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All-trans-retinoic acid (atRA) is a promising anticancer and antiwrinkle drug. However, its clinical application is limited

because it is rapidly metabolized by the induced cytochrome P450 (P450). In this study, farnesol derivatives are proposed as

new inhibitors to prevent P450-mediated metabolism. The farnesol derivatives were suc-farnesol and mal-farnesol, which

were synthesized by the chemical conjugation of farnesol with succinic anhydride and maleic anhydride, respectively. The

inhibition effects of farnesol, farnesoic acid, and farnesol derivatives on the atRA metabolism were evaluated in microsome

and in AMC-HN-6 cells. In the microsome experiment, suc-farnesol and mal-farnesol strongly inhibited atRA metabolism at

10-4 mol/L concentration by as much as 61% and 77%, respectively. In the cell experiment, the inhibition effects of farnesol

derivatives on the atRA metabolism showed similar tendency as the results in the microsome experiment, even if the effect

was somewhat decreased. Effects of farnesoic acid and farnesol, however, were not significant. This research suggests that

carboxylic end groups, such as atRA and hydrophobicity, might be important factors causing the higher inhibition effect, and

that derivatization of farnesol can be 1 method to develop new inhibitors of atRA metabolism.

Copyright © 2001 by W.B. Saunders Company

ALL-TRANS-RETINOIC acid (atRA) plays important roles
in the regulation of proliferation and differentiation of

epithelial tissues such as skin, bladder, lung, oral cavity, and
mammary gland.1-3 atRA is also effective in preventing second
primary cancer for head and neck squamous cell carcinoma
(HNSCC).4 However, atRA is rapidly metabolized to inactive
polar metabolites such as all-trans-4-hydroxy-RA and all-
trans-4-oxo-RA.5-7 This rapid metabolism of atRA is due to
catabolism by a cytochrome P450 (P450), which is induced by
atRA,8-10and this special P450 was recently cloned (CYP26).11,12.
The evidence of P450 induction was shown in the acute resis-
tance of atRA in a continuous oral administration.13,14That is,
the half-life of atRA in the body is rapidly decreased with the
repeated administration of atRA. Therefore, atRA application is
quite limited, although atRA is a promising anticancer and an
antiwrinkle drug.

To reduce the resistance of atRA, various imidazole deriva-
tives, such as ketoconazole, liarozole, clotrimazole, micon-
azole, fluconazole, secnidazole, and metronidazole, have been

studied since hydroxylation of atRA by P450 is inhibited by
imidazole derivatives.15-18Among them, both ketoconazole and
liarozole showed a potent inhibition effect on atRA metabo-
lism. Ketoconazole reduced catabolism of atRA with several
adverse reactions. Rigas et al16 reported that common adverse
effects of ketoconazole were headache, ear congestion, and
hypertriglyceridemia. At higher doses, ketoconazole also
showed serious mucocutaneous toxicity, nausea, and vomit-
ing.16 Liarozole has been reported to inhibit P450-mediated
metabolism of atRA, thereby increasing the half-life of atRA.
However, when atRA was administered repeatedly, liarozole
could not completely inhibit atRA metabolism.19

In this study, the relationship of all-trans structure with
carboxylic acid and the atRA metabolism was studied. Farnesol
was used in this study because farnesol has all-trans structure
and carboxylic acid at the end of its tail, like atRA. In this
study, several farnesol derivatives were synthesized to examine
the effects of modification of carboxylic end group and hydro-
phobicity of farnesol on atRA metabolism.

MATERIALS AND METHODS

Materials

atRA was obtained from Sigma Chemical Co (St Louis, MO).
All- trans-[11, 12-3H]-RA ([3H]RA) (0.021 mmol/mL, 48.5 Ci/mmol)
was obtained from Du Pont New England Nuclear (Boston, MA).
Trans, trans-farnesol, chromium(VI) oxide, succinic anhydride, and
maleic anhydride were purchased from Aldrich Co (Milwaukee, WI)
and 4-dimethylaminopyridine (DMAP) was purchased from TCI (St
Louis, MO). These materials were used without further purification.
Sulfuric acid, ethyl ether, n-hexane, and isopropyl alcohol were used
without further purification.

Synthesis of Farnesol Derivatives

Farnesoic acid was synthesized by the oxidation of primary alcohol
of farnesol to carboxylic acid. Farnesol (10 g, 45 mmol) was dissolved
in 200 mL of acetone and dropped into a sulfuric acid solution, which
included an excess amount of chromium(VI) oxide (17 g, 180 mmol).
After mixing for 24 hours, isopropyl alcohol was added to the reacting
farnesol mixture to stop the reaction. The mixture was stirred for 30
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minutes to reduce the unreacted chromium(VI). The produced farnesoic
acid was extracted from ethyl ether and purified by column chroma-
tography.

Farnesol-succinic anhydride conjugate (suc-farnesol) was synthe-
sized by reacting farnesol (2 g, 9 mmol) with succinic anhydride (1.08
g, 11 mmol) in acetone (30 mL). DMAP (1.31 g, 11 mmol) was used
as a catalyst and the mixture was stirred for 24 hours at room temper-
ature under nitrogen atmosphere. Hydrochloric acid (HCl) solution was
added to the product to remove the remaining DMAP. The produced
suc-farnesol was extracted from ethyl ether and purified by column
chromatography. Farnesol-maleic anhydride conjugate (mal-farnesol)
was synthesized by a similar method used in the synthesis of suc-
farnesol. Farnesol (1.5 g, 6.7 mmol) was reacted with maleic anhydride
(0.79 g, 8.04 mmol) in tetrahydrofuran (15 mL). Triethylamine (0.82 g,
8.04 mmol) was used as a catalyst, and the mixture was stirred for 24
hours at room temperature under nitrogen atmosphere. HCl solution
was added to the product to remove the remaining triethylamine. The
produced mal-farnesol was extracted from ethyl ether and purified by
column chromatography. Molecular weights of farnesol derivatives
were measured by gas chromatography–mass spectrometry (GC-MS).
All of the farnesol derivatives were also analyzed by nuclear magnetic
resonance (NMR) and infrared spectroscopy (FT-IR).

Cell Culture and Microsome Preparation

AMC-HN-6 cells, which could metabolize atRA rapidly by the
induction of P450, were used in this study. The AMC-HN-6 cell line
was established at Asan Medical Center (Seoul, Korea) from patients
with HNSCC.20 The cells were maintained in Eagle’s minimum essen-
tial medium supplemented with 1% nonessential amino acid, 2 mmol/L
L-glutamine, and 10% fetal bovine serum. At confluence, the cells were
treated in the dark for 12 hours with 1mmol/L atRA. All cultures were
incubated at 37°C in a humidified atmosphere with 5% CO2. The cells
were subcultured for a week at a split ratio of 1:10 using the trypsin/
EDTA solution and checked regularly for mycoplasma contamination.

The confluent monolayer of cultured AMC-HN-6 cells was rinsed
twice with ice-cold phosphate-buffered saline (PBS). The cells were
treated with 0.25% trypsin for 10 minutes and then rinsed 4 times with
ice-cold PBS by centrifugation for 5 minutes at 5,0003g. The cells
were resuspended in homogenization buffer (0.5 mol/L sucrose, 10
mmol/L Tris-HCl [pH 7.4], 1 mmol/L EDTA, 1 mmol/L phenylmeth-
ylsulfonyl fluoride, 0.1mg/mL leupeptin, and 0.04 U/mL aprotinin) and
homogenized in a Dounce glass tissue grinder (40 mL capacity, Kontes
Glass Co, Vineland, NJ). The homogenate was diluted with an equal
volume of 10 mmol/L Tris-HCl (pH 7.4) and 1 mmol/L EDTA, laid
over the 0.5-vol homogenization buffer, and then centrifuged at 9,000
3 g for 10 minutes at 4°C. The supernatant was centrifuged again at
100,0003 g for 45 minutes to remove cell debris, nuclei, and mito-
chondria. The pellet was resuspended in the storage buffer (0.25 mol/L
sucrose, 10 mmol/L Tris-HCl, pH 7.4, 1 mmol/L EDTA, 1 mmol/L
phenylmethylsulfonyl floride, 0.1mg/mL leupeptin, and 0.04 U/mL
aprotinin) and stored at -20°C. The protein concentration was deter-
mined by the Coomassie Plus protein assay (Pierce Chemical, Rock-
ford, IL).

Enzyme Assay

The enzyme assay was followed by the method described in our
previous study.20 Briefly, AMC-HN-6 cells (43 106) and microsomal
proteins (0.5 mg) were assayed for enzymatic conversion of 33 nmol/L
[3H]-atRA (1.6mCi/mL) to polar metabolites. The cells were incubated
with [3H]-atRA and various concentrations of a newly developed
inhibitor in 600 mL PBS at 37°C for 60 minutes in the dark. On the
other hand, microsomal proteins were incubated with [3H]-atRA and
various concentrations of the inhibitor in 600mL buffer (1.5 mmol/L
nicotinamide adenine dinucleotide phosphate [NADPH], 0.1 mol/L

Tris-HCl [pH 7.4], 20 mmol/L sodium phosphate buffer [pH 7.0], 5
mmol/L MgCl2, 0.15 mol/L KCl, and 10% glycerol) at 37°C for 60
minutes in the dark. The reaction was terminated by adding 600mL
chloroform and methanol (2:1), and this solution was centrifuged for 5
minutes at 5,0003 g to separate the phases. The lower organic phase
containing retinoids was collected and dried with a stream of nitrogen
in the dark. The dried extracts were resuspended in ethanol and ana-
lyzed by thin layer chromatography (TLC). The metabolic activity was
expressed as a percentage of the total radioactivity of polar metabolites.
In our previous report,20 it was reported that the polar metabolites were
all-trans 4-hydroxy retinoic acid, all-trans 18-hydroxy retinoic acid,
and all-trans 4-oxo retinoic acid.

TLC Analysis

The dissolved sample (25mL in ethanol) and standard retinoids were
applied to TLC plates (LK6D silica gel) (Whatman, Hillsboro, OR) in
the dark. TLC plates were developed for 90 minutes in a glass tank
pre-equilibrated for 1 hour with 150 mL of developing solvent (hexane:
ether:acetic acid5 90:60:1.5 vol:vol:vol). The glass tank also con-
tained 1 sheet of solvent-saturated Whatman number 1 paper. TLC
plates were air-dried for 5 minutes, and then retinoid standards were
marked on the TLC plates. TLC plates were sprayed with [3H] en-
hancer (DuPont-New England Nuclear) and then air-dried for 2 hours.
The plates were exposed to X-OMAT film (Kodak, Rochester, NY) for
12 hours at -80°C to localize the retinoids. Using the developed film as
a template, the radiolabeled atRA metabolites were scraped from the
plate and mixed with 10 mL Bio Safe II (Research Products Interna-
tional, Mount Prospect, IL) and counted.

Cell Proliferation Assay

AMC-HN-6 cells (23 103) were plated onto 96-well dishes. Twenty-
four hours later, various concentrations of farnesol derivatives were
added to each well. The culture media were replaced after every 2 days
with the similarly conditioned media and the total period of drug
treatment of 9 days. Cell proliferation was measured using CellTiter 96
AQueous Non-Reactive Cell Proliferation Assay (Promega, Madison,
WI). In brief, 20mL MTS/PMS solution (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium/
phenazine methosulfate) was added per well and incubated at 37°C for
2 hours under the humidified atmosphere with 5% CO2. The absor-
bance at 490 nm was recorded with an enzyme-linked immunosorbent
assay (ELISA) plate reader.

RESULTS

Farnesoic acid was prepared by the oxidation of primary
alcohol of farnesol to carboxylic acid, with 12% of the Jones
Oxidative reaction yield. The prepared farnesoic acid was an-
alyzed by1H NMR. The resonance peaks for CH3 and CH2-
CH2 of farnesoic acid appeared in the range of 0.84 to 2.6 ppm.
The ratio of peak areas of C5CH (t, 5.05 ppm) to CH-COOH
(s, 5.66 ppm) was the same with the ratio of their hydrogen
numbers. The resonance peaks of CH2OH (d, 4.12 ppm) in
farnesol disappeared in the spectrum of farnesoic acid. The
triple peaks of CH-CH2OH at 5.38 ppm were shifted to the
single peak at 5.66 ppm, which is identified as the peak of
CH-COOH. In the FT-IR spectrum of farnesoic acid, both
stretching peaks of C5O and O-H were shown at 1685 cm-1

and 2500;3300 cm-1, respectively. The molecular weight of
prepared farnesoic acid was 236 d, which is the same value as
the expected molecular weight.

Suc-farnesol was synthesized by the ring-opening reaction of
succinic anhydride, which was initiated by the hydroxyl group
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of farnesol. The produced suc-farnesol has a carboxylic end
group as shown in Fig 1. The yield of the reaction was 75%. In
1H NMR spectrum, the resonance peaks for CH3 and CH2-CH2

were shown in the range of 1.54 to 1.97 ppm. The resonance
peaks of C5CH, CH-CH2COO, and CH2-COO were shown at
5.04, 5.28, and 4.55 ppm, respectively. These peaks are related
to hydrogens of farnesol. On the other hand, the peak of CH2 of
succinic anhydride (s, 2.9 ppm) was shifted to the peaks of
CH2-CH2-COOH (t, 2.59 ppm), and the peaks of CH2OH (d,
4.12 ppm) of farnesol were shifted to the peaks of CH-
CH2COO (d, 4.55 ppm). In the FT-IR spectrum, the stretching
peak of C5O of ester group was shown at 1,747 cm-1, and the
stretching peak of carboxylic end group was shown at 2,500 to
3,300 cm-1. The molecular weight of prepared farnesoic acid
was 323 d, which was the same as the expected molecular
weight.

Mal-farnesol was synthesized by the ring-opening reaction
of maleic anhydride, which was initiated by the hydroxyl group
of farnesol, thereby creating a carboxylic end group (Fig 1). In
1H NMR spectrum, the resonance peaks for CH3 and CH2-CH2

of mal-farnesol were shown in the range of 1.54 to 1.97 ppm.
The resonance peaks of C5CH, CH-CH2COO, and CH2-COO
were shown at 5.03, 5.33, and 4.71 ppm, respectively. These
peaks were related to hydrogens of farnesol. The peak of
CH5CH of maleic anhydride was shown at 6.30 ppm as a
double peak. In13C NMR spectrum, the carbon peaks of the

ester and carboxyl groups were shown at 166.7 and 169.9 ppm,
respectively. In FT-IR spectrum, the stretching peak of C5O of
the ester group was shown at 1,727 cm-1, and the stretching
peak of the O-H carboxylic end group was shown in the range
of 2,500 to 3,300 cm-1. The molecular weight of prepared
mal-farnesol was 320 d, which was the same as the expected
molecular weight.

To show the inhibition effect of farnesol derivatives on the
atRA metabolism, the concentration of atRA was measured
after microsomes were cultured for 1 hour in a buffer contain-
ing atRA and farnesol derivatives.21 As the concentration of
farnesol derivative was increased, the concentration of atRA
increased; that is, the inhibition of atRA metabolism was in-
creased as shown in Fig 2. Both suc-farnesol and mal-farnesol
showed higher inhibition effects on the atRA metabolism than
farnesol and farnesoic acid. The inhibition effects of suc-
farnesol and mal-farnesol at 10-5 mol/L were as much as 10%
and 20%, respectively, although they strongly inhibited atRA
metabolism at 10-4 mol/L as much as 61% and 77%, respec-
tively. On the other hand, farnesol and farnesoic acid did not

Fig 2. Effect of farnesol derivatives on the metabolism of atRA in

microsome (n 5 9, mean 6 SD); z, farnesol; d, farnesoic acid; _,

suc-farnesol; and s, mal-farnesol.

Fig 3. Effect of farnesol derivatives on the metabolism of atRA in

AMC-HN-6 cells (n 5 9, mean 6 SD); z, farnesol; d, farnesoic acid; _,

suc-farnesol; and s, mal-farnesol.

Fig 1. Chemical structures of retinoic acid and farnesol deriva-

tives; (A) atRA, (B) farnesol, (C) farnesoic acid, (D) suc-farnesol, and

(E) mal-farnesol.
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show any inhibition effect on the atRA metabolism at 10-5

mol/L, but showed 37% and 18% inhibition at 10-4 mol/L,
respectively.

In the cell experiment, the inhibition effects of farnesol
derivatives on atRA metabolism showed a similar tendency as
the results of the microsome experiment, even if the effect was
somewhat decreased (Fig 3). The inhibition effects of suc-
farnesol and mal-farnesol at 10-4 mol/L were significant as
much as 28% and 54%, respectively. Farnesoic acid and far-
nesol did not show any significant effects on the inhibition of
atRA metabolism.

The effects of farnesol derivatives on the proliferation of
AMC-HN-6 cells, when AMC-HN-6 cells were incubated with
farnesol derivatives continuously for 9 days, are shown in Fig
4. Suc-farnesol had no effect on cell proliferation when its con-
centration was in the range of 10-6 to 10-4 mol/L, and mal-farnesol
showed 30% inhibition when its concentration was 10-4 mol/L.
These results indicate that mal-farnesol itself might be weakly
toxic to cells when the cell concentration is 10-4 mol/L.

DISCUSSION

Farnesoic acid, suc-farnesol, and mal-farnesol were all suc-
cessfully synthesized with high product yields. Farnesoic acid
was synthesized by oxidation of the hydroxy end group of
farnesol to carboxylic end group. The molecular length of
farnesoic acid is 16.2 Å, which is very similar to that of atRA

(16.1 Å). The chain flexibility of farnesoic acid is better than
that of atRA because the density of double bond in farnesoic
acid is lower than that in atRA. Suc-farnesol has a relatively
flexible carboxylic end group compared with farnesoic acid.
Mal-farnesol has a double bond at the tail of the alkyl chain,
and thus the structure of mal-farnesol is more similar to atRA
than to suc-farnesol. However, mal-farnesol has a less flexible
carboxylic end group compared with suc-farnesol. The lengths
of suc-farnesol and mal-farnesol at the minimum energy state
are 21.6 and 21.4 Å, respectively. These lengths are longer than
that of atRA by as much as 135%.

In microsome experiments, both suc-farnesol and mal-farne-
sol significantly inhibited the metabolism of atRA above 10-5

mol/L. When farnesoic acid was compared with farnesol, the
only difference in their structures was the presence of a car-
boxylic end group in farnesoic acid. Thus, this carboxylic end
group might have affected the inhibition of metabolism because
farnesoic acid, which has a carboxylic end group like atRA,
showed higher activity than farnesol, which has a hydroxy end
group. The carboxylic end group, however, was not the main
factor in inhibiting metabolism. The difference between the
inhibition in farnesoic acid and in farnesol was shown at such
high concentrations as 10-4 mol/L, and both suc-farnesol and
mal-farnesol showed higher activity in inhibiting the atRA
metabolism than farnesoic acid.

The inhibition trend of farnesol derivatives in cells was
similar to that in microsomes, even if the effect was somewhat
decreased, because the cell membrane acts as a barrier against
the permeation of farnesol derivatives into the cell. Both suc-
farnesol and mal-farnesol permeate through the cell membrane
faster than farnesol or farnesoic acid, because suc-farnesol and
mal-farnesol are more hydrophobic owing to their higher num-
ber of carbon atoms. Thus, hydrophobicity may also be 1 of the
factors causing the higher inhibition effect. Mal-farnesol has a
stronger inhibitory effect than suc-farnesol, but suc-farnesol
has no toxic effect below the concentration range of 10-4 mol/L.
Therefore, suc-farnesol might be pharmacologically suitable.
These results are preliminary data, and further studies will be
performed to develop new compounds that are more suitable to
the clinical applications.

Conclusively, we can draw upon the present results that
carboxylic end groups like atRA and hydrophobicity might be
important factors causing the higher inhibition effect, and that
derivatization of farnesol may be 1 method to develop new
inhibitors of atRA metabolism.

REFERENCES

1. Wolf G: Multiple functions of vitamin A. Physiol Rev 64:935-
1005, 1984

2. Bertram JS, Kolonel LN, Meyskenes FL Jr: Rationale and strat-
egies for chemoprevention of cancer in human. Cancer Res 47:3012-
3031, 1987

3. Lotan R: Suppression of squamous cell carcinoma growth and
differentiation by retinoids. Cancer Res 54:1897-1990, 1994

4. Hong WK, Lippman SM, Itri LM: Prevention of secondary pri-
mary tumors with isotretinoin in squamous cell carcinoma of the head
and neck. N Engl J Med 323:795-801, 1990

5. Roberts AB, Lamb LC, Sporn MB: Metabolism of all-trans-
retinoic acid in hamster liver microsomes: Oxidation of 4-hydroxy- to
4-keto-retinoic acid. Arch Biochem Biophys 199:374-383, 1980

6. Frolik CA, Roller PP, Roberts AB, et al: In vitro and in vivo
metabolism of all-trans- and 13-cis-retinoic acid in hamsters. J Biol
Chem 255:8057-8062, 1980

7. Leo MA, Lieber CS: New pathway for retinol metabolism in liver
microsomes. J Bio Chem 260:5228-5231, 1985

8. Leo MA, Iida S, Lieber CS: Retinoic acid metabolism by a system
reconstituted with cytochrome P450. Arch Biochem Biophys 269:305-
312, 1984

9. Robets ES, Vaz ADN, Coon MJ: Role of isozymes of rabbit
microsomal cytochrome P450 in the metabolism of retinoic acid, reti-
nol, and retinal. Mol Pharmacol 41:427-433, 1991

10. Muindi JRF, Frankel SR, Huselton C, et al: Clinical pharmacol-

Fig 4. Effects of farnesol derivatives on proliferation of AMC-HN-6

cells (n 5 9, mean 6 SD); _, suc-farnesol and s, mal-farnesol.

1359NEW INHIBITOR OF ALL-TRANS-RETINOIC ACID METABOLISM



ogy of oral all-trans-retinoic acid in patients with acute promyclocytic
leukemia. Cancer Res 52:2138-2142, 1992

11. White JA, Beckett-Jones B, Guo YD, et al: cDNA cloning of
human retinoic acid-metabolizing enzyme (hP450RAI) identifies a
novel family of cytochromes P450. J Biol Chem 272:18538-18541,
1997

12. Sonneveld E, van den Brink CE, van der Leede BM, et al:
Human retinoic acid (RA) 4-hydroxylase (CYP26) is highly specific
for all-trans-RA and can be induced through RA receptors in human
breast and colon carcinoma cells. Cell Growth Differ 9:629-637,
1998

13. Muindi JRF, Frankel SR, Miller WH Jr, et al: Continuous
treatment with all-trans retinoic acid causes a progressive decrease in
plasma concentrations: Implications for relapse and resistance in acute
promyelocytic leukemia. Blood 79:299-303, 1992

14. Achkar CC, Bentel JM, Boylan JF, et al: Differences in the
pharmacokinetic properties of orally administered all-trans-retinoic
acid and 9-cis-retinoic acid in the plasma of nude mice. Drug Metab
Dispos 22:451-458, 1994

15. Maurice M, Pichard L, Daujat M, et al: Effects of imidazole

derivatives on cytochromes P450 from human hepatocytes in primary
culture. FASEB J 6:752-758, 1992

16. Rigas JR, Francis PA, Muindi JRF, et al: Constitutive variability
in the pharmacokinetics of the natural retinoid, all-trans-retinoic acid,
and its modulation by ketoconazole. J Natl Cancer Inst 85:1921-1926,
1993

17. Van Wauwe JP, Janssen PAJ: Is there a case for P-450 inhibitors
in cancer treatment? J Med Chem 32:2231-2239, 1989

18. Bruynseels J, De Coster R, Van Rooy P, et al: R 75251, a new
inhibitor of steroid biosynthesis. Prostate 16:345-357, 1990

19. Wouters W, van Dun J, Dillen A, et al: Effects of liarozole, a
new antitumoral compound, on retinoic acid-induced inhibition of cell
growth and on retinoic acid metabolism in MCF-7 human breast cancer
cells. Cancer Res 52:2841-2846, 1992

20. Kim SY, Han IS, Yu HK, et al: The induction of P450-mediated
oxidation of all-trans retinoic acid by retinoids in head and neck
squamous cell carcinoma cell lines. Metabolism 47:955-958, 1998

21. Han IS, Choi JH: Highly specific cytochrome P450-like en-
zymes for all-trans-retinoic acid in T47D human breast cancer cells.
J Clin Endocrinol Metab 81:2069-2075, 1996

1360 KIM ET AL


