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Alpha-tocopherol but not 2-carboxy-2,5,7,8-tetramethyl-6-chromanol (trolox or CTMC) and 2,2,5,7,8
pentamethyl-6-hydroxy chromane (PMC), derivatives of a-tocopherol, inhibited the superoxide (Oz) gener-
ation of rat peritoneal neutrophils (RPMN) induced by phorbol 12-myristate 13-acetate (PMA). IDs for
neutrophils obtained from the peritoneal cavity of rat and guinea pig was about 1pM. This concentration,
however, was much lower than that for the inhibition of PMA-activated phospholipid-dependent protein
kinase (PKC) (IDso = 30 uM). The a-tocopherol sensitive O; generation was also observed in neutrophils
induced by dioctanoylglycerol (diCs) and calcium ionophore A23187 but not by formylmethionyl-leucyl-phe-
nylalanine (FMLP), opsonized zymosan (OZ) and sodium dodecyl sulfate (SDS). The pattern of inhibition
by a-tocopherol was quite s1mllar to that of staurosporine, a specific mhlbnor of PKC. The a-tocopherol
content of RPMN was 12 ng/10° cells and a linear increase to 200 ng/10° cells by addition of a-tocopherol to
the cell suspension corresponded with an increased inhibition of O3 generation. These results indicate that
both the chemical structure and the content of a-tocopherol might be important factors in O; generation by
neutrophils.
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Abbreviations Cyt.c, ferricytochrome ¢; DG, diacylglycerol; diCs, L-a-1,2-dioctanoy! glycerol; FMLP,
formyl-methionyl-leucyl- pheny]alamne, GPtPMN, guinea pig peritoneal neutrophil; KRP,
Krebs-Ringer phosphate; PKC, Ca**-and phospholipid-dependent protein kinase; PMC,
2,2,5,7,8 pentamethyl-6-hydroxy chromane; PMA, phorbol 12-myristate 13-acetate; 03,
superoxide anion; OZ, opsonized zymosan; RPMN, rat peritoneal neutrophils; SDS, sodium
dodecyl sulfate; trolox, 2-carboxy-2,5,7,8-tetramethyl-6-chromanol (CTMC)

INTRODUCTION

Alpha-tocopherol, Vltamm E, has been known for many years as an antioxidant."*
Mahoney and Azzi*’ found an inhibition of brain PKC by (x.-tocopherol in vitro. The
inhibitory action was concentration dependent, and half maximum inhibition occurred
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at a concentration of 30 uM. In support of a proposed mechanism of PKC inhibition
by a-tocopherol, it was reported that the vitamin inhibited the PMA-induced translo-
cation of PKC from cytosol to membrane.® It was also found that the inhibition of PKC
ran parallel to the inhibition of smooth muscle cell proliferation by a-tocopherol,””
and that the inhibition of PKC in a model system using the OZ-induced chemilumines-
cence of cypridina luciferin analogue in polymorphonuclear cells’ and in PMA-in-
duced superoxide anion production by human polymorphonuclear leukocytes." A
similar suppression of superoxide generation by a-tocopherol was observed in macro-
phages isolated from rats after oral administration of a-tocopherol.'* " Recently many
different pathways for O; generation in neutrophils have been postulated, one of which
depends on PMA or diacyglycerol (DG) and calcium ionophore and is inhibited by
PKCinhibitors."*'® A second pathway involves receptor-mediated O; generation, such
as the FMLP- or OZ-stimulated reaction which is insensitive to PKC inhibitors but is
inhibited by genistein, a tyrosine kinase inhibitor.'*" Another reaction is sodium
dodecyl sulfate (SDS)- or arachidonate-dependent and modulates the physicochemical
nature of the cell membrane.”?”' This reaction was not inhibited by PKC inhibitors or
tyrosine kinase inhibitors. Thus the role of a-tocopherol in the mechanism of inhibition
of neutrophil O3 generation is not fully understood. In experiments described in this
paper, we examined the ability of a-tocopherol to inhibit PKC-mediated processes in
intact cells using the phorbol ester- or DG-stimulated respiratory burst of neutrophils
as a model system and compared it with the other O generating system induced by
various other stimuli, such as FMLP, Ca* ionophore A23187 and SDS. We found that
a-tocopherol specifically inhibits PKC dependent O3 generation of neutrophils. This
inhibition was found to be a consequence of the structure of a-tocopherol.

MATERIALS AND METHODS

Chemicals

A23187, Ferricytochrome ¢ (Cyt. ¢), FMLP,PMA, sodium arachidonate and zymosan
were purchased from Sigma Co. (St. Louis, Mo). diCs was purchased from Avanti Polar
Lipid (USA). D-a-tocopherol was kindly donated by Eisai Co. Ltd (Tokyo). PMA,DG
and FMLP were dissolved in ethanol, and the final concentration of ethanol in the
reaction mixture was less than 0.5%.

Neutrophils

Guinea pig peritoneal neutrophils (GPtPMN) and RPMN were isolated from the
peritoneal cavity 16 hr after intraperitoneal injection of 2% Nutrose and washed with
calcium-free KRP, pH 7.4, as described by Takahashi et al.”>> Neutrophils were
stimulated by 1.25 x 10®°M FMLP, 1 - 2 x 10°M PMA, | x 10°M diCs, 1 x 10°*M
SDS,200 pg/ml OZ and 1 x 10°M A23187 at 37°C.

Measurement of O, Generation

0: production was assayed by reduction of Cyt. c as described previously using a dual
beam spectrophotometer (Shimadzu UV 3000) equipped with a water-jacketed cell
holder and magnetic stirrer.'®? Briefly, the reaction was started by adding neutrophils
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(1 x 10° cells/ml) at 37°C in the medium of KRP containing 10 mM glucose, 100 HM
Cyt. cand 1 mM CaCl, in the presence or absence of various hgands The change in
absorbance at 550-540 nm (Asso_sa0)™* was monitored continuously using a dual beam
spectrophotometer (Shimadzu UV 3000).

In Vivo Phosphorylation

GPtPMN were washed three times with phosphate-free RPMI-1640 medium contamm%
2 mM EGTA and suspended in the same medium at a final concentration of 4 x 10
cells/ml. Neutrophils (4 x 10 cells/ml) were incubated in one ml phosphate free RPMI
at 37°C under 5% CO, and 95% air for 30 min, and carrier free ["PJorthophosphate
(1 mCi/ml) was added. After 1 hr, the cells were washed with phosphate-free RPMI 1640
and suspended in the same medium (2 x 10° cells/ml) and incubated for 10 min at 37°C.
Thereafter, various concentrations of a-tocopherol were added ang the reaction mixture
was incubated for 2 min at 37°C. One pl/ml of 10°M PMA was then added and the
mixture incubated for another 3 min. Final concentrations of a-tocopherol and PMA
were 0.01-10uM and 1 nM, respectively. The reaction was terminated by adding ice-cold
45% trichloroacetic acid solution containing 2 mM phenylmethylsulfonyl fluoride to
yield a final concentration of TCA 15%. The precipitant was washed twice with ice-cold
ether/ethanol (1;1) and dissolved in sodium dodecyl suifate (SDS) sample buffer. SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with a 10% gel in 0.1%
SDS. The gel was stained with Coomassie brilliant blue R250, and the piece of dried gel
was autoradiographed on a Kodak X-Omat film with an intensifying screen (Dupont
Cronex Lightning-Plus) at -80°C.”

Determination of o-Tocopherol Content in Neutrophils

The a-tocopherol content of cells was determmed usmg HPLC with an electrochemical
detector according to the method of Tamai et al.?® Briefly, one ml of cell suspension (1
x 10° cells) and 1 ml of tocol in ethanol were suspended in centrifuge tubes together
with 1 ml of 6% pyrogallol solution in ethanol and preincubated for 2 min at 70°C. The
incubation mixture was added to 0.2 ml of 60 % KOH and saponified at 70°C 30 min
and then cooled with water and mixed with 2.5 ml of distilled water and 5 ml of
n-hexane. The mixture was vigorously shaken for 5 min and centrifuged at 3,000 rpm
for 5 min. The 4 ml hexane layer was evaporated under nitrogen gas flow at 40°C and
dissolved in 50 pl of ethanol and analyzed by HPLC (Shimadzu LC-6A) with the
Schimadzu electrochemical detector (L-ECD-6A) using 4.6 x 150 mm column of
CLC-ODS (M). The eluents were methanol/water/NaClOy in a ratio of 100/2/7 (v/viw).

Statistical Treatment of Results

At least three independent experiments were performed except where indicated. Results
are presented as the mean value * standard deviation (S.D.).

RESULTS AND DISCUSSION

Effect of a-Tocopherol on the stimulated Generation of O;

0O, generation of neutrophils was stimulated by various agents such as receptor binding
FMLP, protein kinase C activator PMA and membrane modulator anionic
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amphiphiles.” PMA-induced O; generation in GPtPMN was strongly inhibited by
o-tocopherol (Figure 1). A similar inhibition was also observed on O; generation
induced by diCs, a natural stimulator of PKC (data not shown). The inhibition was
concentration dependent and the IDs of a-tocopherol was 1 uM (Figure 1). This
inhibitory action of o-tocopherol was also observed in RPMN (Figure 2). However,
OZ-induced O; generation was not inhibited by a-tocopherol even at 10 uM (Figure
2). These results indicate that the sensitivity of stimulation-dependent O; generation to
o-tocopherol differed according to the stimulus. Therefore we compared O; generation
of GPtPMN induced by a number of different stimuli. Figure 3 shows the sensitivity
of O; generation induced by various stimuli to a-tocopherol. O; generation induced by
stimuli activating PKC, such as PMA, diCs and A23187, are inhibited by a-tocopherol
but not O; generation induced by other stimuli such as FMLP, OZ and SDS. The results
indicate that a-tocopherol can affect Oz generation through inhibition of PKC in vivo
as observed with staurosporine.” The D, for O3 generation, however, was much lower
than that for the inhibition of PKC activity in a cell free system (IDs; = 30 uM).** The
reason for the discrepancy between the two systems might be due to the accumulation
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FIGURE 1. Effect of a-tocopherol on PMA-induced O3 generation in neutrophil. GPtPMN (10° cells/ml)
were incubated in Krebs-Ringer-phosphate solution (KRP) (pH 7.4) containing 10 mM glucose and 1 mM
CaCl; at 37°C. The total incubation volume was 2 ml and the respiratory burst was measured spectrophoto-
metrically by monitoring cytochrome ¢ reduction® Numbers show the concentrations of a-tocopherol.
Concentration of PMA was | x 10°M. Inset figure shows the dose-dependent inhibition by a-tocopherol
(Data are mean = S.D. from 3 separate experiments). The % inhibition was measured 5 min after addition of
PMA. a-Toc, a-tocopherol
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FIGURE?2. Effect of a-tocopherol on the PMA- and OZ-induced O generation of RPMN. Experimental
conditions were the same as described for FIGURE | except that the neutrophils were 1 x 10° cells/ml of
RPMN. Concentrations of PMA and OZ were 2 x 10~ M and 200 pg/ml, respectively. Data are mean + S.D.
from 3 separate experiments. The % inhibition was measured at 5 min after the addition of PMA or OZ.

of a-tocopherol in the plasma membrane of cell suspension. In summary, PMA-, DG-
or A23187-induced O; generation was inhibited by a-tocopherol through the inhibition
of PKC but the other stimulation-dependent O3 generation, which is not sensitive to
PKC inhibitors, was not inhibited by a-tocopherol.
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FIGURE3. Dependence of neutrophil O generation on different stimuli and their inhibition by a-tocoph-
erol. Experimental conditions were the same as described in FIGURE 1. The concentrations of stimulatory
agents were 1.25x 10 M FMLP, 200 pg/ml OZ, 1 x 10° SDS, 1 x 10° M PMA, 1 x 10 diCs, and 1 x 10
M A23187. The concentration of added a-tocopherol was 1 pM. % inhibition was calculated 5 min after
addition of stimulating agent. Data are mean £ S.D. from 3 separate experiments.
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FIGURE 4. Effect of trolox and PMC on the O; generation of GPtPMN. Experimental conditions were
the same as described in FIGURE 1. Concentrations of Trolox and PMC were 50 uM. Cont, without addition
of PMC or trolox.

Effect of Trolox and PMC on PM A-induced Oz Generation of Neutrophils

Azzi et al. observed a lack of effect of trolox, a water soluble a-tocopherol derivative
on PKC activity.’ Therefore, it was of interest to compare the effect of trolox with that
of PMC, a water insoluble derivative that has no isoprenoid side chain, on the
stimulation dependent 0: generation of neutrophils. Neutrophil 0> generation was
slightly stimulated by trolox in the absence of stimuli and PMA-induced O; generation
was further increased by trolox (Figure 4). As expected, O; generation induced by
various stimuli, such as diCs, A23187, SDS, OZ and FMLP, was not inhibited by trolox
(data were not shown). These results agree with the results of Azzi er al. Quite similar
effects to those of trolox were observed with PMC which like trolox has no isoprenoid
side chain. However, unlike trolox the compound is insoluble in water. These results
indicate that the isoprenoid side chain seems to have an important role in the inhibitory
action of a-tocopherol but not related to its radical scavenging activity. However,
further experiments are required to resolve the molecular mechanism of inhibition.

Relationship Between o-Tocopherol Content and PMA-dependent O: Generation of
Neutrophils

To confirm the idea that the content of a-tocopherol regulates stimulation-dependent
O3 generation, the relationship between o-tocopherol content of neutrophils and
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FIGURE 5. Incorporation of a-tocopherol into RPMN by addition of the vitamin to the medium.
Experimental conditions were the same as described in Figure 1 except that the neutrophils were RPMN.
The a-tocopherol content of neutrophils was determined by the method of Tamai er al.®® after 10 min
incubation at 37°C with various concentrations of a-tocopherol (Data are mean + from 3 separate experi-
ments). Medium, reaction medium; Cells, RPMN
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; PMA-stimulated O> generation was observed in vitro. The a-tocopherol content of
= RPMN was about 12 ng/10° cells. The content of a-tocopherol was linearly increased
g in the cells by addition of the vitamin to the cell suspension medium (Figure 5).
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FIGUREG6. Effect of a-tocopherol on PMA-induced O3 generation and the vitamin content of neutrophil.
Experimental conditions were the same as described in FIGURE 5 and PMA added to stimulate neutrophils
was 2 x 107 M. (Data are mean + from 3 separate experiments).
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vitamin remained in the incubation mixture (Figure 5). In contrast to the linear
incorporation into the cells, however, the rate of inhibition was not linear and 80%
inhibition of the O; generation was observed at about 50 ng o-tocopherol/10° cells
(Figure 6). These results indicate that the distribution of o-tocopherol in cells is
important for its PKC-mediated inhibition of neutrophil O; generation.

Effect of a-Tocopherol on PM A-induced Phosphorylation of GPtPMN 47 kDa Protein

In studies of patients with autosomal chronic granulomatous disease, two cytoplasmic
factors of 47 kDa (p47°“°‘2 .and 67 kDa (p67™™*) were found to be essential for O;
generation in neutrophils,” and the role of PKC in the phosphorylation of p47"™** has
been suggested to be important in the activation of NADPH oxidase.” Thus, the effect
of the vitamin on the incorporation of [*Plorthophosphate into cytoplasmic p47°"** of
GPtPMN was examined to confirm the inhibition of PMA-induced phosphorylation
of cytoplasmic protein by a-tocopherol. Many cytoplasmic proteins were phosphory-
lated without stimulation with PMA but phosphorylation of p47*"™ was enhanced by
treatment with PMA. Alpha-tocopherol (1-10 uM) inhibited the phosphorylation of
these neutrophil proteins including p47*™ in a concentration dependent manner
(Figure 7). This result suggested that inhibition of phosphorylation of p47°"** may be
correlated with the inhibition of O; generation in neutrophils by a-tocopherol.

The results obtained in these experiments suggested that PMA- or diCs-induced
Oz generation in neutrophils correlated with the activity of PKC and that the regulatory
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FIGURE 7. Effect of a-tocopherol on phosphorylation of neutrophil proteins stimulated by PMA.
Phosphorylation was assayed by incorporation of [“Plorthophosphate into the GPtPMN proteins as
described in Materials and Methods.”” PKC was stimulated by 1 x 10”° M PMA. An arrow shows the p47"**
(47k). VE, a-tocopherol
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activity of a-tocopherol may operate via inhibition of PKC activity. However, no
parallel relationship was observed between the content of o-tocopherol and inhibition
of PMA-induced Oz generation of RPMN after addition of the vitamin. These results
suggest that o-tocopherol can regulate PK C-dependent signal transducing reactions of
neutrophils under certain conditions and that the distribution of a-tocopherol in the
membranes may changed where it can no longer affect the PKC-dependent O; gener-
ation of neutrophils. However, no direct evidence was obtained in these experiments
to explain the inhibition of neutrophil O; generation by a-tocopherol through a PKC
mediated pathway. Moreover, trolox and PMC did not inhibit O3 generation. These
data show that the isoprenoid side chain may have an important role in the inhibitory
mechanism. Further experiments, therefore, are needed to understand the molecular
mechanism of the inhibition of O generation by added a-tocopherol.
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