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The effect of trifluoperazine on the respiration of porcine liver and skeletal muscle mitochondria was 
investigated by polarographic and spectroscopic techniques. Low concentrations of trifluoperazine (88 
nmoi/mg protein) inhibited both the ADP- and Ca2+-stimulated oxidation of succinate, and reduced the 
values of the respiratory control index and the A D P / O  and CaZ+/O ratio. High concentrations inhibited 
both succinate and ascorbate plus tetramethyl-p-phenylenediame (TMPD) oxidations, and uncoupler (carbonyl 
cyanide p-trifluromethoxyphenyihydrazone) and Ca 2 +-stimulated respiration. Porcine liver mitochondria were 
more sensitive to trifluoperazine than skeletal muscle mitochondria. Trifluoperazine inhibited the electron 
transport of succinate oxidation of skeletal muscle mitochondria within the cytochrome b-c t and cytochrome 
c t-aaa segments of the respiratory chain system. 233 nmol trifluoperazine/mg protein inhibited the aerobic 
steady-state reduction of cytochrome c t by 92% with succinate as substrate, and of cytochrome c and 
cytochrome a a  3 by 50-60% with ascorbate plus TMPD as electron donors. Trifluoperazine can thus inhibit 
caimodulin-independent reactions particularly when used at high concentrations. 

Introduction 

Phenothaazme and related compounds are anti- 
psychotic drugs w~dely used as probe in&cators 
for calmoduhn involvement m cellular functions 
[1-8], particularly m stu&es on calcium-dependent 
processes [1-5,8,9]. Recent investigations [9-13], 
however, have shown that these compounds are 
not specific mlubltors of calmoduhn-dependent 
enzymes. For example, trffluoperazane can mhabxt 
rat liver mltochondnal ATPase [10], ADP-sUmu- 
lated oxidation of succmate and Ca 2+ efflux [1 l] 
of rat hver mitochondna, affect lymphocyte lactate 
and ATP levels [12] and inhabit the noncalmodu- 
hn-dependent enzyme, protein lonase C [13]. Even 

Abbreviations FCCP, carbonyl cyamde p-tnfluoromeih- 
oxyphenylhydrazone, TMPD, tetramethyi-p-phenylene&amme 

though thas phenothlazme compound exhablts 
speofic calcmm-dependent binding to calmodulin 
[1,14], thereby inhabiting its regulatory functions 
[ 1,2,4,5,15], recent reports [15-17] also suggest that 
tnfluoperazme can bind to calcmm-dependent 
proteins other than calmoduhn. 

Except for the report [10] of the mhabition of 
tnfluoperazme of rat hver rmtochondrial ATPase 
and ADP-stlmulated oxidation of succmate, no 
stu&es on other mltochondnal resptrat~on or elec- 
tron transport have been published. Thas paper 
reports stu&es on the effect of tnfluoperazme on 
the resp,ration of porcine mxtochondna, particu- 
larly those from skeletal muscle. Trlfluoperazme 
inhabits both Ca 2+- and ADP-stxmulated resplra- 
t~on of porcine hver and skeletal muscle 
rmtochondna oxa&zlng succinate m the presence 
of rotenone. H,gh concentrations of tnfluopera- 
zme intub,t electron transport w~than the cyto- 
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chrome b-c~ and cytochrome c-aa 3 segments of the 
respiratory cham system of porcme skeletal muscle 
mltochondna. 

Materials and Methods 

Matertals 
ADP, antamycm A, fatty aod-free bovme serum 

albumin, phenazme methosulfate, rotenone and 
sodmm succlnate were purchased from Sigma 
Chemical Co.; sodmm ascorbate and TMPD dlhy- 
drochlonde from Brmsh Drug Houses, FCCP from 
Boehrmger Mannheim; crystalhne Bacdlus subtths 
protemase (nagarse) from Telkoku Chermcal Co., 
and all other reagents were of analytical grade 
Trlfluoperazme was Iondly supphed by Dr. C. van 
Hardeveld, Department of Chenucal Pathology, 
Le~den, and by Smith Kline and French Laborato- 
ries Ltd., U K. 

Methods 
Skeletal muscle mltochondna were isolated from 

porcine longxsslmus dorsl using B. subtths pro- 
temase [18], and hver mltochondna by dffferentml 
centrffugatmn [10] m 250 mM sucrose containing 
1 0 mM EDTA (pH 7.4). The hver mltochondrml 
pellet (7000 x g) was washed three times m 250 
mM sucrose before being finally suspended m 250 
mM sucrose (final concentratmn). Oxygen uptake 
was measured with a Clark oxygen electrode (Yel- 
low Springs Oxygen Monitor (Model 53)) at 37°C 
The ADP-stimulated respiration for succmate 
ox~daUon was determined m a reaction medium 
(pH 7 20) containing 30 mM KC1, 6 mM MgCI 2, 
75 mM sucrose, 20 mM KH2PO 4 and 1 mM 
EDTA, and the Ca2+-stimulated respiration m a 
medmm (pH 7.20) containing 225 mM mannltol, 
75 mM sucrose, 15 mM TrIs-HC1 and 5 mM P, 
Difference spectra were recorded at - 1 9 6 ° C  m 
1.0 mm hght-path perspex cells with an Ammco- 
Chance dual-wavelength/split-beam (DW 1) spec- 
trophotometer operating in the spht-beam mode 
The steady-state reducuons of the b- ( 5 6 2 -  575 
nm) and c ( 5 5 4 - 5 4 0  and 5 5 0 - 5 4 0  nm)-type 
cytochromes and cytochrome aa 3 (605 - 6 3 5  nm) 
were estimated at room temperature operating m 
the dual-wavelength mode at appropriate wave- 
length pairs with an Aminco-Chance (DW 2A) 
dual- wavelength/spht-beam spectrophotometer 

using 10 mm hght-path cuvettes Protein was 
estimated according to the method of Lowry et al 
[19] using bovine serum albumin as standard 

Results 

lnhtbmon of ADP- and Ca: +-snmulated resptratton 
of porcine hver and skeletal muscle mttochondrta by 
trlfluoperazme 

Trlfluoperazme was found to inhibit both the 
ADP- and Ca2+-stlmulated oxidation of succinate 
in the presence of rotenone of tsolated porcine 
hver and skeletal muscle mltochondrla (Table I). 
With porcine liver mltochondrla the respiratory 
control induced by ADP was more sensitive to 
trifluoperazlne than that induced by Ca 2+ A loss 
in respiratory control was observed following the 
addition of 63 nmol trlfluoperazlne/mg protein 
and a complete inhibition of the ADP-stlmulated 
respiration was observed by doubhng the con- 
centration of trlfluoperazlne In the case of Ca 2+, 
63 nmol trifluoperazine/mg protein could reduce 
both the values of the Ca2+/O ratio and the 
respiratory control index of a typical control ex- 
periment from 2.77 and 2 72 to 064 and 1 40, 
respectively. As m the case of ADP, a complete 
inhibition of the Ca2+-stlmulated respiration was 
obtained with 126 nmol tnfluoperazlne/mg pro- 
tein Our present data thus substantmte the recent 
findings of the effect of phenothlazlnes and related 
compounds on rat liver mltochondna [10] but 
differ in two tmportant aspects. Firstly, 4-times the 
concentration of trlfluoperazme was required as 
compared with rat liver mltochondrm to inhibit 
completely the ADP-stimulated respiration of 
porcine hver mitochondrm. Secondly, both the 
ADP- and CaZ+-st~mulated respiratmn of suc- 
create oxidatmn by porcine hver rmtochondria was 
inhibited by trlfluoperazme, whereas in rat liver 
mltochondrm only the ADP-stlmulated respiration 
was affected [10]. 

With skeletal muscle mitochondrm higher con- 
centrations of trlfluoperazme were reqmred to in- 
hibit completely the ADP- and Ca2+-stimulated 
respiration than those of liver mltochondna. Com- 
plete inhabmon of respiratory control w~th ADP 
and Ca 2+ was obtained with 264 nmol trifluo- 
perazme/mg protein. Skeletal muscle rmtochondria 
thus required twice the amount of trlfluoperazme, 
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TABLE I 

EFFECT OF T R I F L U O P E R A Z I N E  ON ADP  A N D  Ca2+-STIMULATED RESPIRATION BY PORCINE LIVER A N D  
SKELETAL MUSCLE M I T O C H O N D R I A  

The experiments were carried out polarographlcaily at 37°C with a Clark oxygen electrode using succmate as a substrate tn the 
presence of rotenone (2 #M) The reactmn was started by addmon of succmate (10 raM) followed by either ADP (200 nmol) or Ca 2÷ 
(300 nmol) to induce the State 3-State  4 transitions [20] in the control expertments, but  ADP and Ca 2÷ were only added after 
tnf luoperazme m the test The rates in the table are expressed m ngatom O / m m  per mg protein Total protein m each expertment, 
5 52 rag, total volume, 2 54 ml, RCI, respiratory control index 

Ml tochondna  Tnfluoperazme Ca 2 + ADP 
( n m o l / m g  protein) 

State 3 State 4 Ca2+ /O RCI State 3 State 4 A D P / O  RCI 

Liver 0 123 45 2 77 2 72 202 47 1 60 4 30 
+ 63 143 102 0 64 140 160 160 - 1 00 

Skeletal muscle 0 501 100 3 00 5 01 461 143 2 l0 3 65 
+ 88 424 150 200  2 83 427 209 1 40 2 04 

expressed on a protein basis, to block completely 
both the ADP- and Ca 2÷-stImulated respiration of 
succmate oxidation as compared with porcine liver 
mltochondrla 

With both porcine hver and skeletal muscle 
ml tochondna trlfluoperazlne at low concentratmns 
could stimulate, or at high concentrations could 
inhibit succmate oxidation With skeletal muscle 
mitochondrm oxldlzang succinate m a medium (pH 
7.20) containing 225 mM mannitol, 75 mM sucrose, 
15 mM Tns-HC1 and 5 mM P,, maximal stlmula- 
tmn was observed with 166 + 26 (n = 3) nmol 
t r l f luoperazlne/mg protein, complete inl~bltion 
with 5 2 8 _  90 (n = 3) nmol t r i f luoperazme/mg 
protein, and no effect at a concentration of 265 + 7 
(n = 3) nmol t r i f luoperazine/mg protein In the 
case of liver mltochondrm, neither stimulation nor 
inhibition of succinate oxidation was observed with 
97 nmol tnf luoperaz ine /mg protein, and complete 
mhabltmn at 155 nmol t r l f luoperazlne/mg protein. 

Sttes of mhtbmon of succmate oxzdase system by 
trlfluoperazme 

The sites of inhlbitmn of mltochondnal  respira- 
tion by lugh concentrations of trlfluoperazIne were 
investigated by polarograpluc and spectroscopic 
techniques. Polarograpluc data (Fig 1) using suc- 
cinate as a substrate showed that tnfluoperazane 
lnlubited respiration at more than one site of the 
electron-transport chain system of skeletal muscle 
rmtochondna,  with all the sensitwe sites being 

locahzed on the oxygen side of sucomc dehydro- 
genase (EC 1.3 99.1) Tnfluoperazme had no effect 
on succmlc dehydrogenase, since the inhibition of 

± 
200n otom$ 0 

SUCCINATE 

PHENAZINE METHQSULFATE(0 5raM) 

TRIFLUOPERAZINE 
( 600  nmol/m 90rol)  

MALONATE (1 5 raM)  

$UCCINAI[ 
l Co 2* 

9%.s\ [ 
TRIFLUOPERAZONE 

(578 n tool/rag prot) 

ANTIMYCIN A (4yg/mg protein) 

]%,,L,,_ 
A$CORBATE - TMPD (~00  nmol/mg pro) ) 

Fig l Polarograpbac experiments showing the sites of mhabl- 
Uon by high concentratmns of tnfluoperazme on the electron- 
transport chmn system of porcine skeletal muscle ml tochondna  
The experiments were conducted in a reaction m e d m m  (pH 
7 20) contaanmg 225 m M  manmtol ,  75 m M  sucrose, 15 m M  
Tns -HCl  and 5 mM P, at 37°C Trace A represents a typical 
experiment showing that tnfluoperazlne had no affect on the 
s u c c m a t e  d e h y d r o g e n a s e  of porc ine  skeletal  musc le  
rmtochondna  Trace B shows that cytochrome oxadase acuvlty, 
measured by the oxidation of ascorbate plus TMPD,  was 
sensitive to htgh concentrauons of tnfluoperazane Total pro- 
tern trace A, i 30 rag, trace B, 1 12 mg Total volume, 2.60 ml 
Other  experimental detmls are gwen m the legend to Table I 
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oxygen uptake due to succmate oxidatmn could be 
relieved by phenazane methosulfate, and tlus m- 
crease m respiration was mlubited following the 
addition of malonate (Fig. 1, trace A), a specific 
inhibitor of succmic dehydrogenase. Another site 
of the electron-transport chain sens~twe to tn- 
fluoperazlne was at the level of cytochrome oxldase 
(EC 1.9.3.1) (Ftg. 1, trace B). The complete mhlbl- 
uon of succlnate oxidation m the presence of Ca 2 ÷ 
by 578 nmol tnfluoperazane/mg protein could be 
partially reheved by ascorbate plus TMPD, which 
donated electrons to the c-type cytochromes of the 
respiratory chain system. The cytochrome oxldase 
acuwty measured w~th ascorbate plus TMPD as 
electron donors was lnlublted 80% by 578 nmol 
tnfluoperazane/mg protein, and tlus actwlty was 
almost completely blocked by a total addition of 
900 nmol tnfluoperazme/mg protein (Fig. 1, trace 
B). 

4 4 4  

Difference spectra (Figs. 2 and 3) suggested 
that trifluoperazane inhibited succmate oxidatmn 
of skeletal muscle nutochondria by acting at two 
s~tes, one probably between the b- and c-type 
cytochromes and the other between the c-type 
cytochrome and cytochrome a a  3. In the presence 
of 880 nmol trlfluoperazme/mg protein, a 15% 
increase in the succmate-reduced a-peak of the 
b-type cytochrome (561 nm) and a decrease of 50 
and 90% in the reduced a-peak of cytochrome c 
(548 nm) and of cytochrome a a  3 (603 nm) were 
observed (Fig. 2, cf traces B and A). The inhibi- 
tion of the reduction of these cytochromes by 
tnfluoperazine was also supported by a substantml 
decrease m the reductton of the y-peaks of these 
cytochromes (416 and 444 nm, respectively). Pre- 
venuon of the reduction of cytochrome a a  3 by 
trffluoperazme was also demonstrated when 

! 

A A  = 0 0 4  

T 4 1 6  

B \ /  

4 3 1  

--- 4 2 7 

! 

/k A = O 0 1  

T 

5 4 8  6 0 3  

1 

--I  25om I-- - j 2 5 ° .  I-- 
Fig 2 Difference spectra ( -  196°C) showing the effect of tnfluoperazlne (trace B) on the succmate-reductble cytochromes m porcine 
skeletal muscle m~tochondrta (trace A) Trace A dlustrates a typical control experiment showing the succmate-reduced minus oxtd~zed 
difference spectrum recorded at - 196°C of the cytochromes reduced with succmate (10 raM) for 5 mm at room temperature in the 
presence of rotenone (2 p.M). The mttochondna m the reference cuvette were oxidized wtth atr prior to freezing both cuvettes m hqmd 
mtrogen Trace B shows the effect of 880 nmoi tnfluoperazme/mg protein on the succmate-reduclble cytochromes m porcine skeletal 
muscle m~tochondrm Total protein m each experiment, 3 51 mg, total volume, 1 0 ml 
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~ A =  0 1 

4 4 4  

_ ± 

A A = 0 0 2  t 

Ftg 3 Difference spectra ( - 1 9 6 ° C )  showing the effect of tnf luoperazme (trace B) on the ascorbate plus TMPD-reduclble  
cytochromes m porcine skeletal muscle rmtochondna (trace A) Experimental condmons  are slrmlar to those descnbed m the legend to 
F,g 2 except that the cytochromes were reduced with ascorbate (4 raM) plus T M P D  (0 2 raM) m the presence of a n u m y c m  A (I 0 
p g / m g  protein) Trace A represents a typical control difference spectrum of ascorbate plus T M P D  rmnus oxld~.xl spectrum at 

- 196°C, and trace B as trace A except that 880 nmol  t n f l uope razme /mg  protein was added pnor  to ascorbate plus T M P D  

TABLE II 

EFFECT OF  T R I F L U O P E R A Z I N E  ON THE AEROBIC STEADY-STATE R E D U C T I O N S  OF C Y T O C H R O M E S  IN PORCINE 
SKELETAL MUSCLE M I T O C H O N D R I A  

The reducuons of cytochrome b, ,4(562_575 nm), cytochrome Cl, A(554_s40 nm), cytochrome c, At550_540 nm), and cytoehrome aa3, 

A(605_635nm), were momtored  m the dual-wavelength mode with an Anunco-Chance (DW 2A) dual-wavelength/spl i t -beam 
spectrophotometer at room temperature The reacuon m e d m m  (pH 7 20) contained 225 m M  manmtol ,  75 m M  sucrose and 15 m M  
Tns-HCI  The reducuon of the cytochromes was lmtlated by the addmon  of either succmate or ascorbate plus T M P D  into the 
magneucally stirred nutochondnai  suspension m a 10 nun hght-path cuvette m the control experiments, and after the addmon  of 
tnf luoperazme (233 n m o l / m g  protein) m the test expenments  Rotenone (2 pM)  and a n u m y c m  A (0 5 m g / m g  protein) were added to 
the nutochondnal  suspension prior to sucemate (10 raM) and ascorbate (4 raM) plus T M P D  (0 2 raM), respecUvely Total volume, 
2 56 ml, total protein, 5 37 mg - ,  not determined Values are expressed as % 

A d d m o n s  Aerobic steady-state reducUons of cytochromes 

b ( 5 6 2 - 5 7 5  nm) c I ( 5 5 4 - 5 4 0  nm) c ( 5 5 0 - 5 4 0  nm) aa 3 ( 6 0 5 - 6 3 5  nm) 

Rotenone + succmate (control) 100 100 100 - 
Tnfluoperazane 4- rotenone + 

succmate 100 8 2 - 
Ant lmycm A + ascorbate + T M P D  

(control) - - 100 100 
Tnf luoperazme + a n u m y c m  A 

+ ascorbate + T M P D  - - 52 40 
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ascorbate plus TMPD was used to donate elec- 
trons to a different site of the electron-transport 
chain system (Fig. 3). Under these conditions, the 
reduction of cytochrome a a  3 was substantially in- 
hibited as shown by the extent of the reduced a- 
(603 nm) and "y- (444 nm) peaks 

The aerobic steady-state reductions of these 
cytochromes were also modified by trlfluoperazme 
during the oxidation of succmate and of ascorbate 
plus TMPD (Table II). The aerobic steady-state 
reduction of cytochrome c I was inhibited by 92% 
and cytochrome c by 98% with 233 nmol trlflUO- 
perazme/mg protein, which had no apparent ef- 
fect on the aerobic steady-state reduction of the 
b-type cytochrome. W~th ascorbate plus TMPD as 
electron donors instead of succlnate, the same 
concentration of trifluoperazme reduced the 
aerobic steady-state reduction of cytochrome c and 
of cytochrome a a  3 by 48 and 60%, respectwely. 
These data suggested that the cytochrome b - c  seg- 
ment of the respiratory chain system was more 
sensmve to trlfluoperazlne than the cytochrome 
c - a a  3 segment. The effect of tnfluoperazlne on 
porcine skeletal muscle nutochondrla was also re- 
flected by the increase m the time taken before the 
cytochromes attained their anaerobic steady-state 
reductions For cytochrome c, the time taken to 
attain ~ts anaerobic steady-state reduction was m- 
creased by 140% m the presence of 233 nmol 
tr lf luoperazlne/mg protein, and for cytochrome 
a a  3 by 550% 

Discussion 

Our present data showing the effect of trlfluo- 
perazane on porcine liver and skeletal muscle 
rmtochondnal function further substantiate recent 
evadence [9-13] that phenothlazane compounds, 
particularly at high concentrations, can inhibit 
calmoduhn-mdependent reactions With porcine 
hver and skeletal muscle mitochondna, m contrast 
to previous findings on rat liver mitochondna [10], 
low concentrations of trlfluoperazane inhabited 
both the ADP- and Ca2+-resplrauon of succmate 
oxadatlon. Porcine liver rmtochondrla were found 
to be more sensmve to tnfluoperazane than skeletal 
muscle m~tochondrm. Another interesting feature 
of tnfluoperazane was the observed mlubitlon by 
this compound on the electron transport of suc- 

create oxadat~on by skeletal muscle mitochondna, 
acting at two different s~tes of the respiratory 
chain system Tnfluoperazane inhibited electron 
transport wltlun the cytochrome b - c  I segment of 
the mitochondrlal respiratory chain system In this 
respect, th~s compound acted m the same fashion 
as antlmycm A [21], 2-heptyl-4-hydroxyqumohne 
N-oxide [22], dmron [23], mucldm [24], funlculosln 
[25], tndemorph [26] and myxothlazol [27]. The 
most novel feature of tnfluoperazane was ~ts ablhty 
to block cytochrome oxadase activity by mhlbmng 
at a site between cytochrome c~ and cytochrome 
a a  3 To our knowledge, no inhibitor has yet been 
reported to block electron transport m the cyto- 
chrome c l - a a  3 segment of the mitochondnal re- 
spxratory chain system 

Phenotbaazlne compounds such as penflundol, 
plmozade and trifluoperazme have recently been 
reported to &srupt rat hver mltochondnal energy 
producUon not associated with a phenotluazane- 
calmoduhn interaction [10]. High concentrauons 
of phenotbaazlne compounds could inhibit the un- 
coupler-stimulated respiration, and tlus was sug- 
gested to be due to gross membrane changes. The 
s~tes of inhibition were, however, not characterized 
[10], and could be slimlar to those observed in 
porcine skeletal muscle rmtochondna. 

Tnfluoperazlne could also mlub~t the Ca 2+ 
actlvat~on of phosphohpase A 2 in human platelet 
membranes [4] and m porcine pancreas [28], with 
[4] or without [28] the involvement of calmoduhn 
Inhtbmon of. phosphohpase A 2 by tnfluoperazme 
might also be due to a nonselective hydrophoblc 
interaction between this compound and the phos- 
phohpld substrate [17,28-30]. Indeed, low con- 
centratlons of tnfluoperazane (19/~M) could over- 
come the Ca2÷-mduced uncouphng of skeletal 
muscle rmtochondna ~solated from porcme mahg- 
nant hyperthermia-prone pigs [18] probably by 
inbabmng the mitochondrtal phosphohpase A 2 
(unpubhshed data) Under these condmons, the 
skeletal muscle lmtochondrla isolated from porcine 
malignant hypertherrma-prone pigs behaved like 
mltochondna isolated from normal pigs [18], by 
exhibmng smular values for the Ca 2 + /O ratio and 
respiratory control index and accumulating a smu- 
lar amount of exogenous Ca 2÷ dunng succmate 
oxadatlon without showing any sign of becoming 
uncoupled 
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T h e  i n h i b i t i o n  o f  t h e  C a  2+ a c t i v a t i o n  o f  p h o s -  

p h o h p a s e  A 2 m m l t o c h o n d r t a  o f  m a l i g n a n t  h y p e r -  

t h e r m t a - p r o n e  p igs  b y  l ow  c o n c e n t r a t t o n s  o f  t r t -  

f l u o p e r a z l n e  is d u e  to  i t s  i n h i b i t i o n  o n  

c a l m o d u h n - d e p e n d e n t  r e a c t i o n s  ( u n p u b l i s h e d  

d a t a )  
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