pivotal role in the systemic inflammatory response by
the production and elimination of inflammatory mediators,
and the clearance of endotoxin and bacteria by endogenous
macrophages (Kupffer cells).

The response of the liver to sepsis leads to profound
changes in liver metabolism resulting in increased liver weight
and hepatic protein content. The hepatocyte modifies its
metabolic pathways towards amino acid uptake, ureagenesis,
gluconeogenesis and synthesis of acute phase response
proteins (APR) that functions as coagulant factors, comple-
ment factors, anti-proteolytic enzymes, and modulators of the
immune response [50].

The liver plays a central role in the inactivation and
elimination of pro-inflammatory LTB, and the cysteinyl-
leukotrienes (LTC,4, LTD4, and LTE,) by CYP4-dependent w-
hydroxylation and peroxisome p-oxidation. Enhanced synth-
esis of LTB, in the liver by activated Kupffer cells can lead to
recruitment and activation of granulocytes, macrophage, and
T-cells by LTB, binding their LTB, receptors (BLT1) [51].
Elevated hepatic levels of LTB, can also activate the hepato-
cyte BLT2 receptors, which possibly initiate synthesis of
cysteinyl-leukotrienes through transcellular cooperation
between Kupffer or sinusoidal endothelial cells and hepato-
cytes. The cysteinyl-LTs have potent vasoconstrictor, prolif-
erative, and profibrogenic properties that may participate in
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pathophysiologic events associated with both systemic and
local inflammation [52]. In humans, the metabolism of LTB, is
quite complex with multiple pathways responsible for the
degradation of LTB, prior to excretion in the urine as 17-, 18-,
19-, and 20-OH LTB, glucuronide conjugated metabolites [53].
Presently, we have little information on which CYP4F w-
hydroxylate and inactivate which cysteinyl-leukotrienes. The
report that LTC, activates LTC, receptors and induces the
production of the potent neutrophil attaching chemokine IL-8
establishes another important link between pro-inflammatory
eicosanoids and the attraction of PMNs [54].

The o-hydroxylation of leukotrienes by members of the
CYP4F subfamily shows considerable differences in substrate
specificity and activity. The human neutrophil specific
CYP4F3A has a higher affinity for LTB, (0.64 uM) than the
liver specific CYP4F2 (47 pM) and CYP4F3B [55]. The CYP4F11
can w-hydroxylate LTB, while CYP4F12 shows no activity
towards this eicosanoid. CYP4F3A and CYP4F2 also catalyze
the hydroxylation of other pro-inflammatory eicosanoids,
including 5-HETE, 12-HETE and 8-HETE as well as the anti-
inflammatory leukotrienes, LTXA4 and LTXB, [6,7]. The ability
of human CYP4F P450s to metabolize both pro- and anti-
inflammatory leukotrienes and possible cysteinyl-leuko-
trienes suggest that they have different roles in the activation
and resolution phases of the inflammatory response.

There is little information on how the human CYP4F genes
are regulated during inflammation and by pro- and anti-
inflammatory cytokines, chemokines and eicosanoids. There
has been one brief study showing the down-regulation of the
CYP4F2 gene by the pro-inflammatory cytokines TNFq, IL-1
and IL-6, and induction by anti-inflammatory chemokines, IL-
10 and IL-13 in human HepG2 cells [56]. Furthermore, there are
few studies on how the human CYP4F genes are regulated by
pro- or anti-inflammatory eicoansoids, even though in human
and rat hepatocytes, LTB, does not induce the CYP4F genes.
Recently, the induction of the CYP4F2 gene by retinoic acid in
human keratinocytes during hyperproliferative dermatoses
suggests a functional role of the CYP4F2 gene in the resolution
phase of inflammation [57]. Indeed the synthesis of anti-
inflammatory ReV1 (5S,12R,18R-trihydroxyl eicosapentaenoic
acid) by the CYP4F8 and CYP4F12 catalyzed w-3 hydroxylation
of polyunsaturated fatty acid (PUFA) suggests that CYP4F
P450s have an important role in the resolution phase of
inflammation [34]. Our understandings of how the CYP4F
genes are regulated during the activation stage of inflamma-
tion have largely been through the use of animal models of
inflammation. Studies indicate both an induction and repres-
sion of selective CYP4F genes in rats’ administered bacterial
endotoxin lipopolysaccharide (LPS) or barium sulfate induced
systemic inflammation. In rat hepatocytes, LPS down-reg-
ulates the CYP4F1, CYP4F4, CYP4F5 and CYP4F6 genes [7].
Similar results are seen in rat hepatocytes treated with the
pro-inflammatory cytokine, interleukin IL-1f. In contrast,
incubating rat hepatocytes with pro-inflammatory IL-6 or
TNFa cytokines resulted in the induction of CYP4F5 and
CYP4F6. Surprisingly, the anti-inflammatory cytokine IL-10,
which induces the human CYP4F2 gene, significantly
decreased the rat CYP4F genes, suggesting different mechan-
isms of induction of the human and rodent CYP4F genes by
pro- and anti-inflammatory cytokines.

Although w-hydroxylation of LTB, is the major pathway for
inactivation by human and rodent CYP4F P450s other CYP4F
members are able to produce 19-hydroxy-LTB,, 18-hydroxy-
LTB, and 17-hydroxy-LTB,. Further studies are necessary to
determine whether the 19-hydroxy-LTB,, 18-hydroxy-LTB,,
and 17-hydroxy-LTB, are inactive and unable to bind and
activate the BLT1 or BLT2 receptors or are targeted for
elimination by peroxisome B-oxidation. It is possible that
these hydroxylated LTB, metabolites may have a functional
role in inflammation that may provide insight into why there
is a differential regulation of CYP4F genes during the activation
and resolution phases of inflammation.

The function of the human CYP4F genes in diseases has
come from observational studies linking increases in LTB, and
cysteinyl-LTs with diseases having an inflammatory etiology:
cholestasis, portal hypertension, hepatorenal syndrome,
cystic fibrosis, obstructive jaundice, and hepatocellular carci-
noma. Recent data have shown the expression of the CYP4F2
and CYP4F3 genes in the colon of patients with celiac disease
[58]. Both genes were expressed at various stages of colon
remodeling toward normalization in patients on a gluten-free
diet. Prior to initiation of the gluten-free diet the CYP4F3 gene
was over expressed during cryptic hyperplasia (Marsh stage
I1I), while in remission stage (Marsh stage 0) there was an 8-
fold increase in CYP4F2 gene expression [59]. These data imply
that CYP4F3 was associated with neutrophil infiltration and
colon inflammation, while the increased expression of the
CYP4F2 mRNA was associated with the resolution of inflam-
mation. In addition, genetic linkage of 44 haplotype small
nucleotide polymorphisms (SNPs) identified familial cluster-
ing of the CYP4F2 and CYP4F3 as human susceptibility genes in
the development of celiac disease.

4.3.  CYP4A and CYPA4F genes in fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) encompasses a
broad disease spectrum ranging from simple triglyceride
accumulation in hepatocytes (hepatic steatosis) to hepatic
steatosis with inflammation (steatohepatitis) that progress to
fibrosis and cirrhosis. A two hit hypothesis has been proposed
to explain the progression of NAFLD with fatty acid accumula-
tion as triglycerides in the cytoplasm of hepatocyte being the
first hit, while increased oxidative stress, the second hit,
promoting liver inflammation, cell death, and fibrosis in non-
alcoholic steatohepatitis (NASH) [45,47]. Both obesity and
insulin resistance are strongly associated with NAFLD.
Increased insulin resistance in adipocytes results in increased
activity of hormone sensitive lipase (HSL) resulting in the
hydrolysis of adipose triglycerides and elevation of plasma
and liver levels of free fatty acids (FFA). In the liver FFA can be
either metabolized by the mitochondria B-oxidation system
for energy or esterified to triglycerides and incorporated into
VLDL particles with cholesterol esters, and phospholipids for
transport and use by peripheral tissues. Through the use of
mouse models of fatty liver disease and the generation of
knockouts of key regulator enzymes involved in lipid and
glucose metabolism, we are beginning to understand the key
molecular targets responsible for increase triglyceride accu-
mulation in hepatocytes and how fatty acids induce oxidative
stress and the progression of steatosis to steatohepatitis.
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As depicted in Fig. 1 key regulatory enzymes control the
ability of the liver to provide nutrients to peripheral tissues
through gluconeogenesis, ketogenesis, and VLDL secretion.
Interestingly, these key regulator enzymes are differentially
affected in liver insulin resistance with the major pathway in
lipogenesis being activated while the gluconeogenic pathway
showing insulin resistance and also being active in the
elevation of blood glucose levels. Unfortunately, the mechan-
isms by which fatty acids induce gluconeogenesis remain
poorly understood. Furthermore, the mechanism by which
acetyl CoA carboxylase (ACC1) and stearoyl CoA desaturase
(SCD-1) are activated in the insulin resistant liver has not been
clearly defined. ACC1 functions to convert acetyl CoA to
malonyl CoA, which is a precursor for both cholesterol and
fatty acid synthesis. Malonyl CoA is a potent inhibitor of
mitochondria carnitine palmitoyl transferase (CPT1), which
functions in the transport fatty acids to the mitochondria for
B-oxidation. SCD-1 functions to desaturate stearic acid (Cig.o)
to oleic acid (Cis:1) necessary for synthesis of triglycerides.
These genes are transcriptionally induced by sterol regulatory
element binding protein 1c (SREBP-1c) transcription factor,
which is induced by insulin and carbohydrates. Therefore, in
the insulin resistant liver excessive glucose may mediate the
activation of SREBP-1c leading to the induction of both ACC1
and SCD-1. During hepatic steatosis in both humans and mice
there is an excessive accumulation of oleic acid either from
increased de novo fatty acid synthesis or conversion of
imported fatty acids from the adipose tissue. Elevated hepatic
glucose production in the presence of hyperinsulinemia is a
hallmark of insulin resistance in the liver even with the
increased expression of the liver specific pyruvate kinase (L-
PK), a key regulatory enzyme in converting phosphoenolpyr-
uvate to pyruvate during glycolysis. Increase L-PK gene
expression is mediated by glucose activation of the carbohy-
drate responsive element binding protein (ChREBP) transcrip-
tion factor. ChREBP has also been shown to increase the
expression of many of the fatty acid synthesis genes as well as
SCD-1throught SREBP thereby facilitating the conversion of
glucose to fatty acids. It is presently unknown why hyper-
insulinemia is able to activate the lipogenic and glycolytic
pathways, but fails to prevent the activation of a gluconeo-
genic pathway and hyperglycemia observed in insulin
resistant diabetes [45,47,60].

The activation of both anabolic and catabolic pathways
during insulin resistance in the liver suggest that different
fasting and feeding signals are simultaneously controlling the
metabolic response of the liver. What are these signals and
how they function either directly to activate key regulator
enzymes or function as agonist or antagonist to activate
transcription factors that control the expression of genes
involved in fatty acid catabolism (PPAR«, HNF4q) or fatty acid
synthesis (SREBP-1c, ChREBP, PPARy) remains to be deter-
mined.

Recent evidence has suggested that activation of the
peroxisome B-oxidation pathway exerts a beneficial effect in
NAFLD by metabolizing excessive fatty acids to shorter chain
fatty acids that can be directly transported and completely
oxidized by the mitochondria B-oxidation system. In addition
the incomplete peroxisome B-oxidation of fatty acids can
supply the anaplerotic mitochondria intermediate, succinate,

necessary for gluconeogenesis, while acetate from acetyl-CoA
can be used for the anabolic synthesis of cholesterol and fatty
acid as seen in NAFLD [1,2,43].

The peroxisomes, unlike mitochondria, metabolize long
chain fatty acids, exclusively metabolize branched chain fatty
acid, and preferentially metabolize dicarboxylic acid, which
are produced by the o-hydroxylation of fatty acids by
members of the CYP4 gene family. The increased expression
of the CYP4A omega hydroxylase during steatohepatitis and
their induction in animals fed a high fat diet suggest they may
play a pivotal role in preventing lipotoxicity [61], and may be
responsible for induction of oxidative stress and progression
to steatohepatitis. A dramatic induction of both the mouse
CYP4A10 and CYP4A14 genes is seen in CYP2E1 knockout mice
and account for the increased reactive oxygen species (ROS)
that induce lipid peroxidation [62,63]. The increased produc-
tion of dicarboxylic acids during steatosis by CYP4A members
can impair mitochondria function by dissipation of the
mitochondria proton gradient and uncoupling of oxidative
phosphorylation. In addition, the uncoupling of the P450
catalytic cycle has been known to be a major source of reactive
oxygen species, which led to the identification of the ethanol
inducible CYP2E1 P450 as a source ROS-induced microsomal
lipid peroxidation [64]. CYP2E1 can metabolize fatty acids at
the w-1 position, and CYP4A, which normally w-hydroxylates
lauric acid, hydroxylates longer chain fatty acids at both the o-
and o-1 positions. It is not known whether different chain
length fatty acids assist in the uncoupling of the CYP2E1 and
CYP4A catalytic cycle or whether cytochrome bs, which
increases P450 catalytic activity and prevents uncoupling,
can reduce ROS formation in fatty liver disease [65]. Both
cytochrome bs reductase and cytochrome bs are also used in
the desaturation of stearic and palmitic acid by stearoyl CoA
desaturase 1 (SCD-1). It is unknown whether increased
conversion of stearic acid to oleic acid observed in NAFLD
increases uncoupling of the P450 catalytic cycle resulting in
increased ROS formation by SCD-1 sequestering cytochrome
bs. Both cytochrome bs and cytochrome bs reductase have
been identified as susceptibility genes in obesity [66]. While
the induction of CYP4A genes during fasting provides both
gluconeogenic precursors and acetate to supply the needs of
peripheral tissues, their induction during steatosis may
increase hyperglycemia, shuttle acetate for synthesis of fatty
acids and cholesterol, and increase ROS formation by
uncoupling of the P450 catalytic cycle.

Besides, the role of CYP4A genes in initiating hepatocyte
cell injury and steatohepatitis, CYP4F genes may also play a
functional role in lipid accumulation in the liver and
recruitment of inflammatory cells during progression from
steatosis to steatohepatitis. Unlike CYP4A genes that are
induced by starvation, hypolipidemic drugs, and peroxisome
proliferator through activation of PPARq, the CYP4F genes are
repressed during starvation and by peroxisome proliferators
possibly by PP-CoA or PUFA-CoA inhibition of HNF4a.
Furthermore unlike the CYP4A genes that are induced in fatty
liver, we have evidence that the mouse CYP4F genes are
repressed in mice fed a high fat diet and in the leptin deficient
model of fatty liver disease. The recent report of lipid
accumulation in primitive liver cells (oenocytes) of Drosophila
that have a mutation in the stearic w-hydroxylase CYP4g1 gene
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[67] suggest that CYP4F genes may play an important role in
maintaining lipid homeostasis in the liver. Drosophila homo-
zygous for mutant CYP4gl manifest a 2-fold increase in the
oleic acid:stearic acid ratio (Cig.1/Cis0) With a notable
imbalance in the fatty acid desaturation found in the TAG
fraction but not the phospholipid fraction. This suggests that
CYP4glis important in the metabolic storage of fatty acids and
its expression would decrease oleic acid synthesis and storage
of fatty acids in TAGs. It is possible that a member of the
human CYP4F subfamily may function in a similar fashion as
the Drosophila CYP4gl in regulating the oleic acid:stearic acid
ratio since both CYP4F11 and CYP4F2 have been shown to w-
hydroxylate 3-hydroxystearic acid [13]. In addition, the human
CYP4F2 w-hydroxylates stearic acid more efficiently than
CYP4A11 and therefore may serve the same function as
CYP4g1 in competing with SCD-1 in the metabolism of stearic
acid (Fig. 2). It is presently unknown whether the human
CYP4F2 gene is repressed by fatty acids in patients with
NAFLD. However, the CYP4F2 gene has been shown to be
down-regulated by peroxisome proliferators [21], induced by
retinoic acids [68], and its expression increased by lovastatin
mediated activation of SREBP-2 [40]. The induction of the
CYP4F2 and SCD-1 genes by insulin in primary human
hepatocytes suggests that their differential regulation in
insulin resistance may be a determining factor in the storage
or metabolism of fatty acids.

Therefore, the activation of the CYP4F2 gene in fatty liver
disease may decrease the formation of oleic acid and storage
of TAG in the liver, and also play a vital role in preventing
recruitment of immune cells to the liver during steatohepatitis
by metabolism of the pro-inflammatory leukotrienes. Even
though there are numerous studies showing that fatty acids
induce hepatocytes to produce cytokines and chemokines (IL-
8) which attract neutrophils to the liver, the function of
leukotrienes in attracting immune cells to the liver during
steatohepatitis has not been explored. Whether LTB, or LTC,
also increase production of the potent neutrophil chemokine
IL-8 during hepatic steatosis remains to be determined. The
genetic association of CYP4F2 and the neutrophil specific
CYP4F3 genes in celiac disease establishes a connection
between the innate immune response of neutrophil recruit-
ment to the established Thl adaptive immune response in
disease patients [58]. Furthermore, celiac disease has been
associated with several inflammatory diseases of the liver;
primary biliary cirrhosis, primary sclerosing cholangitis,
autoimmune hepatitis, hemochromatosis, and fatty liver
disease [69].

It will be of significant importance to understand how the
CYP4F genes are regulated by fatty acids and in animal models
of fatty liver disease. Whether induction of CYP4F long chain
fatty acid w-hydroxylase can prevent steatosis by inhibiting
SCD-1 activity and reduce the hepatic levels of pro-inflam-
matory leukotrienes in steatohepatitis needs further study.

4.4.  CYP4F genes in skin barrier function

The skin epidermis is a stratified layer of cells having the
ability of self-renewal from a basal layer of mitotically active
cells that replenish the stratum corneum necessary to
maintain the barrier function of the cornified envelope. The

synthesis of hydrophobic extracellular lipids, consisting of
ceramides, cholesterol, and fatty acid, by the stratum corneum
provides the barrier to the movement of water and electro-
lytes. Clinically, genetic disorders of epidermal differentiation
or cornification are classified as ichthyoses where the skins
scaly appearance is due to hyperkeratosis, thickening of
stratum corneum, caused by increased cell proliferation or
delayed desquamation. Both hepoxilin, an arachidonic acid
metabolite of the 12-lipoxygenase/3-lipoxygenase (ALOX12B/
ALOXE3) pathways, and long chain fatty acid »-O-acylcer-
amides are necessary for maintenance of the stratum
corneum barrier function. Mutations in the CYP4F22 gene
have been identified in patients with autosomal recessive
congential ichthyosis (ARCI) who have permeability barrier
abnormalities characterized by deficiency of very long chain
fatty acids in the epidermis and absence of w-O-acylceramides
[35]. In contrast, in Gaucher mice with a deficiency of B-
glucocerebrosidase there is a 35-fold increase in w-hydro-
xylated glucosylceramides [70] and in Sjogren-Larrson syn-
drome (ichthyosis and spastic paraplegia) mutations in fatty
acid aldehyde dehydrogenase (ALDH3A2) leads to an increased
cellular accumulation of w-O-acylceramides [36]. We do not
know what fatty acids or eicosanoids are metabolized by
CYP4F22 and if this P450 o-hydroxylates hepoxilins that
function as pathogen elicited epithelial neutrophil chemoat-
tractants [71] and potent suppressors of cell proliferation or in
the o-hydroxylation of acylceramides [36]. Future studies are
necessary to identify the CYP4Fs involved in the w-hydro-
xylation of long chain fatty acids and pro-inflammatory
hepoxilin in the skin and define their regulation and
importance in skin barrier function.

5. Genetic regulation of CYP4A and CYP4F
gene in lipid metabolism

The differential regulation of the CYP4A and CYP4F genes by
peroxisome proliferators, during starvation and by high fat
diets indicates that these P450s have different roles in lipid
metabolism during the fasting and feeding cycles, and that
different nuclear receptors regulate the expression of these
genes in lipid metabolism. It is well established that in rodents
the CYP4A genes are induced by starvation, by peroxisome
proliferators, ethanol, high fat diet, and in diabetes and
steatohepatitis. However, little is known about how the
human CYP4A11 gene is controlled by these agents and in
these diseases. The modest 2-fold induction of the CYP4A11
gene by peroxisome proliferator in primary human hepato-
cytes compared with the 30-70-fold induction of the mouse
CYP4A genes suggest a species difference in rodent and human
regulation of the CYP4A genes by peroxisome proliferators. In
addition the 60-700-fold increase in mouse CYP4A mRNA
during fasting [72] and 2-8-fold decrease in CYP4F mRNA
further indicate the differential regulation of these genes. In
NAFLD, CYP4A11 mRNA was found to be increased 4-fold [47]
while in mice fed a high fat diet the CYP4A mRNAs were
increased 2.5-100-fold, while we have found that the CYP4F
genes are inhibited by 20-80%, indicating that different fatty
acids or metabolites may function to differentially control
CYP4 gene expression.
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Long chain fatty acids (LCFA) are endogenous ligands in the
activation of hormone nuclear receptors (HNR), PPARa and
HNF4a. LCFA and LCFA-CoAs are significant NHR ligands as
shown by their presence in the nucleus, their high affinity
binding (nM Kds), there ability to induce conformational
changes in HNRs, and their ability to induce co-regulator
recruitment to nuclear receptors [19,44]. Support for LCFA-
CoAs in the hyperactivation of PPARa was evident in
peroxisome acyl-CoA oxidase (ACOX) knockout mice with
accumulated VLCFA and VLCFA-CoA, and the observation that
the thioesterification inhibitor, 2-bromopalmitate inhibits
bezafibrate induction of peroxisome proliferation in rodents.
In humans, the importance of VLCFA-CoA in PPARa activation
was evident in adrenoleukodystrophy where there is accu-
mulation of VLCFA in the cytosol, but no peroxisome
formation of VLCFA-CoA and no hyper-activation of PPAR«
[14]. Serum fatty acids increase dramatically from the normal
physiological range of 200 uM to 1 mM under fasting and up to
8 mM in Refsum’s disease, adrenoleukodystrophy, Zellwegers
syndrome, and fatty liver disease, diabetes, and inflammation.
This suggests an important link between peroxisome fatty
acid metabolism and conversion of VLCFA to VLCFA-CoAs in
the activation of PPAR« and control of CYP4 gene expression.
PPARa has a high affinity for polyunsaturated LCFA, LCFA-CoA
and VLCFA-CoA, but not saturated LCFA or VLCFA. In contrast,
HNF4a has affinity for saturated LCFA and VLCFA acyl-CoA but
not polyunsaturated acyl-CoA indicating that fatty acid CoA
chain length and degree of unsaturation determines whether
HNF4a or PPARa will be activated [73]. The mechanism of LCFA
uptake and importation into the nucleus has recently been
shown to be mediated by liver fatty acid binding protein (L-
FABP), which binds polyunsaturated LCFA with a greater
affinity than saturated LCFA and associates with PPAR«, while
acyl-CoA binding protein (ACBP) preferentially binds saturated
LCFA and associates with HNF4a [19,44]. These studies
indicate that ACBP selectively cooperates with HNF4a and L-
FABP selectively cooperates with PPARa, which is though to
elicit downstream alteration in co-activator and co-repressor
association with HNRs. Thus, the binding of saturated LCFA-
CoA to HNF4a would increase HNF4a activity and inhibit
PPARa trans-activation while polyunsaturated LCFA-CoA
would decrease HNF4a activation and increase L-FABP PPARa
trans-activation. Since PPARa and HNF4a regulate transcrip-
tion through similar promiscuous DR1 sequences, and
compete for the same co-activators and co-repressors, the
specificity of receptor activation may be determined by either
saturated or polyunsaturated fatty acid ligand while the cross-
talk between these receptors would be determined by the
FABP/ACBP mediated co-regulator recruitment and repression
of the cognate receptor. The differential regulation of the
CYP4A and CYP4F genes may be determined by cross-talk
between PPARa and HNFa through the type of fatty acid ligand
and method of nuclear import and receptor activation by L-
FABP or ACBP. This scenario is highly likely in the regulation of
CYP4A and CYP4F genes since peroxisome proliferators (PP)
activate PPARa while PP-CoA inhibits HNF4a trans-activation.
It is also possible that MCFA and VLCFA metabolized by the
CYP4A and CYP4F may produce fatty acid metabolites that
reciprocally regulate the expression of the CYP4A and CYP4F
genes. The induction of CYP4A genes by a high fat dietleads to

increased production of dicarboxylic acids that are potent
inhibitors of HNF4a trans-activation, which may mediate
suppression of the CYP4F genes during steatosis.

6. Concluding remarks

Although the w-hydroxylation of saturated and unsaturated
fatty acids by CYP4 family members has long been thought to
be of minor importance by contributing only 5-10% to fatty
acid metabolism, its importance is dramatically elevated
during fasting, starvation, and in several human diseases
where its contribution to fatty acid metabolism increases
dramatically. The close and intimate association of CYP4 w-
hydroxylation of medium chain fatty acids (MCFA) and
peroxisome B-oxidation is evident by the conversion of
dicarboxylic acids to the succinate, an anaplerotic gluconeo-
genic precursor, and acetate, which can be used by peripheral
tissue like ketone bodies during fasting and starvation when
there is an induction of CYP4A genes. The increased expres-
sion of CYP4A genes during fasting, starvation, high fat diet
and in steatohepatitis may be a mechanism to prevent
lipotoxicity of fatty acids, but at the expense of increased
uncoupling of the P450 catalytic cycle and increased produc-
tion of ROS.

In contrast to the induction of the CYP4A genes by
starvation, peroxisome proliferators, and high fat diet mem-
bers of the CYP4F subfamily are down-regulated, suggesting a
differential regulation of the CYP4A and CYP4F genes during
the fasting and fed states. CYP4F P450 show a preference in the
metabolism of LCFA and VLCFA saturated and unsaturated
fatty acids, which are metabolized by peroxisome B-oxidation
to shorter chain fatty acids that are incorporated into
phospholipids, triglycerides, and cholesterol esters. The
excessive acetate produced by peroxisome B-oxidation may
be used in hepatocytes to produce malonyl CoA, which can be
used in the synthesis of fatty acids and cholesterol. The
induction of the CYP4F2 gene by lovastatin activation of
SREBP-2 and insulin activation of SREBP-1c suggest that CYP4F
P450s may function in the coordinate regulation of cholesterol
and fatty acid synthesis. Furthermore, the ability of stearic o-
hydroxylase CYP4gl to change the desaturation index (Cig.1/
C1g:0) by either inhibiting stearoyl CoA desaturase 1 (SCD-1) or
competition for stearic acid indicates that the CYP4F P450s
may have an important role in triglyceride synthesis and VLDL
production. The metabolic role, function, and regulation of
CYP4A and CYP4F genes during sepsis and SIRS are largely
unknown even though they may have important functional
roles in gluconeogenesis and lipogenesis. Although members
of the CYP4F subfamily are able to w-hydroxylate the pro-
inflammatory eicosanoid, LTB, and thus reduce, delay or
inhibit recruitment of myeloid cell with LTB, receptors (BLT1)
to sites of inflammation, their functional role in the activation
and resolution phases of inflammation are unknown. The
genetic association of the human myeloid CYP4F3A and liver
CYP4F2 genes with inflammatory celiac disease and the
increased expression of both genes in the inflammatory
atrophic stage of the disease with increased CYP4F2 in
remission stage suggest that an activated innate immunity
in celiac patients may reflect their genetic susceptibility
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towards relapsing with the disease. The strong association of
celiac disease with autoimmune liver disorders such as
autoimmune hepatitis, primary biliary cirrhosis, and pri-
mary sclerosing cholangitis suggests that there may be a
genetic association of these liver diseases with the CYP4F
genes. The role and function of CYP4F genes in NAFLD and
inflammatory liver disease needs further study to determine
if expression of CYP4F polymorphic variants increases
disease susceptibility.

As discussed herein, there are many human diseases in
which the expression of the CYP4A and CYP4F genes are
altered in both lipid and inflammatory disorders, and there-
fore they may be therapeutic targets in the control of
inflammatory, vascular, and liver diseases, as well as peroxi-
some disorders of fatty acid metabolism. Induction of the
CYP4F genes in patients with Adrenoleukodystrophy or
Refsum disease may provide a method to degrade VLCFAs
and phytanic acid, respectively, which may serve as an
alternative treatment for these diseases. The repression of
CYP4 and induction of CYP4F genes may also provide an
avenue to prevent CYP4A P450 production of reactive oxygen
species and progression of steatosis to steatohepatitis, while
CYPA4F P450 may prevent hepatic triglyceride accumulation by
decreasing the desaturation index (Cig1/Cig0) and thus
steatosis. In addition, the genetic association of the CYP4F22
gene with skin disorders and other CYP4F members expressed
in different tissues needs to be studied to determine their
functional role in the metabolism of 5-lipoxygenase, 12-
lipoxygenase, and 15-lipoxygenase products. Finally, we need
to understand the association of CYP4A and CYP4F genes with
human diseases in relation to CYP4 polymorphic variants that
may increase human susceptibility to these diseases. Under-
standing how the CYP4A and CYP4F genes are controlled by
nuclear hormone receptors may provide novel avenues to
prevent disease progression in lipid and inflammatory
diseases.

REFERENCES

[1] Visser WF, van Roermund CW, Jjlst L, Waterham HR,
Wanders R]. Metabolite transport across the peroxisomal
membrane. Biochem ] 2007;401:365-75.

[2] Wanders RJ, Waterham HR. Biochemistry of mammalian
peroxisomes revisited. Annu Rev Biochem 2006;75:295-332.

[3] Westin MA, Hunt MC, Alexson SE. The identification of a
succinyl-CoA thioesterase suggests a novel pathway for
succinate production in peroxisomes. J Biol Chem
2005;280:38125-32.

[4] Draye JP, Vamecq J. The gluconeogenicity of fatty acids in
mammals. Trends Biochem Sci 1989;14:478-9.

[5] Baer BR, Rettie AE. CYP4B1: an enigmatic P450 at the
interface between xenobiotic and endobiotic metabolism.
Drug Metab Rev 2006;38:451-76.

[6] Hsu MH, Savas U, Griffin K]J, Johnson EF. Human
cytochrome p450 family 4 enzymes: function, genetic
variation and regulation. Drug Metab Rev 2007;39:515-38.

[7] Kalsotra A, Strobel HW. Cytochrome P450 4F subfamily: at
the crossroads of eicosanoid and drug metabolism.
Pharmacol Ther 2006;112:589-611.

[8] Stark K, Guengerich FP. Characterization of orphan human
cytochromes P450. Drug Metab Rev 2007;39:627-37.

[9] Fisher MB, Zheng YM, Rettie AE. Positional specificity of
rabbit CYP4B1 for omega-hydroxylation1 of short-medium
chain fatty acids and hydrocarbons. Biochem Biophys Res
Commun 1998;248:352-5.

[10] Mezentsev A, Mastyugin V, Seta F, Ashkar S, Kemp R, Reddy
DS, et al. Transfection of cytochrome P4504B1 into the
cornea increases angiogenic activity of the limbal vessels. ]
Pharmacol Exp Ther 2005;315:42-50.

[11] Mastyugin V, Aversa E, Bonazzi A, Vafaes C, Mieyal P,
Schwartzman ML. Hypoxia-induced production of 12-
hydroxyeicosanoids in the corneal epithelium:
involvement of a cytochrome P-4504B1 isoform. J
Pharmacol Exp Ther 1999;289:1611-9.

[12] Mastyugin V, Mezentsev A, Zhang WX, Ashkar S, Dunn
MW, Laniado-Schwartzman M. Promoter activity and
regulation of the corneal CYP4B1 gene by hypoxia. J Cell
Biochem 2004;91:1218-38.

[13] Dhar M, Sepkovic DW, Hirani V, Magnusson RP, Lasker JM.
Omega oxidation of 3-hydroxy fatty acids by the human
CYPAF subfamily enzyme CYP4F11. J Lipid Res 2007.

[14] Sanders RJ, Ofman R, Duran M, Kemp S, Wanders RJ.
Omega-oxidation of very long-chain fatty acids in human
liver microsomes. Implications for X-linked
adrenoleukodystrophy. J Biol Chem 2006;281:13180-7.

[15] Sacerdoti D, Gatta A, McGiff JC. Role of cytochrome P450-
dependent arachidonic acid metabolites in liver physiology
and pathophysiology. Prostaglandins Other Lipid Mediat
2003;72:51-71.

[16] Wanders R], Komen JC, Peroxisomes. Refsum’s disease and
the alpha- and omega-oxidation of phytanic acid. Biochem
Soc Trans 2007;35:865-9.

[17] Cowart LA, Wei S, Hsu MH, Johnson EF, Krishna MU, Falck
JR, et al. The CYP4A isoforms hydroxylate
epoxyeicosatrienoic acids to form high affinity peroxisome
proliferator-activated receptor ligands. J Biol Chem
2002;277:35105-12.

[18] Gatica A, Aguilera MC, Contador D, Loyola G, Pinto CO,
Amigo L, et al. P450 CYP2C epoxygenase and CYP4A omega-
hydroxylase mediate ciprofibrate-induced PPARalpha-
dependent peroxisomal proliferation. J Lipid Res
2007;48:924-34.

[19] Hertz R, Sheena V, Kalderon B, Berman I, Bar-Tana J.
Suppression of hepatocyte nuclear factor-4alpha by acyl-
CoA thioesters of hypolipidemic peroxisome proliferators.
Biochem Pharmacol 2001;61:1057-62.

[20] Powell PK, Wolf I, Jin R, Lasker JM. Metabolism of
arachidonic acid to 20-hydroxy-5,8,11,14-eicosatetraenoic
acid by P450 enzymes in human liver: involvement of
CYP4F2 and CYP4A11. ] Pharmacol Exp Ther 1998;285:1327-
36.

[21] Zhang X, Chen L, Hardwick JP. Promoter activity and
regulation of the CYP4F2 leukotriene B(4) omega-
hydroxylase gene by peroxisomal proliferators and retinoic
acid in HepG2 cells. Arch Biochem Biophys 2000;378:
364-76.

[22] Jin R, Koop DR, Raucy JL, Lasker JM. Role of human CYP4F2
in hepatic catabolism of the proinflammatory agent
leukotriene B4. Arch Biochem Biophys 1998;359:89-98.

[23] Sontag TJ, Parker RS. Cytochrome P450 omega-hydroxylase
pathway of tocopherol catabolism. Novel mechanism of
regulation of vitamin E status. ] Biol Chem 2002;277:
25290-6.

[24] Christmas P, Jones JP, Patten CJ, Rock DA, Zheng Y, Cheng
SM, et al. Alternative splicing determines the function of
CYPA4F3 by switching substrate specificity. ] Biol Chem
2001;276:38166-72.

[25] Le Quere V, Plee-Gautier E, Potin P, Madec S, Salaun JP.
Human CYP4F3s are the main catalysts in the oxidation of
fatty acid epoxides. ] Lipid Res 2004;45:1446-58.



2274 BIOCHEMICAL PHARMACOLOGY 75 (2008) 2263-2275

[26] Bylund J, Hidestrand M, Ingelman-Sundberg M, Oliw EH.
Identification of CYP4F8 in human seminal vesicles as a
prominent 19-hydroxylase of prostaglandin endoperoxides.
J Biol Chem 2000;275:21844-9.

[27] Serhan CN, Oliw E. Unorthodox routes to prostanoid
formation: new twists in cyclooxygenase-initiated
pathways. J Clin Invest 2001;107:1481-9.

[28] Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C,
O’Neill LA, et al. Resolution of inflammation: state of the
art, definitions and terms. FASEB ] 2007;21:325-32.

[29] Kalsotra A, Turman CM, Kikuta Y, Strobel HW. Expression
and characterization of human cytochrome P450 4F11:
putative role in the metabolism of therapeutic drugs and
eicosanoids. Toxicol Appl Pharmacol 2004;199:295-304.

[30] Downie D, McFadyen MC, Rooney PH, Cruickshank ME,
Parkin DE, Miller ID, et al. Profiling cytochrome P450
expression in ovarian cancer: identification of prognostic
markers. Clin Cancer Res 2005;11:7369-75.

[31] Kumarakulasingham M, Rooney PH, Dundas SR, Telfer C,
Melvin WT, Curran S, et al. Cytochrome p450 profile of
colorectal cancer: identification of markers of prognosis.
Clin Cancer Res 2005;11:3758-65.

[32] Laganiere ], Deblois G, Lefebvre C, Bataille AR, Robert F,
Giguere V. Location analysis of estrogen receptor alpha
target promoters reveals that FOXA1 defines a domain of
the estrogen response. Proc Natl Acad Sci USA
2005;102:11651-6.

[33] Hashizume T, Imaoka S, Hiroi T, Terauchi Y, Fujii T,
Miyazaki H, et al. cDNA cloning and expression of a novel
cytochrome p450 (cyp4f12) from human small intestine.
Biochem Biophys Res Commun 2001;280:1135-41.

[34] Stark K, Wongsud B, Burman R, Oliw EH. Oxygenation of
polyunsaturated long chain fatty acids by recombinant
CYP4F8 and CYP4F12 and catalytic importance of Tyr-125
and Gly-328 of CYP4F8. Arch Biochem Biophys
2005;441:174-81.

[35] Lefevre C, Bouadjar B, Ferrand V, Tadini G, Megarbane A,
Lathrop M, et al. Mutations in a new cytochrome P450 gene
in lamellar ichthyosis type 3. Hum Mol Genet 2006;15:767—
76.

[36] Vasireddy V, Uchida Y, Salem Jr N, Kim SY, Mandal MN,
Reddy GB, et al. Loss of functional ELOVL4 depletes very
long-chain fatty acids (> or =C28) and the unique omega-O-
acylceramides in skin leading to neonatal death. Hum Mol
Genet 2007;16:471-82.

[37] Al-Anizy M, Horley NJ, Kuo CW, Gillett LC, Laughton CA,
Kendall D, et al. Cytochrome P450 Cyp4x1 is a major P450
protein in mouse brain. FEBS ] 2006;273:936—47.

[38] Rieger MA, Ebner R, Bell DR, Kiessling A, Rohayem J,
Schmitz M, et al. Identification of a novel mammary-
restricted cytochrome P450, CYP4Z1, with overexpression
in breast carcinoma. Cancer Res 2004;64:2357-64.

[39] Li A, Jiao X, Munier FL, Schorderet DF, Yao W, Iwata F, et al.
Bietti crystalline corneoretinal dystrophy is caused by
mutations in the novel gene CYP4V2. Am ] Hum Genet
2004;74:817-26.

[40] Hsu MH, Savas U, Griffin K], Johnson EF. Regulation of
human cytochrome P450 4F2 expression by sterol
regulatory element-binding protein and lovastatin. ] Biol
Chem 2007;282:5225-36.

[41] Leighton F, Bergseth S, Rortveit T, Christiansen EN, Bremer
J. Free acetate production by rat hepatocytes during
peroxisomal fatty acid and dicarboxylic acid oxidation. J
Biol Chem 1989;264:10347-50.

[42] Osmundsen H, Bremer J, Pedersen JI. Metabolic aspects of
peroxisomal beta-oxidation. Biochim Biophys Acta
1991;1085:141-58.

[43] Wanders R]. Peroxisomes, lipid metabolism, and
peroxisomal disorders. Mol Genet Metab 2004;83:16-27.

[44] Schroeder F, Petrescu AD, Huang H, Atshaves BP, McIntosh
AL, Martin GG, et al. Role of fatty acid binding proteins and
long chain fatty acids in modulating nuclear receptors and
gene transcription. Lipids 2007.

[45] Browning JD, Horton JD. Molecular mediators of hepatic
steatosis and liver injury. J Clin Invest 2004;114:147-52.

[46] Capdevila JH, Falck JR, Imig JD. Roles of the cytochrome
P450 arachidonic acid monooxygenases in the control of
systemic blood pressure and experimental hypertension.
Kidney Int 2007;72:683-9.

[47] Kohjima M, Enjoji M, Higuchi N, Kato M, Kotoh K,
Yoshimoto T, et al. Re-evaluation of fatty acid metabolism-
related gene expression in nonalcoholic fatty liver disease.
Int ] Mol Med 2007;20:351-8.

[48] Gainer JV, Bellamine A, Dawson EP, Womble KE, Grant SW,
Wang Y, et al. Functional variant of CYP4A11 20-
hydroxyeicosatetraenoic acid synthase is associated with
essential hypertension. Circulation 2005;111:63-9.

[49] Stec DE, Roman RJ, Flasch A, Rieder MJ. Functional
polymorphism in human CYP4F2 decreases 20-HETE
production. Physiol Genomics 2007;30:74-81.

[50] Szabo G, Romics Jr L, Frendl G. Liver in sepsis and systemic
inflammatory response syndrome. Clin Liver Dis
2002;6:1045-66. x.

[51] Yokomizo T, Izumi T, Shimizu T. Leukotriene B4:
metabolism and signal transduction. Arch Biochem
Biophys 2001;385:231-41.

[52] Farzaneh-Far R, Moore K. Cysteinyl-leukotrienes and the
liver. Prostaglandins Other Lipid Mediat 2003;72:35-50.

[53] Berry KA, Borgeat P, Gosselin J, Flamand L, Murphy RC.
Urinary metabolites of leukotriene B4 in the human
subject. ] Biol Chem 2003;278:24449-60.

[54] Thompson C, Cloutier A, Bosse Y, Poisson C, Larivee P,
McDonald PP, et al. Signaling by the cysteinyl-leukotriene
receptor 2: involvement in chemokine gene transcription. J
Biol Chem 2007.

[55] Kikuta Y, Kusunose E, Kusunose M. Prostaglandin and
leukotriene omega-hydroxylases. Prostaglandins Other
Lipid Mediat 2002;68/69:345-62.

[56] Zhang X, Jahan A, Malmer M, Nguyen D, Hardwick JP.
Cytokines regulate the transcripiton of the human CYP4F2
gene. FASEB ] 2002;16:233.

[57] Kalsotra A, Du L, Wang Y, Ladd PA, Kikuta Y, Duvic M, et al.
Inflammation resolved by retinoid X receptor-mediated
inactivation of leukotriene signaling pathways. FASEB J 2007.

[58] Curley CR, Monsuur AJ, Wapenaar MC, Rioux JD, Wijmenga
C. A functional candidate screen for coeliac disease genes.
Eur ] Hum Genet 2006;14:1215-22.

[59] Diosdado B, van Bakel H, Strengman E, Franke L, van OortE,
Mulder CJ, et al. Neutrophil recruitment and barrier
impairment in celiac disease: a genomic study. Clin
Gastroenterol Hepatol 2007;5:574-81.

[60] Parekh S, Anania FA. Abnormal lipid and glucose
metabolism in obesity: implications for nonalcoholic fatty
liver disease. Gastroenterology 2007;132:2191-207.

[61] Robertson G, Leclercq I, Farrell GC. Nonalcoholic steatosis
and steatohepatitis. II. Cytochrome P-450 enzymes and
oxidative stress. Am ] Physiol Gastrointest Liver Physiol
2001;281:G1135-9.

[62] Leclercq IA. Pathogenesis of steatohepatitis: insights from
the study of animal models. Acta Gastroenterol Belg
2007;70:25-31.

[63] Leclercq IA, Farrell GC, Field J, Bell DR, Gonzalez FJ,
Robertson GR. CYP2E1 and CYP4A as microsomal catalysts
of lipid peroxides in murine nonalcoholic steatohepatitis. J
Clin Invest 2000;105:1067-75.

[64] Zangar RC, Davydov DR, Verma S. Mechanisms that
regulate production of reactive oxygen species by
cytochrome P450. Toxicol Appl Pharmacol 2004;199:316-31.



BIOCHEMICAL PHARMACOLOGY 75 (2008) 2263-2275

2275

[65] Schenkman JB, Jansson I. The many roles of cytochrome b5.
Pharmacol Ther 2003;97:139-52.

[66] Rankinen T, Zuberi A, Chagnon YC, Weisnagel 5],
Argyropoulos G, Walts B, et al. The human obesity gene
map: the 2005 update. Obesity (Silver Spring MD)
2006;14:529-644.

[67] Gutierrez E, Wiggins D, Fielding B, Gould AP. Specialized
hepatocyte-like cells regulate Drosophila lipid metabolism.
Nature 2007;445:275-80.

[68] Zhang X, Hardwick JP. Regulation of CYP4F2 leukotriene B4
omega-hydroxylase by retinoic acids in HepG2 cells.
Biochem Biophys Res Commun 2000;279:864-71.

[69] Rubio-Tapia A, Murray JA. The liver in celiac disease.
Hepatology 2007;46:1650-8.

[70] Doering T, Proia RL, Sandhoff K. Accumulation of protein-
bound epidermal glucosylceramides in beta-

(71]

[72]

(73]

glucocerebrosidase deficient type 2 Gaucher mice. FEBS Lett
1999;447:167-70.

Mrsny RJ, Gewirtz AT, Siccardi D, Savidge T, Hurley BP,
Madara JL, et al. Identification of hepoxilin A3 in
inflammatory events: a required role in neutrophil
migration across intestinal epithelia. Proc Natl Acad Sci
USA 2004;101:7421-6.

Patsouris D, Reddy JK, Muller M, Kersten S. Peroxisome
proliferator-activated receptor alpha mediates the effects
of high-fat diet on hepatic gene expression. Endocrinology
2006;147:1508-16.

Hostetler HA, Kier AB, Schroeder F. Very-long-chain and
branched-chain fatty acyl-CoAs are high affinity

ligands for the peroxisome proliferator-activated
receptor alpha (PPARalpha). Biochemistry 2006;45:
7669-81.



	Cytochrome P450 omega hydroxylase (CYP4) function in �fatty acid metabolism and metabolic diseases
	Introduction
	Synthesis, fate and function of omega hydroxylated fatty acids
	CYP4B
	CYP4A
	CYP4F
	Other CYP4Fs

	The different roles for CYP4 genes in hepatic fatty acid metabolism
	The role of CYP4 omega P450 hydroxylase in human diseases
	Role of CYP4 omega hydroxylase in hypertension and vascular system
	CYP4 genes in inflammation
	CYP4A and CYP4F genes in fatty liver disease
	CYP4F genes in skin barrier function

	Genetic regulation of CYP4A and CYP4F gene in lipid metabolism
	Concluding remarks
	References


