
The metabolism of arachidonic acid (AA) by cytochrome
P450 (CYP) enzymes in various cells can be divided into two
major categories, i.e. w-hydroxylases that produce 20-hy-
droxy-5,8,11,14-eicosatetraenoic acid (20-HETE) and epoxy-
genases that catalyze the formation of epoxyeicosatrienoic
acids (EETs). In the rat, there are four different CYP4A
isozymes that can catalyze the w-hydroxylation of AA to 20-
HETE. CYP4A1, CYP4A2, CYP4A3 and CYP4A8 are all
expressed in rat kidneys.1—3) Kinetic profile of the rat CYP4
isoforms on AA metabolism was shown by Nguyen et 
al.4) While CYP4A2 and CYP4A3 catalyzed both w-/w-
1-hydroxylation and 11,12-epoxidation of AA, CYP4A1 
catalyzed only w-/w-1-hydroxylation and recombinant
CYP4A8 showed little if any w-hydroxylation activity.5) A
number of studies have demonstrated that 20-HETE has po-
tent biological activities which contribute to the regulation of
renal tubular and vascular function and the long-term control
of arterial blood pressure.6—10) 20-HETE is also a potent
vasoconstrictor in the cerebral microcirculation and a regula-
tor of vascular tone and autoregulation of cerebral blood
flow.11—14) On the other hand, EETs have been known as va-
sodilators and inhibitors of sodium and water transport in the
kidney.15,16) The CYP4A enzymes are considered to be the
major AA w-hydroxylases in the rat tissues and thereby the
primary contributors of 20-HETE synthesis. Studies using
antisense oligonucleotids against CYP4A1 and CYP4A2 fur-
ther support a role for these proteins in the regulation of vas-
cular tone and blood pressure.17)

HET0016 (N-hydroxy-N�-(4-butyl-2-methylphenyl)-form-
amidine (Fig. 1) was discovered using a high throughput
screening of the compound library of the Taisho Pharmaceu-
tical Co., Ltd. We reported that HET0016 is a potent and se-
lective inhibitor of 20-HETE synthesis in rat and human
renal microsomes.18) Kehl et al. reported that HET0016 in-
hibited 20-HETE synthesis by human isoforms of CYP4F2,
CYP4F3 and CYP4A11.19) However, little is known regard-

ing the inhibitory profile of HET0016 on the other CYP4A
isoforms. In the present study, we examined the effect of
HET0016 on 20-HETE synthesis catalyzed by rat recombi-
nant CYP4A1, 4A2, and 4A3 and characterized its inhibitory
profile on these enzymes.

MATERIAL AND METHODS

Reagents [1-14C]-AA (56 mCi/mmol) was purchased
from Dupont-New England Nuclear (Boston, MA, U.S.A.).
Purified recombinant human NADPH-P450 oxidoreductase
(OR) (specific activity, 58 mmol/min/mg) was obtained from
Oxford Biomedical Reseach Inc. (Oxford, MI, U.S.A.).
Emulgen E911 was purchased from KAO Atlas (Tokyo,
Japan). Purified rat liver cytochrome b5 (specific content,
40 nmol/mg) was obtained from Panvera Corp. (Madison,
WI, U.S.A.) and NADPH was from Roche Molecular Bio-
chemicals (Indianapolis, IN, U.S.A.). HPLC grade solvents
were purchased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.). All other chemicals used were of the highest grade
commercially available.

Preparation of Recombinant CYP4A Cell Membranes
CYP4A proteins were expressed in the baculovirus-Sf9 in-
sect cell expression system as described previously.5) The
CYP4A cDNAs were kindly provided by Dr. Richard Roman
(Medical College of Wisconsin). Sf9 cells were infected with
either CYP4A1, CYP4A2, or CYP4A3 recombinant viruses.
Insect culture media were fortified with 5 mg/ml of hemin at
the time of infection. After 72 h, the cells were harvested,
washed twice with PBS, and resuspended in sucrose buffer
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We examined the effect of N-hydroxy-N�-(4-butyl-2-methylphenyl)-formamidine) (HET0016), an inhibitor of
20-hydroxy-5,8,11,14-eicosatetraenoic acid (20-HETE) synthesis on the ww-hydroxylation and epoxidation of
arachidonic acid (AA) catalyzed by recombinant cytochrome P450 4A1 (CYP4A1), CYP4A2 and CYP4A3, and
characterized the enzyme inhibitory profile of HET0016. The IC50 values of HET0016 for recombinant CYP4A1-,
CYP4A2- and CYP4A3-catalyzed 20-HETE synthesis averaged 17.7 nM, 12.1 nM and 20.6 nM, respectively. The
IC50 value for production of 11,12-epoxy-5,8,14-eicosatrienoic acid (11,12-EET) by CYP4A2 and 4A3 averaged
12.7 nM and 22.0 nM, respectively. The IC50 value for CYP2C11 activity was 611 nM which was much greater than
that for CYP4As. The initial velocity study showed the Ki value of HET0016 for CYP4A1 was 19.5 nM and a plot
of Vmax versus amount of recombinant CYP4A1 added shows HET0016 is an irreversible non-competitive in-
hibitor. These results indicate that HET0016 is a selective, non-competitive and irreversible inhibitor of CYP4A.
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Fig. 1. Chemical Structure of HET0016 (N-Hydroxy-N�-(4-butyl-2-
methylphenyl)-formamidine)



(50 mM potassium phosphate, pH 7.4, 0.4 M sucrose). Cell
lysates were prepared by brief sonication (4—5 bursts of 4 s
duration), and the membrane fraction was obtained by high-
speed centrifugation (100000 g) for 60 min. The membrane
pellet was then resuspended in sucrose buffer and stored at
�80 °C. The protein concentration was determined using the
Bradford method. The concentration of CYP was determined
by CO-reduced difference spectral method of Omura and
Sato with an extinction coefficient –C450—490 nm�91 mM

�1·
cm�1.20)

Inhibition Assay of HET0016 on Recombinant CYP
Enzymes and 20-HETE Synthesis Rat recombinant
CYP4A1, CYP4A2, or CYP4A3 (10 pmol) membranes were
mixed on ice with OR and cytochrome b5 at a molar ratio of
1 : 7 : 4 for CYP4A1; 1 : 14 : 4 for CYP4A2, CYP4A3; 1 : 2 :
1.8 for CYP2C11. CYP2C11 was purchased from GEN-
TEST (Woburn, MA, U.S.A.). The mixture was incubated
with or without HET0016 [10�9—10�6

M for CYP4A1,
CYP4A2, and CYP4A3; 10�8—10�5

M for CYP2C11] and
[1-14C]-AA (0.4 mCi) for 5 min at 37 °C in 100 mM potassium
phosphate buffer (pH 7.4) containing 10 mM MgCl2. Reduced
nicotinamide adenine dinucleotide phosphate (NADPH; 1
mM) was added to the mixture to initiate the reaction and in-
cubation continued for 20 min at 37 °C. The reaction was ter-
minated by acidification to pH 3.5 to 4.0 with 20 m l of 2 M

formic acid, and the metabolites were extracted with ethyl ac-
etate. The combined extracts were evaporated under nitrogen
and the residue was re-suspended in 150 m l of methanol.
Metabolites of AA were separated on a Reverse-phase HPLC
which was performed on a 5 mm octadecyl silane-Hypersil
column (4.6�200 mm; Hewlett-Packard, Palo Alto, CA,
U.S.A.) at a flow rate of 1 ml/min using a gradient elusion
ranging from acetonitrile : water : acetic acid (50 : 50 : 0.1) to
acetonitrile : water : acetic acid (100 : 0 : 0.1) over a 30-min
period.

Radio-labeled metabolites were monitored using a ra-
dioactive flow detector (In/Us System, Tampa, FL, U.S.A.).
The identity of each metabolite was confirmed by comigra-
tion with a reference standard. The experiments were re-
peated several times for each enzyme and HET0016 concen-
tration.

HET0016 was dissolved in 100% dimethyl sulfoxide
(DMSO). The final concentration of DMSO in the test
medium was 1% and did not affect any enzyme activity. Re-
sults were expressed as a percent of the control peak area
which was obtained with the 1% DMSO test medium without
HET0016. The percent of the control activity (peak area) was
displayed graphically. Curve-fitting and parameter estimation
were carried out by using Origin 6.0 J (OriginLab Corp.,
MA, U.S.A.).

RESULTS

Effects of HET0016 on Recombinant CYP4A-Cat-
alyzed Arachidonate Oxidation HET0016 (10�9—10�6

M) inhibited the formation of 20-HETE by all three isoforms
in a concentration-dependent manner (Figs. 2A—C). In-
hibitory effects of HET0016 on epoxidation of AA by Sf9-
expressed CYP4A2 and CYP4A3 were similar to those of w-
hydroxylation by CYP4A2 and CYP4A3 isoforms (Figs. 2B,
C). The IC50 values of HET0016 for recombinant CYP4A1-,

CYP4A2- and CYP4A3-catalyzed 20-HETE synthesis aver-
aged 17.7 nM, 12.1 nM, and 22.3 nM, respectively. The IC50

value for production of 11,12-EET by CYP4A2 and 4A3 av-
eraged 12.7 nM and 26.6 nM, respectively triplicate observa-
tions.

HET0016 also inhibited the formation of 11,12-EET by rat
recombinant CYP2C11 (Fig. 3). The IC50 value was 611 nM

with triplicate observations. The IC50 of HET0016 for
CYP2C11-mediated epoxidation was about 30 times greater
than those of w-hydroxylation catalyzed by CYP4A1, 4A2
and 4A3.

Initial Velocity Kinetic Studies We used the CYP4A1
isoform to analyze the enzyme inhibitory profile of
HET0016 on 20-HETE synthesis. CYP4A1 enzyme kinetic
analyses were performed under optimal reconstitution condi-
tions. Table 1 shows the Michaelis constant (Km) and maxi-
mal velocity (Vmax) values of CYP4A1 for AA in the absence
or presence of different concentrations of HET0016.

HET0016 caused a marked decrease in the velocity of re-
combinant CYP4A1-catalyzed AA oxidation. To estimate
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Fig. 2. Effect of HET0016 on the Production of 20-HETE and 11,12-EET
by Rat Recombinant CYP4A1 (A), -4A2 (B) and -4A3 (C) 

Cell membranes containing 10 pmol of expressed CYP4A1 (A), -4A2 (B) and -4A3
(C) were reconstituted with OR (70 or 140 pmol) and b5 (40 pmol) and incubated with
0.4 mCi (7 nmol) of [1-14C]-AA in presence of NADPH (1 mM). Reactions were carried
out for 20 min at 37 °C, and metabolites were extracted and separated by HPLC. Re-
sults are expressed as percent of control and each point represents an average of tripli-
cate observations. Control activity of CYP4A1, -4A2, -4A3 were 4.0, 1.2, 0.7 nmol 20-
HETE formed/min/pmol P450 respectively. And control activity of CYP4A2, -4A3
were 0.3, 0.2 nmol 11,12-EET formed/min/pmol P450 respectively. 



precise values for inhibition of the formation of 20-HETE
from AA, we examined two different concentrations of
HET0016 (20, 40 nM) and calculated Km, Vmax and Ki (Table
1, Fig. 4). The Ki value of 20 and 40 nM HET0016 for
CYP4A1-catalyzed AA metabolize to 20-HETE were very
similar (20.0 vs. 18.9 nM) (Table 1). This initial velocity
study showed the Ki value of HET0016 for CYP4A1 was
found to be 19.2 nM. The apparent Km and Vmax values given
in Table 1 were calculated by fitting the results to a single-
component Michaelis–Menten equation. The Ki was calcu-
lated based on the formula VI

max�Vmax/1�[I]/Ki , where [I] is
concentration of inhibitor (HET0016). We also examined
various concentration of CYP4A1 (2.5—10 pmol) added to
the assay mixture in the absence or presence 20 nM of
HET0016 to confirm the mode of enzyme inhibitory profile
of HET0016. According to the plot, the line of control was

not cross the line of containing 20 nM HET0016 (two lines
were parallel). This plot of Vmax versus amount of recombi-
nant CYP4A1 added showed HET0016 is an irreversible
non-competitive inhibitor (Fig. 5).

DISCUSSION

The present study characterizes CYP4A isoform inhibitory
profile of HET0016, a potent 20-HETE synthesizing enzyme
inhibitor. HET0016 inhibited AA conversion to 20-HETE by
all three CYP4A isoforms in a concentration-dependent man-
ner. The IC50 values of HET0016 for recombinant CYP4A1,
4A2, and 4A3-catalyzed 20-HETE syntheses averaged
around 10—20 nM. Formation of 20-HETE from AA by re-
combinant CYP4A1 exhibited simple Michaelis–Menten ki-
netics. Furthermore the plot of maximal initial velocity
(Vmax) versus the amount of enzyme added showed that
HET0016 is an irreversible inhibitor. These results indicate
that HET0016 is a non-competitive and irreversible inhibitor
of CYP4 and thereby may be used to specifically target 20-
HETE synthesis.

We have previously reported that HET0016 inhibited the
formation of 20-HETE by rat renal microsomes.18) In the 
present study, we examined the effect of HET0016 on the
baculovirus-Sf9 cell-expressed CYP4A1, CYP4A2 and
CYP4A3 membranes, which catalyzed AA to 20-HETE and
11,12-EET to clarify the CYP4A isoform specificity of
HET0016. CYP4A1 membranes exhibited only w-hydroxy-
lation activity of AA. However, both CYP4A2 and CYP4A3
membranes, which exhibit �97% amino-acid sequence ho-
mology,21,22) catalyzed the 11,12-epoxidation activity of AA
in addition to w-hydroxylation activity. These findings are
agreement with previous report by Wang et al.5) and Nguyen
et al.4) HET0016 equally inhibited the formation of 20-
HETE catalyzed by CYP4A1, CYP4A2 and CYP4A3 (Fig.
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Table 1. Initial Velocity Kinetic Constants of Baculovirus-Expressed CYP4A1 with Arachidonic Acid in the Presence of HET0016 

Inhibitor concentration Vmax (nmol/min/nmol P450) Km (mM) Vmax/Km (nM
�1·min�1) Ki (nM)

Control 8.5 12.1 766 —
HET0016 (20 nM) 4.3 11.0 388 20.0
HET0016 (40 nM) 2.7 12.7 213 18.9

Results are the mean of 4—8 reactions.

Fig. 3. Effect of HET0016 on the Production of 11,12-EET by Rat Re-
combinant CYP2C11

Cell membranes containing 10 pmol of CYP2C11 was reconstituted with OR and b5

and incubated with 0.4 mCi (7 nmol) of [1-14C]-AA in presence of NADPH (1 mM). Re-
actions were carried out for 20 min at 37 °C, and metabolites were extracted and sepa-
rated by HPLC. Results are expressed as percent of control and each point represents an
average of triplicate observations. Control activity of CYP2C11 was 5.3 nmol 11,12-
EET formed/min/pmol P450.

Fig. 4. Kinetic Analysis of 20-HETE Formation from AA by Recombi-
nant CYP4A1 A Plot of 1/Velocity (V) versus 1/Substrate (S) Concentra-
tions

Cell membranes containing 10 pmol of expressed CYP4A1 was reconstituted with
OR (70 pmol) and b5 (40 pmol) and incubated with 1—16 nmol of [1-14C]-AA in pres-
ence of NADPH (1 mM). Reactions were carried out for 20 min at 37 °C, and metabo-
lites were extracted and separated by HPLC. Results are mean�S.E. (n�4—8).

Fig. 5. Irreversibility of Inhibition-Form for HET0016 A Plot of Vmax ver-
sus Amount of CYP4A1 Added (pmol P450). 

Cell membranes containing 2.5—10 pmol of expressed CYP4A1 was reconstituted
with OR and b5 kept the ratio (1 : 7 : 4) and incubated with 0.4 mCi (7 nmol) of [1-14C]-
AA in presence of NADPH (1 mM). Reactions were carried out for 20 min at 37 °C, and
metabolites were extracted and separated by HPLC. Results are from one experiment
run in duplicates.



2). HET0016 also inhibited the 11,12-EET formation by
CYP4A2 and CYP4A3 in the same concentration range.
These results indicate that HET0016 is a potent inhibitor of
CYP4A isoforms.

CYP2C23, CYP2J2 and CYP2C11 are known to catalyze
AA metabolite to 11,12-EET in kidney.23—25) In the cerebral
circulation, formation of 11,12-EET catalyzed by CYP2C11
plays a critical role in the regulation of cerebral blood flow
and neuroprotection against ischemic stroke.26,27) On the
other hand, 20-HETE catalyzed by CYP4A has potent vaso-
constrictor effect in cerebral artery and contributes to reduc-
tion of cerebral blood flow after subarachnoid hemorrhage.19)

To examine the selective inhibition of HET0016 for CYP4A
isoforms, we also examined the ability of HET0016 to inhibit
the production of 11,12-EET by CYP2C11. HET0016 inhib-
ited the formation of 11,12-EET by rat recombinant
CYP2C11 with IC50 values 611 nM which is about 30 times
greater than that for CYP4A isoforms (Fig. 3). We have pre-
viously indicated that HET0016 exhibited a high degree of
selectivity in inhibiting the formation of 20-HETE in renal
microsomes from spontaneously hypertensive rats (SHR).
The IC50 value for 20-HETE formation averaged 35 nM,
whereas the IC50 value for inhibition of the formation of
EETs by HET0016 averaged 2800 nM. The current study with
recombinant CYP4A and CYP2C11 further establishes that
the HET0016 acts as a selective inhibitor of CYP4A-cat-
alyzed reactions and supports its use for selective inhibition
of 20-HETE in vitro and in vivo.19)

In the present study, we also examined the kinetic analysis
of enzyme inhibitory profile to HET0016 by using the
CYP4A1 with optimal reconstitution conditions. To estimate
precise values for the inhibition of the formation of 20-
HETE from AA, we examined two different concentrations
(20, 40 nM) of HET0016. The apparent Km and Vmax values
were calculated by fitting the results to a single-component
Michaelis–Menten equation. These results indicate that
HET0016 is a non-competitive inhibitor of CYP4A1 isoform
(Fig. 4). To evaluate the mode of inhibitory action of
HET0016 against CYP4A1, we examined the various amount
of CYP4A1 (2.5—10 pmol) added to the assay mixtures in
the absence or presence of 20 nM HET0016, and a plot of
Vmax versus amount of recombinant CYP4A1 added shows
HET0016 is an irreversible non-competitive inhibitor.

In conclusion, the present study indicates that HET0016 is
a non-competitive and irreversible inhibitor of CYP4A iso-
forms and thereby can be used to specifically target the 20-
HETE synthesis.

Acknowledgments The authors would like to thank
Richard J. Roman, Ph. D., Department of Physiology, Med-
ical College of Wisconsin for his kind supply of the CYP4A
cDNAs.

REFERENCES

1) Ito O., Alonso-Galicia M., Hopp K. A., Roman R. J., Am. J. Physiol.,
274, F395—F404 (1998).

2) Marji J. S., Wang M. H., Laniado-Schwartzman M., Am. J. Physiol.,
283, F60—F67 (2002).

3) Schwartzman M. L., da Silva J. L., Lin F., Nishimura M., Abraham N.
G., Nephron, 73, 652—663 (1996).

4) Nguyen X., Wang M. H., Reddy K. M., Falck J. R., Schwartzman M.
L., Am. J. Physiol., 276, R1691—R1700 (1999).

5) Wang M. H., Stec D. E., Balazy M., Mastyugin V., Yang C. S., Roman
R. J., Schwartzman M. L., Arch. Biochem. Biophys., 336, 240—250
(1996).

6) Lin F., Rios A., Falck J. R., Belosludtsev Y., Schwartzman M. L., Am.
J. Physiol., 269, F806—F816 (1995).

7) Ma Y. H., Gebremedhin D., Schwartzman M. L., Falck J. R., Clark J.
E., Masters B. S., Harder D. R., Roman R. J., Circ. Res., 72, 126—136
(1993).

8) Omata K., Abraham N. G., Schwartzman M. L., Am. J. Physiol., 262,
F591—F599 (1992).

9) Schwartzman M. L., Falck J. R., Yadagiri P., Escalante B., J. Biol.
Chem., 264, 11658—11662 (1989).

10) Zou A. P., Ma Y. H., Sui Z. H., Ortiz de Montellano P. R., Clark J. E.,
Masters B. S., Roman R. J., J. Pharmacol. Exp. Ther., 268, 474—481
(1994).

11) Alonso-Galicia M., Hudetz A. G., Shen H., Harder D. R., Roman R. J.,
Stroke, 30, 2727—2734 (1999).

12) Gebremedhin D., Lange A. R., Lowry T. F., Taheri M. R., Birks E. K.,
Hudetz A. G., Narayanan J., Falck J. R., Okamoto H., Roman R. J.,
Nithipatikom K., Campbell W. B., Harder D. R., Circ. Res., 87, 60—
65 (2000).

13) Harder D. R., Gebremedhin D., Narayanan J., Jefcoat C., Falck J. R.,
Campbell W. B., Roman R. J., Am. J. Physiol., 266, H2098—H2107
(1994).

14) Harder D. R., Campbell W. B., Roman R. J., J. Vasc. Res., 32, 79—92
(1995).

15) Carroll M. A., Garcia M. P., Falck J. R., McGiff J. C., J. Pharmacol.
Exp. Ther., 260, 104—109 (1992).

16) Harris R. C., Homma T., Jacobson H. R., Capdevila J., J. Cell.
Physiol., 144, 429—437 (1990).

17) Wang M. H., Guan H., Nguyen X., Zand B. A., Nasjletti A., Schwartz-
man M. L., Am. J. Physiol., 276, F246—F253 (1999).

18) Miyata N., Taniguchi K., Seki T., Ishimoto T., Sato-Watanabe M., Ya-
suda Y., Doi M., Kametani S., Tomishima Y., Ueki T., Sato M., Kameo
K., Br. J. Pharmacol., 133, 325—329 (2001).

19) Kehl F., Cambj-Sapunar L., Maier K. G., Miyata N., Kametani S.,
Okamoto H., Hudetz A. G., Schulte M. L., Zagorac D., Harder D. R.,
Roman R. J., Am. J. Physiol., 282, H1556—H1565 (2002).

20) Omura T., Sato R., J. Biol. Chem., 239, 2379—2385 (1964).
21) Kimura S., Hanioka N., Matsunaga E., Gonzalez F. J., DNA, 8, 503—

516 (1989).
22) Kimura S., Hardwick J. P., Kozak C. A., Gonzalez F. J., DNA, 8, 517—

525 (1989).
23) Capdevila J. H., Wei S., Yan J., Karara A., Jacobson H. R., Falck J. R.,

Guengerich F. P., DuBois R. N., J. Biol. Chem., 267, 21720—21726
(1992).

24) Holla V. R., Makita K., Zaphiropoulos P. G., Capdevila J. H., J. Clin.
Invest., 104, 751—760 (1999).

25) Yu Z., Huse L. M., Adler P., Graham L., Ma J., Zeldin D. C., Kroetz D.
L., Mol. Pharmacol., 57, 1011—1020 (2000).

26) Alkayed N. J., Narayanan J., Gebremedhin D., Medhora M., Roman R.
J., Harder D. R. Stroke, 27, 971—979 (1996). 

27) Alkayed N. J., Goyagi T., Joh H. D., Klaus J., Harder D. R., Traystman
R. J., Hurn P. D., Stroke, 33, 1677—1684 (2002).

1654 Vol. 28, No. 9


