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Arachidonic acid-mediated cooxidation of all-frans-retinoic acid in

microsomal fractions from human liver
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1 The quantitative importance of prostaglandin H synthase (PGHS)-mediated cooxidation of all-
trans-retinoic acid (ATRA) was evaluated in human liver microsomes (7=17) in relation to CYP-
dependent ATRA 4-hydroxylation.

2 Observed rates of ATRA cooxidation (4.6—20 pmol mg protein~' min~') and 4-hydroxylation
(8.7—45 pmol mg protein~' min~') were quantitatively similar and exhibited similar individual
variation (4 and 5 fold, respectively).

3 From kinetic studies cooxidation was an efficient process in human hepatic microsomes (V,ax
K, '=0.25) compared with NADPH- and NADH-mediated 4-hydroxylation by CYP (Vi
K,,~'=0.14 and 0.02, respectively).

4 The capacity of lipid hydroperoxide metabolites of arachidonic acid to mediate ATRA oxidation
was established directly, but downstream products (D, E, F and I-series prostaglandins) were
inactive.

5 cDNA-expressed CYPs supported ATRA oxidation by lipid hydroperoxides. Whereas CYPs
2C8, 2C9 and 3A4, but not CYPs 1A2 or 2EI1, were effective catalysts of the NADPH-mediated
reaction, cooxidation supported by 15(S)-hydroperoxyeicosatetraenoic acid was mediated by all five
CYPs. The cooxidation reaction in human hepatic microsomes was inhibited by the CYP inhibitor
miconazole.

6 These findings indicate that ATRA oxidation is quantitatively significant in human liver. Lipid
hydroperoxides generated by intracellular enzymes such as prostaglandin synthase and lipoxygenases
are sources of activated oxygen for CYP-mediated deactivation of ATRA to polar products.
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Introduction

Retinoids (or vitamin A derivatives) have biologically P450 (CYP)-mediated hydroxylation of ATRA at the 4-

important roles in the maintenance of normal vision,
immunity and cellular differentiation. All-trans-retinoic acid
(ATRA) is generated intracellularly by the consecutive
dehydrogenations of retinol and retinal (Blomhoff er al.,
1992) and is the major ligand for the retinoic acid receptors
(RARs) that form heterodimers with retinoid X-receptors
(RXR) to activate target genes. RARs are members of the
nuclear hormone receptor superfamily that also includes
receptors for vitamin Dj3, thyroid hormone and peroxisome
proliferators (Mangelsdorf & Evans, 1995).

The carbon atom at the 4-position of naturally occurring
retinoids, such as ATRA, is relatively reactive because it is
allylic to the 5,6-double bond of the f-ionone (substituted
cyclohexenyl) ring system that is fully conjugated with the
side chain double bonds (Figure 1). Thus, carbocations and
carbon centred radicals that may be formed at the allylic 4-
position are readily stabilized by delocalization. Cytochrome
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position is a major biotransformation pathway that precedes
elimination (Roberts et al, 1979; Leo et al, 1989).
Prostaglandin H synthase (PGHS) has also been shown to
catalyze ATRA biotransformation. Lipid hydroperoxides
generated by the cyclo-oxygenase activity of PGHS oxidize
retinoids to carbon centred radicals. Subsequent addition of
molecular oxygen generates peroxyl radicals that mediate the
conversion of further ATRA molecules to the corresponding
5,6-epoxide, 5,8-epoxide and related products (Samokyszyn &
Marnett, 1987). Thus, ATRA is cooxidized during the
reduction of lipid hydroperoxides to the analogous lipid
hydroxides. In vitro studies in micellar systems comprising
haemin and lipid hydroperoxides have produced similar
findings (Samokyszyn et al., 1997). To date, however, there
is little information on the functional interplay of PGHS and
CYP in retinoid biotransformation in tissues.

The present study evaluated the contribution of CYP- and
PGHS-dependent ATRA oxidation in human hepatic micro-
somes. The principal finding to emerge was that ATRA
cooxidation by lipid hydroperoxides and CYP-dependent
ATRA 4-hydroxylation are quantitatively similar in human
hepatic microsomes, although the operative pathway is
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Figure 1 Structure of ATRA; the 4-carbon is indicated.

determined by cofactor availability. The finding that CYP
may utilize lipid hydroperoxides generated by enzymes such
as PGHS extends the potential role of the mono-oxygenases
in retinoid biotransformation. A wider range of CYPs can
utilize lipid hydroperoxides in ATRA cooxidation than those
that mediate NADPH-dependent 4-hydroxylation. Thus, the
relative intracellular availability of NADPH and lipid
hydroperoxides determines which CYPs contribute to ATRA
biotransformation in human liver.

Methods

Chemicals

[11,13-*"H]-ATRA (50—-60 Ci mmol~') was purchased from
Amrad Pharmacia Biotech Australia (Melbourne, Vic).
Unlabelled ATRA, indomethacin, miconazole, lipid hydro-
peroxides (5(S)-hydroperoxyeicosatetraenoic acid (S-HPETE),
15(S)-hydroperoxyeicosatetraenoic acid (15-HPETE) and
13(S)-hydroperoxy-(9Z,11E)-octadecadienoic acid (13-
HPODE)), prostaglandins (D,, E,, F,, and I,) and
biochemicals were obtained from Sigma-Aldrich (Castle Hill,
NSW, Australia). Analytical Reagents were from Ajax
Chemicals (Auburn, NSW, Australia) and solvents for high
performance liquid chromatography (HPLC) were from
Rhone Poulenc (Brisbane, QLD, Australia).

Supplies of human liver and preparation of microsomal
fractions

Human liver was obtained as the normal margin adjacent to
resected hepatic tumours or as the remnants of adult donor
livers prepared for orthotopic transplantation of paediatric
recipients. Transplantation tissue was obtained through the
Australian Liver Transplant Centre (Royal Prince Alfred
Hospital, Camperdown, NSW) or the Queensland Liver
Transplant Service (Princess Alexandra Hospital, Brisbane).
Consent was provided by the donor relatives. Livers were
perfused with Viaspan® solution (NEN-DuPont, Wilmington,
DE, U.S.A)) and transported to the laboratory. Samples were
frozen on arrival and stored at —70°C until used in the
preparation of microsomal fractions.

Liver was thawed and homogenized in potassium phos-
phate buffer (10 mM, pH 7.4) containing sucrose (0.25 M) and
EDTA (1 mM) using a Kinematica polytron (Lucerne,
Switzerland).  After filtration through nylon gauze
(~0.25 mm mesh size), microsomes were isolated by
differential ultracentrifugation as described elsewhere (Marti-
ni & Murray, 1993). Microsomal protein was estimated by
the method of Lowry et al. (1951).

Microsomal fractions from human lymphoblastoid cells
(AHH-1 TK+/—) that contained cDNA-expressed CYPs
1A2, 2C8, 2C9, 2E1 and 3A4 were obtained from Gentest
(Woburn, MA, U.S.A).

Assays of ATRA oxidation in human hepatic
microsomes

Microsomal incubations (1.0 ml volume) contained protein
(0.25 mg for the NADPH-mediated reaction and 0.2 mg for
the arachidonic acid-mediated reaction), [*H]-ATRA
(7.5 um, 1x10°d.p.m. incubation~!, except in kinetic
experiments where the range was 5—100 uM) in potassium
phosphate buffer (0.1 M, pH 7.4). Incubations were run over
45 min for the NADPH- and arachidonic acid-mediated
reactions or 5 min for the lipid hydroperoxide-mediated
reactions; linearity of product formation was derived in
preliminary experiments. Cofactor concentrations were
NADPH (1 mMm), NADH (1 mM), arachidonic acid
(250 um) or 15-HPETE (30 um). Inhibitors were added in
some experiments in 5 ul dimethylsulphoxide; solvent was
added to corresponding controls and did not influence
product formation. Reactions were terminated with cold
ethanol (0.5 ml containing 125 ug ascorbic acid and 125 ug
EDTA). Substrate and products were extracted into ethyl
acetate (2 ml) containing 2 mg butylated hydroxyanisole.
The organic phase was dried over anhydrous Na,SO, and
then removed under N,.

ATRA oxidation was measured in analogous fashion in
microsomes from lymphoblastoid cells that expressed
individual CYPs, except that the protein concentration
was increased to 2.5 mg ml~! and the incubation time was
60 min. In the case of CYP2C9-containing cellular
microsomes, the incubation buffer was Tris-HCI (0.1 M,
pH 7.4), whereas the standard phosphate buffer was used
with other CYPs. An NADPH-generating system consist-
ing of 3.3 mM glucose 6-phosphate, 0.4 u glucose 6-
phosphate dehydrogenase, 1.3 mM NADP and 3.3 mMm
MgCl,, was wused to initiate the NADPH-mediated
reactions; 15-HPETE (30 uM) was used in cooxidation
reactions.

Separation of ATRA and polar metabolites by
HPLC

Following extraction the products of ATRA biotransforma-
tion in human hepatic microsomes were separated by reverse
phase HPLC, using the procedure of Kochhar ef al. (1988).
Samples were dissolved in methanol (50 ul) and applied to an
Ultrasphere C18 column (5 pym, 250 mm x 4.6 mm, Beckman,
San Ramon, CA, U.S.A.) attached to a Waters Associates
HPLC system (including model 510 pump, model 712 WISP
and model 490E programmable detector). The mobile phase
consisted of methanol:acetonitrile:0.1 M ammonium acetate,
pH 6.8 (73:12:15). The flow rate was 1 mlmin~' and
fractions were collected at intervals of 60 s (in NADPH-
and NADH-mediated reactions) or 20 s (in arachidonic acid-
or 15-HPETE-mediated reactions). ACS II scintillant (Amer-
sham, Australia) was added to eluate fractions and the
samples were subjected to f-counting. Elution times for 4-
hydroxy ATRA and ATRA in this system were 205 and
600 s, respectively.

Statistics

Unless stated otherwise, data are presented as mean+
s.e.mean of estimates in microsomal fractions from three
individual livers. Differences between means of control and
treatment groups were detected by the Student’s #-test. Linear
regression analysis was used to correlate microsomal
activities.
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Results

Arachidonic acid-mediated ATRA cooxidation in human
hepatic microsomes

ATRA oxidation was measured in microsomal fractions
isolated from 17 individual human liver segments. Informa-
tion on the recent drug, smoking and alcohol intake histories
of the donors is indicated in Table 1; some of these have been
reported previously (Sutton et al., 1997). Five of the donors
were cigarette smokers, three regularly ingested alcohol and
several had received drugs, such as dexamethasone, known to
modulate CYP function. Whereas the NADPH-dependent
metabolism of ATRA yielded only the 4-hydroxy product,
the arachidonic acid- and 15-HPETE-mediated reactions
yielded several products. Because the relative formation of
these cooxidation products varied considerably between
individual microsomal fractions, total ATRA oxidation was
measured in this study.

Rates of microsomal ATRA cooxidation varied over an
approximate 4 fold range (4.6—20 pmol mg protein~' min ",
n=17; Figure 2A). By comparison, NADPH-mediated
ATRA 4-hydroxylation varied over a 5 fold range (8.7—
45 pmol mg protein~' min~!'; n=17; Figure 2A). Although
the variation between subjects was similar there was also no
apparent relationship between the pathways of ATRA
biotransformation (r=0.156; Figure 2B). Exposure of in-
dividuals to drugs or chemicals did not appear to influence
the observed rates of microsomal ATRA oxidation supported
by either NADPH or arachidonic acid.

Arachidonic acid emerged as an alternate cofactor to
NADPH for microsomal ATRA biotransformation in human
liver. Kinetic studies indicated that the Michaelis constant for
the cofactor was 32+6 mM (Figure 3; Table 2). By
comparison, the affinities of the reduced pyridine nucleotides
NADPH and NADH for enzymes of ATRA biotransforma-
tion were lower (K,,=470+ 10 and 970 +80 uM, respectively;
Table 2). Vax values for the cofactors varied about 8 fold
and the K,, V. ' ratios, a measure of catalytic efficiency,
were 0.25, 0.14 and 0.014 for arachidonic acid, NADPH and
NADH, respectively. Thus, the cooxidation pathway sup-
ported by arachidonic acid was about twice as efficient as the

better-described CYP-mediated reaction supported by
NADPH.
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Role of lipid hydroperoxides in ATRA cooxidation

In the absence of exogenous reduced pyridine nucleotide
cofactors, arachidonic acid effectively supported the bio-
transformation of ATRA to polar products. ATRA
cooxidation by a range of endogenous eicosanoid metabo-
lites was evaluated in further studies. As indicated in Figure
4, 5S-HPETE and 15-HPETE supported ATRA oxidation (77
and 226 pmol products mg protein—! min~', respectively). In
contrast, the downstream products of the action of cyclo-
oxygenase on arachidonic acid, prostaglandins D,, E,, F»,
and I, (prostacyclin), were inactive. 13-HPODE, an
analogue of the HPETEs formed by the action of
lipoxygenase on (9Z,11E)-octadecadienoic acid, also sup-
ported ATRA oxidation (114 pmol products mg protein '
min~"'). Thus, lipid hydroperoxides formed by the action of
cytosolic lipoxygenase enzymes on arachidonic acid and
related fatty acids, are able to generate polar products from
ATRA.

The possibility that cyclo-oxygenase-mediated lipid per-
oxide intermediates participate in microsomal ATRA co-
oxidation was tested. The cyclo-oxygenase inhibitor indo-
methacin (500 uM) decreased microsomal ATRA cooxidation
to 42+16% of the uninhibited activity (n=3), whereas the
peroxidase inhibitor methimazole (500 M) was inactive (not
shown).

The nature of hydroperoxide-mediated ATRA oxidation
was characterized further with 15-HPETE. In microsomal
fractions from 10 individual human livers 15-HPETE-
mediated ATRA oxidation was extensive and varied over a
4 fold range (450—1800 pmol mg protein~' min~'; Figure
5A). The Michaelis constant for the reaction in human liver
microsomes (24 uM; Figure 5B) was similar to that for the
NADPH-dependent reaction mediated by CYP (10 um). The
possibility that CYP may participate in this pathway was
evaluated using cDNA-expressed human CYPs in lympho-
blastoid cell microsomes. Thus, CYPs 2C8, 3A4 and 2C9
were most active in 15-HPETE-mediated ATRA oxidation,
but CYPs 1A2 and 2EI1 also generated significant quantities
of polar products (Table 3). By comparison, CYPs 2C8, 3A4
and 2C9 were major catalysts of NADPH-mediated ATRA 4-
hydroxylation, whereas the other two CYPs were inactive.
Also in support of a role for CYP in ATRA oxidation by 15-
HPETE was the finding that the CYP inhibitor miconazole
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Figure 2 (A) Individual variation in NAPDH-mediated and arachidonic acid-mediated ATRA oxidation in human hepatic

microsomes. (B) Plot of the relationship between the activities.
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Figure 3 Kinetics of arachidonic acid-mediated ATRA cooxidation in human hepatic microsomes. (A) Representative Michaelis-

Menten plot. (B) Hanes-Woolf plot of the data in A.

Table 1 Drug, alcohol and smoking histories of liver
donors
Alcohol  Smoking
Liver Drug history history*  history¥
HL1 ranitidine
HL2  oxazepam, «-methyldopa
HL4 none
HLS none
HL10 dopamine, desmopressin
HL16 dopamine, desmopressin Yes
HL17 colloidal bismuth subnitrate,
sucralfate
HL24 flucloxacillin, ceftriaxone
HL25 enalapril Yes
HL26 dopamine, imipenem Yes
HL27 dopamine, desmopressin Yes
HL28 unknown
HL29 simvastatin
HL30 adrenaline, ranitidine, penicillin Yes
HL31 dexamethosone, dopamine, Yes Yes
desmopressin

HL32 prazosin
HL34 alprazolam, dexamethasone Yes

*Three or more cigarettes per day; falcohol 10 g or greater
per day.
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(250 pum) decreased the activity in human hepatic microsomes
to 31+4% of control (data not shown).

Discussion

CYP-dependent 4-hydroxylation in human liver is an
established pathway for the termination of the physiological
and pharmacological actions of ATRA. Studies undertaken
in ram seminal vesicles and with the purified enzyme have
also implicated PGHS in the biotransformation of ATRA
and its geometric isomer /3Z-RA (Samokyszyn & Marnett
1987; Samokyszyn et al., 1995). The present study examined
the contributions of CYP- and PGHS-mediated pathways of
ATRA oxidation in human hepatic microsomes. Arachidonic
acid-mediated ATRA cooxidation emerged as a quantita-
tively significant pathway in these fractions, similar in
magnitude to NADPH-dependent 4-hydroxylation mediated
by CYP. Thus, ATRA cooxidation constitutes an alternative
pathway by which ATRA undergoes biotransformation and
which may contribute significantly to overall rates of retinoid
deactivation.

ATRA oxidation

(pmol-mg proteint min-!)

Q 100 2?0 300
5-HPETE I
13-HPODE -
PGE, l ND
PGFa | ND
PGDy ' ND
prostacyclin | ND

Figure 4 ATRA cooxidation mediated by endogenous eicosanoids in human hepatic microsomes (PG, prostaglandin). ND, not

detected.
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Like NADPH-mediated ATRA 4-hydroxylation, ATRA
cooxidation in human hepatic microsomes exhibited a several
fold interindividual variation. However, there was no
apparent correlation between the measured rates of product
formation by the NADPH- and arachidonic acid-supported
pathways, which is consistent with the notion that different
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enzyme systems are operative. Thus, the relative expression of
hepatic CYP and PGHS is a contributory factor in the
capacity of individuals to oxidize retinoids.

PGHS has emerged from the present study as a participant
in ATRA cooxidation mediated by arachidonic acid; the
PGHS inhibitor indomethacin impaired the observed rate of
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Figure 5 (A) Individual variation in 15-HPETE-mediated ATRA oxidation in human hepatic microsomes. (B) Representative

Hanes-Woolf plot of the reaction in microsomes.

Table 2 Kinetic parameters of ATRA biotransformation in
human hepatic microsomes mediated by different cofactors

VN‘I{L\' I/'Nlll,\‘ Km -1
K (pmol mg (pmol mg
Cofactor (um)  protein~! min~') protein~!' min~")
Arachidonic ~ 32+7 8+1 0.25
acid
NADPH 470+ 10 68+2 0.14
NADH 940+ 80 17+6 0.018

Table 3 NADPH- and 15-HPETE-mediated microsomal
ATRA oxidation by cDNA-derived CYPs expressed in
human lymphoblastoid cells

NADPH-mediated 15-HPETE-mediated

CYP (pmol product pmol CYP ' h'!)
1A2 ND* 280
2C8 2.5 1650
2C9 4.7 510
2El ND 150
3A4 1.3 380

*ND, Below limit of detection (<0.1 pmol product pmol
CYP'h™).

PROSTAGLANDIN H-SYNTHASE

cyclooxygenase

arachidonic acid prostaglandin Go

ATRA

peroxidase

prostaglandin Ho

radical at C4

5,6-epoxide
ATRA 5,8-epoxide

e A

02 peroxyl radical

CYTOCHROME P450

hydrogen atom
abstraction

ATRA 4-hydroxy-ATRA

4-0x0-ATRA

13Z-isomeric products

Figure 6 Roles of prostaglandin H-synthase and cytochrome P450 in ATRA oxidation in human hepatic microsomes.
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microsomal cooxidation. PGHS is a bifunctional enzyme that
possesses cyclo-oxygenase activity, which is responsible for
the formation of the endocyclic peroxide prostaglandin G,,
and peroxidase activity, which reduces prostaglandin G, to
prostaglandin H, (Eling et al., 1990). A range of lipophilic
chemicals, including naturally occurring retinoids, possess
readily oxidizable atoms and can act as reducing substrates
for the peroxidase activity of PGHS (Markey et al., 1987).
Thus, ATRA and /3Z-RA undergo hydrogen atom abstrac-
tion from the carbon atom at the 4-position of the f-ionone
ring system to generate carbon centred radicals (Samokyszyn
et al., 1995). The 4-position is relatively reactive because it is
a secondary allylic carbon that is fully conjugated with the
unsaturated side chain. This radical at C-4 combines with a
molecule of oxygen to form peroxyl radicals (Samokyszyn et
al., 1995). Such radicals are known to generate epoxides,
which is consistent with the formation of the 5,6- and 5,8-
epoxides from ATRA in micellar systems containing
haematin. In hepatic microsomes, however, additional
products are formed, including 4-hydroxyATRA, which
suggests that the peroxyl radical also undergoes direct
reduction by direct abstraction of a hydrogen atom from
nearby macromolecules (Figure 6).

Lipid hydroperoxides, such as 15-HPETE, may also
provide an activated oxygen atom for the CYP-dependent
oxidation of substrates via the peroxide shunt (McMurry &
Groves, 1986). This pathway obviates the requirement for
CYP catalysis by reduced pyridine cofactors and oxygen
activation by electron transfer. Muindi & Young (1993)
reported that several lipid peroxides were able to mediate
ATRA 4-oxidation in microsomes from lymphoblastoid cells
containing cDNA-expressed CYPs. The reaction was not
supported in these fractions by arachidonic acid. The present
study confirms that lipid hydroperoxides support ATRA
oxidation by CYPs and indicates that this pathway is more
efficient than that mediated by NADPH.

Significant ATRA cooxidation activity was noted with
CYPs 2C8, 2C9 and 3A4, as well as CYPs 1A2 and 2El. In
contrast, ATRA 4-hydroxylation mediated by NADPH was
only catalyzed by CYPs 2C8, 2C9 and 3A4. Thus a wider
range of CYPs is able to support lipid hydroperoxide-
mediated ATRA biotransformation than that mediated by
NADPH, which suggests that the haeme and apoprotein
regions of the holoenzyme are both important to NADPH-
mediated catalysis, whereas the haeme region appears more
important in cooxidation. Thus, the direct transfer of an
oxygen atom from the lipid peroxide to the CYP haeme (the
peroxide shunt), and not the complete CYP electron
transport cycle, is the critical factor in cooxidation. The
finding that miconazole, which inhibits CYP reactions by
binding at the sixth axial position of the haeme moiety,
effectively modulated 15-HPETE-dependent ATRA biotrans-
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