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A series of hydroquinone monoalkyl ethers was synthesized and evaluated for anti lipid-peroxidation activity
in rat liver microsomes. 4-Hexyloxy-2,3,6-trimethylphenol (9), having a low redox potential, as well as ascorbic
acid exhibited the strongest anti lipid-peroxidation activity (IC5,=4.2x 107 m). Structure-activity relationship
studies demonstrated that the inhibitory effect of hydroquinone monoalkyl ethers on lipid peroxidation was increased
by the acquisition of an optimum hydrophobicity and decreased by an insufficient or excessive hydrophobicity.
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Active oxygen species and the free radicals derived from
the biochemical utilization of O, or the prooxidant
stimulation of O, metabolism participate in the patho-
genesis of various kinds of animal injury models and
human diseases.” The pathogenesis is generally accepted
to involve the chemical instability of polyunsaturated
fatty acids, polynucleotides and some proteins under
oxidative conditions. :

Most polyunsaturated fatty acids, constituents of the
cellular membrane, are susceptible to oxidation, and
therefore protective agents against oxidative stimuli are
expected to be beneficial in the clinical situation. Many
candidate drugs with anti lipid-peroxidation activity have
been proposed in the field of medicinal chemistry.? %

Our design concept is based on selection of an anti-
oxidative moiety in a precursor form for targeting disease
or injury. We reported the derivation of ascorbic acid to
a form possessing a potent anti lipid-peroxidation ac-
tivity.>® The optimization of hydrophobicity was the
most important feature to emerge from the structure—
activity relationship study of 3-O-alkylascorbic acids.

In the present report, we describe the anti lipid-
peroxidation activity of a series of hydroquinone
monoalkyl ethers and discuss the structure-activity
relationship, focusing on the hydrophobicity.

Results and Discussion

Chemical structures and anti lipid-peroxidative activity
of the title hydroquinone monoalkyl ethers (1—13, types
[—III) are listed in Table I. Compounds 1—12 (types I
and II) were prepared by Taniguchi’s method.'® Each
hydroquinone and the corresponding alcohol were refluxed
in the presence of phosphomolybdic acid to yield 1—12.
The regioisomer 13 (type III) of 9 was prepared via
2,3,6-trimethyl-4-pivaloyloxyphenol (14).® The protect-
ed phenol was alkylated with l-iodohexane, yielding
4-hexyloxy-2,3,5-trimethyl-1-pivaloyloxybenzene (15),
which afforded 13 after hydrolysis (Chart 1).

We chemically evaluated the antioxidative profiles of
the title compounds, as follows. The redox potentials of
typical hydroquinones and ascorbic acid were measured
by differential pulse voltammetry (Table II). Compound
9, bearing a bihindered phenol moiety (type II), had low
potential, being equivalent to ascorbic acid. When the
radical-scavenging activity was evaluated using the stable
free radical, o,a-diphenyl-g-picrylhydrazyl (DPPH),'V
compound 9 reduced the DPPH radical more quickly that
did 2,6-di-tert-butyl-4-methylphenol (BHT) (Table II).
The scavenging activity was almost equal to that of a-
tocopherol (13.8 uM/min*!?).

Radical-scavenging activity was further evaluated using
a radical chain lipid peroxidation model.!? The title
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TaBLE I. Chemical and Physical Data and Inhibitory Effect on Lipid
Peroxidation of Hydroquinone Monoalkyl Ethers

o Cyon

type I, 1—6

HO OR RO OH

type II, 7—12 type 111, 13

LO inhibition (%)*

Compound R Yield (%) mp (°C)

107°m 107°Mm
Type 1
1 C,H;'® 78 63—65 38 5
2 n-C,Hy'® 73 63—64 86 10
3 n-CgH 51 70 42.5—43 >99 9
4 n-CgH, 60 58.5—59 >99 10
5 n-CoH,; 49 68.5—69 79 3
6 n-Cy,H,s 55 77—178 73 7
Type 11
7 C,H; 70 87—88 - 45
8 n-C,H, 73 65.5—66.5 —h 76
9 n-CgH,;'® 64 72.5—73 >99 >99
10 n-CgH,, 54 70—71 >99 75
11 n-C,oH,, 42 76—177 >99 38
12 n-C,,H,; 55 81—83 64 31
Type 111
13 n-CgH,, — 32—34 98 40

a) LO (lipid peroxidation) in rat liver microsomes. Malondialdehyde produc-
tion of control, 19.3+4 1.1 nM/mg of protein (mean+S.D., n=4). b) Not tested.
¢) See Experimental.

TasLe II. Redox Potential and Reducing Activity towards DPPH of
Compound 9
Peak potential Reducing rate
Compound (mV)® (um/min)?
3 324 —
9 164 15.8
BHT — 2.8
Ascorbic acid 137 @341

a) The redox potentials were determined by differential pulse voltammetry. The
reference electrode was Ag/AgCl. b) Reducing activity towards a,a-diphenyl-g-
picrylhydrazyl (DPPH) of equimolar test compound. c¢) Not tested.

compounds inhibited the site-specific induction of lino-
leic acid peroxidation by Fe?* (Table II). The lipid
peroxidation was completely inhibited by triphenylpho-
sphine pretreatment to reduce linoleic acid hydroperoxide
(LOOH), and therefore it was concluded to have been
induced by Fe?*—LOOH reaction; the lipid hydroper-
oxide was present in linoleic acid. Lipid radicals derived
from the Fenton-like reaction are promoters of radical
chain reactions.!? The anti lipid-peroxidative activity of
3, 9, 13, and a-tocopherol was characteristic of chain-
breaking antioxidants. These strong antioxidative poten-
cies of 9 were chemically reflected by the low redox
potential of the bihindered phenol moiety.

The anti lipid-peroxidative activity of 1—13 and some
known antioxidants was further evaluated in rat liver
microsomes. The title compounds inhibited enzymatic
lipid peroxidation in rat liver microsomes (Table I). The
monohexyl ether of bihindered phenol (9) was the most
potent inhibitor in the series. The other hexyl ethers 3
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TasLe III. Inhibitory Effect of Hydroquinone Monoalkyl Ethers on
Lipid Peroxidation by Fe?* in TTAB Micelles

Compound Concentration Rate Inhibition
(uM) (44334 nmjmin)” (%)

Control — 1.053+0.011 —
3 10 0.7114+0.058 33
50 0.110+0.020 90
9 10 0.033+0.007 >97
13 10 0.262+0.045 75
a-Tocopherol 10 0.025+0.005 >97
Triphenylphosphine 80 >0.002 >99

a) The reaction mixture contained linoleic acid (5mm) with FeSO, (20 uM) in
tetradecyltrimethylammonium bromide (TTAB). The rate of diene conjugation was
linear for approximately 3min. The rate was determined from the initial velocity
of the reaction (mean+S.D., n=35).
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Fig. 1. Relationship between the Hydrophobicity (k") of Hydroquinone
Monoalkyl Ethers and Their Antioxidant Activity against Lipid
Peroxidation in Rat Liver Microsomes

Activity of compounds 1—6 at 10~ °m (O), compounds 7—12 at 10”°M (@).
Hydrophobicity (k') was determined by HPLC analysis. HPLC analysis was
performed with a Cosmosil C8 column; the mobile phase consisted of H,0/MeOH
(20/80).

and 13 were less effective than 9, in accordance with the
strength of their antioxidative activities against Fe?*-
induced LOOH-dependent lipid peroxidation.

The relationship between the hydrophobicity (k') of
1—12 and the anti lipid-peroxidative activity is present-
ed in Fig. 1. Stronger inhibitors (3, 4, 9), which were
selected among each series of phenolic compounds (1—®6,
type I) and bihidered phenolic compounds (7—12), type
IT), were located in the same hydrophobicity range. We
reported a similar parabolic relationship of antioxidative
activity and hydrophobicity of 3-O-alkylascorbic acids
elsewhere.3® Interestingly, the most potent inhibitors
among the series of 3-O-alkylascorbic acids bearing a long
alkyl group exhibited almost the same hydrophobicity in
the present study. In both cases, the antioxidative activity
was more effectively elicited by optimizing hydrophobicity.

We propose that the anti lipid-peroxidative activity
depends on the hydrophobicity of compounds bearing
an antioxidative moiety. Insufficient or excessive hydro-
phobicity is unacceptable, resulting in loss of the activity.
This our hypothesis is supported by other studies.'® The
phytyl group of tocopherol is believed to be an important
moiety for its biological activity.!®’ However, the anti
lipid-peroxidation activity of tocopherol homologs differ-
ing in the lengths of their alkyl side chains decreased with
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Tasrg IV. Inhibitory Effect of Compound 9 and Known Antioxidants
on Lipid Peroxidation in Rat Microsomes

Compound Concentration (uM)

Inhibition (%)
9 10 >99
1.0 >99
0.3 24
Hydroquinone 10 38
BHT 10 >99
1.0 14
BHA 1.0 35
a-Tocopherol 100 11
10 <1

Malondialdehyde production of control, 20.5+0.5nM/mg of proteins (mean +
S.D., n=5).

increasing chain length.'® Biological antioxidative activity
may be lost when the solubility of the antioxidants in the
lipid membrane becomes insufficient.

In a comparative study, 9 inhibited lipid peroxidation
more strongly than did known antioxidants (Table IV).
We are planning it for further pharmacological evalua-
tions. Recently, anti-mutagenesis and anti-carcinogenic
activity of 9 were reported.™ The results of further studies
on 9 (HX-1171) as an inhibitor of lipid peroxidation will
be reported in due course.

Experimental

'H-NMR spectra were recorded on a JEOL FX-90Q spectrometer
(90 MHz), using Me,Si as an internal standard. All elemental analyses
were found to be within +0.4% of the calculated values. Melting
points were obtained on a micro melting point apparatus (Yanagimoto)
without correction. Column chromatography was carried out on a
Kieselgel 60 column (70-—230 mesh, Merck).

General Procedure for the Alkylation of the Hydroquinones'® (Hy-
droquinone Monoalkyl Ethers; 1-—12 except 13) 4-Hexyloxy-2,3,6-
trimethylphenol (9) Trimethylhydroquinone (3.0g, 19.7mmol), phos-
phomolybdic acid (0.7 g) and 1-hexanol (30 ml, 238 mmol) were stirred
under reflux for 6 h. After cooling of the mixture, EtOAc (100 ml) and
H,O (100 ml) were added and the mixture was vigorously shaken. The
organic layer was separated, dried over MgSQO,, and evaporated in vacuo.
The residue was subjected to column chromatography on SiO, and eluted
with EtOAc-n-hexane (1:10) to give 2.6 g of 9 (54%), mp 72.5—73°C
(recrystallized from n-hexane). NMR (CDCl,) 6: 0.97 (3H, t), 1.36—1.97
(8H, m), 2.14 (3H, s), 2.17 (3H, s), 2.21 (3H, s), 3.87 (2H, t), 4.24 (1H,
s), 6.51 (1H, s). Elemental analyses of compounds 4—12 (except 9) were
as follows.

Compound 4: Anal. Caled for C,,H,,0,: C, 75.63; H, 9.97. Found:
C, 75.88, H, 9.78. 5: Anal. Calcd for C,;H,:0,: C, 76.75, H, 10.47.
Found: C, 76.76, H, 10.44. 6: Anal. Calcd for C;gH;,0,: C, 77.65, H,
10.86. Found: C, 77.86, H, 10.92. 7: Anal Calcd for C,,H,,0,: C, 73.3,
H, 8.95. Found: C, 73.43, H, 8.74. 8: Anal. Calcd for C,3H,,0,: C,
74.96, H, 9.68. Found: C, 74.88, H, 9.74. 10: Anal. Calcd for C,,H,50,:
C, 77.22, H, 10.67. Found: C, 77.33, H, 10.56. 11: Anal. Calcd for
C,4H;,0,: C, 78.03, H, 10.94. Found: C, 78.1, H, 10.89. 12: Anal. Caled
for C,;H;40,: C, 78.7, H, 11.32. Found: C, 78.65, H, 11.43.

4-Hexyloxy-2,3,5-trimethylphenol (13) Pivaloyl chloride (2.8 g, 23.2
mmol) in CH,Cl, (20ml) was added dropwise to a mixture of
trimethylhydroquinone (3.5g, 23.0mmol), CH,Cl, (25ml), and pyri-
dine (6 ml). The mixture was left to stand at room temperature over-
night, then AcOH (4.25ml) and H,O (20ml) were added. The organic
layer was separated, washed with H,O, dried over MgSO,, and evap-
orated in vacuo. The residue was subjected to column chromatography
on Si0, with EtOAc-benzene (1:8) to give 2.4g of 2,3,6-trimethyl-
4-pivaloyloxyphenol (14).” A solution of 14 (2.4g, 10.0mmol) in
methylethylketone (70ml) was treated with l-iodohexane (21.2¢g,
100.0 mmol) and K,CO; (6.9 g, 20.0 mmol), and the mixture was stirred
for 8 h under reflux. After cooling, the mixture was evaporated in vacuo.
To the residue, EtOAc (150 ml) and H,O (100 ml) were added, and the

Vol. 42, No. 3

mixture was vigorously shaken. The organic layer was separated, washed
with H,O, dried over MgSO,, and evaporated in vacuo. The residue was
subjected to column chromatography on SiO, with EtOAc-n-hexane
(1:15) to give 1.5g of 4-hexyloxy-2,3,5-trimethyl-1-pivaloyloxybenzene
(15). A mixture of 15 (1.5 g, 4.0 mmol), KOH (0.45 g), and MeOH (5 ml)
was stirred for 6h at room temperature, and then EtOAc (150 ml) and
H,O (100ml) were added, and the mixture was shaken. The organic
layer was separated, washed with H,O, dried over MgSO,, and
evaporated in vacuo. The residue was subjected to column chromatog-
raphy on SiO, with EtOAc-n-hexane (1:10) to give 0.7g (13% from
the starting material) of 13, mp 32-—34°C (recrystallized from hexane):
Anal. Caled for C;sH,,0,: C, 76.23, H, 10.23. Found: C, 76.26, H,
10.46. NMR (CDCl,) é: 0.91 (3H, t), 1.23—1.79 (8H, m), 2.05 (3H, s),
2.12 (3H, s), 2.18 (3H, s), 3.66 (2H, 1), 4.53 (1H, s), 6.45 (1H, s).

Determination of the Reducing Activity towards a Stable Radical,
DPPH'" The test compound, in N,N-dimethylformamide (DMF)
(40 ul), was added to a solution of a stable radical, DPPH, in EtOH
(4ml, 1x107*M), and the decrease of absorption of DPPH was con-
tinuously monitored at 517 nm.

Determination on Redox Potentials of the Hydroquinone Deriva-
tives Voltammetric analysis was conducted in 0.01M phosphate
buffer (pH 7.4), which was degassed with argon before use. An Ag/AgCl
reference electrode, a glassy carbon working electrode (3 mm i.d.), and
a Pt counter electrode (0.05mm i.d. x2cm) were used (Yanagimoto).
The redox potentials were determined by using a Yanagimoto electro-
chemical analyzer to obtain the peak potential in the voltammograms
by using the differential pulse voltametry mode. The experimental
conditions were: initial £ (mV)=100, final £ (mV)=1500, V' (mV/s)=4,
pulse amplitude (mV)=50, pulse width (ms)=60, pulse ratio (ms)=
1000. Test compound solutions in MeOH were added to the buffer
(final concentration 0.05mM, final concentration of MeOH 5%). Elec-
trochemical reversibility was assessed by analyzing the reversed
differential pulse voltammograms (initial £ (mV)=>500, final £ (mV)=
—100).

Fe?* -Induced LOOH-Dependent Lipid Peroxidation in TTAB Micel-
les'? Linoleic acid micellar solutions were prepared as follows. The
interior base of the apparatus was filmed with 25 umol of linoleic acid
(and test compound) by evaporation of the solvent. Five ml of TTAB
(50mM) solution was added to the film, followed by vortexing and
sonication. The pH was adjusted to 7.0 by adding 5% acetic acid and
5% NaHCO;. Reactions were initiated by the addition of FeSO,. Diene
conjugation during lipid peroxidation was continuously monitored at
234nm. The rate of diene conjugation was linear for approximately
3min, after which a decrease in rate was observed. All rates were
determined from the initial velocity of the reaction. The lipid hy-
droperoxide content of linoleic acid, determined iodometrically, was
70 uM in the reaction mixture.

Fe3*—ADP-Induced NADPH-Dependent Lipid Peroxidation in Rat
Liver Microsomes Rat liveer microsomal fraction was prepared in the
usual way, and stocked at —25°C until use. The assay system (1 ml)
consisted of 83.5mM KCl and 37.2mm Tris-HCI buffer (pH 7.4), the
test compound in DMF (10 ul), | mm ADP, 10 uM FeCl;, the microsomal
fraction (2.0 mg of protein), and 20 um NADPH. The reaction mixtures
were incubated at 37°C for 20 min and then cooled on ice to terminate
the reaction. The lipid peroxidates generated were measured by the
method of Ohkawa et al.'® In brief, 8.1% sodium dodecyl sulfate
(0.2ml) and 20% AcOH containing 0.27 M HCl adjusted with NaOH to
pH 3.5 (1.5ml) were added to the reaction mixture. The mixture was
then heated at 95 °C for 20 min and the reaction was stopped by cooling
on ice. The n-BuOH-pyridine (15:1, 5.0ml) was added and vigorous
mixing was performed. After centrifugation at 800 x g for 10min, the
organic layer was separated and the absorbance was measured at 532 nm.

References

1) J. M. McCord, Advance in Free Radical Biology and Medicine, 2,
325 (1986); B. Halliwell, J. M. C. Gutteridge, Biochem. J., 222, 1
(1984); 1. Fridovich, Arch. Biochem. Biophys., 247, 1 (1986).

2) K. Kato, S. Terao, N. Shimamoto, M. Hirata, J. Med. Chem.,
31, 793 (1988).

3) a) Y. Nihro, H. Miyataka, T. Sudo, H. Matsumoto, T. Satoh, J.
Med. Chem., 34, 2152 (1991); b) Y. Nihro, S. Sogawa, A. Izumi,
A. Sasamori, T. Sudo, T. Miki, T. Satoh, ibid., 35, 1618 (1992).

4) E. D. Hall, J. M. Braughler, P. A. Yonkers, S. L. Smith, K. L.
Linseman, E. D. Means, H. M. Scherch, P. F. Voigtlander, R. A.

NII-Electronic Library Service



March 1994

5)
6)

7

8)
9
10)

11)

Lahti, E. J. Jacobsen, J. Pharmacol. Exp. Ther., 258, 688 (1991).
H. Hara, K. Kogure, A. Ozaki, T. Sukamoto, Eur. J. Pharmacol.,
197, 75 (1991).

Y. Oshio, Y. Sakurai, T. Tanaka, T. Hirose, K. Tottori, J. Med.
Chem., 34, 2014 (1991).

J. Nagakawa, 1. Hishinuma, K. Miyamoto, K. Hirota, S. Abe, T.
Yamanaka, K. Katayama, 1. Yamatsu, J. Exp. Pharmacol. Ther.,
262, 145 (1992).

S. J. T. Mao, M. T. Yates, A. E. Rechtin, R. L. Jackson, W. A.
Sickle, J. Med. Chem., 34, 298 (1991).

T. Yosioka, T. Fujita, T. Kanai, Y. Aizawa, T. Kurumada, K.
Hasegawa, H. Horikoshi, J. Med. Chem., 32, 421 (1989).

K. Taniguchi, Jpn. Patent 85-215643 (1985) [Chem. Abstr., 104,
109299 (1986)].

a) M. S. Blois, Nature (London), 181, 1199 (1958); b) S. Terao,
“Medical, Biochemical and Chemical Aspects of Free Radicals,”

12)

13)

14)

15)

16)

579

Vol. 1, ed. by O. Hayaishi, E. Niki, M. Kondo, T. Yoshikawa,
Elsevier, Amsterdam, 1989, p. 441.

K. Fukuzawa, T. Tadokoro, K. Kishikawa, K. Mukai, J. M.
Gebicki, Arch. Biochem. Biophys., 260, 146 (1988); Y. Nihro, S.
Sogawa, T. Sudo, T. Miki, H. Matsumoto, T. Satoh, Chem. Pharm.
Bull., 39, 1731 (1991).

V. E. Kagan, E. A. Serbinova, L. Packer, Arch. Biochem. Biophys.,
282, 221 (1990); E. Niki, A. Kawakami, M. Saito, Y. Yamamoto,
J. Tsuchiya, Y. Komiya, J. Biol. Chem., 260, 2192 (1985).

B. Perly, I. C. P. Smith, L. Hughes, G. W. Burton, K. U. Ingold,
Biochem. Biophys. Acta, 819, 131 (1985); G. W. Burton, K. U.
Ingold, Acc. Chem. Res., 19 (1986); V. E. Kagan, P. J. Quinn, Eur.
J. Biochem., 171, 661 (1988).

M. Hirose, K. Akagi, R. Hasegawa, T. Satoh, Y. Nihro, T. Miki,
T. Sugimura, N. Ito, Jpn. J. Cancer Res., 84, 481 (1993).

H. Ohkawa, N. Ohishi, K. Yagi, Anal. Biochem., 95, 351 (1979).

NII-Electronic Library Service





