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Abstract

Scavenging effects of L-ascorbic acid 2-[3,4-dihydro-2,5,7,8-tetramethyl-2-(4,8,12-trimethytridecyl)-2 H-1-benzo-
pyran-6-yl-hydrogen phosphate] potassium salt (EPC-K1) on hydroxyl radicals, alkyl radicals and lipid radicals were
studied with ESR spin trapping techniques. The inhibition effects of EPC-K1 on lipid peroxidation were assessed by
TBA assay. The kinetics of EPC-K1 reacting with hydroxyl radicals and linoleic acid radicals were studied by pulse
radiolysis. The active site of EPC-K1 and the structure-antioxidative activity relationships were discussed. The
superoxide radicals scavenging capacity of the brain homogenate of EPC-K1-treated rats was measured. The results
revealed that in comparison with Trolox and vitamin C, EPC-K1 showed better overall antioxidative capacity in vitro
and in vivo. EPC-K1 was a moderate scavenger on hydroxyl radicals and alkyl radicals, a potent scavenger on lipid
radicals, and an effective inhibitor on lipid peroxidation. EPC-K1 could react with hydroxyl radicals with a rate
constant of 7.1 X 108 dm?® mol ™! s™! and react with linoleic acid radicals with a rate constant of 2.8 X 10° dm?® mol !
s~ !. The active site of EPC-K1 was the enolic hydroxyl group. After administration of EPC-K1, the ability of rat
brain to scavenge superoxide radicals was significantly increased. The potent scavenging effects of EPC-K1 on both
hydrophilic and hydrophobic radicals were relevant with its molecular structure, which consisted of both hydrophilic
and hydrophobic groups. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been well accepted that reactive oxygen
species (ROS) are associated with many diseases
[1]. The central nervous system (CNS) is espe-
cially prone to oxidative damage for several rea-
sons. First, the brain has a very high oxygen
consumption ratio; second, neuronal cell mem-
brane is rich in polyunsaturated fatty acid side
chains; third, the antioxidant defense systems in
the CNS are relatively poor. During recent years,
the role of ROS in the pathogenesis of neurode-
generative disorders, such as Alzheimer’s disease,
amyotrophic lateral sclerosis and Parkinson’s dis-
ease has attracted more and more attention [2—4],
and antioxidants may be effective drugs for these
diseases [5,6]. L-Ascorbic acid (vitamin C) and
a-tocopherol (vitamin E), two endogenous antiox-
idants, are important members of non-enzymatic
antioxidant defense systems. However, vitamin E
is insoluble in water, several water-soluble analogs
and derivatives of it are synthesized in order to
improve its absorption. EPC-K1 is a novel phos-
phate ester derivative of vitamin C and vitamin E,
which is soluble in both water and lipid. It has
been reported that EPC-K1 can act as an inhibi-
tor on lipid peroxidation [7] and can protect the
brain from ischemia-reperfusion injury [8,9], but
the antioxidant mechanisms are still not clear. In
this study, the antioxidant capacity of EPC-K1 in
vitro and in vivo was assessed and the kinetics of
EPC-K1 reacting with hydroxyl radicals and
linoleic acid radicals were studied. The antioxi-
dant mechanisms were also discussed.

2. Materials and methods
2.1. Materials

Male Wistar rats weighing approximately 250 g
were purchased from Beijing Medical University.
Hypoxanthine, xanthine oxidase and spin traps
5,5-dimethyl-1-pyrroline-N-oxide (DMPQO) and
a-(4-pyridyl-1-oxide)-N-tert-butylnitrone  (POBN)
were purchased from Sigma; 6-Hydroxy-2,5,7,8-te-
tramethylchroman-2-carboxylic acid (Trolox) was
purchased from Aldrich; 2,2'-Azobis(2-
amidinopropane) dihydrochloride (AAPH) and

2,2'-azobis(2,4-dimethylvaleronitrile) (AMVN)
were purchased from Wako Pure Chemical In-
dustries Ltd. Linoleic acid was purchased from
Fluka. L-Ascorbic acid 2-[3,4-dihydro-2,5,7,8-tetra-
methyl-2-(4,8,12-trimethytridecyl)-2 H-1-benzo-
pyran-6-yl-hydrogen phosphate] potassium salt
(EPC-K1) was a generous gift from Senju Phar-
maceutical Co. Ltd., Japan. Other reagents made
in China were of analytical grade.

2.2. Scavenging effect of EPC-KI on hydroxyl
radicals

Hydroxyl radicals were generated by photolysis
of hydrogen peroxide and trapped by DMPO [10].
Reaction mixtures with a total volume of 50 ul
containing 0.08 mol/1 DMPO, 0.01 mol/1 H,O,
and antioxidants were irradiated with a UV lamp
(wavelength: 254 nm; power: 200 W; the distance
between the light source and the sample: 1.2 m)
for 1 min and the ESR spectra were recorded
immediately.

2.3. Scavenging effect of EPC-KI on alkyl radicals

Alkyl radicals were generated by the decompo-
sition of AAPH and trapped by POBN. Reaction
mixtures with a total volume of 50 ul containing
0.03 mol /1 POBN, 5 mmol /1 AAPH and antioxi-
dants were incubated at 37°C for 30 min and the
ESR spectra were recorded immediately. In order
to exclude the involvement of molecular oxygen,
all solutions were prepared with N,-saturated PBS
(pH 7.4).

2.4. Scavenging effect of EPC-KI on lipid radicals

Lipid radicals were generated by Fe’* /Fe’*-
initiated lipid peroxidation in intact cerebellar
neurons and trapped by POBN [11]. Rat cerebel-
lar neurons were prepared as described [12] and
resuspended in air-saturated PBS (pH 7.4).
Aliquots of cell suspension containing 2 X 10°
cells were incubated with EPC-K1, Trolox or vi-
tamin C at 37°C for 10 min and then 0.03 mol /1
POBN, 0.5 mmol /1 FeSO, and 1.5 mmol /1 FeCl,
were added. After incubation at 37°C for 30 min,
the ESR spectra were recorded immediately.
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2.5. Scavenging effect of rat brain homogenate on
superoxide radicals

The effect of administration of EPC-KI1 in vivo
on the antioxidant capacity of rat brain was as-
sessed by measuring the superoxide radical scav-
enging activity using ESR spin trapping tech-
niques as previous reports [13,14].

Male Wistar rats weighing approximatley 250 g
were used in the in vivo experiment. EPC-KI1,
Trolox and vitamin C were administrated i.p. at
doses of 20 mg/kg everyday for a week. On the
eighth day, the rats were killed by decapitation
and the brain were dissected out, rinsed with
ice-cold phosphate-buffered saline (PBS), minced,
and homogenized with PBS. After centrifugation
at 2000 X g for 10 min, the supernatant was used
as brain homogenate. The protein concentration
was determined by biuret method using bovine
serum albumin as standard. The protein concen-
tration of all samples were adjusted to 20 mg,/ml
with PBS.

Superoxide radicals were generated with hypox-
anthine and xanthine oxidase. Reaction mixtures
containing 0.5 mmol /1 hypoxanthine, 0.96 mmol /1
DETAPAC, 5 mg/ml brain homogenate, 0.1
mol /1 DMPO and 0.05 U/ml xanthine oxidase
were mixed and transferred into quartz capillaries
for ESR measurement. The ESR spectra were
recorded 40 s after the addition of xanthine oxi-
dase.

2.6. ESR measurement conditions

All ESR spectra were recorded at room tem-
perature (298 K) by a Varian E-109 spectrometer
with measurement conditions as: X-band, central
magnetic field 325 mT, sweep width 20 mT, mi-
crowave power 20 mW, 100 kHz modulation with
amplitude 0.1 mT (DMPO as spin trap) or 0.2 mT
(POBN as spin trap), time constant 0.128 s.

2.7. Inhibition effect of EPC-KI on peroxyl-initiated
lipid peroxidation

Brain mitochondria were prepared as described
[15] from Wistar rats weighing approximately 250
g and resuspended in air-saturated PBS (pH 7.4).

After freezing-thawing for three cycles and soni-
cation at 0°C for 1 min, the submitochondrial
particles obtained were used in the experiments.
The protein concentration was determined by the
biuret method using bovine serum albumin as
standard.

Peroxyl radicals, which act as lipid peroxidation
initiators, were generated by the decomposition
of AAPH (water-soluble initiator) or AMVN
(lipid-soluble initiator). For AAPH-initiated lipid
peroxidation, aliquots of submitochondrial parti-
cles containing 0.8 mg protein were incubated
with EPC-K1, Trolox or vitamin C at 37°C for 10
min and then AAPH (5 mmol/l) was added.
After incubation at 37°C for 30 min, the TBARS
were measured by TBA assay [10]. For AMVN-
initiated lipid peroxidation, AMVN dissolved in
chloroform was transferred into a glass homoge-
nizer, and the solvent was removed by nitrogen
flux to form a thin layer of AMVN on the wall.
Suspensions of submitochondrial particles were
added into the homogenizer and the mixtures
were mechanically homogenized and then soni-
cated at 0°C for 30 s. Aliquots of submitochon-
drial particles containing 1 mg protein and 5
mmol/l AMVN were incubated with EPC-K1,
Trolox or vitamin C at 0°C for 20 min and then
were incubated at 37°C for 30 min. The amounts
of TBARS were determined as described above.

2.8. Pulse radiolysis studies on reactions between
EPC-K1 / hydroxyl radicals

For pulse radiolysis, a BF-5 electronic linear
accelerator providing 5 MeV electron pulse with
a duration of 2 us was employed. The dosimetry
of electron pulse was determined by 0.01 mol/I
aqueous KSCN solution saturated with N,O
{GI(SCN),-"1=6.0, &459 ym=7600 dm®> mol~*
cm™'}. The typical absorbed dose with one single
pulse was 7 Gy.

Aqueous solutions of EPC-K1 were saturated
with N,O before pulse radiolysis. The transient
spectra of intermediates formed by reactions
between EPC-K1/-OH were recorded. For ki-
netic study, aqueous solutions containing 0.01
mol/l KSCN and different concentrations of
EPC-K1 were saturated with N,O before pulse
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radiolysis. The transient absorption at 480 nm was
recorded. The rate constant of reaction between
EPC-K1 and hydroxyl radicals was obtained by
the competition kinetic method.

2.9. Pulse radiolysis studies on reactions between
EPC-K1 /linoleic acid radicals

Lipid radicals were generated by reactions
between -OH/H- and aqueous solutions of
linoleic acid (approx. 1 mmol /1) saturated with
N,O [16]. In EPC-K1 /linoleic acid reaction mix-
tures, when the linoleic acid /EPC-K1 concentra-
tion ratio was higher than 20, most of -OH (>
95%) would initially react with linoleic acid to
form carbon-centered lipid radicals. Aqueous so-
lutions of linoleic acid/EPC-K1 saturated with
N,O were irradiated and the transient spectra of
EPC-K1 reacting with linoleic acid radicals were
recorded. The rate constant of EPC-K1 reacting
with linoleic acid radicals was calculated from the
growth curve of the intermediate.

3. Results

3.1. Scavenging effect of EPC-KI on hydroxyl
radicals

EPC-K1 could scavenge hydroxyl radicals with
an ICs, of 3.2 mmol /1 (Fig. 1). Trolox was a poor
scavenger of hydroxyl radicals which scavenged
33.9 4+ 5.7% hydroxyl radicals at a concentration
of 4 mmol/l. However, in comparison with vi-
tamin C, EPC-K1 was only a moderate scavenger
on hydroxyl radicals. Under the same conditions,
200 pwmol/1 of vitamin C scavenged up to 100%
hydroxyl radicals generated in the reaction sys-
tem.

3.2. Scavenging effect of EPC-KI on alkyl radicals

Azo compound AAPH decomposes into car-
bon-centered alkyl radicals at a high rate [17]:

R-N=N-R-2R-+N,
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Fig. 1. Scavenging effects of EPC-K1 and Trolox on hydroxyl
radicals. Data are mean + S.D. of four samples.

EPC-K1 could scavenge AAPH-derived alkyl rad-
icals with an IC5, of 200 wmol/l. Both Trolox
and vitamin C were potent scavengers on these
radicals with ICy, of approximately 60 pmol/1
(Fig. 2).

3.3. Scavenging effect of EPC-KI on lipid radicals

Both EPC-K1 and Trolox effectively decreased
the signal intensity of the lipid radicals/POBN
spin adduct generated by Fe-initiated lipid peroxi-
dation in cerebellar neurons with ICs, of approxi-
mately 30 wmol/1 (Fig. 3). In this reaction sys-
tem, vitamin C could not scavenge lipid radicals.
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Fig. 2. Scavenging effects of EPC-K1, Trolox and vitamin C
on alkyl radicals. Data are the mean + S.D. of four samples.
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Fig. 3. Scavenging effects of EPC-K1 and Trolox on lipid free
radicals. Data are the mean + S.D. of four samples.

3.4. Inhibition effect of EPC-KI on peroxyl-initiated
lipid peroxidation

When oxygen exists, azo compounds AAPH
(water-soluble initiator) and AMVN (lipid-soluble
initiator) decompose into alkyl radicals, which
react with molecular oxygen at high rates to form

peroxyls:
R-+ 0, - ROO-

In AAPH-initiated lipid peroxidation in brain
submitochondrial particles, EPC-K1, as well as
Trolox, inhibited the formation of TBARS with
IC,, of approximately 25 pmol /I and was more
effective than vitamin C (IC5, =55 pmol /1) (Fig.
4a). In AMVN-initiated lipid peroxidation, EPC-
K1 was a potent inhibitor with an ICs, of approxi-
mately 15 pumol/l and was more effective than
Trolox (IC4, = 22 pwmol /1) and vitamin C (IC, =
50 umol/1) (Fig. 4b).

3.5. Kinetic study of reaction between EPC-KI and
hydroxyl radicals

A series of reactions occur during electron
irradiation in diluted aqueous solutions, and reac-
tive species, such as hydroxyl radicals, hydrogen
radicals, and aqueous electrons are formed:

H,0 - H-(0.55), -OH(2.7), ¢,,(2.7), H,0 ",
H,0,, H, (i)
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Fig. 4. (a) Inhibition effects of EPC-K1, Trolox and vitamin C
on TBARS formation in AAPH-initiated lipid peroxidation.
Data are the mean + S.D. of four samples. (b) Inhibition
effects of EPC-K1, Trolox and vitamin C on TBARS forma-
tion in AMVN-initiated lipid peroxidation. Data are the mean
+ S.D. of four samples.

In N,O-saturated solutions, e,, converts to hy-
droxyl radicals quantitatively:

H,0 +N,0 +e;, >N, + OH +-OH
k=9%10°dm® mol's~! (i)

The transient spectrum of intermediates formed
by EPC-K1 reacting with hydroxyl radicals was
shown in Fig. 5. The maximum absorption was at
300 nm.

According to the following competition reac-
tions:

‘OH + SCN™ - OH™ + SCN-
k=1x10" dm® mol™' s !
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Fig. 5. Transient UV-visible spectrum of N,O-saturated aque-
ous solution containing 0.5 mmol/1 EPC-KI1. The insert
showed the decay of intermediates formed by a reaction
between EPC-K1/- OH.

SCN- +SCN™— (SCN)2 -~ (iii)
‘OH + EPC-K1 — products (iv)

The following equation was obtained by the prin-
ciple of competition kinetics:

ODO/OD -1= (kEPC-Kl/kSCN’)
-([EPC-Kl]/[SCN_])

Here OD, and OD were the transient absorption
at 480 nm in the absence and presence of EPC-K1,
respectively. Plotting OD,/OD — 1 against [EPC-
K1]/[SCN~] and employing the value 1 X 10"
dm* mol™" s™! for kscy-—-om» kepc.xi—on =
7.1 X 10 dm® mol~! s~ ! was calculated (Fig. 6).

3.6. Kinetic study of reaction between EPC-KI and
linoleic acid radicals

The transient spectrum of EPC-K1 reacting
with linoleic acid radicals (L-) was shown in Fig.
7. The maximum absorption was at 300 nm, which
was the same as the transient spectrum observed
in EPC-K1/-OH reaction systems. These results
suggested that the intermediates formed by reac-
tions between EPC-K1/-OH and EPC-K1/L-
were the same. These intermediates might be the
transient products of hydrogen abstraction. From
the growth curve of intermediates formed by
EPC-K1 reacting with L-, the rate constant of

OD,/OD-1

0 T T T T T T T T T

0 10 20 30 40 50 60 70
[EPC-K1}/[KSCN]

Fig. 6. Plot of competition kinetics of reactions between EPC-
K1/-OH and KSCN/-OH.

2.8 10° dm® mol~! s~! was calculated. Because
the transient absorption of Trolox reacting with
linoleic acid radicals was very weak, the rate
constant of Trolox reacting with linoleic acid was
not calculated.

3.7. Effect of administration of EPC-KI in vivo on
the superoxide radical scavenging ability of rat brain

After i.p. administration of EPC-K1 for a week,
the superoxide radical scavenging ability of rat
brain significantly increased in comparison with
control group. In EPC-Kl-treated group, 34.5 +
2.7% of superoxide radicals were scavenged with
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Fig. 7. Transient UV-visible spectrum of N,O-saturated aque-
ous solution containing 1 mmol /I linoleic acid and 50 wmol/1
EPC-K1.
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Fig. 8. Effect of administration of EPC-K1, Trolox and vi-
tamin C on the superoxide radical scavenging ability of rat
brain. Data are the mean + S.D. of six samples. *P < 0.01 in
comparison with control; **P > 0.1 in comparison with con-
trol.

5 mg/ml brain homogenate. In the control group,
only 23.8+3.3% of superoxide radicals were
scavenged. Administration of Trolox or vitamin C
at the same dose had no effect on the superoxide
radical scavenging ability of rat brain (Fig. 8).

4. Discussion

EPC-K1, a phosphate ester derivative of vi-
tamin C and vitamin E, showed different antioxi-
dant capacity in comparison with vitamin C and
Trolox. ESR spin trapping results revealed that
EPC-K1 was a more effective scavenger of hy-
droxyl radicals than Trolox. It was the structural
similarity with vitamin C that endowed EPC-K1
with good scavenging effects on hydroxyl radicals.
Pulse radiolysis results showed that EPC-K1 re-
acted with hydroxyl radicals with a rate constant
of 7.1 X 10% dm?® mol~! s~', which was less than
that of vitamin C (10'° dm® mol~"' s~!; [18]). This
was consistent with the ESR spin trapping results
that in comparison with vitamin C, EPC-K1 was
only a moderate scavenger of hydroxyl radicals.
The moderate scavenging effect of EPC-K1 on
hydroxyl radicals might be partially due to its
bulky phytyl side chain.

EPC-K1, as well as Trolox, could effectively
decrease the ESR signal of POBN /lipid radicals
spin adduct formed during Fe®* /Fe?*-initiated
lipid peroxidation in cerebellar neurons. This was
due to the direct scavenging on lipid radicals

and/or the inhibition on Fe’*/Fe?*-initiated
lipid peroxidation. In order to find out whether
EPC-K1 could scavenge lipid radicals directly,
pulse radiolysis technique was employed. The
transient spectra suggested that EPC-K1 could
react with linoleic acid radicals with a rate con-
stant of 2.8 X 10® dm? mol~! s~!, while vitamin C
could not scavenge lipid radicals. As a derivative
of vitamin E, the hydrophobic phytyl side chain
made EPC-K1 highly affinity with lipid radicals
and thus EPC-K1 could act as an effective scav-
enger of them.

Several kinds of ROS including hydrophilic alkyl
radical, peroxyl radicals and hydrophobic lipid
radicals were involved in AAPH-initiated lipid
peroxidation. The inhibition effect of EPC-K1 on
TBARS formation showed its overall antioxidant
properties. In order to investigate whether EPC-
K1 and other antioxidants inhibited AAPH-ini-
tiated lipid peroxidation by scavenging AAPH-
derived radicals, we employed the ESR spin
trapping technique. The results showed that in
comparison with vitamin C and Trolox, EPC-K1
was only a moderate scavenger on AAPH-derived
alkyl radicals. Considering the potent inhibition
effects of EPC-K1 on AAPH-initiated lipid perox-
idation, we may conclude that EPC-K1 inhibited
lipid peroxidation mainly by scavenging the sec-
ondary radicals formed during the chain reactions
of lipid peroxidation. Potent scavenging effects of
EPC-K1 on both hydrophobic and hydrophilic
radicals made it an effective inhibitor on lipid
peroxidation. Furthermore, we studied the inhibi-
tion effect of EPC-K1 on AMVN-initiated lipid
peroxidation. Different from AAPH, which gener-
ates hydrophilic radicals, AMVN generates hy-
drophobic radicals. Our results indicated that
EPC-K1 was also a potent inhibitor on AMVN
initiated lipid peroxidation and was more effec-
tive than hydrophilic antioxidants vitamin C and
Trolox.

The antioxidant active sites of vitamin C are
the two enolic hydroxyl groups, while that of
vitamin E is the phenolic hydroxyl group. In EPC-
K1, the phenolic hydroxyl group and one of the
enolic hydroxyl groups are converted to ester
bonds and thus can not act as H donors, and the
only active site is the enolic hydroxyl (Fig. 9).
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Fig. 9. Active site of EPC-K1.

This was also confirmed by the results of pulse
radiolysis.

Superoxide radicals may be formed under cer-
tain pathological conditions, such as ischemia-re-
perfusion, so we studied the scavenging effect of
rat brain on superoxide radicals after administra-
tion of EPC-K1. The results indicated that admin-
istration of EPC-K1 increased the ability of brain
to scavenge superoxide radicals, while Trolox or
vitamin C did not show this effect. This suggested
that EPC-K1 might go through the blood-brain
barrier.

In conclusion, EPC-K1 has better overall an-
tioxidant properties in vitro and in vivo in com-
parison with vitamin C and Trolox. It was the
special structure of EPC-K1 that endowed it with
good ability of scavenging both hydrophilic radi-
cals and hydrophobic lipid radicals at high rates.
However, hydrophobic lipid radicals might diffuse
across the membranes and play more important
roles in oxidative damages than hydroxyl radicals
and superoxide anions, while EPC-K1 is a potent
scavenger on lipid radicals. For application, EPC-
K1 is soluble in water and can be injected into

body and then circulated all around the body. It
also has a large hydrophobic substituent, which
makes it possible to go through the blood vessel
wall and thus enter the brain. This suggests that
EPC-K1 may be used as a potential therapeutic
agent on neurodegenerative diseases associated
with oxidative damage.
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