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Abbreviations

COX Cyclooxygenase
CYP  Cytochrome P450
DHA Docosahexaenoic acid (22:6n-3)
DPA Docosapentaenoic acid (22:5n-3 or n-6)
EET Epoxyeicosatrienoic acid
EP Prostaglandin E receptor
EpDTA Epoxydocosatetraenoic acid 
EpDPA Epoxydocosapentaenoic acid
EPA Eicosapentaenoic acid (20:5n-3)
GC-MS Gas chromatography-mass spectrometry
GI Gastrointestinal
HaCaT Immortalized keratinocytes of the HaCaT cell-line
HEK Human epidermal keratinocytes
HETE Hydroxyeicosatetraenoic acid
IFN~ Interferon-~
IL-1} Interleukin-1}
LC-MS Liquid chromatography-mass spectrometry
LOX Lipoxygenase
LTB4 Leukotriene B4
mPGES-1 Microsomal prostaglandin E synthase-1
NSAID Non-steroidal anti-infl ammatory drug
P450 Cytochrome P450
PPAR Peroxisomal proliferator-activated receptor
PBS Phosphate buff er
PGD2 Prostaglandin D2
PGE2 Prostaglandin E2
PGES Prostaglandin E synthase
PGF

2|
 Prostaglandin F

2|

PGG2 Prostaglandin G2
PGHS Prostaglandin H synthase
PGH2 Prostaglandin H2
5-hydroxy-PGI1 5-hydroxy-prostaglandin I1
PGI2 Prostacyclin
prostanoids PGD2, PGE2, PGF

2|
and PGI2

PMA Phorbol-12-myristate 13-acetate
PUFA Polyunsaturated fatty acid
RT Reverse transcriptase
RAR Retinoic acid receptor
RXR Retinoid X receptor
PCR Polymerase chain reaction
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SNP Single nucleotide polymorphism
SRS Substrate recognition site
TNF| Tumor necrosis factor-|
TXA2 Th romboxane A2
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Metabolism of Arachidonic acid and Eicosanoids

Eicosanoids are a family of lipid mediators, with diverse physiological functions. 
Most eicosanoids are derived from arachidonic acid (20:4n-6). Some are also formed 
from eicosapentaenoic acid (20:5n-3) (EPA), di-homo-~-linolenic acid (20:3n-6), 
eicosatrienoic acid (20:3n-9), or eicosatetraenoic acid (20:4n-3), respectively. 

Arachidonic Acid Cascade
Arachidonic acid, a component of our cellular membranes, is released by 
phospholipases in situations of cellular damage, or on the direct command of certain 
cell receptors. Arachidonic acid can be converted into prostaglandins, leukotrienes, 
and epoxides, epoxyeicosatrienoic acids (EETs), as well as hydroxyeicosatetraenoic 
acids (HETEs). Arachidonic acid metabolites have functions in both normal cell 
homeostasis and disease [1,2].

Th ere are at least three major pathways in the formation of eicosanoids: 
(cf. Fig. 1).

1. Th e Cyclooxygenase Pathway - Formation of prostaglandins, prostacyclin, 
and thromboxanes.

2. Th e Lipoxygenase Pathway - Formation of hydroperoxy- and hydroxy fatty 
acids, and leukotrienes.

3. Th e Cytochrome P450 Pathway - Formation of hydroxy- and epoxy fatty 
acids.

Polyunsaturated omega-3 (²3) fatty acids e.g., |-linolenic acid, are found in green 
vegetables and soybean, while long chain ²3 fatty acids (PUFAs), are found in fi sh 
e.g., EPA and docosahexaenoic acid (C22:6n-3)(DHA) [3]. Th ere are many reports 
of the benefi cial eff ects of PUFAs. ²3 PUFAs from fi sh are benefi cial for a number 
of infl ammatory diseases [4]. Dietary ²3 fatty acids show both anti-infl ammatory 
and immune-modulating eff ects, with implications to atherosclerosis and heart 
disease [5]. 
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Fig 1. Metabolism of arachidonic acid via the three major pathways in formation of eicosanoids. 
HETE, hydroxyeicosatetraenoic acid; EET, epoxyeicosatrienoic acid. 

Th e Cyclooxygenase Pathway

Historical Background 
In 1930, Kurzrok and Lieb discovered that seminal fl uid has pronounced 
pharmacological eff ects on uterus preparations [2].

In 1933, Goldblatt reported that human semen contained a factor that reduced 
blood pressure and stimulated the smooth muscle [6, 7]. In the mid 1930s von 
Euler investigated extracts of “prostate” and vesicular glands from monkey, sheep, 
and goat, and found eff ects on the smooth muscles [8]. von Euler characterized 
the active compound as an unsaturated acidic lipid. He designated the substances 
“prostaglandins”. He thought they originated from the prostate glands, as sheep 
seminal vesicles are very similar in structure to the human prostate. He also reported 
the discovery of another substance in monkey seminal vesicles and fl uid, designated 
“vesiglandin”, presumably 19-hydroxy-prostaglandins E (19-hydroxy-PGEs). von 
Euler was soon able to demonstrate the presence of prostaglandins in several other 
human tissues [9].

During the 1950s and 1960s Bergström, Sjövall, and Samuelsson, at the 
Karolinska institute in Stockholm, discovered the so-called classical prostaglandin 
E2, prostaglandin D2, and prostaglandin F2|  (PGE2, PGD2, and PGF2| ) and 
demonstrated that they were formed from a common precursor, arachidonic 
acid [10, 11]. In 1971, Vane proposed that aspirin and other non-steroidal anti-
infl ammatory drugs (NSAIDs) inhibit prostaglandin biosynthesis, which explained 
both the pharmacological eff ects and side eff ects of NSAIDs [12, 13]. Bergström, 
Samuelsson, and Vane received the Nobel Price in Medicine and Physiology for 
their research in 1982.  
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Cyclooxygenases 
Th e rate-limiting step of prostaglandin-formation is the release of arachidonic acid 
from cellular membranes. Arachidonic acid is fi rst converted to prostaglandin G2 
(PGG2), catalyzed by cyclooxygenase. PGG2 can then be enzymatically reduced 
to prostaglandin H2 (PGH2) by hydroperoxidase. Both the cyclooxygenase and 
hydroperoxidase activities are present in the same protein: prostaglandin H synthase 
(PGHS). PGH2 can be converted by isomerases into the classical prostaglandins 
PGD2, PGE2, and PGF2| (Fig. 2) [14].

Th ere are two diff erent PGHS, or cyclooxygenases (COX) as they are also referred 
to. COX-1 was originally discovered in sheep seminal vesicles and is constitutively 
expressed in most tissues, while COX-2 is believed to be induced by infl ammatory 
processes. COX-2 has been found to be constitutively expressed in, for example, 
seminal vesicles, placenta, macula densa, and cornea. Th e two isoforms exhibit 60-
65% sequence similarity, they diff er by 18 amino acid residues, inserted 6 amino acids 
from the C-terminus of COX-2, but not found in COX-1. Th e primary structure is 
known in a number of species and COX-1 and COX-2 exhibit almost identical 3D 
structures and catalytic properties. Both enzymes are present on the luminal side of 
the endoplasmic reticulum [15].

Inhibition of COX enzymes reduces infl ammation, pain, and fever, and aspirin 
treatment has long-term eff ects on platelet aggregation [16]. Several clinical trials 
have indicated benefi cial eff ects of aspirin on the incidence of colorectal carcinomas 
[17]. NSAIDs, for example, naproxen and diclofenak, inhibit both COX-1 and COX-
2. Aspirin has a unique mechanism of action as aspirin binds the cyclooxygenase 
active site, followed by covalent acetylation of Ser530, blocking the substrate in the 
active site [15]. Coxibs (selective COX-2 inhibitors) are used for treatment of pain, 
infl ammation, and arthritis [18-20]. Rofecoxib has recently been connected with 
severe adverse drug reactions, related to increased risk of cardiovascular events and 
has been retrieved from the market [21,22]. Etoricoxib and valdecoxib have recently 
been released [20, 22].

Prostaglandin H2 Transformations
In the presence of prostacyclin synthase (CYP8A1) PGH2 is converted into 
prostacyclin (PGI2). Th romboxane-synthase (CYP5A) converts PGH2 into the 
physiologically important thromboxane A2 (TXA2). Th is occurs in an NADPH 
independent process [2, 23]. 

Prostaglandin E synthases (PGES) convert PGH2 to PGE2. PGES have been 
identifi ed as glutathione-dependent proteins. Th ere are two groups of PGES 
enzymes: one is cytosolic, while the other is membrane-bound [24]. Microsomal 
PGES-1 (mPGES-1) is a member of the membrane-associated proteins in eicosanoid 
and glutathione metabolism (MAPEG) superfamily [25].

Th e expression of mPGES-1 is positively regulated by pro-infl ammatory 
cytokines including tumor necrosis factor-| (TNF-|) and interleukin-1} (IL-1}) 
in a lung cancer adenocarcinoma cell-line, and the eff ect is down regulated by anti-
infl ammatory glucocorticoids. Increased levels of mPGES-1 have also been detected 
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in infl amed intestinal mucosa from patients with infl ammatory bowel disease. 
mPGES-1 is up regulated by infl ammatory stimuli, along with COX-2, in diff erent 
infl ammatory diseases and over-expressed in gastric adenocarcinoma [25-32]. Th e 
distribution and function of mPGES-1 in many human tissues is still not fully 
investigated. In contrast to the inducible mPGES-1, a second mPGES (mPGES-
2) is constitutively expressed in many cells and may be coupled with both COX 
enzymes. mPGES-1 is not induced in tissue infl ammation [33].

Prostaglandins 
Prostaglandins are involved in a number of physiologically important processes, for 
example, infl ammation, pain, fever, glomerular fi ltration, and blood fl ow control. 
Prostaglandins are some of the multiple substances released by the injured tissue in 
response to infl ammation [1, 2,34].

Almost every human tissue contains small amounts of prostaglandins, and they 
express many important eff ects, e.g., vasodilation, fever, protective eff ects of the 
mucus of stomach (PGE2), contraction of bronchi and uterine muscles (PGF2|), 
decreased platelet aggregation (PGI2) and functions in reproduction (19-hydroxy-
PGEs) [1]. High concentrations of prostaglandins are found in human seminal fl uid. 
Seminal vesicles contain ubiquitous concentrations (ü1 mM) of the most abundant 
prostaglandins: PGE2 and 19-hydroxy-PGE2, in an average ratio of 1:3 [35, 36]. Th e 
19-hydroxy PGEs are implicated in reproduction by exhibiting immunosuppressive 
eff ects in the female genital tracts [37]. 

Fig 2. Th e Cyclooxygenase Pathway. Formation of prostaglandins, prostacyclin, and thromboxanes 
from arachidonic acid. 
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 Prostanoids (PGD2, PGE2, PGF2|, and PGI2) and TXA2 mediate their eff ects by 
stimulation of G-protein-coupled prostanoid receptors with seven transmembrane 
domains. DP which binds PGD, TP which binds thromboxanes, IP which binds 
PGI, FP binds PGF2|, and EP which binds PGE2. Th e PGE receptors constitute 
a complete receptor family, consisting of four subtypes: EP1, EP2, EP3, and EP4 
receptors [38, 39].

Th e Lipoxygenase Pathway
Lipoxygenases (LOX) are non-heme, iron-containing enzymes. Th ey catalyze the 
insertion of an oxygen molecule into polyunsaturated fatty acids. 5-, 12-, and 
15-lipoxygenases are important in humans and designated from their capacity to 
oxygenate arachidonic acid at C-5, C-12, and C-15, respectively [40].

Th e human 5-LOX initiates the synthesis of leukotrienes from arachidonic acid 
[16]. Leukotrienes are potent lipid mediators associated with asthma and allergy [1]. 
Leukotriene B4 (LTB4) is a chemoattractant for T-cells, and an important mediator 
in a number of acute and chronic infl ammatory diseases [41,42].

12R-LOX and 12R-HETE occur in psoriatic scales [43]. 12R-LOX and 
epidermal lipoxygenase-3, ALOXE3, in skin are mutated in six families with familiar 
ichthyosiform disease [44-46].

Th ere are two human 15-LOX: 15-LOX-1 and 15-LOX-2, which convert 
arachidonic acid to 15S-HETE. Both proteins are present in corneal epithelium, but 
the predominant 15-LOX protein is 15-LOX-2 and its product, 15S-HETE [47]. 
15-LOX-2 is also strongly expressed in benign prostate glandular epithelium [48]. 
In mice skin, an 8-lipoxygenase has been connected to infl ammatory dermatoses 
[49, 50].

Th e Cytochrome P450 Pathway
²-Hydroxylation of fatty acids was originally described in the 1930s, although the 
cytochrome (CYP) P450 enzymes were discovered much later. 

P450s can oxygenate arachidonic acid by several diff erent reactions, by 
hydroxylation at C16-C20; by epoxidation to EETs; by bisallylic hydroxylation 
forming 7-, 10-, and 13-HETE; and by hydroxylation with double bond migration 
forming 5-, 8-, 9-, 11-, 12-, and 15-HETE [51]. A number of human P450s, known 
for arachidonic acid metabolism, are found in CYP2 (CYP2C9, CYP2C19) and 
CYP4 families (CYP4A11, CYP4F2, CYP4F8, and CYP4F12) [52-56]. Members 
of the CYP4A and some CYP4F subfamily members are the predominating ²-
hydroxylases in mammals. 20-HETE is an important renal mediator implicated 
in hypertension [54, 57]. Th e biological function of 19- and 18-HETEs is still 
unknown, but they have been connected to the amplifi cation of the sensitizing 
action of 20-HETE in hypertension [58]. 
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Th e Cytochrome P450 Family

Background
Th e human cytochrome P450 superfamily (P450s) consists of over 50 enzymes, 
which are known to metabolize both endogenous lipids e.g., fatty acids, vitamin D, 
retinoids, and eicosanoids, as well as exogenous compounds, for example, drugs and 
environmental pollutants1 [59, 60].

Families 1-3 are mostly involved in the metabolism of exogenous compounds, 
while some members also possess the property to metabolize endogenous substrates 
like arachidonic acid. P450s are responsible for over 75% of the phase I dependent 
metabolism of both drugs and diff erent dietary constituents. Families 4-51 
metabolize endogenous compounds. P450s involved in vital biological pathways 
are often highly conserved, i.e., sterol 14 alpha-demethylase (CYP51), which is 
distributed in all biological kingdoms. Th ough genetically diverse, the hypothesis 
is that all P450 enzymes are derived from one ancestral gene, that existed over 3,5 
billion years ago. Th e great number of P450s present in mammals today are believed 
to be formed through gene duplications during evolution [59-61].

1 Cytochrome P450 homepage, Dr. D Nelson, University of Tennessee, Memphis, US.  http://drnel-
son.utmem.edu/CytochromeP450.html

Nomenclature
P450s are divided into families, which show more than 40%, and subfamilies more 
than 55% amino acid similarity, respectively. Th e individual enzymes are numbered 
sequentially. CYP1A1 thus denotes the fi rst identifi ed member of the family 1 
subfamily A. Corresponding genes are written in italics i.e., CYP1A1 [59]. 

Homology alignments and 3D models of the tertiary structures are used to 
increase our knowledge of these enzymes.

Th e Evolution of the Cytochrome P450 Family
When atmospheric oxygen became more abundant about one billion years ago, the 
evolution of P450 families and subfamilies evolved [61].
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Mammalian P450s are diverse, catalyzing the metabolism of both endogenous 
and exogenous compounds. P450s were fi rst discovered in the 1950s, when an 
enzyme capable of oxidation of xenobiotics was found in the endoplasmic reticulum 
of liver [62]. A couple of years later, Garfi nkel and Klingenberg, independently, 
found a carbon monoxide pigment in liver microsomes to absorb light at ¦=450nm. 
Th e feature to absorb when binding carbon monoxide is typical of P450 enzymes. In 
1964, Omura and Sato showed that the enzymes were heme-dependent [63-66].

P450 enzymes share structural and topological features, though the sequence 
identity of most P450s is low. Crystal structures were before the beginning of 2000 
only available from a number of soluble, prokaryote P450s, for example, Bacillus 
megaterium CYP102 (P450BM3), CYPterp (1CPT), P450cam (CYP101), and 
Saccharopolyspora erythraea P450eryF [61, 67]. All eukaryote P450s, being membrane 
bound, proved diffi  cult for crystallization purposes. Recently, the fi rst crystal 
structure of a mammalian cytochrome P450, rabbit CYP2C5 [68], followed by the 
structures of two human enzymes, CYP2C8 and CYP2C9, and a second rabbit 
enzyme CYP2B4, have been published, revealing important structural information 
about the P450s [69-72].

Bacterial P450BM3 and many mammalian CYP4A and CYP4F enzymes share 
a common function as fatty acid hydroxylases. Th ough diff erent hydroxylation sites 
are noted as P450BM3 preferably hydroxylates non-terminally and CYP4A and 
most CYP4Fs perform the thermodynamically demanding ²-hydroxylation [73].

P450 Metabolism of Exogenous Compounds
P450s metabolize a number of important endogenous biological mediators, but they 
also play a major role in drug metabolism. Th e interactions between diff erent drugs, 
or between drugs and dietary constituents, are often due to P450s. P450s are known 
to activate and detoxify carcinogenic substances. P450s are also used as genetical 
markers in pregnancy [74].

P450s are involved in various diseases. Our phenotype of a drug metabolizing 
P450 may infl uence how we respond to drug treatment or the amount of drug 
interactions we suff er from. For example, poor metabolizers of CYP2D6 exhibit 
higher substrate concentrations in plasma and increased number of adverse drug 
reactions [75]. Certain phenotypes have been connected to increased risk for diff erent 
cancer forms, for example, CYP1A1 and colon cancer [76]. Gene mutations have also 
been connected with various diseases, for example CYP4V2 and Bietti crystalline 
corneoretinal dystrophy [77].

Gene duplications is a another possible factor infl uencing drug metabolism. People 
carrying several CYP2D6 genes have been shown to metabolize substrates faster, 
and CYP2D6 gene duplication has been suggested to infl uence the development of 
persistence in depressed patients due to ultrarapid drug metabolism [74,78].
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P450s Expression and Function in Extra Hepatic Tissues

P450s in Prostate and Seminal Vesicles
Several P450s are found in prostate, viz. CYP1A2, CYP1B1, CYP2C19, CYP2D6, 
CYP3A5, CYP3A7, CYP4B1, and CYP4F8 [79, 80]. Common drug-metabolizing 
enzyme CYP3A4 is also expressed in prostate; and a certain phenotype (CYP3A4*1B) 
has been shown to be a risk factor for prostate cancer [81]. Few P450s are found 
in human seminal vesicles. CYP4F8, also designated PGH 19-hydroxylase, was 
originally cloned from seminal vesicles and proposed to be involved in the formation 
of seminal 19-hydroxy-PGEs [80].

P450s in Skin
Th e skin is a physical barrier towards a number of exogenous compounds. Most 
P450s are expressed in low amounts in skin compared to kidney and liver. A number 
of vitamin A and D metabolizing P450s are important in the skin. P450 enzymes 
are also targets for development of novel strategies for treatment of diff erent skin 
disorders [82, 83].

Yengi et al. constructed a real-time polymerase chain reaction (real-time PCR) 
model for quantifi cation of mRNA levels in human skin samples. Major enzymes 
found were CYP1B1, CYP1B6, CYP2D6, and CYP3A4. An inter-individual 
diff erence in expression pattern was noted in the participants [84]. Th e constitutive 
level of CYP1A1 mRNA in skin is below the detection limit. Various mutagenic 
polycyclic aromatic hydrocarbons are known inducers of CYP1A1, and exposure 
induced CYP1A1 expression in both rodent and human skin. Both in vitro cultured 
keratinocytes and skin models have been found to express CYP1A1 mRNA [82]. 
CYP4A11 is normally not detectable in keratinocytes. However, irradiation of 
ultraviolet light (UVA and UVB) induced its expression [85].

Th e recently identifi ed novel P450 CYP2S1, expressed in skin, is located in a 
cluster of CYP2 family members on chromosome 19q.13.2, and believed to be 
involved in the metabolism of drugs and xenobiotics. CYP2S1 mRNA was induced 
by ultraviolet light, coal tar, and all-trans retinoic acid [86, 87]. CYP2S1 mRNA 
expression was also found to be signifi cantly higher in psoriatic plaques than in 
normal skin [87]. Analysis of the promoter region indicated the presence of several 
AP-1 sites. AP-1 binds cFos and JUN heterodimers and mediates ultraviolet-radiation 
induction of diff erent genes. Genetical polymorphism of CYP2S1 has been identifi ed 
in the Finnish Caucasian population, with nine haplotypes, in addition to the wild-
type, two of which resulted in amino acid substitutions [88]. 

P450s in Ocular Tissues 
A number of P450s have been found in ocular tissues. CYP1B1, CYP4B1, and 
CYP4V2 are constitutively expressed in human ocular tissues [77,90]. It is 
interesting to note that rats with hereditary retinal degradation appear to express 
higher concentrations of P450 enzymes compared to controls [89]. In the eye, most 
P450s are found in cornea, and little is known about P450s in retinal layers. 
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CYP1B1 has been connected to primary congenital glaucoma [90]. Mutations in 
the CYP4V2 gene have been connected to an autosomal recessive retinal dystrophy; 
Bietti crystalline corneoretinal dystrophy, characterized by multiple glistening 
intraretinal crystals of the retina, a characteristic degeneration of the retina, sclerosis 
of the choroidal vessels, night blindness, decreased visual fi eld, and blindness. Cell 
cultures from patients with Bietti crystalline corneoretinal dystrophy show lower 
amounts of DHA and other ²3 PUFAs than controls and their lymphocytes seem to 
lack two fatty acid binding sites. Th e structure of CYP4V2 suggests it may be active 
in fatty acid metabolism [77]. 
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Isoenzyms Substrate  Metabolic pathway Function  
___________________________________________________________________________ 

4A11 Lauric acid  -hydroxylation Endogenous 

4A22   

4B1 Arachidonic acid 12-hydroxylation Endogenous 

4F2 Eicosanoids  -hydroxylation Endogenous  

4F3 Arachidonic acid -hydroxylation Endogenous  

Leukotriene B4 -hydroxylation Endogenous 

4F8 Arachidonic acid 3-hydroxylation Endogenous 

 Prostaglandin H2 2, 3-hydroxylation Endogenous 

4F11 Arachidonic acid -hydroxylation Endogenous 

 erythromycin, diazepam   Exogenous 

4F12 Arachidonic acid 3 hydroxylation Endogenous 

 ebastine, terfenadine   Exogenous  

4F22 

4Z1 

4V2 fatty acid and steroid   Endogenous? 

metabolism (homology)    

4X1 fatty acid metabolism (homology)  Endogenous? 

_____________________________________________________________________________ 

CYP4X1

CYP4Z1

CYP4A11

CYP4A22

CYP4B1

CYP4F2

CYP4F3

CYP4F11

CYP4F12

CYP4F8

CYP4V2

Th e CYP4 Family

Th e CYP4 family has attracted recent attention; most family members are involved in 
both ² and ²2 and ²3 hydroxylation of fatty acids, prostaglandins and leukotrienes 
[60]. Th e human CYP4 family consists to date of six human subfamilies, CYP4A 
(CYP4A11, CYP4A22), CYP4B (CYP 4B1), CYP4F (CYP4F2, CYP4F3, CYP4F8, 
CYP4F11, CYP4F12, and CYP4F22 (a putative gene)), CYP4Z (CYP4Z1), CYP4V 
(CYP4V2), and CYP4X (CYP4X1) (Fig. 3) (cf. Table 1)[55, 60, 77, 91,92-94].

Compounds known to induce the CYP4A family in rodents include peroxisome 
proliferators, such as the hypolipidemic drug, clofi brate. Fatty acids and their 
metabolites are known to bind to and activate peroxisome proliferator activated 
receptors (PPARs). PPARs belong to the nuclear hormone receptor superfamily, and 
regulate cell proliferation and diff erentiation, as well as infl ammatory responses [95-
97].

Fig 3. Phylogenetic tree of human CYP4 enzymes, relative nucleotide substitutions. 

Table 1.  Substrates and catalytic activities of CYP4 family members. 
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Binding of the Prosthetic Heme 
Th e CYP4A family members are found in both humans and rodents. Th eir substrate 
specifi cities diff er, as all enzymes catalyze the ²-hydroxylation of fatty acids, but 
more rarely that of LTB4 or prostaglandins. LeBrun et al. recently demonstrated that 
the prosthetic group in CYP4A1, CYP4A2, CYP4A3, CYP4A8, and CYP4A11 is 
covalently bound to the protein linked via an ester bond between the conserved 
glutamic acid (Glu) residue in the l-helix and the protein. Th e Glu residue is highly 
conserved in the CYP4 family sequence EGHDTT [98].

Alignment of the human CYP4B and CYP4F subfamily members show the 
presence of this conserved Glu residue in CYP4B1, CYP4F2, CYP4F3A, CYP4F3B, 
and CYP4F11. However, CYP4F8, and CYP4F12 have a glycine (Gly) residue 
instead in this position (Fig 4.).

Mutation of the Gly residue to a Glu in rodent CYP4F5 led partly to covalent 
heme binding [99]. Whether covalent heme binding can be introduced by site-
specifi c mutation of the Gly residue to a Glu in human CYP4F8 and CYP4F12 is 
not known. 

Most CYP4 family members with a conserved Glu residue metabolize arachidonic 
acid to 20-HETE. Both CYP4F8 and CYP4F12 have, however,  been shown to 
metabolize arachidonic acid by ²3-hydroxyation to 18-HETE [51,54]. 

Fig 4. CYP4F Subfamily Partial l-Helix Sequence Alignment. CYP4F8 and CYP4F12 have a Gly 
residue in position 328, while most other human CYP4Fs have a Glu. Th e conserved l-helix region 
is found in SRS3 (cf. [101]). 

310 320 330

V L L L S K D E D G K K L S D E D I R A E A D T F M F E G H  CYP4F2
V L L L S K D E D G K K L S D E D I R A E A D T F M F E G H  CYP4F3
V L L L S E D K N G K E L S D E D I R A E A D T F M F G G H  CYP4F8
V L L L S K D E D G K E L S D E D I R A E A D T F M F E G H  CYP4F11
V L L L S K D E D G K A L S D E D I R A E A D T F M F G G H  CYP4F12

340 350 360

D T T A S G L S W V L Y H L A K H P E Y Q E R C R Q E V Q E  CYP4F2
D T T A S G L S W V L Y H L A K H P E Y Q E R C R Q E V Q E  CYP4F3
D T T A S G L S W V L Y N L A R H P E Y Q E R C R Q E V Q E  CYP4F8
D T T A S G L S W V L Y H L A K H P E Y Q E Q C R Q E V Q E  CYP4F11
D T T A S G L S W V L Y N L A R H P E Y Q E R C R Q E V Q E  CYP4F12

SRS3
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CYP4F subfamily

Overview
Th e human CYP4F subfamily consists of fi ve genes, six enzymes, and a number of 
pseudogenes. Seven rodent, one fi sh, and one sheep CYP4F members have also been 
identifi ed [55]. 

CYP4F1 was discovered in rat hepatic tumors, and the fi rst member of this new 
subfamily [102]. CYP4F1 catalyzes the hydroxylation of LTB4, lipoxin A4, and 
several HETEs, but not arachidonic acid [103].

Th e human CYP4F2 (found in liver and kidney) catalyze the hydroxylation of 
LTB4 into 20-hydroxy-LTB4, a biologically less active product, but CYP4F2 also 
oxidizes arachidonic acid to 20-HETE [104, 105]. Th e regulation of CYP4F2 in 
HepG2 cells depends on all-trans retinoic acid, and several putative retinoid X 
receptor-alpha/retinoic acid receptor-alpha (RXR|/RAR|) dimers are found in the 
CYP4F2 promoter region [106].

CYP4F3 is present in two isoforms, CYP4F3A and CYP4F3B. CYP4F3A 
catalyzes the inactivation of LTB4 by ²-oxidation in human polymorphonuclear 
leukocytes [107]. A splice variant (CYP4F3B) is expressed in fetal and adult liver, 
trachea and gastrointestinal tract (GI-tract), but not in neutrophils [108]. Th e 
CYP4F3 gene contains 14 exons and 13 introns. CYP4F3B metabolizes arachidonic 
acid to 20-HETE [109]. Th e cDNAs for CYP4F3A (found in neutrophils) and 
CYP4F3B (found in liver) have identical coding regions, except contain exons 4 and 
3, respectively. Th is is the only splice variant found to-date of the human CYP4F 
subfamily [55, 109]. 

Th ree new rodent enzymes, designated CYP4F4, CYP4F5, and CYP4F6, 
respectively, belonging to the same gene family, were found in the rat brain, however, 
the highest expression was found in both liver and kidney. 

CYP4F8 and CYP4F12 will be further discussed below. 
CYP4F11 was cloned from liver and kidney, and the catalytical properties has 

recently been reported [110]. It is mainly expressed in human liver, but also found 
in the kidney, heart, and skeletal muscle. CYP4F11 catalyzes ² hydroxylation of 
arachidonic acid, but has also been found to metabolize several xenobiotics e.g., 
erythromycin, benzphetamine, ethylmorphine, chlorpromazine, and imipramine. 
Interestingly, modeling of CYP4F11 against CYP4F3A revealed several changes 
in the substrate access channel and the FG loop region, possibly explaining the 
diff erence found in substrate specifi city [101].
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CYP4F8
CYP4F8 was cloned from human seminal vesicles, using degenerate primers for 
the CYP4 family. CYP4F8 shows ü80% amino acid identity with CYP4F2, and 
CYP4F3. Gene expression was also found in prostate glands and liver, but in lower 
amounts [80].

Recombinant CYP4F8, expressed in Saccharomyces cerevisiae W(R) was found to 
²2 and ²3 hydroxylate three PGH2 analogs, 9,11-epoxymethano-PGH2 (U-44069), 
11,9-epoxymethano-PGH2 (U-46619), and 9,11-diazo-15-deoxy-PGH2 (U-51605), 
and to convert PGH2 to 19-hydroxy PGH2 effi  ciently [100]. Th e stereochemistry (R 
or S form) of the hydroxy-prostaglandins formed by recombinant CYP4F8 was not 
determined [51]. 

Previous results suggest that 19-hydroxy-PGEs are formed enzymatically from 
PGH2 by CYP4F8 and PGES. Th e proposed mechanism of in vivo biosynthesis is 
that arachidonic acid is metabolized by a COX enzyme to PGH2, which was rapidly 
converted by CYP4F8 in human seminal vesicles to the unstable 19-hydroxy-PGH2, 
and then further converted by a PGES to 19-hydroxy-PGE2 [51]. CYP4F8 was 
therefore designated a PGH 19-hydroxylase. However, the distribution of COX-1 
and COX-2 in reproductive organs has not been investigated, as to which enzyme is 
involved in the fi rst step of the biosynthesis of seminal prostaglandins. Th ere are also 
two groups of recently identifi ed PGES, one cytosolic and one membrane-bound 
[31, 111].

CYP4F12
CYP4F12 (524 amino acids, 60,3 kDa) was originally cloned from liver and small 
intestine. CYP4F12 mRNA was detected in liver, kidney, small intestine, colon, and 
heart [56, 112]. Previous reports show that CYP4F12 ²2 hydroxylates two PGH2 
analogs, and oxidizes arachidonic acid to 18-HETE [51]. Anti-histamine drugs, 
ebastine and terfenadine, have also been shown to be substrates [112, 113]. Th ere is 
little information on the metabolism of other endogenous compounds and on the 
tissue distribution of CYP4F12.

DNA samples from French Caucasians were used to study mutations in the coding 
region of CYP4F12. Ten mutations, out of which seven were non-synonymous 
mutations 31C>T (Leu11Phe), 38C>T (Pro13Leu), 47C>T  (Met16Th r), 4759G>A 
(Asp76Asn), 4801G>A (Val90Leu), 8896C>T (Arg188Cys), and 23545G>A (Gly522Ser) 
were identifi ed. Th e non-synonymous mutations were expressed in S. cerevisiae 
and the catalytic activity towards the anti-histamine ebastine investigated. Five 
out of seven variants did not exhibit any signifi cant diff erence in catalytic activity, 
whereas two variants, Val90Ile and Arg188Cys, displayed signifi cant changes in their 
Michaelis-Menten (Km, Vm) parameters [114]. Th e mutant Leu11Phe has previously 
been expressed in yeast and found to exhibit similar catalytic properties as native 
CYP4F12 towards ebastine [112].

Analysis of the CYP4F12 promoter region was recently published. Several 
single nucleotide polymorphisms (SNPs) were identifi ed in the 5’-fl anking region 
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of CYP4F12 by the polymerase chain reaction-single strand conformational 
polymorphism strategy in a French Caucasian population. A large deletion in intron 
1 (CYP4F12*v1) and nine combined substitutions (CYP4F12*v2) were further 
studied and transfected into a HepG2 cell-line and the luciferase activity measured. 
Both mutations lead to a decrease of CYP4F12 expression, and may determine inter-
individual diff erences in CYP4F12 gene expression [115].
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Aims

Th e CYP4F subfamily members are implicated in the metabolism of fatty acids and 
eicosanoids.  

Th e specifi c aims for these investigations were to:

1. Study the mechanism of biosynthesis of seminal 19R-hydroxy-prosta-
glandins and the cellular localization of COX-2, CYP4F8, and mPGES-1 
(papers IV and V ).

2. Characterize the tissue distribution and cellular localization of CYP4F8 
(paper I). 

3. Study the expression and possible function of CYP4F8 in normal and psori-
atic skin, and in cultured human keratinocytes (paper II).

4. Study the expression of CYP4F8 in corneal epithelium and retina 
(paper III).

5. Study the cellular localization and tissue distribution of CYP4F12 
(paper VI).

6. Study the catalytic properties of recombinant CYP4F8 and CYP4F12 
(papers IV, V, VI, and VII).
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Comments on Materials and Methods

Tissue samples
Th e studies were approved by the Ethics Committees of Uppsala University and 
Karolinska Institute, respectively. Skin biopsies of non-lesional, lesional psoriasis, 
and healthy volunteers were obtained from the Division of Dermatology and 
Venereology, Akademiska sjukhuset, Uppsala, Sweden. Sections of human retina 
were obtained from St. Erik’s Eye Hospital, Karolinska Institute, Stockholm. 
Corneas (from keratoconus) were obtained from Akademiska sjukhuset, and 
other discarded anonymous human tissues were from Akademiska sjukhuset or 
Karolinska sjukhuset e.g., human seminal vesicles, ampulla of vas deferens, kidney, 
liver, placenta, and prostate glands. Human epidermal keratinocytes were from 
Cascade Biologics (Portland, OR). Tissue sections for immunohistochemistry (Vast 
Arrays) were purchased from Invitrogen and the Northern blot membrane of human 
mRNA from Clontech. Total RNA from human retina was purchased from BD 
Biosciences.

Isolation of total RNA and transcription
Total RNA was isolated using TriReagent according to manufacturer (an improved 
version of the single-step total RNA isolation reagent developed by Chomczynski 
and Sacci [116]. It is a quick and convenient method for simultaneous isolation 
of RNA, DNA, and protein. Total extracted RNA was measured using spectro-
photometry. cDNA was obtained using random hexamers or nonamers, and two 
diff erent enzymes, enhanced avian myeloblastosis virus reverse transcriptase (RT) 
(Enhanced avian RT-PCR kit (SigmaAldrich) or Moloney murine leukemia reverse 
transcriptase (Revert Aid, Fermentas), were used.

DNA sequencing
Sequencing was fi rst performed manually (paper I) using cycle sequencing and 
33P-labeled ddNTPs and analyzed by the Th ermo Sequenase kit protocol on 6% 
polyacrylamide sequencing gels (National Diagnostics). 
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DNA sequencing analysis was then performed at the Department of Animal 
Breeding and Genetics, SLU, and at the Uppsala Genome Center, Rudbeck 
Laboratory, Uppsala, Sweden. Sequencing was performed using a Big Dye Terminator 
sequencing kit and ABI 377 automatic sequencer (Perkin Elmer, Applied Biosystems) 
or by using Dye terminator cycle sequencing kit and a Megabase 1000 sequenator 
(AmershamPharmacia Biotech). Th e Lasergene program (DNASTAR, Madison, 
WI) and the BLAST algorithm were used for sequence analysis [117].

RT-PCR and real-time PCR
All primers were designed manually or by the OLIGO program to span at least 
one exon-intron border. Except for mPGES-1, as this gene does not contain any 
introns. A quantitative ladder (low mass ladder) was used in some of the experiments 
in order to visually estimate the transcripts before sequencing. Negative controls, 
either blank cDNA or water controls, were run in parallel with PCR-samples to 
check for contamination. PCR products were run on agarose gel electrophoresis and 
visualized using ethidium bromide. A size marker (1-kb) was used for determining 
the size of the fragments.

Real-time PCR was used to quantify the amount of cDNA, and to compare 
the expression levels of diff erent genes in human tissues and cultured cells in vitro. 
Cyclophilin, a housekeeping gene, was used as an internal control. Real-time PCR 
was run using fl uorescent markers. 6-FAM-labeled probes absorb at ¦=518 nm, 
while TAMRA labeled probes detect at wavelength ¦=583 nm. In all experiments 
standard curves of the gene in question were used. All values were corrected for 
cyclophilin.

Northern blotting
Northern blotting allows detection of specifi c mRNA sequences. Total RNA was 
fractionated by agarose gel electrophoresis, followed by transfer (blotting) to a 
membrane support, and hybridization with RNA (or DNA) probes. Th e cDNA 
probe (bp 167-790; amino acids 56-270) of the coding region of CYP4F8 (NM_
007253), which has ü78% sequence identity with CYP4F2, CYP4F3, CYP4F11, 
and CYP4F12, respectively was used. Th e probe was P32 labeled by random primer 
method and purifi ed by gel fi ltration (Nick column). A Northern blot (Clontech) 
containing mRNA from brain, heart, skeletal muscle, colon, thymus, spleen, kidney, 
liver, small intestine, placenta, lung, and peripheral blood leukocytes was hybridized, 
washed, and exposed to Kodak Bio-Maz MR/MS according to manufacturer 
(Clontech).
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In situ hybridization
In situ emulsion hybridization was used to localize and compare the mRNA 
expression levels of CYP4F8 in human seminal vesicles. Th e sense and antisense 
oligonucleotides for in situ hybridization corresponded to nucleotides 348–380 
(5́ CATTACAGACAAGGACATAGTCTTCTACAAGAC) of the CYP4F8 open 
reading frame. In situ probes were chosen short because they easily penetrate the 
tissues, and the risk of renaturation is less. Sense probed sections were used as control 
of unspecifi c binding [118].

In situ hybridization can be performed with radioactive or non-radioactive 
labeling. [35S]dATP was chosen, as radioactive labels detect transcripts present in 
lower amounts. Th e labeling, using terminal deoxynucleotidyl transferase, was 
purifi ed by gel chromatography. Slides were hybridized, washed with SSC, to 
decrease electrostatic interactions between the two strings, and dehydrated, before 
dipped in Kodak NTB-2 emulsion (43 °C dried overnight), and exposed at +4°C 
for 1-2 weeks.  Th e autoradiography slides were developed by Kodak photographic 
processing protocol and analyzed by light microscopy with a digital camera. 

Immunization 
Th e method described in detail by Edwards et al. [119, 120] was used. Two male New 
Zealand White rabbits were immunized with 0.2 mg conjugate (C-e-Aca-RVEPLG-
COOH (CYP4F8) or C-e-Aca-PLNVGLQ–COOH (CYP4F12) conjugated to 
keyhole limpet hemocyanin, (1:1) in Freund’s complete adjuvant, and twice, at 
intervals of  2 weeks, with Freund’s incomplete adjuvant. Th e animals were bled 
to death a week after the third injection. Th e antibodies were purifi ed by affi  nity 
chromatography (peptide coupled to SulfoLink gel) as suggested by Pierce (Rockford, 
IL) and used at a protein concentration of 1 Hg/ml for immunohistochemistry and 0,2 
Hg/ml for Western blot analysis (CYP4F8), and 25 Hg/ml for immunohistochemistry 
and 2,5 Hg/ml for Western blot analysis (CYP4F12).

Western blot analysis
Western blot analysis was used both to detect proteins in diff erent human tissues and 
recombinant proteins. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was run on 7,5-12% gels according to Laemmli [121].

Th e protein size markers (BioRad or Fermentas) and proteins were loaded on 
SDS-PAGE (7,5-12% polyacrylamide / 3% stacking gels) and sizes estimated. 
Polyclonal antibodies used for Western blot were checked for cross reactivity. In 
order to diminish the background, blocking of unspecifi c protein using ü10% non-
fat dry milk was performed over night (+4°C) and the antibodies were purifi ed by 
affi  nity chromatography.
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Immunohistological analysis
Immunohistological analysis using polyclonal antibodies, directed against specifi c 
amino acids, recognize antigens in diff erent cellular membranes and structures. 
Sections (6–14 Hm) were prepared on a cryostat microtome (HM 500M, Microm, 
Walldorf, Germany) and mounted on superfrost slides. Diagnostic sections (6Hm) of 
skin and microsomes of epidermis were prepared as described [122]. Paraffi  n sections 
(VastArray slides (Invitrogen), corneal and prostate sections) were deparaffi  nized in 
xylene (5 min) and treated with decreasing concentrations of ethanol before fi xation, 
peroxidase blocking (1% H2O2 in phosphate buff ered saline (PBS)) and blocking of 
non-specifi c peptides (10% normal goat serum in PBS; 2% bovine serum albumin 
(15 min, 22° C)). Slides were then incubated with purifi ed primary CYP4F8/
CYP4F12 antibodies in PBS with 2% bovine serum albumin overnight at +4 °C, 
washed, and incubated with the secondary antibody (Vectastain anti-rabbit IgG, 
1:200 in PBS; 2% bovine serum albumin). 3-Amino-9-ethylcarbazole was used to 
visualize phosphatase activity, and the sections were analyzed by light microscopy, 
with or without counterstaining with Mayer’s hematoxylin and bluing reagent. 

Th ree diff erent control staining methods were used, (i) diluted pre-immune 
serum, (ii) anti-rabbit IgG antibody was omitted, or (iii) the purifi ed antibodies 
were mixed and incubated with a 10-fold access blocking peptide.

For analysis of COX-2 and mPGES-1 immunoreactivity, sections from lesional 
and non-lesional epidermis, healthy individuals, as well as cornea, seminal vesicles, 
and prostate were incubated with mouse COX-2 antibody (BD Biosciences) (1:150) 
overnight at +4 °C and with a secondary biotinylated anti-mouse IgG antibody 
(1:150; 1h; 21°C), or a mPGES-1 antibody (Cayman Chemicals) and a secondary 
biotinylated anti-rabbit IgG antibody, washed, and incubated with the avidin–
biotin complex (1:100, 1h; 21°C). Phosphatase activity was visualized as above, and 
the sections were analyzed by light microscopy after washing, counterstaining, and 
mounting. 

Immunofl uorescence analysis
Immunofl uorescence analysis was performed in duplicates. Negative controls were 
prepared by omitting the primary antibodies. 

For COX-2 immunofl uorescence, sections were blocked with 10% normal anti-
rabbit serum and incubated with an anti-COX-2 primary antibody (1:10; + 4°C; over 
night). Sections were visualized with a polyclonal rabbit anti-mouse immunoglobulins/
FITC (1:20; 1h at 21°C) and washed with PBS. For immunofl uorescence staining of 
CYP4F8, the sections were blocked with 10% normal goat serum (15 min at 21°C), 
and incubated with the CYP4F8 antibody in PBS (2 µg/ml; overnight; 21oC). Th e 
primary antibody was detected with a biotinylated anti-rabbit IgG antibody (1:200; 
30 min; 21°C) and visualized using Texas Red avidin conjugate antibody (1:100;30 
min; 21°C). 
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For detection of mPGES-1, tissue sections were fi rst incubated with mPGES-
1 antibody (dilution 1:250; overnight at +4°C). mPGES-1 immunofl uorescence 
was then developed by the biotinylated anti-rabbit IgG antibody (1:200; 30 min; 
21°C) and the Texas Red avidin conjugate antibody (1:100; 30 min; 21°C). Th ese 
slides were then incubated with COX-2 as described above. Hoechst dye 33258 was 
used for nuclear staining, facilitating identifi cation of the diff erent epidermal layers. 
Immunofl uorescence was analyzed using a Leica DMLB microscope equipped with 
a DC-200 camera. 

Site directed mutagenesis and protein expression in yeast
Site-directed mutagenesis of pGEM7_CYP4F8 was performed using the 
QuikChange kit (Stratagene), Pfu polymerase and oligonucleotides (41nt). Th is 
method is convenient as it does not need subcloning, single-stranded rescue or 
special vectors and is used for creating point mutations. After the fi rst 3 cycles, the 
PCR containing sense and antisense primer pairs were combined, and run for an 
additional 13 cycles. Th e reaction mixture was digested with DpnI (2-3 h) to remove 
parental template, checked by agarose gel electrophoresis, and the plasmids obtained 
were transformed into Escherichia coli. Mutant plasmids were screened by restriction 
analysis, sequenced and transformed with S. cerevisiae W(R) strain.

Yeast expression was used, as it has been found to yield  rather high and robust 
expression levels of heterologous P450s. P450s are active in yeast, and can be used 
for catalytical experiments, and yeast being an eukaryote system is an advantage to 
prokaryote bacterial expression systems [123]. Th e cDNA of CYP4F8, CYP4F12, 
and two CYP4F8 mutants (Tyr125Phe and Gly328Glu), respectively, were cloned into 
the expression vector (pYeDP60) (a kind gift from Drs Pompon and Urban at the 
Centre Génétique Moléculaire de CNRS, Gif-sur-Yvette, France), transformed into 
the S. cerevisae W(R) strain, and expressed as described [100, 124]. Th e W(R) strain 
is genetically modifi ed and over-express the NADPH dependent P-450 reductase 
in the presence of galactose. Yeast was grown in high-density glucose before 
switching to galactose. Th e yeast cells were harvested and glass beads were used 
to disrupt the cells. Isolation of microsomes was preformed by centrifugation and 
protein concentration measured using ~-globulin as standard [125]. Expression was 
confi rmed using Western blot as described (paper I). 

Keratinocyte cell cultures
Human keratinocyte cell lines were cultured essentially as described [122]. Human 
epidermal keratinocytes cells (HEK) were cultured in EpiLife keratinocyte serum 
free medium containing human keratinocyte growth supplement (Cascade 
Biologics). Th e cells were treated with cytokines (interferon-~ (IFN-~) 50 ng/ml; 
TNF-| 10 ng/ml; IL-1} 2 ng/ml; for 24 h), with phorbol 12-myristate 13-acetate 
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(PMA) (10 nM; 6 or 16 h), or with 1.5 mM Ca2+ to achieve cell diff erentiation. 
Immortalized keratinocytes, so-called, HaCaT-cells were used between passages 35-
45, and cultured in Dulbecco ś modifi ed Eagle medium containing 10% fetal calf 
serum supplemented with L-glutamine (2 mM), non-essential amino acids (1%), 
streptomycin (50 µg mL-1), and penicillin (50 U mL-1) and subject to the same 
exposure to a mixture of cytokines or PMA as human epidermal keratinocytes.

Human corneas in culture were incubated in Dulbecco ś modifi ed Eagle Medium 
at 5% CO2 in humidifi ed air at 37oC, and exposed to diff erent stimuli i.e., 1-10 HM 
PMA, a pro-infl ammatory agent or to 100 HM DHA, for 48 h. Epithelial cells were 
isolated as described [47, 126] and total RNA and protein were prepared using 
TriReagent (SigmaAldrich) 

Liquid chromatography-mass spectrometry and gas 
chromatography-mass spectrometry 

Experimental
Yeast microsomes with recombinant proteins were incubated with 1 mM NADPH 
and 30–100 mM substrate in 0.25 ml 0.1 M potassium phosphate buff er (pH 7.4; 
pH 7,4, except for PGI2 were pH.8.0 was used) with 2 mM EDTA for 30 min. at 
37°C. Th e metabolites were extracted on octadecasilane silica (SepPak/C18), eluted 
by organic solvent (ethyl acetate), and analyzed by LC-MS [100] using diff erent 
mobile phases. 

Liquid chromatography-mass spectrometry analysis (LC-MS)
Equipment for LC-MS was as described [100]. For metabolites of PGH2 analogs, 
U-44069, U-46619, and U-51605 we used acetonitrile/water/acetic acid 32/68/0,01 
or 35/65/0,01. For arachidonic acid methanol/water/acetic acid, 80/20/0.01 was 
used. For DPA and DHA metabolites methanol/water/acetic acid, 82/18/0.01 or 
77/23/0.01, respectively, were used. For detection of 6,9-methylene-PGI2 and PGI2 
metabolites acetonitrile/water/acetic acid 35/65/0.01 and 25/75/0.01 were used, and 
for 9,11-methylene-TXA2 methanol/water/acetic acid 80/20/0.01 was used.

Gas chromatography-mass spectrometry analysis (GC-MS)
Methyl esters and trimethylsilyl ethers were prepared as described [127]. A gas 
chromatograph (Varian 3100) with a non-polar capillary column (30 m; DB-
5, J&W Scientifi c; fi lm, 0.25 Hm; diameter, 0.25 mm) was connected to an ion 
trap mass spectrometer (ITS40, Finnigan MAT). C values (number of apparent 
carbons) were determined from the retention times of fatty acid methyl esters. 
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Phenylpropionyl derivatives were analyzed on a Hewlett-Packard model 5970A mass 
selective detector, connected to a model 5890 gas chromatograph, equipped with a 
capillary column (15m; SPB-1701, Supelco; fi lm thickness, 0.25 Hm).

Bioinformatic Resources
All alignments were performed using the DNAStar program. Th e BLAST algorithm 
was used to compare sequence transcripts with known sequence from NCBI [117]. 
Th e NCBI SNP database, the International HapMap Project homepages, and the 
Ensembl Genome Browser were used to investigate SNPs in the CYP4F8 gene 
(http://www.ncbi.nlm.nih.gov/, www.hapmap.org, and www.ensembl.org).

MAPPER (Multi-genome Analysis of Positions and Patterns of Elements of 
Regulation) and TESS (Transcription Element Search Systeme) were used for 
analysis of the 5́ fl anking promoter region of CYP4F8. (http://bio.chip.org/mapper/
mapper-top, and www.cbil.upenn.edu/tess).
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Results and Discussion

Tissue Distribution of CYP4F8 (paper I)
A polyclonal antibody against the C-terminal end of CYP4F8, RVEPLG, was 
generated, according to the technique described by Edwards et al., used for targeting 
antipeptide antibodies towards P450s. Specifi c antibodies against CYP1A1, 
CYP2D6, CYP4A11, and CYP2C enzymes have been produced by this method 
[119]. 

Th e tissue distribution of CYP4F8 was screened using immunohistological 
sections from over 50 human tissues from both men and women. Immunoreactivity 
was found, inter alia, in seminal vesicles, epidermis, hair follicles, sweat glands, 
corneal epithelium, proximal renal tubules, the epithelial linings of the gut 
(stomach), and urinary tract (cf. Fig. 5). A few cells of human lung also appeared 
to be stained (alveolar macrophages). Most tissues showed no immunoreactivity, 
e.g., spleen, pancreas, ovary, brain, and placenta. Western blot analysis of seminal 
vesicles, kidney cortex, adult and fetal liver, as well as skin and cornea, confi rmed 
the presence of a protein of approximately 60 kDa, consistent with CYP4F8. 

Northern blot analysis showed transcripts in both the liver and kidney (~2.1, ~2.5, 
and ~5.8 kb), possibly refl ecting diff erent polyadenylation sites. Ten other tissues 
showed no hybridization signals (brain, heart, skeletal muscle, colon, thymus, spleen, 
small intestine, placenta, lung, and peripheral blood leukocytes). Conventional RT-
PCR was used to confi rm the CYP4F8 mRNA expression in epidermis, cornea, 
kidney, and liver. 

Prominent Expression of CYP4F8 in Psoriatic Skin (papers I and II)
cDNA, from lesional and non-lesional epidermis of 4 patients with chronic psoriasis, 
was analyzed with conventional RT-PCR for CYP4F8, COX-2, and EP2 transcripts. 
A prominent RT-PCR signal of CYP4F8 was obtained from lesional epidermis, and 
COX-2 also appeared to be up regulated. Th e prostanoid EP2 receptor was found in 
equal amounts. 

Experiments attempting to detect 19-hydroxy-PGEs by LC-MS2 in psoriatic 
scales showed no signal at m/z 369, which corresponds to the carboxylate anion of 
19-hydroxy-PGE2, at the retention time of standard 19-hydroxy-PGE2. However, 
PGE2 (~2.3 ngPGE2/mg scales) and 12- and 15-HETE were readily detected in 
psoriatic scales, in accordance with previous reports [128, 129].
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In paper II real-time PCR was used to quantify the relative amounts of COX-2, 
CYP4F8, and mPGES-1 transcripts in lesional and non-lesional biopsies from the 
same patient. All three enzymes were readily detectable in skin, though the expression 
level of CYP4F8 was signifi cantly lower than in seminal vesicles. CYP4F8 mRNA 
increased 15-fold (p<0.05; n=4). Little or no up regulation of COX-2 was seen in 
three patients and one showed a small decrease. We found transcripts of mPGES-1 
to be present in almost equal amounts.

Immunofl uorescence co-localization of COX-2, CYP4F8, and mPGES-1 
indicated that CYP4F8 was primarily expressed in the keratinocytes of the suprabasal 
cell layers (stratum granulosum and stratum spinosum), CYP4F8 immunoreactivity 
was thus also present in basal cells. Th is may be important, as the keratinocytes 
are formed in stratum basale, and diff erentiate towards the outmost layer, stratum 
corneum. COX-2 is primarily expressed in the suprabasal keratinocytes, while 
mPGES-1 show a similar expression pattern as CYP4F8 (cf. Fig. 5G-I). 

In paper II we also investigated the expression of COX-2, CYP4F8, and mPGES-
1 in two diff erent cultured keratinocyte cell lines: HEK-cells and immortalized 
epidermal keratinocytes, HaCaT-cells. All three enzymes were readily detectable 
by both conventional RT-PCR and real-time PCR analysis. We also investigated 
the eff ects of infl ammatory agents on the expression of these enzymes in vitro, 
using HEK cells (a mixture of cytokines IFN-~, TNF-|, and IL-1}; and PMA) 
and HaCaT cells (a mixture of cytokines IFN-~, TNF-|, and IL-1}), to mimic the 
physiology of psoriasis. PMA appeared to induce expression of HEK cells, while the 
cytokine mix mostly induced CYP4F8 mRNA in HaCaT-cells (cf. paper II fi g 5). 
CYP4F8 immunoreactivity was also detectable in eczema skin (cf. Fig. 5D), but not 
in acne (Stark, Törmä , and Oliw, unpublished observation) Whether CYP4F8 is also 
up regulated in other dermatoses remains to be investigated. 

Retinoids are important drugs in treatment of psoriasis. All-trans-retinoic acid 
regulates the CYP4F2 gene activity [106]. In paper II all-trans retinoic acid under 
occlusion (24h) was tested on three healthy volunteers. A marked inter-individual 
variation was noted, but CYP4F8 mRNA appeared to be up regulated in all three 
subjects.

 Western blot analysis showed the presence of CYP4F8 protein in HEK-cells and 
HaCaT-cells. Whereas one specifi c band was detectable in microsomes of human 
seminal vesicles, two bands appeared in the keratinocyte microsomes (cf. paper II 
Fig. 4A.). Th e top band of ü60 kDa corresponded to CYP4F8, the lower band at 
ü55 kDa was not further investigated. A similar pattern was found in the HaCaT-
cells. Gonzales et al. reported similar results with CYP4A11 expression in human 
keratinocytes [85]. mPGES-1 was also detectable in HEK-cells, though expression 
in HaCaT-cells appeared to be much higher. Th e expression was thus not found to 
be induced by cytokines. 
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Fig. 5a. Immunohistological staining of CYP4F8 in human skin. (A) human skin. (B) psoriatic 
skin. (C) negative control. (D) eczema. (E) hair root of psoriatic skin. (F) sweat glands of normal 
skin. 
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Fig 5b. Co-localization of CYP4F8 and COX-2 in human skin, and CYP4F8 immunofl uorescence 
in ocular tissues. (A) COX-2 staining in healthy human epidermis (green). (B) CYP4F8 in healthy 
human epidermis (red). (C) Co-localization of COX-2 and CYP4F8 in suprabasal layers of epider-
mis (yellow). (D) human corneal epithelium. (E) human retina. (F) human retina , negative control.
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CYP4F8 in Ocular Tissues (paper III)
Paper III focuses on the expression and function of CYP4F8 in ocular tissues. Paper 
I indicated transcripts in human cornea, and human corneal epithelium showed 
strong immunoreactivity of CYP4F8 (Fig. 5J).

Th e human and primate genomes show over 85% gene sequence identity [130]. 
Crab eating monkey (Macaca fascicularis) is known to form seminal 19-hydroxy-
PGEs [131] and both mPGES-1 and COX-2 are found in male monkey reproductive 
organs [132]. Whole eye sections from M. fascicularis were therefore stained for 
CYP4F8 immunoreactivity. Prominent staining was noted in corneal epithelium, 
inner and outer plexiform layers of retina, as well as in some cells of the iris. 

Human retinal sections from melanoma eye surgery also showed CYP4F8 
immunoreactivity in the same retinal layers (cf. Fig. 5K and L). Th is was unexpected, 
as retina embryologically is part of the central nervous system, and no CYP4F8 
immunoreactivity was previously detected in either the central nervous system or 
any part of the brain (cf. paper I). Th e plexiform layers are composed of a complex 
network of synapses originating from photo receptors, horizontal- and bipolar cells, 
as well as dendrites of ganglion cells [133]. Th e inner plexiform layer also contains 
synapses of specialized interneurons, the amacrine cells, which are of considerable 
diversity and complexity. In order to distinguish the cellular localization of CYP4F8 
in the plexiform layer, co-localization with known retinal structures would be 
needed.

Our second objective was to compare the COX-2, CYP4F8, and mPGES-1 
transcripts in retina with those of seminal vesicles. All three enzymes were readily 
detected in the retina, although in lower concentration. However, no co-localization 
was found, as COX-2 only stained few cells of the outer plexiform layer. Ju et al. 
reported COX-2 immunoreactivity to be present in processes of the outer plexiform 
layer and in certain amacrine cells and retinal ganglion cells (cf.[134]). Th is indicated 
that CYP4F8 may have another function in retina, as compared to its function in 
seminal vesicles. 

Recombinant CYP4F8 was shown to metabolize fatty acid DHA to four epoxides; 
19,20-epoxyeicosapentaenoic acid (19,20-EpDPA), 16,17-EpDPA, 13,14-EpDPA, 
and 10,11-EpDPA, but whether this occurs in vivo remains unknown.

We also investigated the regulation of CYP4F8 in ocular tissues using an in 
vitro model of human corneas from keratoconus surgery. PMA was found to up 
regulate CYP4F8 mRNA expression, in accordance with previous results from 
cultured epidermal keratinocytes (Fig. 6A). Th e concentration of PMA used was 
relatively high, due to the fact that whole corneas were used, and not cultured 
corneal keratinocytes (cf. [49, 135]).

DHA was found to down regulate CYP4F8 mRNA expression in vitro (Fig. 
6B). DHA has recently been suggested to be a RXR agonist, and that RXR 
could function as a fatty acid receptor in vivo [136]. Th e 5’-fl anking region of the 
CYP4F8 gene (10kb) was therefore analyzed for transcription factor binding sites 
with TRANSFAC/TESS, and several putative RXR/RAR regulatory elements were 
found.
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Fig.6. Induction and inhibition of CYP4F8 mRNA expression in human corneal epithelial cells in 
vitro. (A) Real-time PCR analysis of CYP4F8 mRNA isolated from corneal epithelial cells (0, 1, 5 
or 10 µM PMA). (B) Real-time-PCR analysis of CYP4F8 mRNA (correlated for cyclophilin expres-
sion) in corneal epithelial cells treated with 0 or 100 µM DHA.

Most of the P450s found in ocular tissues metabolize, or are regulated by, retinoids. 
CYP4 family members like CYP4B1, CYP4F2, and CYP4F3A are regulated by all-
trans retinoic acid. All-trans retinoic acid also appears to up regulate the CYP4F8 
mRNA expression in epidermis under occlusion, but whether all-trans retinoic acid 
or other retinoids regulate CYP4F8 in ocular tissues remains to be investigated.

COX-2, CYP4F8, and mPGES-1 in Genital Glands and Biosynthesis 
of 19R-hydroxy-Prostaglandin Es (papers IV and V)
Th e predominating prostaglandins of human seminal fl uid are 19R-hydroxy-PGEs, 
conceivably formed sequentially by COX-2, PGH 19-hydroxylase (CYP4F8), and 
mPGES-1 in seminal vesicles. Th e aim was to study this enzyme system in seminal 
vesicles and vas deferens.

 Quantifi cation by real-time PCR suggested that the transcripts of COX-2, 
CYP4F8, and mPGES-1 were abundant and correlated in the seminal vesicles of 
seven patients (p < 0.05) (Fig. 7). Th e three enzymes were also detectable in the 
seminal vesicles by Western blot analysis, as a protein at the expected size (60 kDa) 
was detected. 
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Immunohistological analysis confi rmed the localization of CYP4F8 to the 
epithelial linings of the seminal vesicles and distal vas deferens. In situ hybridization 
verifi ed the cellular localization of CYP4F8, as silver grains were noted along the 
epithelial lining of the folds of the glands. COX-2 and mPGES-1 immunoreactivity 
were also detectable in the same linings. Immunofl uorescence analysis showed co-
localization of all three enzymes in epithelial cells of both the seminal vesicles and 
vas deferens. 
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Fig 7.  Real-time-PCR analysis of COX-2, CYP4F8, and mPGES-1 in seven samples of human 
seminal vesicles. Th e ordinate shows cycle threshold numbers for CYP4F8 and mPGES-1, and the 
abscissa cycle threshold numbers for COX-2. All samples were analyzed with cDNA prepared in 
duplicate to account for variation within the human seminal vesicles. Ct: cycle threshold.

19-Hydroxy-PGE compounds were detected by mass spectrometry in the mucosa 
of distal vas deferens. Recombinant CYP4F8 catalyzes ²2 hydroxylation of PGH 
and ²3 hydroxylation of arachidonic acid. Arachidonic acid was oxidized to 18-
HETE and to PGE2 by microsomes of seminal vesicles in the presence of NADPH 
and glutathione, but only to relatively small amounts of 19-hydroxy-PGE2. Th is 
experiment shows that COX and a microsomal monooxygenase, presumably 
CYP4F8, were active, but surprisingly little 19-hydroxy-PGE2 was formed. It was 
unexpected that the effi  cient biosynthesis of 19-hydroxy-PGE2 in vivo could not be 
mimicked in vitro by incubating microsomal fractions of human seminal vesicles 
with arachidonic acid. Th is may be due to a number of factors, for example, the 
instability of PGH2 and COX-2 under these incubation conditions. 

COX-1 and COX-2 are both situated on the luminal side of the endoplasmic 
reticulum, with the substrate channel embedded in the lipid bilayer [15]. Th e P450s 
are located on the cytosolic side of the endoplasmic reticulum [51]. Our hypothesis 
is that arachidonic acid diff uses into the lipid bilayer to the COX-2 active site. PGH2 
then diff use through the endoplasmic reticulum to the cytosolic side, where it can 
either be isomerized by CYP5A1 to TXA2, or by CYP8A1 to PGI2, or by CYP4F8 
to 19-hydroxy-PGH2, which may then be oxygenated by mPGES-1 to 19-hydroxy-
PGE2. Th e active site of mPGES-1 could be located on the cytosolic side of the 
endoplasmic reticulum (cf. [137]) (Fig.8). Recombinant CYP4F8 was also found 
to catalyze ²2 hydroxylation of PGI2 and carbaprostacyclin (Km  40 µM), and ² 
and ²2 hydroxylation of carbocyclic TXA2 which might be of relevance for CYP4F8 
function in other epithelia.
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Fig 8. Hypothetical mechanism for formation of 19R-hydroxy-PGE2 in the endoplasmic reticulum.

In paper V we investigated the stereospecifi city of hydroxylation of stable PGH2 
analog U-51605 by CYP4F8. CYP4F8 catalyzes 19-hydroxylation of PGH2, but 
the absolute confi guration of the 19-hydroxy group is unknown, whereas human 
seminal fl uid contains ubiquitous amounts of 19R-hydroxy-PGEs. U-51605 was 
found to form 90% of the 19R-hydroxy metabolite, providing further evidence in 
favor of CYP4F8 catalyzing the biosynthesis of endogenous 19R-hydroxy PGEs in 
human semen. Whether CYP4F8 metabolizes PGH2 to 19R-hydroxy-PGEs in vivo 
will need further experiments, but this is likely the case. 
²-Side chain hydroxylation of PGH2 analogs may be catalyzed by many diff erent 

P450s, however, these analogs also resemble TXA2, which may be the endogenous 
substrate for these P450s. 

We conclude that COX-2, CYP4F8, and mPGES-1 likely form 19-hydroxy-
PGEs in the seminal vesicles and vas deferens, but that the catalytic properties of 
CYP4F8 suggest additional biological functions in other epithelia.  

Th e second objective was to examine the NADPH dependent oxygenation of 
PGH2 and three stable PGH2 analogs, U-51605, U-44069, and U-46619, by P450s, 
and to characterize the metabolites by mass spectrometry. Enzymes known to ², ²2 
and ²3 hydroxylate arachidonic acid were investigated for oxygenation of PGH2. 
CYP2C19, CYP4A11, CYP4F8, and liver and renal cortical microsomes all oxidized 
the ²-side chain of stable PGH2 analogs U-44069, U-46619, and U-51605, whereas 
only CYP4F8 oxidized the ²-side chain of PGH2 effi  ciently.
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PGH2 was transformed to four stereoisomers of 5-hydroxy-PGI1 (5S,6R;5R,6R:5S
,6S;5R,6S) by recombinant P450s. CYP4F8 formed the four 5-hydroxy-PGI1 isomers 
in small amounts compared to the 19-hydroxy metabolites of PGH2. Isomers of 5-
hydroxy-PGI1 and 6-keto-PGF1| were also detectable when PGH2 decomposed in the 
presence of hemin, hemoglobin, or in heat-inactivated microsomes. 5-Hydroxy-PGI1 
is likely formed from PGH2 in a pseudo-enzymatic reaction, involving homolytic 
scission of the endoperoxide and formation of an ether between C-9 and C-6 and a 
carbon-centered radical at C-5, which reacts with molecular oxygen. 

Tissue Distribution of CYP4F12 (paper VI)

CYP4F12 (524 amino acids, 60,3 kDa) was originally cloned from the liver and 
small intestine, and CYP4F12 mRNA was also detected in the kidney, colon, and 
heart [56, 112]. 

In paper V, sections of 50 human tissues were screened for CYP4F12 
immunoreactivity using an antibody directed against the N-terminal end 
PLNVGLQ. CYP4F12 was found to be distributed mainly in the GI-tract; stomach 
(Fig. 9B), small intestine (Fig. 9A), colon, and esophagus. However, immunoreactivity 
was also noted in the endothelium of microvessels of placental villi (fi rst trimester) 
(Fig. 9C), ovarian follicles (follicular epithelium of the primordial, primary, and 
secondary follicles were stained), prostate, seminal vesicles, and proximal renal 
tubules. Western blot analysis confi rmed the presence of a protein of the expected 
size. Th e fi nding of CYP4F12 in placenta was unexpected, as no transcript was 
found using Northern blot [56], and this may be related to diff erences in gestational 
age. 

CYP4F12, along with CYP4F8 and mPGES-1 protein, was also detectable by 
Western blot in prostasomes, cellular organelles derived from the endoplasmic 
reticulum of the prostate gland [138]. Several rodent CYP4Fs decrease after 
ovariectomy and are partly restored by oestrogen treatment [139]. Sexual steroids 
are formed in the ovary, testes, and adrenal cortex. Th e immunostaining of the 
ovarian follicles is of interest, as neither testes nor the adrenal cortex were stained. 
Th e ovary contains oestrogen hydroxylase [140] and it would be of interest to 
determine whether CYP4F12 metabolizes oestrogen and related steroids, although 
dihydroepiandrosterone, pregnenolone, and testosterone do not appear to be 
substrates (Stark and Oliw, 2003, unpublished observation). Th e expression pattern 
of CYP4F12 indicates that it could partly be regulated by sexual steroids.

We conclude that CYP4F12 is widely distributed in gastrointestinal and urogenital 
epithelia and exhibits narrow substrate specifi city.
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Fig 9. Immunohistological analysis of CYP4F12 in human tissues. (A) small intestine. (B) stomach. 
(C) placenta. Scale bar; x 200.

Catalytic Properties of CYP4F8 and CYP4F12 (papers IV, 
VI, and VII)
Recombinant CYP4F8 and CYP4F12 metabolize PGH2 analogs by ²2 and ²3-
hydroxylation and arachidonic acid by ²3-hydroxylation. CYP4F8 was found to 
catalyze epoxidation of DHA, and (DPA(n-3) and ²3-hydroxylation of DPA(n-6) 
(Fig. 10).  Th e biological function of this novel metabolite, 20-hydroxy-DPA(n-
6), is yet to be studied. CYP4F12 oxidized DHA and DPA(n-3) in the same way, 
but DPA(n-6) was a poor substrate. Th e products were identifi ed by LC-MS2 using 
authentic standards, prepared chemically, or by biosynthesis using mycelia of the 
rice blast fungus, Magnaporthe grisea. 

A CB

In addition to PGH2 and the stable PGH2 analogs, CYP4F8 also metabolizes PGI2, 
carbaprostacyclin (Km ü40HM compared to U-44069 Km ü7 HM), and carbocyclic 
TXA2  by hydroxylation of the ² side-chain. Th e formation of 19-hydroxy-PGE2 in 
transitional epithelium has never been demonstrated and in this tissue CYP4F8 may 
conceivably metabolize TXA2 or PGI2. 

DHA DPA(n-3) DPA(n-6)
²3 epoxide 285 287 -
²6 epoxide 245 247 245
²9 epoxide 205 207 205
²12 epoxide 165 167 165
²2 hydroxy 255 257 257

²3 hydroxy - - 287

DHA DPA(n-3) DPA(n-6)
²3 diol 
 

303
273

305
275

-
-

²6 diol 
 

-
-

261
231

263
233

Table. 2. Characteristic fragment ions of DHA, DPA (n-3), and DPA (n-6) epoxy and dihydroxy 
metabolites formed by MS2 analysis of m/z 343 and m/z 361, m/z 345 and m/z 363, and m/z 345 
and m/z 363, respectively.
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CYP4F enzymes with ²-hydroxylase activity contain a heme-binding Glu residue, 
whereas CYP4F8 (and CYP4F12) with ²2- and ²3-hydroxylase activities have a 
Gly residue in this position. Th e mutant CYP4F8 Gly328Glu oxidized U-51605 and 
U-44609 as native enzyme, but the oxidation of arachidonic acid was shifted from 
²3 to ²2. Mutations of residues Tyr-125 and Gly-328 of CYP4F8 infl uenced its 
oxidation of fatty acids. 

Polymorphism of CYP4F8
Five mutations are known in the coding region of the CYP4F8 gene; three 
synonymous, and two non-synonymous, G>T (Leu20Leu) (rs4646523)2, C>A 
(Pro54Pro) (rs11673150), and A>C (Pro444Pro) (rs2056822). One non-synonymous 
mutation in position 411C>T (rs4646532)2 chances an arginine to a stop-codon, and 
the other in position 125 A>T (Tyr125Phe)  (rs2072600) changes a tyrosine residue 
to a phenylalanine. 

Fig 10. CYP4F8 metabolism of DPA(n-6)  (A) selective ion monitoring of 20-hydroxy DPA(n-6) 
(m/z 345). (B) LC-MS2 analysis of 20-hydroxy-DPA (n-6) (m/z 345-> full scan).
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Th e non-synonymous mutation Tyr125Phe was generated using site-specifi c 
mutagenesis and expressed in the S. cerevisiae yeast expression system. Tyr125Phe 
oxidized two PGH2 analogs, U-51605 and U-44069, in analogy with CYP4F8, but 
arachidonic acid and DPA(n-6) were not oxidized. Th e incidence of Tyr125Phe is 
below 1% in a Japanese population. So far it is not detectable in subsets of Caucasians 
and Africans, but it holds serious implications for the formation of 18-HETE from 
arachidonic acid in vivo in these individuals, but probably not for the biosynthesis 
of 19-hydroxy-PGEs. 

Th e Tyr125Phe mutation is also interesting, as it is found in the substrate recognition 
site 1 (SRS1) region as proposed by Gotoh [141]. Kalsotra et al. recently investigated 
possible SRS present in CYP4F subfamily members, CYP4F11 and CYP4F3A [101]. 
Studies of two CYP4A enzymes, CYP4A4 and CYP4A7, indicate that the residues 
within SRS1 aff ect laurate and arachidonate activity, while prostaglandin activity 
is aff ected by the residues in SRS2-3 [142]. CYP4A7 mutants in SRS1 decreased 
the laurate and arachidonate hydroxylation activity. Although the Tyr125Phe activity 
to metabolize PG seems unaff ected, neither 18-HETE nor 20-hydroxy-DPA(n-6) 
was detected. In Pro54Pro the C allele is present in ü95% in a North American 
population (Caucasians, Africans, and Asians), while in Pro444Pro about 60-70% 
have the C allele. 

Several other SNPs in the CYP4F8 gene have been reported by the NCBI and 
HapMap projects (>50 SNPs)2. Many of these thus are located in introns. SNPs are 
also found in the conserved regions of the promoter. Th ough no orthologous sequence 
for CYP4F8 is found in rodent, CYP4f14 (Mus musculus) holds approximately 74% 
amino acid similarity. CYP4f14 was identifi ed as a mouse LTB4 omega-hydroxylase. 
Comparing the promoter region of human CYP4F8 with rodent CYP4f14 revealed 
several conserved regions, and a number of SNPs are present in these. Functional 
sequences are known to evolve slower than non-functional regions of the genome 
and these mutations may lead to altered transcription [143,144].

2 From  the NCBI SNP Database

Analysis of the CYP4F8 Promoter Region
Th e CYP4F8 gene has been mapped to chromosome 19p13.1-2 near CYP4F12 
and CYP4F3. We examined a 10-kb sequence of the promoter region of CYP4F8 
(gene ID 11283) for possible transcription factor binding sites using the MAPPER 
database [143, 144]. A number of possible regulatory elements were present, e.g., the 
glucocorticoid and the estrogen receptor-beta, nuclear factor-¥}, cAMP response 
element binding protein, and CAR/RXR, LXR/RXR, and PPAR/RXR. Several 
putative binding sites (>10 copies) were also found for AP-1. Th e AP-1 site mediates 
induction of cutaneous gene transcription as a response to diff erent extracellular 
stimuli, for example, ultraviolet radiation [87]. It will be of interest to determine 
whether any of these regulatory elements are of functional importance.
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General Discussion

Function of CYP4F8 in Biosynthesis of 19-Hydroxy 
Prostaglandins
What is the physiological function of CYP4F8? Several observations suggest 
that CYP4F8 may function as a PGH 19R-hydroxylase in seminal vesicles and 
ampulla of vas deferens, as LC-MS2 analysis suggested that 19-hydroxy PGE and 
PGE compounds were present in equal amounts in the epithelium of ampulla of 
vas deferens. Firstly, CYP4F8 mRNA is highly expressed in seminal vesicles [51]. 
Secondly, COX-2, CYP4F8, and mPGES-1 transcripts are abundant in seminal 
vesicles, as judged by real-time PCR. Co-localization of all three enzymes was found 
in the epithelial linings of seminal vesicles and vas deferens. Previous reports have 
shown that recombinant CYP4F8 metabolized stable PGH2 analogs and PGH2 
[51]. Th e stable PGH2 analog U-51605 is oxidized by CYP4F8 to 90% of the R 
stereoisomer of 19-hydroxy-U-51605 (cf. Fig. 11). Surprisingly, incubation of seminal 
vesicles with arachidonic acid yielded low amounts of 19-hydroxy-PGEs.

19-Hydroxy-PGEs are believed to exhibit immunosuppressive properties on the 
female genital tract and play an important role in reproduction [37]. In addition, 
19-hydroxy-PGE2 is reported to be a selective agonist of the EP2 receptor subtype 
[145].  
 A large (10-fold) inter-individual variation is found in the 19-hydroxy PGE2/
PGE2 ratio of human semen (fast and slow hydroxylators of seminal prostaglandins) 
[36]. Th is may be due to several possibilities, for example, polymorphism in the 
CYP4F8 gene, gene duplications, or diff erent promoter activity. 

Seminal vesicles were originally obtained from patients undergoing prostatectomia 
for cancer surgery, but whether CYP4F8 expression is aff ected by infl ammatory stimuli, 
or tumor development in genital glands has not been investigated. EST-sequences 
(Unigene, NCBI) indicate that CYP4F8 may be expressed in adenocarcinomas; 
and preliminary immunostaining of rectum and stomach adenocarcinomas show 
CYP4F8 immunostaining (Stark, K, unpublished observation, 2005). 
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Fig 11. Proposed mechanism for biosynthesis of 19-hydroxy-PGE2 in seminal vesicles and vas defer-
ens, by COX-2, CYP4F8, and mPGE-1. 
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Possible Function of CYP4F8 in Normal and Psoriatic Skin
In skin, CYP4F8 was mainly found in suprabasal keratinocytes of the epidermis, 
but also hair follicles and sweat glands showed immunoreactivity. Th e presence in 
hair follicles, and in basale keratinocytes indicates the formation of CYP4F8 in 
stratum basale. 

CYP4F8 mRNA and immunoreactivity was prominently increased in plaque 
psoriasis from patients (n=4). Psoriasis is a chronic disease aff ecting about 2-5% of 
the Western population, but less than 0,1-0,3% of Asians. Th e hereditary component 
is high, one third of the patients show a family history. Th ough the exhibitions vary 
between mild and severe symptoms, plaque psoriasis is the most common form, 
clinically represented by well-defi ned lesions on elbows, knees or scalp, but any part 
of the skin may be aff ected [146, 147]. Psoriasis is believed to be a multi-factorial 
disease. Psoriasis is characterized by hyperproliferation of the keratinocytes, marked 
vascularization, and infi ltration of leukocytes and lymphocytes is also found. Th e 
infi ltration of cells in the initiation of psoriasis has lead to an intense research of pro-
infl ammatory factors such as cytokines and other mediators [146, 148] 
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Increased levels of free arachidonic acid have been reported in psoriatic skin 
[149]. COX-2, CYP4F8, and mPGES-1 enzymes were all present in suprabasal 
keratinocytes of both normal and involved psoriatic skin. Th e transcripts of CYP4F8 
were found to increase 15-fold in lesional, compared to non-lesional, skin from the 
same patient.

What is the mechanism of induction of CYP4F8 in psoriasis? Th e basal expression 
of CYP4F8 mRNA in cultured keratinocytes was low in comparison with CYP4F8 
mRNA in psoriatic lesions. In hepatic cells, cytokines down-regulate the expression 
of many P450 enzymes [150]. We nevertheless expected that exposure of cultured 
keratinocytes to a mixture of cytokines or PMA should induce the expression 
of CYP4F8 to the same extent as in psoriatic lesions, but this was not the case. 
Keratinocytes in lesional psoriasis are likely exposed to a large number of mediators 
released from T-lymphocytes and macrophages, and this complex situation cannot 
be mimicked in vitro. 

COX-2 is known to be up regulated by infl ammatory stimuli together with 
mPGES-1 [26, 151]. Expression of COX-2 in basal cells of inter follicular epidermis 
of the keratino-5 promoter gives a characteristic phenotype with hyperplasia and 
incomplete cell diff erentiation in the mouse skin [152]. Th is is, however, the fi rst 
report of co-localization of COX-1 and mPGES-1 in plaque psoriatic lesions. 

PGE2 and HETEs were readily detectable in psoriatic scales with LC-MS2, but 
not 19-hydroxy-PGE2. One reason for this may be that we used scales. Scales are 
primarily parts of the stratum corneum, which consist of denucleated cells covered 
with keratin. Th e presence of 19-hydroxy compounds in this layer could be much 
lower than in the layers beneath. Whether 19-hydroxy-PGEs could be formed in 
human skin remains an enigma. However, all three enzymes responsible for the 
biosynthesis are present and co-localized. 19-hydroxy-PGE2 is a selective agonist to 
the EP2 receptor, which in epidermis is known to infl uence cell diff erentiation and 
growth [153]. Th e formation of 19-hydroxy PGEs could be of biological interest and 
our hypothesis is involvement in infl ammatory processes. Th is hypothesis will need 
further experimental support, as CYP4F8 may also oxidize other endogenous lipids 
present in skin, for example, DHA.

Th ere is strong evidence of a genetic basis for psoriasis, as family studies indicated 
a hereditary component in this multi-component disease. A number of genetic loci, 
psoriasis recognition sites (PSORS), connected to psoriasis have been identifi ed 
by genome scans. PSORS6 is located on chromosome 19, nearby CYP4F8. Fine 
mapping has been performed less than 1 kb from the position of CYP4F8. A recent 
study by Hensen et al. indicated the presence of both a susceptible and a protective 
loci in this region on chromosome 19 [154]. 
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Table 3. Localization of CYP4 genes and possible function in disease.

Other Functional Roles of CYP4F8 
Previous reports suggested that CYP4F8 metabolized PGH2 to 19-hydroxy-PGE2 in 
male genitals [51]. Our investigations show a broader tissue distribution and wider 
catalytic properties.

Th e expression in retina was unexpected, as neurons and brain does not show 
any CYP4F8 immunoreactivity. To date, few P450s have been implicated in retina 
or in retinal function. We noted diff use CYP4F8 staining in the plexiform layers, 
and CYP4F8 is likely formed in the nuclear layer, and transported to the plexiform 
layers. Th ough transcripts of all three enzymes involved in the biosynthesis of 
19-hydroxy-PGE compounds are present in retina, they were not co-localized. It 
therefore appears unlikely that formation of 19-hydroxy PGEs would be the primary 
function for CYP4F8 in retina, and implies the presence of other lipid substrates.

DHA is highly enriched in brain, synapses, and retina and the major ²3 fatty 
acid found in retina. Most cell membranes contain 1-5% DHA, while in retina 30-
40% of the fatty acids consist of DHA. Defi ciency is connected to visual impair. 
In retinitis pigmentosa, a hereditary eye disease, patients exhibit lower plasma levels 

Isoenzyms Locus cDNA source Proposed involvement in 

    Disease

_____________________________________________________________________________
   

4A11                 1p33 Kidney  Hypertension (Gainer et al.2005) 

4A22  predicted 

4B1 1p34-p12 Eye tissues, Breast cancer  

4F2  Kidney, liver, skin*  

4F3  Neutrophils (4F3A) 

Kidney, liver (4F3B) 

4F8 19p13.1-2 Seminal vesicles, skin, cornea, Psoriasis  (Stark et al. 2003) 

retina, kidney, prostate, and  

urinary bladder   

   

4F11  Kidney, liver  

   

4F12  GI-tract, placenta, prostate, 

  ovary, skin** 

4F22  predicited 

4V2 4q35.1-q35.2 Eye tissue/retina Bietti crystalline corneoretinal 

    dystrophy  (Li et al. 2004)  

4X1 1p33 Brain (neurons) 

4Z1 1p33 Mammary gland Breast carcinoma (Rieger et al.  2004 ) 

_____________________________________________________________________
*   Stark and Oliw, unpublished observation, 2004. 

** Stark and Oliw, unpublished observation, 2004 
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of DHA. Models of retinitis pigmentosa also show decreased levels of DHA [155]. 
DHA has recently been suggested to be an endogenous ligand for the RXR nuclear 
receptor [136] and several putative RXR/RAR transcription binding sites are found 
in CYP4F8. 

CYP4F8 forms four epoxides (EpDPAs) from DHA. So far, little is known about 
the epoxides formed from DHA and EPA, compared to arachidonate epoxides. 
DHA epoxygenase metabolites have thus been detected in a murine infl ammation 
model [156]. EpDPAs also dilate and activate large-conductance calcium-activated 
potassium channels in coronary arterioles [157]. Th e physiological function for 
regioisomeric DHA epoxides in ocular tissue is, however, unknown.

  How can a cytochrome P450 enzyme be linked to a specifi c physiological 
oxidation? Th e enzyme, its substrate, and the product should be present in the same 
cell or tissue. In retina, CYP4F8 is present in the inner and outer plexiform layers 
and known to metabolize DHA. But it is unknown whether EpDPAs are formed 
in vivo in the retina. In transitional epithelium and kidney cortex, PGI2 and TXA2 
may, in addition to from PGH2, be possible endogenous substrates for CYP4F8. 

Biological Function and Catalytic Properties of CYP4F12
CYP4F8 and CYP4F12 were found to exhibit similar substrate patterns [55, 56, 
112]. Th e cellular localization of CYP4F12 was mainly found in the GI-tract, but 
CYP4F12 immunoreactivity was also found in placenta and in renal collecting 
tubules of medulla, with no immunostaining of renal cortex. Th is was unexpected, 
as most P450s are found in renal cortex [54]. Although CYP4F12 metabolizes 
arachidonic acid, it has been assumed not to be the foremost endogenous substrate 
[56]. 

A large number of possible substrates have been investigated in the search for an 
endogenous substrate for CYP4F12. Clearly, arachidonic acid must fi t the substrate 
pocket of CYP4F12 precisely, as saturation of the 14-15 double bond (to Mead acid, 
20:3n-9) or introduction of a ²3 double bond (to EPA) reduced oxidation of the 
²-side chain. Th e ²6 double bond and a saturated ²-side chain thus seemed to be 
essential, but also the length of the fatty acid, as two fatty acids with a ²6 double 
bond containing 18 (linoleic acid) and 22 carbons (DPAn-6) were not oxidized. 
DHA, was metabolized to four epoxides, and DPA(n-3) was metabolized in the 
same way. 

In conclusion, CYP4F12 has a rather high degree of substrate specifi city, and 
likely oxidizes only relatively few xenobiotics and endogenous lipids primarily in 
the gut. 
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Conclusions 

CYP4F8 and CYP4F12 were discovered in male genital glands, liver, and small 
intestine. Th e present work shows that:

CYP4F8 might be the physiologically important PGH 19-hydroxylase of seminal 
vesicles, as it is abundantly expressed and co-localized with COX-2 and mPGES-
1 in the epithelial cells of seminal vesicles, and catalyzes 19R-hydroxylation of 
the stable PGH2 analog U-51605. 

CYP4F8 is also expressed in kidney cortex, epidermis, corneal epithelium, ocular 
tissues, and the transitional epithelium. CYP4F8 oxidized PUFAs, PGI2, and 
TXA2, which might be of relevance for the biological role of CYP4F8 in these 
and other tissues.

CYP4F8 is co-localized with COX-2 and mPGES-1 in suprabasal layers of both 
lesional and non-lesional epidermis, and CYP4F8 mRNA is up regulated in 
psoriatic skin (15-fold increase). CYP4F8 can be detected in cultured epidermal 
keratinocytes, which can be used as an in vitro model to study the regulation of 
CYP4F8. Expression of CYP4F8 mRNA in cultured epidermal keratinocytes 
was induced by a cytokine mixture, PMA, and all-trans retinoic acid.

CYP4F8 immunoreactivity was found in the plexiform layers of human retina, and 
in retina of cynomolgus monkey (M. fascicularis).

CYP4F12 is primarily expressed in the GI-tract (colon, stomach, and small intes-
tine), but also shows expression in placenta and ovary. CYP4F12 shows a high 
degree of substrate specifi city, and likely oxidizes relatively few endogenous 
lipids and xenobiotics.



50

Katarina Stark

Acknowledgements

I wish to express my sincere gratitude to the following persons:

To my supervisor Prof. Ernst H Oliw, for introducing me to the wonderful world 
of prostaglandins. For your dedicated supervision, genuine support, and guidance 
throughout my PhD period. And for providing excellent working facilities. 

Ass. Prof. Hans Törmä, co-author, Division of Dermatology, for great cooperation 
and interesting discussions. 

Erica Johansson, for always helping out with practical things in the lab, friendship, 
and for making team Oliw such a nice group.

My co-authors, Prof Gunnar Ronquist, Dr. Göran Sahlén, Prof.Stefan Seregard, Dr. 
Johan Bylund, Apotekare Lydia Schauer, Buanus Wongsud and Robert Burman for 
fruitful cooperation.

Mirela Cristea, co-author, fellow PhD student and friend, for lots of fun discussions, 
lunch breaks, and cooperation in teaching.

Ulrike Garscha, fellow PhD student and friend, for nice discussions and company 
in the lab.

Inger Pihl-Lundin, Division of Dermatology, for technical assistance and teaching 
me immunohistochemical techniques. Prof. Anders Vahlquist, Division of 
Dermatology, for starting the collaboration.

Ass. Prof. Lena Bergström and Prof Fred Nyberg at the Division of Pharmaceutical 
Pharmacology, and all the members of the professor Fred Nyberg-group, the 
professor Ingrid Nylander group, and the professor Jarl Wikberg group, for making 
this department such a nice place to work in. 

Prof Kjell Wikvall and Dr. Ronnie Hansson for interesting discussions at my half-
time seminar.



51

Cytochrome P450 4F8 and 4F12

All the students who have been working with me on CYP4F-project in our group, 
especially Robert Burman (also thanks for help with the illustrations), Inga Öhagen, 
and Christine Anderle who helped me out this last year. Dr. Chao Su with family, 
for friendship and introducing me to SDS-PAGE. Marianne, Agneta, Agneta, and 
Annika (for administrative help). Meta at Ögonkliniken and Dr. Matts Olovsson at 
Akademiska (for support).

Emma Andersson (for always smiling and being kind), Magnus Jansson (for helping 
out with my thesis and all your work with the illustrations), Lena Hörnsten (for 
technical assistance during my fi rst year as a PhD student), Raili Engdahl and Lena 
Norgren (for technical advice). Dr. Kerstin Lundell  (for nice company at the P450 
Conference in France 2001), Mia Sandberg-Lundblad (co-author) and Dr. Han-
Jing Xie for nice company at the FEBS course in 2002 and the P450s Conference in 
2003, and Frauke Fichtner (for nice lunch company).

All friends and family especially Inga, Patrik och lilla Karin (for being such true 
friends and nice dinners), Karin och Mattias (for nice dinners, New-year parties, 
and chats), Maria Ö och Catherine (Malma-gänget, for true friendship), Erik 
(for nice lunch company and technical assistance in my new apartment), Anne-
Marie (for nice travel company and lots of fun as apotekarstudenter), Peter (for fun 
discussions and nice trips to Stockholm and Härnösand), Lena (for long phone calls 
about non-scientifi c things), Shadi (for lots of fun as apotekarstudenter), Anton (for 
going to museums with me after the conference), Jani and Elis (for coming to visit 
in August and fun at Gröna Lund), Mao and Petra (for making Rundels such a 
nice time). Bibbi, Göran, Karin och Tomas (for practical support, biobesök, and for 
going Jägarskolan with me) and Tore (for practical support) Olle, Bertil, Gunnar, 
Ninni (for practical support, and all the help with my new apartment) and all my 
other uncles and aunts.

Erica Johansson, Mamma, and Sophia Savage for proof-reading my thesis.

Joseph and Fran, for a nice visit by you after the Eicosanoid-conference in Chicago 
2003.

Apotekarsocietetens, IF:s stiftelse, Apotekare Leff mans stipendiefond, Uppsala 
Universitet, and FEBS for travel grants.
Th ese studies were supported by VR (K2002-03X-06523-20A), Svenska 
Psoriasisförbundet, Edvard Welander Stiftelse och Finsen Stiftelsen, Stiftelsen Lars 
Hiertas Minne, and Svenska Sällskapet för Medicinsk Forskning.

Mamma och Pappa, for your love and for helping out with everything, as usual



52

Katarina Stark

References 

[1] C. D. Funk, Prostaglandins and leukotrienes: advances in eicosanoid biology, Science 294 (2001) 
1871-1875.

[2] F. Marks, Arachidonic acid and companions; an abundant source of biological signals., ed., Wile-
VCH, Weinheim 1999.

[3] W. E. Hardman, (n-3) fatty acids and cancer therapy, J Nutr 134 (2004) 3427S-3430S.
[4] A. Belluzzi, Polyunsaturated fatty acids (n-3 PUFAs) and infl ammatory bowel disease (IBD): 

pathogenesis and treatment, Eur Rev Med Pharmacol Sci 8 (2004) 225-229.
[5] T. A. Mori, and L. J. Beilin, Omega-3 fatty acids and infl ammation, Curr Atheroscler Rep 6 

(2004) 461-467.
[6] M. W. Goldblatt, A depressor substance in seminal fl uid, J. Soc. Chem Ind (London) 52 (1933) 

1056-1057.
[7] M. W. Goldblatt, Properties of seminal fl uid plasma, J Physiol 84 (1935) 202-218.
[8] C. R. Pace-Asciak, and E. Granström Prostaglandins and Related Substances, ed., Elsevier 

1983.
[9] U. S. von Euler, On the specifi c vaso-dilating and plain muscle stimulating substances from acces-

sory genital glands in man and certain aminals (prostaglandin and vesiglandin), J. Physiol. 88 
(1936) 1936-213-234.

[10] S. Bergström, and B. Samuelsson, Isolation of prostaglandin E1 from human seminal plasma. 
Prostaglandins and related factors. 11, J Biol Chem 237 (1962) 3005-3006.

[11] S. Bergström, and B. Samuelsson, Th e prostaglandins, Endeavour 27 (1968) 109-113.
[12] J. R. Vane, Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs, 

Nat New Biol 231 (1971) 232-235.
[13] J. R. Vane, and R. M. Botting, Th e mechanism of action of aspirin, Th romb Res 110 (2003) 

255-258.
[14] W. L. Smith, R. M. Garavito, and D. L. DeWitt, Prostaglandin endoperoxide H synthases 

(cyclooxygenases)-1 and -2, J Biol Chem 271 (1996) 33157-33160.
[15] W. L. Smith, D. L. DeWitt, and R. M. Garavito, CYCLOOXYGENASES: structural, cellular, 

and molecular biology, Annu Rev Biochem 69 (2000) 145-182.
[16] C. N. Serhan, and E. Oliw, Unorthodox routes to prostanoid formation: new twists in cyclooxy-

genase-initiated pathways, J Clin Invest 107 (2001) 1481-1489.
[17] S. Gill, and F. A. Sinicrope, Colorectal cancer prevention: Is an ounce of prevention worth a 

pound of cure?, Semin Oncol 32 (2005) 24-34.
[18] C. Fenton, G. M. Keating, and A. J. Wagstaff , Valdecoxib: a review of its use in the manage-

ment of osteoarthritis, rheumatoid arthritis, dysmenorrhoea and acute pain, Drugs 64 (2004) 
1231-1261.

[19] M. L. Capone, S. Tacconelli, M. G. Sciulli, and P. Patrignani, Clinical pharmacology of selective 
COX-2 inhibitors, Int J Immunopathol Pharmacol 16 (2003) 49-58.

[20] D. O. Stichtenoth, Th e second generation of COX-2 inhibitors: clinical pharmacological point 
of view, Mini Rev Med Chem 4 (2004) 617-624.

[21] F. M. Arellano, Th e withdrawal of rofecoxib, Pharmacoepidemiol Drug Saf 14 (2005) 213-217.
[22] E. J. Topol, Arthritis medicines and cardiovascular events--”house of coxibs”, Jama 293 (2005) 

366-368.
[23] M. Hecker, and V. Ullrich, On the mechanism of prostacyclin and thromboxane A2 biosynthe-

sis, J Biol Chem 264 (1989) 141-150.



53

Cytochrome P450 4F8 and 4F12

[24] R. J. Helliwell, L. F. Adams, and M. D. Mitchell, Prostaglandin synthases: recent developments 
and a novel hypothesis, Prostaglandins Leukot Essent Fatty Acids 70 (2004) 101-113.

[25] S. Th orén, R. Weinander, S. Saha, C. Jegerschold, P. L. Pettersson, B. Samuelsson, H. Hebert, 
M. Hamberg, R. Morgenstern, and P. J. Jakobsson, Human microsomal prostaglandin E syn-
thase-1: purifi cation, functional characterization, and projection structure determination, J 
Biol Chem 278 (2003) 22199-22209.

[26] B. P. van Rees, A. Sivula, S. Th orén, H. Yokozaki, P. J. Jakobsson, G. J. Off erhaus, and A. Ris-
timaki, Expression of microsomal prostaglandin E synthase-1 in intestinal type gastric adeno-
carcinoma and in gastric cancer cell lines, Int J Cancer 107 (2003) 551-556.

[27] P. J. Jakobsson, S. Th orén, R. Morgenstern, and B. Samuelsson, Characterization of microsomal, 
glutathione dependent prostaglandin E synthase, Adv Exp Med Biol 507 (2002) 287-291.

[28] D. O. Stichtenoth, S. Th orén, H. Bian, M. Peters-Golden, P. J. Jakobsson, and L. J. Croff ord, 
Microsomal prostaglandin E synthase is regulated by proinfl ammatory cytokines and gluco-
corticoids in primary rheumatoid synovial cells, J Immunol 167 (2001) 469-474.

[29] S. Th orén, and P. J. Jakobsson, Coordinate up- and down-regulation of glutathione-dependent 
prostaglandin E synthase and cyclooxygenase-2 in A549 cells. Inhibition by NS-398 and leu-
kotriene C4, Eur J Biochem 267 (2000) 6428-6434.

[30] L. Forsberg, L. Leeb, S. Th orén, R. Morgenstern, and P. Jakobsson, Human glutathione depend-
ent prostaglandin E synthase: gene structure and regulation, FEBS Lett 471 (2000) 78-82.

[31] P. J. Jakobsson, S. Th orén, R. Morgenstern, and B. Samuelsson, Identifi cation of human pros-
taglandin E synthase: a microsomal, glutathione-dependent, inducible enzyme, constituting a 
potential novel drug target, Proc Natl Acad Sci U S A 96 (1999) 7220-7225.

[32] T. Yucel-Lindberg, T. Hallström, A. Kats, M. Mustafa, and T. Modeer, Induction of microsomal 
prostaglandin E synthase-1 in human gingival fi broblasts, Infl ammation 28 (2004) 89-95.

[33] M. Murakami, K. Nakashima, D. Kamei, S. Masuda, Y. Ishikawa, T. Ishii, Y. Ohmiya, K. 
Watanabe, and I. Kudo, Cellular prostaglandin E2 production by membrane-bound pros-
taglandin E synthase-2 via both cyclooxygenases-1 and -2, J Biol Chem 278 (2003) 37937-
37947.

[34] E. H. Oliw, E. Granström , and E. Änggård, Th e prostaglandins and essential fatty acids., in 
In prostaglandins and realted substrances., in Pace-Asciak, C. R., and Granström , E., (Eds.), 
Elsevier, Amsteradm, 1983, pp. 1-44.

[35] P. L. Taylor, and R. W. Kelly, 19-Hydroxylated E prostaglandins as the major prostaglandins of 
human semen, Nature 250 (1974) 665-667.

[36] M. R. Pourian, U. Kvist, L. Björndahl, and E. H. Oliw, Rapid and slow hydroxylators of seminal 
E prostaglandins among men in barren unions, Andrologia 27 (1995) 71-79.

[37] R. W. Kelly, Immunomodulators in human seminal plasma: a vital protection for spermatozoa 
in the presence of infection?, Int J Androl 22 (1999) 2-12.

[38] S. Narumiya, Y. Sugimoto, and F. Ushikubi, Prostanoid receptors: structures, properties, and 
functions, Physiol Rev 79 (1999) 1193-1226.

[39] C. L. Bos, D. J. Richel, T. Ritsema, M. P. Peppelenbosch, and H. H. Versteeg, Prostanoids and 
prostanoid receptors in signal transduction, Int J Biochem Cell Biol 36 (2004) 1187-1205.

[40] A. R. Brash, W. E. Boeglin, and M. S. Chang, Discovery of a second 15S-lipoxygenase in 
humans, Proc Natl Acad Sci U S A 94 (1997) 6148-6152.

[41] B. Hinz, and K. Brune, Pain and osteoarthritis: new drugs and mechanisms, Curr Opin Rheu-
matol 16 (2004) 628-633.

[42] J. Z. Haeggström, Leukotriene A4 hydrolase/aminopeptidase, the gatekeeper of chemotactic 
leukotriene B4 biosynthesis, J Biol Chem 279 (2004) 50639-50642.

[43] W. E. Boeglin, R. B. Kim, and A. R. Brash, A 12R-lipoxygenase in human skin: mechanistic 
evidence, molecular cloning, and expression, Proc Natl Acad Sci U S A 95 (1998) 6744-6749.

[44] F. Jobard, C. Lefevre, A. Karaduman, C. Blanchet-Bardon, S. Emre, J. Weissenbach, M. Ozguc, 
M. Lathrop, J. F. Prud’homme, and J. Fischer, Lipoxygenase-3 (ALOXE3) and 12(R)-lipox-
ygenase (ALOX12B) are mutated in non-bullous congenital ichthyosiform erythroderma 
(NCIE) linked to chromosome 17p13.1, Hum Mol Genet 11 (2002) 107-113.



54

Katarina Stark

[45] Z. Yu, C. Schneider, W. E. Boeglin, L. J. Marnett, and A. R. Brash, Th e lipoxygenase gene 
ALOXE3 implicated in skin diff erentiation encodes a hydroperoxide isomerase, Proc Natl 
Acad Sci U S A 100 (2003) 9162-9167.

[46] Z. Yu, C. Schneider, W. E. Boeglin, and A. R. Brash, Mutations associated with a congenital 
form of ichthyosis (NCIE) inactivate the epidermal lipoxygenases 12R-LOX and eLOX3, Bio-
chim Biophys Acta 1686 3 (2005) 238-247.

[47] M. S. Chang, C. Schneider, R. L. Roberts, S. B. Shappell, F. R. Haselton, W. E. Boeglin, and 
A. R. Brash, Detection and Subcellular Localization of Two 15S-Lipoxygenases in Human 
Cornea, Invest Ophthalmol Vis Sci 46 (2005) 849-856.

[48] S. B. Shappell, W. E. Boeglin, S. J. Olson, S. Kasper, and A. R. Brash, 15-lipoxygenase-2 (15-
LOX-2) is expressed in benign prostatic epithelium and reduced in prostate adenocarcinoma, 
Am J Pathol 155 (1999) 235-245.

[49] M. Jisaka, R. B. Kim, W. E. Boeglin, L. B. Nanney, and A. R. Brash, Molecular cloning and 
functional expression of a phorbol ester- inducible 8S-lipoxygenase from mouse skin, J Biol 
Chem 272 (1997) 24410-24416.

[50] C. Schneider, W. D. Strayhorn, D. M. Brantley, L. B. Nanney, F. E. Yull, and A. R. Brash, 
Upregulation of 8-lipoxygenase in the dermatitis of IkappaB-alpha-defi cient mice, J Invest 
Dermatol 122 (2004) 691-698.

[51] J. Bylund,  Dept of Pharmaceutical Biosciences, 2000 p. 50 Uppsala University, Uppsala.
[52] M. S. Lundblad, K. Stark, E. Eliasson, E. Oliw, and A. Rane, Biosynthesis of epoxyeicosa-

trienoic acids varies between polymorphic CYP2C enzymes, Biochem Biophys Res Commun 
327 (2005) 1052-1057.

[53] J. Bylund, J. Ericsson, and E. H. Oliw, Analysis of cytochrome P450 metabolites of arachidonic 
and linoleic acids by liquid chromatography-mass spectrometry with ion trap MS, Anal Bio-
chem 265 (1998) 55-68.

[54] J. M. Lasker, W. B. Chen, I. Wolf, B. P. Bloswick, P. D. Wilson, and P. K. Powell, Formation 
of 20-hydroxyeicosatetraenoic acid, a vasoactive and natriuretic eicosanoid, in human kidney. 
Role of Cyp4F2 and Cyp4A11, J Biol Chem 275 (2000) 4118-4126.

[55] Y. Kikuta, E. Kusunose, and M. Kusunose, Prostaglandin and leukotriene omega-hydroxylases, 
Prostaglandins Other Lipid Mediat 68-69 (2002) 345-362.

[56] J. Bylund, M. Bylund, and E. H. Oliw, cDNA cloning and expression of CYP4F12, a novel 
human cytochrome P450, Biochem Biophys Res Commun 280 (2001) 892-897.

[57] J. C. McGiff , and J. Quilley, 20-HETE and the kidney: resolution of old problems and new 
beginnings, Am J Physiol 277 (1999) R607-623.

[58] F. Zhang, H. Deng, R. Kemp, H. Singh, V. R. Gopal, J. R. Falck, M. Laniado-Schwartzman, 
and A. Nasjletti, Decreased levels of cytochrome P450 2E1-derived eicosanoids sensitize renal 
arteries to constrictor agonists in spontaneously hypertensive rats, Hypertension 45 (2005) 
103-108.

[59] D. R. Nelson, L. Koymans, T. Kamataki, J. J. Stegeman, R. Feyereisen, D. J. Waxman, M. R. 
Waterman, O. Gotoh, M. J. Coon, R. W. Estabrook, I. C. Gunsalus, and D. W. Nebert, P450 
superfamily: update on new sequences, gene mapping, accession numbers and nomenclature, 
Pharmacogenetics 6 (1996) 1-42.

[60] D. F. Lewis, 57 varieties: the human cytochromes P450, Pharmacogenomics 5 (2004) 305-
318.

[61] D. R. Nelson, T. Kamataki, D. J. Waxman, F. P. Guengerich, R. W. Estabrook, R. Feyereisen, F. 
J. Gonzalez, M. J. Coon, I. C. Gunsalus, O. Gotoh, and et al., Th e P450 superfamily: update 
on new sequences, gene mapping, accession numbers, early trivial names of enzymes, and 
nomenclature, DNA Cell Biol 12 (1993) 1-51.

[62] J. Axelrod, Th e enzymatic demethylation of ephedrine, J Pharmacol Exp Th er 114 (1955) 430-
438.

[63] D. Garfi nkel, Studies on pig liver microsomes. I. Enzymic and pigment composition of diff erent 
microsomal fractions, Arch Biochem Biophys 77 (1958) 493-509.

[64] M. Klingenberg, Pigments of rat liver microsomes, Arch Biochem Biophys 75 (1958) 376-386.



55

Cytochrome P450 4F8 and 4F12

[65] T. Omura, and R. Sato, Th e Carbon Monoxide-Binding Pigment of Liver Microsomes. Ii. Solu-
bilization, Purifi cation, and Properties, J Biol Chem 239 (1964) 2379-2385.

[66] T. Omura, and R. Sato, Th e Carbon Monoxide-Binding Pigment of Liver Microsomes. I. Evi-
dence for Its Hemoprotein Nature, J Biol Chem 239 (1964) 2370-2378.

[67] S. E. Graham, and J. A. Peterson, How similar are P450s and what can their diff erences teach 
us?, Arch Biochem Biophys 369 (1999) 24-29.

[68] P. A. Williams, J. Cosme, V. Sridhar, E. F. Johnson, and D. E. McRee, Microsomal cytochrome 
P450 2C5: comparison to microbial P450s and unique features, J Inorg Biochem 81 (2000) 
183-190.

[69] D. F. Lewis, Modelling human cytochromes P450 involved in drug metabolism from the 
CYP2C5 crystallographic template, J Inorg Biochem 91 (2002) 502-514.

[70] P. A. Williams, J. Cosme, A. Ward, H. C. Angove, D. Matak Vinkovic, and H. Jhoti, Crystal 
structure of human cytochrome P450 2C9 with bound warfarin, Nature 424 (2003) 464-
468.

[71] H. Li, and T. L. Poulos, Crystallization of cytochromes P450 and substrate-enzyme interactions, 
Curr Top Med Chem 4 (2004) 1789-1802.

[72] C. A. Kemp, J. D. Marechal, and M. J. Sutcliff e, Progress in cytochrome P450 active site mod-
eling, Arch Biochem Biophys 433 (2005) 361-368.

[73] Y. T. Chang, and G. H. Loew, Homology modeling and substrate binding study of human 
CYP4A11 enzyme, Proteins 34 (1999) 403-415.

[74] M. Ingelman-Sundberg, M. Oscarson, and R. A. McLellan, Polymorphic human cytochrome 
P450 enzymes: an opportunity for individualized drug treatment, Trends Pharmacol Sci 20 
(1999) 342-349.

[75] M. Ingelman-Sundberg, Pharmacogenetics of cytochrome P450 and its applications in drug 
therapy: the past, present and future, Trends Pharmacol Sci 25 (2004) 193-200.

[76] M. L. Slattery, W. Samowtiz, K. Ma, M. Murtaugh, C. Sweeney, T. R. Levin, and S. Neuhausen, 
CYP1A1, cigarette smoking, and colon and rectal cancer, Am J Epidemiol 160 (2004) 842-
852.

[77] A. Li, X. Jiao, F. L. Munier, D. F. Schorderet, W. Yao, F. Iwata, M. Hayakawa, A. Kanai, M. Shy 
Chen, R. Alan Lewis, J. Heckenlively, R. G. Weleber, E. I. Traboulsi, Q. Zhang, X. Xiao, M. 
Kaiser-Kupfer, Y. V. Sergeev, and J. F. Hejtmancik, Bietti crystalline corneoretinal dystrophy is 
caused by mutations in the novel gene CYP4V2, Am J Hum Genet 74 (2004) 817-826.

[78] C. Kawanishi, S. Lundgren, H. Ågren, and L. Bertilsson, Increased incidence of CYP2D6 gene 
duplication in patients with persistent mood disorders: ultrarapid metabolism of antidepres-
sants as a cause of nonresponse. A pilot study, Eur J Clin Pharmacol 59 (2004) 803-807.

[79] N. Finnström, C. Bjelfman, T. G. Söderström, G. Smith, L. Egevad, B. J. Norlen, C. R. Wolf, 
and A. Rane, Detection of cytochrome P450 mRNA transcripts in prostate samples by RT-
PCR, Eur J Clin Invest 31 (2001) 880-886.

[80] J. Bylund, N. Finnström, and E. H. Oliw, Gene expression of a novel cytochrome P450 of the 
CYP4F subfamily in human seminal vesicles, Biochem Biophys Res Commun 261 (1999) 
169-174.

[81] C. Keshava, E. C. McCanlies, and A. Weston, CYP3A4 polymorphisms--potential risk factors 
for breast and prostate cancer: a HuGE review, Am J Epidemiol 160 (2004) 825-841.

[82] N. Ahmad, and H. Mukhtar, Cytochrome p450: a target for drug development for skin diseases, 
J Invest Dermatol 123 (2004) 417-425.

[83] K. Fogh, and K. Kragballe, New vitamin D analogs in psoriasis, Curr Drug Targets Infl amm 
Allergy 3 (2004) 199-204.

[84] L. G. Yengi, Q. Xiang, J. Pan, J. Scatina, J. Kao, S. E. Ball, R. Fruncillo, G. Ferron, and C. 
Roland Wolf, Quantitation of cytochrome P450 mRNA levels in human skin, Anal Biochem 
316 (2003) 103-110.

[85] M. C. Gonzalez, C. Marteau, J. Franchi, and D. Migliore-Samour, Cytochrome P450 4A11 
expression in human keratinocytes: eff ects of ultraviolet irradiation, Br J Dermatol 145 (2001) 
749-757.



56

Katarina Stark

[86] T. Rylander, E. P. Neve, M. Ingelman-Sundberg, and M. Oscarson, Identifi cation and tissue 
distribution of the novel human cytochrome P450 2S1 (CYP2S1), Biochem Biophys Res 
Commun 281 (2001) 529-535.

[87] G. Smith, C. R. Wolf, Y. Y. Deeni, R. S. Dawe, A. T. Evans, M. M. Comrie, J. Ferguson, and S. 
H. Ibbotson, Cutaneous expression of cytochrome P450 CYP2S1: individuality in regulation 
by therapeutic agents for psoriasis and other skin diseases, Lancet 361 (2003) 1336-1343.

[88] S. T. Saarikoski, T. Suitiala, R. Holmila, O. Impivaara, J. Jarvisalo, A. Hirvonen, and K. Hus-
gafvel-Pursiainen, Identifi cation of genetic polymorphisms of CYP2S1 in a Finnish Caucasian 
population, Mutat Res 554 (2004) 267-277.

[89] S. M. Toler, Oxidative stress plays an important role in the pathogenesis of drug-induced retin-
opathy, Exp Biol Med (Maywood) 229 (2004) 607-615.

[90] G.C Soley, K.A. Bosse, D. Flikier, P. Flikier J. Azofeifa, C.Y. Mardin, A. Reis, K.G. Michels-
Rautenstrauss, R.W. Rautenstrauss, Primary congenital glaucoma: a novel single-nucleotide 
deletion and varying phenotypic expression for the 1,546-1,555dup mutation in the GLC3A 
(CYP1B1) gene in 2 families of diff erent ethnic origin, J Glaucoma 1  (2003) 27-30.

[91] A.E.C.M. Simpson, Th e cytochrome P450 4 (CYP4) family, Gen Pharmacol. 3 (1997) 351-9
[92] P. K. Powell, I. Wolf, and J. M. Lasker, Identifi cation of CYP4A11 as the major lauric acid 

omega-hydroxylase in human liver microsomes, Arch Biochem Biophys 335 (1996) 219-226.
[93] M. A. Rieger, R. Ebner, D. R. Bell, A. Kiessling, J. Rohayem, M. Schmitz, A. Temme, E. 

P. Rieber, and B. Weigle, Identifi cation of a novel mammary-restricted cytochrome P450, 
CYP4Z1, with overexpression in breast carcinoma, Cancer Res 64 (2004) 2357-2364.

[94] J. Bylund, C. Zhang, and D. R. Harder, Identifi cation of a novel cytochrome P450, CYP4X1, 
with unique localization specifi c to the brain, Biochem Biophys Res Commun 296 (2002) 
677-684.

[95] D. J. Waxman, P450 gene induction by structurally diverse xenochemicals: central role of nuclear 
receptors CAR, PXR, and PPAR, Arch Biochem Biophys 369 (1999) 11-23.

[96] E. F. Johnson, M. H. Hsu, U. Savas, and K. J. Griffi  n, Regulation of P450 4A expression by 
peroxisome proliferator activated receptors, Toxicology 181-182 (2002) 203-206.

[97] J. L. Raucy, J. Lasker, K. Ozaki, and V. Zoleta, Regulation of CYP2E1 by ethanol and palmitic 
acid and CYP4A11 by clofi brate in primary cultures of human hepatocytes, Toxicol Sci 79 
(2004) 233-241.

[98] L. A. LeBrun, U. Hoch, and P. R. Ortiz de Montellano, Autocatalytic mechanism and conse-
quences of covalent heme attachment in the cytochrome P4504A family, J Biol Chem 277 
(2002) 12755-12761.

[99] L. A. LeBrun, F. Xu, D. L. Kroetz, and P. R. Ortiz de Montellano, Covalent attachment of the 
heme prosthetic group in the CYP4F cytochrome P450 family, Biochemistry 41 (2002) 5931-
5937.

[100] J. Bylund, M. Hidestrand, M. Ingelman-Sundberg, and E. H. Oliw, Identifi cation of CYP4F8 
in human seminal vesicles as a prominent 19- hydroxylase of prostaglandin endoperoxides, J 
Biol Chem 275 (2000) 21844-21849.

[101] A. Kalsotra, C. M. Turman, Y. Kikuta, and H. W. Strobel, Expression and characterization 
of human cytochrome P450 4F11: Putative role in the metabolism of therapeutic drugs and 
eicosanoids, Toxicol Appl Pharmacol 199 (2004) 295-304.

[102] L. Chen, and J. P. Hardwick, Identifi cation of a new P450 subfamily, CYP4F1, expressed in rat 
hepatic tumors, Arch Biochem Biophys 300 (1993) 18-23.

[103] Y. Kikuta, E. Kusunose, M. Ito, and M. Kusunose, Purifi cation and characterization of recom-
binant rat hepatic CYP4F1, Arch Biochem Biophys 369 (1999) 193-196.

[104] R. Jin, D. R. Koop, J. L. Raucy, and J. M. Lasker, Role of human CYP4F2 in hepatic catabo-
lism of the proinfl ammatory agent leukotriene B4, Arch Biochem Biophys 359 (1998) 89-98.

[105] Y. Kikuta, Y. Miyauchi, E. Kusunose, and M. Kusunose, Expression and molecular cloning 
of human liver leukotriene B4 omega- hydroxylase (CYP4F2) gene, DNA Cell Biol 18 (1999) 
723-730.



57

Cytochrome P450 4F8 and 4F12

[106] X. Zhang, and J. P. Hardwick, Regulation of CYP4F2 leukotriene B4 omega-hydroxylase by 
retinoic acids in HepG2 cells, Biochem Biophys Res Commun 279 (2000) 864-871.

[107] Y. Kikuta, M. Kato, Y. Yamashita, Y. Miyauchi, K. Tanaka, N. Kamada, and M. Kusunose, 
Human leukotriene B4 omega-hydroxylase (CYP4F3) gene: molecular cloning and chromo-
somal localization, DNA Cell Biol 17 (1998) 221-230.

[108] P. Christmas, S. R. Ursino, J. W. Fox, and R. J. Soberman, Expression of the CYP4F3 gene. 
tissue-specifi c splicing and alternative promoters generate high and low K(m) forms of leukot-
riene B(4) omega-hydroxylase, J Biol Chem 274 (1999) 21191-21199.

[109] P. Christmas, J. P. Jones, C. J. Patten, D. A. Rock, Y. Zheng, S. M. Cheng, B. M. Weber, N. 
Carlesso, D. T. Scadden, A. E. Rettie, and R. J. Soberman, Alternative splicing determines the 
function of CYP4F3 by switching substrate specifi city, J Biol Chem 276 (2001) 38166-38172.

[110] X. Cui, D. R. Nelson, and H. W. Strobel, A novel human cytochrome P450 4F isoform 
(CYP4F11): cDNA cloning, expression, and genomic structural characterization, Genomics 
68 (2000) 161-166.

[111] T. Tanioka, Y. Nakatani, N. Semmyo, M. Murakami, and I. Kudo, Molecular identifi cation 
of cytosolic prostaglandin E2 synthase that is functionally coupled with cyclooxygenase-1 
in immediate prostaglandin E2 biosynthesis [In Process Citation], J Biol Chem 275 (2000) 
32775-32782.

[112] T. Hashizume, S. Imaoka, T. Hiroi, Y. Terauchi, T. Fujii, H. Miyazaki, T. Kamataki, and Y. 
Funae, cDNA cloning and expression of a novel cytochrome p450 (cyp4f12) from human 
small intestine, Biochem Biophys Res Commun 280 (2001) 1135-1141.

[113] T. Hashizume, S. Imaoka, M. Mise, Y. Terauchi, T. Fujii, H. Miyazaki, T. Kamataki, and Y. 
Funae, Involvement of CYP2J2 and CYP4F12 in the metabolism of ebastine in human intes-
tinal microsomes, J Pharmacol Exp Th er 300 (2002) 298-304.

[114] C. Cauffi  ez, F. Klinzig, E. Rat, G. Tournel, D. Allorge, D. Chevalier, N. Pottier, T. Lovecchio, 
J. F. Colombel, M. Lhermitte, J. M. Lo-Guidice, and F. Broly, Human CYP4F12 genetic poly-
morphism: identifi cation and functional characterization of seven variant allozymes, Biochem 
Pharmacol 68 (2004) 2417-2425.

[115] C. Cauffi  ez, F. Klinzig, E. Rat, G. Tournel, D. Allorge, D. Chevalier, T. Lovecchio, N. Pottier, 
J. F. Colombel, M. Lhermitte, J. C. D’Halluin, F. Broly, and J. M. Lo-Guidice, Functional 
characterization of genetic polymorphisms identifi ed in the human cytochrome P450 4F12 
(CYP4F12) promoter region, Biochem Pharmacol 67 (2004) 2231-2238.

[116] P. Chomczynski, and N. Sacchi, Single-step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction, Anal Biochem 162 (1987) 156-159.

[117] D. A. Benson, M. S. Boguski, D. J. Lipman, J. Ostell, B. F. Ouellette, B. A. Rapp, and D. L. 
Wheeler, GenBank, Nucleic Acids Res 27 (1999) 12-17.

[118] L. Davis, M. Kuehl, and J. Battey, Basic Methods in Molecular Biology, ed., Appleton and 
Lange, Norwalk 1994.

[119] R. J. Edwards, D. A. Adams, P. S. Watts, D. S. Davies, and A. R. Boobis, Development of a 
comprehensive panel of antibodies against the major xenobiotic metabolising forms of cyto-
chrome P450 in humans, Biochem Pharmacol 56 (1998) 377-387.

[120] R. J. Edwards, Targeting antipeptide antibodies towards cytochrome P450 enzymes, Methods 
Mol Biol 107 (1998) 239-249.

[121] V. Ossipow, U. K. Laemmli, and U. Schibler, A simple method to renature DNA-binding 
proteins separated by SDS-polyacrylamide gel electrophoresis, Nucleic Acids Res 21 (1993) 
6040-6041.

[122] H. Törmä, T. Karlsson, G. Michaelsson, O. Rollman, and A. Vahlquist, Decreased mRNA 
levels of retinoic acid receptor alpha, retinoid X receptor alpha and thyroid hormone receptor 
alpha in lesional psoriatic skin, Acta Derm Venereol 80 (2000) 4-9.

[123] J. P. Renaud, M. A. Peyronneau, P. Urban, G. Truan, C. Cullin, D. Pompon, P. Beaune, and D. 
Mansuy, Recombinant yeast in drug metabolism, Toxicology 82 (1993) 39-52.

[124] P. Urban, C. Cullin, and D. Pompon, Maximizing the expression of mammalian cytochrome 
P-450 monooxygenase activities in yeast cells, Biochimie 72 (1990) 463-472.



58

Katarina Stark

[125] G. Truan, C. Cullin, P. Reisdorf, P. Urban, and D. Pompon, Enhanced in vivo monooxygenase 
activities of mammalian P450s in engineered yeast cells producing high levels of NADPH-
P450 reductase and human cytochrome b5, Gene 125 (1993) 49-55.

[126] M. Liminga, and E. Oliw, Qualitative and quantitative analysis of lipoxygenase products in 
bovine corneal epithelium by liquid chromatography-mass spectrometry with an ion trap, 
Lipids 35 (2000) 225-232.

[127] L. Hörnsten, J. Bylund, and E. H. Oliw, Bisallylic hydroxylation of linoleic and arachidonic 
acids by adult and fetal human liver microsomes and a comparison with human recombinant 
cytochromes P450, Adv Exp Med Biol 433 (1997) 123-126.

[128] S. Hammarström, M. Hamberg, B. Samuelsson, E. A. Duell, M. Stawiski, and J. J. Voorhees, 
Increased concentrations of nonesterifi ed arachidonic acid, 12L-hydroxy- 5,8,10,14-eicosa-
tetraenoic acid, prostaglandin E2, and prostaglandin F2alpha in epidermis of psoriasis, Proc 
Natl Acad Sci U S A 72 (1975) 5130-5134.

[129] K. Kragballe, and J. J. Voorhees, Eicosanoids in psoriasis--15-HETE on the stage, Dermato-
logica 174 (1987) 209-213.

[130] A. G. Clark, S. Glanowski, R. Nielsen, P. D. Th omas, A. Kejariwal, M. A. Todd, D. M. Tanen-
baum, D. Civello, F. Lu, B. Murphy, S. Ferriera, G. Wang, X. Zheng, T. J. White, J. J. Sninsky, 
M. D. Adams, and M. Cargill, Inferring nonneutral evolution from human-chimp-mouse 
orthologous gene trios, Science 302 (2003) 1960-1963.

[131] E. H. Oliw, S. Okamoto, L. Hörnsten, and F. Sato, Biosynthesis of prostaglandins from 
17(18)epoxy-eicosatetraenoic acid, a cytochrome P-450 metabolite of eicosapentaenoic acid, 
Biochim Biophys Acta 1126 (1992) 261-268.

[132] M. Lazarus, C. J. Munday, N. Eguchi, S. Matsumoto, G. J. Killian, B. K. Kubata, and Y. 
Urade, Immunohistochemical localization of microsomal PGE synthase-1 and cyclooxygen-
ases in male mouse reproductive organs, Endocrinology 143 (2002) 2410-2419.

[133] T. Ogden, and D. Hinton, Basic science and inherited retinal disease, ed., Mosby, St. Louis 
2001.

[134] W. K. Ju, and A. H. Neufeld, Cellular localization of cyclooxygenase-1 and cyclooxygenase-2 
in the normal mouse, rat, and human retina, J Comp Neurol 452 (2002) 392-399.

[135] M. Liminga, and E. H. Oliw, Studies of lipoxygenases in the epithelium of cultured bovine 
cornea using an air interface model, Exp Eye Res 71 (2000) 57-67.

[136] J. Lengqvist, A. Mata De Urquiza, A. C. Bergman, T. M. Willson, J. Sjövall, T. Perlmann, and 
W. J. Griffi  ths, Polyunsaturated fatty acids including docosahexaenoic and arachidonic acid 
bind to the retinoid X receptor alpha ligand-binding domain, Mol Cell Proteomics 3 (2004) 
692-703.

[137] S. Th orén,  Dept of Medical Biochemistry and Biophysics, 2003 Karolinska Institutet, Stock-
holm.

[138] L. Carlsson, O. Nilsson, A. Larsson, M. Stridsberg, G. Sahlén, and G. Ronquist, Characteris-
tics of human prostasomes isolated from three diff erent sources, Prostate 54 (2003) 322-330.

[139] A. Kalsotra, S. Anakk, C. L. Boehme, and H. W. Strobel, Sexual dimorphism and tissue 
specifi city in the expression of CYP4F forms in Sprague Dawley rats, Drug Metab Dispos 30 
(2002) 1022-1028.

[140] J. K. Leighton, S. Canning, H. D. Guthrie, and J. M. Hammond, Expression of cytochrome 
P450 1A1, an estrogen hydroxylase, in ovarian granulosa cells is developmentally regulated, J 
Steroid Biochem Mol Biol 52 (1995) 351-356.

[141] O. Gotoh, Substrate recognition sites in cytochrome P450 family 2 (CYP2) proteins inferred 
from comparative analyses of amino acid and coding nucleotide sequences, J Biol Chem 267 
(1992) 83-90.

[142] P. A. Loughran, L. J. Roman, A. E. Aitken, R. T. Miller, and B. S. Masters, Identifi cation of 
unique amino acids that modulate CYP4A7 activity, Biochemistry 39 (2000) 15110-15120.

[143] V. D. Marinescu, I. S. Kohane, and A. Riva, Th e MAPPER database: a multi-genome catalog 
of putative transcription factor binding sites, Nucleic Acids Res 33 Database Issue (2005) 
D91-97.



[144] Z. Cai, E. F. Tsung, V. D. Marinescu, M. F. Ramoni, A. Riva, and I. S. Kohane, Bayesian 
approach to discovering pathogenic SNPs in conserved protein domains, Hum Mutat 24 
(2004) 178-184.

[145] D. F. Woodward, C. E. Protzman, A. H. Krauss, and L. S. Williams, Identifi cation of 19 (R)-
OH prostaglandin E2 as a selective prostanoid EP2-receptor agonist, Prostaglandins 46 (1993) 
371-383.

[146] K. Ikai, Psoriasis and the arachidonic acid cascade, J Dermatol Sci 21 (1999) 135-146.
[147] G. S. Sagoo, M. J. Cork, R. Patel, and R. Tazi-Ahnini, Genome-wide studies of psoriasis sus-

ceptibility loci: a review, J Dermatol Sci 35 (2004) 171-179.
[148] F. Grimminger, and P. Mayser, Lipid mediators, free fatty acids and psoriasis, Prostaglandins 

Leukot Essent Fatty Acids 52 (1995) 1-15.
[149] P. Mayser, H. Grimm, and F. Grimminger, n-3 fatty acids in psoriasis, Br J Nutr 87 Suppl 1 

(2002) S77-82.
[150] Z. Abdel-Razzak, P. Loyer, A. Fautrel, J. C. Gautier, L. Corcos, B. Turlin, P. Beaune, and A. 

Guillouzo, Cytokines down-regulate expression of major cytochrome P-450 enzymes in adult 
human hepatocytes in primary culture, Mol Pharmacol 44 (1993) 707-715.

[151] D. Claveau, M. Sirinyan, J. Guay, R. Gordon, C. C. Chan, Y. Bureau, D. Riendeau, and J. A. 
Mancini, Microsomal prostaglandin E synthase-1 is a major terminal synthase that is selec-
tively up-regulated during cyclooxygenase-2-dependent prostaglandin E2 production in the 
rat adjuvant-induced arthritis model, J Immunol 170 (2003) 4738-4744.

[152] G. Neufang, G. Furstenberger, M. Heidt, F. Marks, and K. Muller-Decker, Abnormal diff eren-
tiation of epidermis in transgenic mice constitutively expressing cyclooxygenase-2 in skin, Proc 
Natl Acad Sci U S A 98 (2001) 7629-7634.

[153] R. L. Konger, R. Malaviya, and A. P. Pentland, Growth regulation of primary human keratino-
cytes by prostaglandin E receptor EP2 and EP3 subtypes, Biochim Biophys Acta 1401 (1998) 
221-234.

[154] P. Hensen, C. Windemuth, U. Huff meier, F. Ruschendorf, A. Stadelmann, V. Hoppe, D. Fen-
neker, M. Stander, M. Schmitt-Egenolf, T. F. Wienker, H. Traupe, and A. Reis, Association 
scan of the novel psoriasis susceptibility region on chromosome 19: evidence for both suscepti-
ble and protective loci, Exp Dermatol 12 (2003) 490-496.

[155] D. R. Hoff man, J. C. DeMar, W. C. Heird, D. G. Birch, and R. E. Anderson, Impaired synthe-
sis of DHA in patients with X-linked retinitis pigmentosa, J Lipid Res 42 (2001) 1395-1401.

[156] C. N. Serhan, S. Hong, K. Gronert, S. P. Colgan, P. R. Devchand, G. Mirick, and R. L. Mous-
signac, Resolvins: a family of bioactive products of omega-3 fatty acid transformation circuits 
initiated by aspirin treatment that counter proinfl ammation signals, J Exp Med 196 (2002) 
1025-1037.

[157] D. Ye, D. Zhang, C. Oltman, K. Dellsperger, H. C. Lee, and M. VanRollins, Cytochrome p-
450 epoxygenase metabolites of docosahexaenoate potently dilate coronary arterioles by acti-
vating large-conductance calcium-activated potassium channels, J Pharmacol Exp Th er 303 
(2002) 768-776.




	Abstract
	List of Original Papers
	Contents
	Abbreviations
	Metabolism of Arachidonic acid and Eicosanoids
	Arachidonic Acid Cascade
	The Cyclooxygenase Pathway
	The Lipoxygenase Pathway
	The Cytochrome P450 Pathway


	The Cytochrome P450 Family
	Background
	Nomenclature
	The Evolution of the Cytochrome P450 Family
	P450 Metabolism of Exogenous Compounds
	P450s Expression and Function in Extra Hepatic Tissues


	The CYP4 Family
	Binding of the Prosthetic Heme

	CYP4F subfamily
	Overview
	CYP4F8
	CYP4F12


	Aims
	Comments on Materials and Methods
	Tissue samples
	Isolation of total RNA and transcription
	DNA sequencing
	RT-PCR and real-time PCR
	Northern blotting
	In situ hybridization
	Immunization
	Western blot analysis
	Immunohistological analysis
	Immunofluorescence analysis
	Site directed mutagenesis and protein expression in yeast
	Keratinocyte cell cultures
	Liquid chromatography-mass spectrometry and gas chromatography-mass spectrometry
	Experimental
	Liquid chromatography-mass spectrometry analysis (LC-MS)
	Gas chromatography-mass spectrometry analysis (GC-MS)

	Bioinformatic Resources

	Results and Discussion
	Tissue Distribution of CYP4F8 (paper I)
	Prominent Expression of CYP4F8 in Psoriatic Skin (papers I and II)
	CYP4F8 in Ocular Tissues (paper III)
	COX-2, CYP4F8, and mPGES-1 in Genital Glands and Biosynthesis of 19R-hydroxy-Prostaglandin Es (papers IV and V)

	Tissue Distribution of CYP4F12 (paper VI)
	Catalytic Properties of CYP4F8 and CYP4F12 (papers IV, VI, and VII)
	Polymorphism of CYP4F8
	Analysis of the CYP4F8 Promoter Region


	General Discussion
	Function of CYP4F8 in Biosynthesis of 19-Hydroxy Prostaglandins
	Possible Function of CYP4F8 in Normal and Psoriatic Skin
	Other Functional Roles of CYP4F8
	Biological Function and Catalytic Properties of CYP4F12

	Conclusions
	Acknowledgements
	References

