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Abstract--Three calcium channel antagonists, verapamil, diltiazem and nisoldipine, inhibited superoxide 
production in human neutrophils that were stimulated by phorbol 12-myristate 13-acetate (PMA) in a 
buffered saline lacking calcium. Concentrations of these drugs giving 50% control activity (lcs0) were 
0.3, 0.45 and 0.01 mM respectively. This inhibition was also observed in the presence of ethylene glycol 
bis (fl-aminoethyl ether)-N.N'-tetraacetic acid (EGTA) and was not reversed by the addition of 
calcium. This suggests that calcium channel antagonists inhibited superoxide production independently of 
extracellular calcium. These calcium channel antagonists inhibited the mobilization of membrane- 
associated calcium, and protein phosphorylation probably catalyzed by C-kinase, both of which are 
thought to be involved in the signal transmission for the induction of superoxide production. Calcium 
channel antagonists also inhibited NADPH oxidase, responsible for superoxide production, with ICs0 = 
0.5, 3 and more than 0.08 mM, respectively, for verapamil, diltiazem and nisoldipine. The results 
indicate that calcium channel antagonists inhibit superoxide production by affecting not only the catalytic 
activity by also the activation of NADPH oxidase. Inhibition of superoxide production by calcium 
channel antagonists suggests that these antagonists do not affect cell functions merely by affecting 
calcium influx. 

Calcium channel antagonists act on the cardio- 
vascular system, providing antianginal, antiarrhyth- 
mic, antihypertensive and cardiovascular protective 
effects [1]. They are also used for protection from 
or treatment of brain ischemic injury [2]. These 
antagonists also interfere with cell functions in mast 
cells [3] and platelets [4]. The mechanisms of their 
action have not been clearly elucidated. Although 
these antagonists appear to inhibit the entry of cal- 
cium across or through cell membranes [5, 6], they 
may act by blocking calcium efflux or release of 
calcium from intracellular stores, by facilitating 
calcium efflux or sequestration, or by preventing 
calcium interaction with intracellular target proteins 
[5, 6]. It is also clear that these antagonists can inhibit 
other membrane-mediated events including ionic 
currents and receptor processes [7]. 

Neutrophils produce superoxide, which plays 
important roles in microbial killing and pathogenesis 
of adult respiratory distress syndrome [8, 9]. The 
need of extracellular calcium for superoxide pro- 
duction in human neutrophils is dependent on the 
stimuli. Leukotriene B 4 does not induce superoxide 
production in the absence of extracellular calcium, 
but a chemotactic peptide does induce production in 
the absence of calcium. The superoxide-producing 
activity of the cells that are stimulated by a chemo- 
tactic peptide in the absence of calcium is about one- 
fourth the activity in the presence of calcium. The 
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production induced by PMA is essentially inde- 
pendent of extracellular calcium [10]. Among many 
stimuli which induce superoxide production, phorbol 
12-myristate 13-acetate (PMA) and 1-oleoyl-2-ace- 
tyl-glycerol (OAG)  are characteristic ones, because 
both of them have been shown to activate calcium- 
activated phospholipid-dependent protein kinase 
(C-kinase) in the absence of diacylglycerol in vitro 
[11, 12]. In neutrophils these stimuli induce neither 
phosphatidylinositol turnover [13] nor a rise in the 
cytosolic free calcium concentration [14, 15]. We 
have shown previously that protein phosphorylation 
is associated with the activation of pig neutrophils 
stimulated by PMA [16] and that OAG,  a direct 
activator of C-kinase, induces not only protein phos- 
phorylation but also superoxide production in human 
neutrophils [14]. It has been suggested that either 
PMA or O A G  bypasses the calcium-requiring seg- 
ment of the activation sequence by direct activation 
of C-kinase followed by protein phosphorylation and 
then by activation of NADPH oxidase. The proposed 
mechanism for the induction of superoxide-prod- 
ucing activity in neutrophils stimulated by PMA or 
O A G  is illustrated in Fig. 1. 

Verapamil has been reported to inhibit chemotaxis 
[17], phagocytosis [18], aggregation [19], degran- 
ulation [18] and superoxide production [20, 21] in 
neutrophils that are stimulated by a chemotactic 
peptide or opsonized zymosan. The authors of these 
papers concluded that the inhibition of neutrophil 
functions by verapamil was due to the inhibition of 
calcium entry. Verapamil has also been shown to 
inhibit C-kinase in vitro [22]. 
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Fig. 1. Proposed mechanism for the induction of NADPH 
oxidase in neutrophils stimulated by PMA or OAG. See 

details in the text. 

We  r e - examined  the  effect  of calcium channe l  
an tagonis ts  on superox ide  p roduc t ion  in h u m a n  neu-  
t rophi ls  tha t  were s t imula ted  by P M A .  We fu r the r  
examined  the i r  effects on  mobi l iza t ion  of m e m b r a n e -  
associated calcium, p ro te in  phosphory la t ion  and  
N A D P H  oxidase activity. It should  be  not iced  tha t  
calcium channe l  an tagonis t s  could affect h u m a n  neu-  
t rophi ls  at r a t h e r  high concen t ra t ions .  

MATERIALS AND METHODS 

Materials. Verapami l  (a gift f rom the Eisai Phar-  
maceut ica l  Co. ,  Tokyo,  Japan)  was dissolved in 
d imethyl  sulfoxide (Me2SO) at a concen t r a t ion  of 
100nM.  Di l t i azem (a gift f rom the T a n a b e  Phar-  
maceut ica l  Co. ,  Tokyo ,  J apan )  was dissolved in a 
buf fe red  saline at a concen t r a t i on  of 50 mM. Nisol- 
dipine (a gift f rom Dr.  K a n m u r a ,  D e p a r t m e n t  of 
Pha rmaco logy ,  Kyushu  Univers i ty  School  of Medi-  

cine) was dissolved in 15% (w/v)  e thanol  and  15C/~ 
(w/v)  po lye thy lene  glycol at a concen t ra t ion  of 
0 . 6 5 m M .  O t h e r  mater ia ls  were ob ta ined  as 
descr ibed e lsewhere  [16, 23, 24]. 

Cellpreparation. H u m a n  neu t roph i l s  were isolated 
f rom A C D - v e n o u s  b lood  t aken  from heal thy  vol- 
un teers  as descr ibed previously [10] and suspended  
in a buf fe red  saline consist ing of 135 mM NaC1, 
5 m M  KC1, 2 m M  glucose and  20 m M  4-(2-hydroxy- 
e thy l ) - l -p ipe raz inee thanesu l fon ic  acid (Hepes) -  
N a O H  ( p H  7.4). 

Assay of superoxide production. Cellular  activity 
for p roduc t ion  of superox ide  was mon i to red  by assay 
for superoxide  using the  reduc t ion  of cy tochrome c 
in a buffered  saline as desc ibed  previously [10l. 

Mobilization of membrane-associated calcium. We 
examined  mobi l iza t ion  of membrane -a s soc i a t ed  cal- 
cium by the  change  of f luorescence of chlor- 
te t racyl ine (CTC) - loaded  neu t roph i l s  [23]. Neu- 
t rophi ls  (1 x 107 cel ls /ml)  were incuba ted  for 20 min 
at 37 ° in a buf fe red  saline conta in ing  0.1 m M  CTC 
and 1 m M  CaCI> washed  once,  r e suspended  in the 
same buf fe red  saline,  and  t rans fe r red  to a Shimazu 
spec t ro f l uo ropho tome te r  RE 500 with a cons tan t  
t e m p e r a t u r e  cuvet te  ho lder  (37°). 

Protein phosphorylation. Prote in  phosphory la t ion  
in intact  cells was d e t e r m i n e d  by two-d imens iona l  
gel e lec t rophores i s  fol lowed by au to rad iography  
[14, 16]. 

Assay of NADPH oxidase activio'. The activity of 
N A D P H  oxidase was measu red  s imul taneous ly  with 
superoxide  p roduc t ion  induced  by 100 n g / m l ' P M A  
[24]. Cel lular  activity tha t  p roduced  superoxide  
(3 x 105 ce l ls /ml)  was m o n i t o r e d  at 25 ° in a buffered  
saline con ta in ing  1 m M  MgCI2. W h e n  this activity 
r eached  a m a x i m u m ,  R e n e x  30 and  NaNs were added  
to the mixture  at a final concen t ra t ion  of 0.05% 
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Fig. 2. Effects of calcium channel antagonists on superoxide production in human neutrophils stimulated 
by PMA. (A) Time course of superoxide production. The assay mixture consisted of 75 !~M ferri- 
cytochrome c and 1 x 106 cells in a buffered saline. The cells were preincubated for 5 min at 37 ° in a 
thermostatically controlled cuvette which was placed in a Hitachi 556 dual-wavelength spectro- 
photometer. The reaction was started by the addition of PMA on a final concentration of 100 ng/ml. 
The absorbency change at 550 nm in reference to 540 nm was followed on a recorder. Key: (a) control: 
(b, c, d and e) with 0.3, 0.5, 0.7 and 1.0 mM verapamil, respectively, added 5 min before the addition 
of PMA: (f) with 1.0 mM verapamil added at the point indicated bv an arrow: and (g) with 10 mM 
CaCI, added at the point indicated by an arrow during the active production of superoxidc in the 
presence of 0.5 mM vcrapamil. The reduction of cytochrome c was inhibited completely by SOD. (B) 
Inhibition of superoxide production by verapamil, diltiazem or nisoldipine. The conditions wcre the 
same as described for panel A. The rate of superoxide production was calculated from the linear portion 
of cytochromc c reduction using a molar absorption coefficient of 19.1 x 103 M-J cm ~. -[he control rate 
for this experiment was 9.5 nmoles superoxide/106 cells per rain. Key: (0)  verapamil. (A)  diltiazem 

and ( I )  nisoldipine. 
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Table 1. Effects of verapamil on superoxide production in the presence of EGTA 
or CaCI: 

EGTA CaCl2 
Control (2 raM) (10 mM) 

None 9.7 _+ 1.0 (6) 10.2 +- 0.6 (4) 10.8 -+ 0.8 (8) 
Verapamil 

0.35 mM 3.8 -+ 0.4 (6) 3.3 -+ 0.3 (5) ND 
0.70 mM 0.1 +- 0.0 (3) ND 0.5 +- 0.1 (3) 

Cells were preincubated with verapamil in the presence or the absence of 2 mM 
EGTA or 10 mM CaCL for 5 min at 37 °, and exposed to 100 ng/ml PMA. The 
maximal rates of superoxide production are given and the values represent the 
mean -+ S.E. with the numbers of experiments in parentheses. ND = not determined. 

(w/v) and 10 mM respectively. The activity of the 
oxidase was measured by adding NADPH 50 sec 
after the addition of Renex 30 at a final concentration 
of 0.15 mM. The activity was assessed by superoxide 
dismutase (SOD)-inhibitable cytochrome c re- 
duction. 

RESULTS 

Superoxide production. Verapamil inhibited 
superoxide production in human neutrophils stimu- 
lated by PMA, whether it was added before stimu- 
lation or during active production (Fig. 2A). It 
caused a decrease in the rate and a prolongation of 
lag time. Figure 2B shows the inhibition of super- 
oxide production induced by various concentrations 
of verapamil, diltiazem and nisoldipine. Concen- 
trations of these drugs giving 50% control activity 
0Cs0) were 0.3, 0.45 and 0.01raM respectively. 
These antagonists affect superoxide production 
neither by scavenging radicals [20, 21] nor by destruc- 
tion of the cells [17]. The highest concentrations of 
Me2SO, ethanol and polyethylene glycol in reaction 
mixtures were 1.51% (w/v), 0.6% (w/v) and 0.6% 
(w/v), respectively, which did not inhibit superoxide 
production. The order of potency for inhibiting 
superoxide production is the same as that for vaso- 
dilation [1]. To confirm that calcium channel antag- 
onists did not act by inhibiting a calcium influx, we 
carried out the following experiments (Table 1). 
PMA was able to induce superoxide production in 
neutrophils whether in a medium without calcium or 
in the presence of a calcium chelator, ethylene glycol 
bis (/3-aminoethyl ether)-N,N'-tetraacetic acid 
(EGTA). The addition of EGTA to a reaction mix- 
ture did not affect the inhibitory effect of verapamil. 
Furthermore, a high concentration of extracellular 
calcium did not reverse the inhibition induced by 
verapamil (Fig. 2, trace g). These results suggested 
that calcium channel antagonists inhibited super- 
oxide production independently of extracellular cal- 
cium in neutrophils that were stimulated by PMA. 

Mobilization of intracellular calcium. The 
observed change related to calcium metabolism in 
neutrophils that are stimulated by PMA is the mobil- 
ization of membrane-associated calcium. To examine 
the effect of calcium channel antagonists on mobil- 
ization of membrane-associated calcium, we utilized 

* Fujita, manuscript submitted for publication. 

CTC as a probe for intracellular membrane-associ- 
ated calcium and its mobilization. PMA induced a 
decrease of CTC-fluorescence due to the mobil- 
ization of calcium from an intracellular hydrophobic 
environment (Fig. 3, trace a); this decrease was 
inhibited by verapamil at concentrations which 
inhibited superoxide production (Fig. 3, traces c and 
d). Verapamil also inhibited a spontaneous decrease 
of the fluorescence in a dose-dependent manner, 
suggesting that verapamil stabilized or fixed mem- 
brane-associated calcium. Diltiazem and nisoldipine 
inhibited the fluorescence change in the same manner 
(data not shown). Calcium channel antagonists did 
not inhibit the fluorescence spectra of the CTC- 
calcium complex. 

Protein phosphorylation. We examined the effect 
of calcium channel antagonists on phosphorylation 
of proteins in intact cells that were preloaded with 
radioactive phosphate and stimulated by PMA. 
Figure 4, panels A and B, show that, upon exposure 
of cells to PMA, the incorporation of 32p began to 
increase in at least ten proteins, relative to resting 
cells. Spot No. 9 is probably a light chain of myosin 
[25]. Among the proteins numbered in Fig. 4, phos- 
phorylation of Mr = 49,000, 19,500 and 19,000 pro- 
teins (spots No. 4, 8 and 9) correlated well with 
superoxide production with respect to the t ime- 
courses, the dose-responses and the inhibition by 1- 
(5-isoquinolinylsulfonyl)-2-methylpiperazine (H-7), 
a relatively specific inhibitor of C-kinase*. Calcium 
channel antagonists inhibited phosphorylation of 

Verapamil PMA 
1 1 4 , . i .  

b - ' - - W - - - - - ~ X , , ,  f 

O 

Fig. 3. Fluorescence change in the CTC-loaded neutrophils. 
The fluorescence was monitored at 514 nm with the exci- 
tation wavelength at 410 nm. Verapamil and PMA (100 ng/ 
ml) were added sequentially at the points indicated. Key: 
(a) control cells; and (b, c and d) with 0.01,0.3 and 0.7 mM 

verapamil respectively. 
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Fig. 4. Effects of calcium channel antagonists on protein phosphorylation in intact neutrophils stimulated 
by PMA. The cells loaded with 32p were incubated with or without 1000 ng/ml PMA for 10 min at 37 ° 
and extracted. The extracts (0.3 mg protein) were electrophoresed on isoelectric focusing gels containing 
Ampholine with a pH range 3.5 to 10 (from right to left), then separated on 13.5% sodium dodecyl 
sulfate-polyacrylamide gels (from top to bottom). The gels were fixed, stained, dried and then auto- 
radiographed at - 7 0  ° for 7 days. Autoradiograms are shown. Proteins that were phosphorylated after 
the stimulation of cells are indicated by arrows and numbers in panels A and B. Only spots No. 4, 8 
and 9 are shown in panels C-E .  Fig. 4A: resting cells; Fig. 4B: control cells; Fig. 4C: with 0.7 mM 

verapamil; Fig. 4D: with 1.0 mM diltiazem; and Fig. 4E: with 0.026 mM nisoldipine. 
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Fig. 5. Effects of calcium channel antagonists on N A D P H  oxidase. (A) Simultaneous demonstration of 
superoxide production and the corresponding N A D P H  oxidase activity. PMA, Renex 30, verapamil, 
N A D P H  and SOD were added sequentially. The absorbency change was followed on a recorder. Key: 
(a) control cells; and (b and c) with 0.5 and 1.0 mM verapamil added 30 sec before the addition of 
N A D P H  respectively. (B) Inhibition of N A D P H  oxidase activity by verapamil, diltiazem or nisoldipine. 
The conditions were the same as described in panel A. N A D P H  oxidase activity was calculated from 
the maximal rate of cytochrome c reduction after the addition of NADPH.  The control rate for this 
experiment was 5.6 nmoles superoxide/106 cells per min. Key: (O) verapamil, (A)  diltiazem, and ( . )  

nisoldipine. 
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these three proteins, especially M, = 49,000 protein 
(spot No. 4), at the concentrations that inhibited 
superoxide production (Fig. &C-EL There were 
proteins in which an increase in the incorporation of 
3_'p was not affected by calcium channel antagonists, 
thus indicating that the inhibition of protein phos- 
phorylation was not due to a depletion of cellular 
ATP. 

N A D P H  o x i d a s e  act ivi ty .  We finally examined 
whether calcium channel antagonists affected 
NADPH oxidase activity itself. Verapamil, added 
20 sec after the destruction of cells with Renex 30 or 
30 sec before the addition of the electron donor, 
NADPH, inhibited NADPH oxidase activity 
(Fig. 5A). Figure 5B shows the inhibition of oxidase 
activity by various concentrations of verapamil, dil- 
tiazem and nisoldipine 0c50 = 0.5, 3 and more than 
0.08 mM respectively). The inhibition of NADPH 
oxidase by calcium channel antagonists seems not to 
be related to calcium metabolism, because calcium 
is not essential to oxidase activity itself [26]. 

DISCUSSION 

Verapamil has been shown to inhibit superoxide 
production. Simchowitz and Spilberg [20] showed 
that verapamil inhibits the production induced by a 
chemotactic peptide with ICs0 = 0.1 mM. Steiner et 
al. [21] showed that verapamil inhibits the increase 
in oxygen consumption in human neutrophils that 
were pretreated with cytochalasin B and then stimu- 
lated by opsonized zymosan with Ics0 = 0.1 mM. 
These researchers used a reaction mixture containing 
1 mM CaCI2. 

We showed that calcium channel antagonists 
inhibited superoxide production independently of 
extracellular calcium. PMA induced superoxide pro- 
duction in human neutrophils whether in a calcium- 
free medium or in the presence of a calcium chelator, 
EGTA. This means that extracellular calcium or a 
calcium influx was not involved in the induction. 
We conclude that the calcium channel antagonists 
inhibited superoxide production by mechanisms 
other than the blocking of a calcium influx. The direct 
inhibition of oxidase by calcium channel antagonists 
does not fully explain the inhibition of superoxide 
production observed in intact cells, because (a) lcs0 
values for oxidase were higher than those for intact 
cells, and (b) 1 mM verapamil and 2 mM diltiazem, 
which inhibited superoxide production in intact cells 
completely, produced only 70 and 35% inhibition, 
respectively, with respect to oxidase activity. The 
inhibition of superoxide production by calcium chan- 
nel antagonists seems to be due not only to the 
direct inhibition of oxidase activity, but also to the 
inhibition of the induction. Both calcium mobil- 
ization without a rise in the cytosolic free calcium 
concentration, and activation of C-kinase followed 
by protein phosphorylation are thought to play piv- 
otal roles in the induction of superoxide production 
in neutrophils that are stimulated by PMA or OAG, 
although the exact sequence of these biochemical 
events in signal transmission is not understood. Cal- 
cium channel antagonists inhibit both of these events. 

Verapamil was reported to inhibit C-kinase iso- 
lated from rat brains with 1c5, = 0.6 mM [22], the 

same order of magnitude as that for superoxide 
production. Calcium channel antagonists at high con- 
centrations have also been shown to interact with 
calmodulin [27]: however, the involvement of cal- 
modulin in the signal-transmission mechanism for 
superoxide production induced by PMA has not been 
resolved [28]. The light chain of myosin isolated from 
smooth muscle has been reported to be phos- 
phorylated instantaneously by calmodulin-depen- 
dent myosin light chain kinase and C-kinase. 
although the functional role of myosin phos- 
phorytation catalyzed by each kinase is unclear [29]. 
Adelstein and co-workers [30] showed that verapamil 
inhibits calmodulin-dependent myosin light chain 
kinase isolated from turkey gizzards with I(:>~ = 
0.1 mM. Although it is not established which kinases 
are involved in phosphorylation of neutrophil 
myosin, calcium channel antagonists might inhibit it 
by affecting either C-kinase, calmodulin-dependent 
myosin light chain kinase, or both. These con- 
siderations and our results support the hypothesis 
that calcium channel antagonists act at intracellular 
sites [6]. It is also reported that, at high concen- 
trations, some calcium channel antagonists affect 
calcium-ATPase and calcium uptake in skeletal and 
cardiac muscle sarcoplasmic reticulum [31]. Another 
possibility is that these antagonists act nonspecifically 
on plasma membrane, because (a) calcium storage 
sites in neutrophils are thought to be plasma men> 
brane itself [32], (b) active C'kinase is located in 
plasma membrane [33], and (c) NADPH oxidase is 
associated with plasma membrane [8]. We must take 
into consideration that small amphipathic molecules 
such as anesthetics and tranquilizers induce struc- 
tural rearrangements in the membranes resulting m 
extractions of lipids and proteins [34]. Anesthetics 
and tranquilizers have been shown to inhibit super- 
oxide production in neutrophils [35-37]. Because of 
the high concentrations of the antagonists needed to 
produce the above effects, the relevance of these 
findings to the therapeutic effects remains ques- 
tionable (the concentration of the antagonists 
observed clinically in the plasma is about 10 '7 M). 
However, calcium channel antagonists might facili- 
tate inhibition of neutrophil functions that have 
already been induced by other causes. 
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