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The effects of arar.hidonic acid and other fatty ~ids on m,tochondnad Ca 2+ U~aspon were stmlk~l. Cty-.msaturaeed 
fatty acids generally slroagly m]-~)ited mitachandnM Ca 2+ uptake, indueed a net Ca 2+ efflux~ ~ I]berelby increased the 
e x l r a m i t 0 ~ a l  Ca 2+ enneentration, whereas trans-unsaluraled fatty acids were lnef|eehve Saba~ted fatty aekr~ 
exhibited sli#lt activity at chain lensIhs from Cteto  Ct4 oaly. The structure--activity relationship and the inability e[ 
seine ef the effective fatty acids such as palm,tolem and mydsteleic acid to be metal~hzed to eicosanoids su~eest that 
Ca z+ release was indeeed by the fatty ~2kls themselves ami res~ted from changes in the mitoclmndrlal m~embrane 
hllayer slro¢ture. There was a cot'relation betweea Caz*-releaslng po*ency and reduchon edi mitochonddal mem~'atte 
poten~ai, whkh is I1~ main driving force for mitoehondrial Ca 2+ uptake. There were, hewever, eonstderable differences 
enml~tred with tile elfeets of bsophespholiplds on the membrane potential The mechanism d uetion off fatty aenls may 
be lhat of a flaidizing effect oa the h y d ~  core of the membrane, thereby modulalin~ the activity ol integral 
membrane proteins o4[ the respiratory chain, 

Introdeetion 

A variety of recent reports on the relauonslup be- 
tween cell sth,mlatton and phosphohpid metabohsm 
have described the producnort of lysophosphohp,ds, 
mchcatm$ act,vat,on of phosphohpdse A 2 (PLA2) m 
different tissues [1-4] These and other observations 
have led to the hypothesis that a PLA2-methated signal- 
ling pathway might exist [5], m analogy to the pbos- 
phohpase.C-medlated SlgllalhNg pathway which gener- 
ates the mtracenular second messengers mo~tol 1,4,~- 
tnsphosphate [61 and daac-ylglycerol [7] 

PLA2 removes the fatty acid from the C2-atom of 
the phosphohpld glyce¢ol backbone [g] Fatty acids 
estenfled m thts posmon are mainly unsaturat~ The 
other reaction product - the lysophosphohpld - is 
deter~mned by the spectfsctty of the mtrace]]ular PLA 2 

Abbrcvlattons PLA z, pho.~ph0hpa~e A 2 (EC 31 14), TPP +, telra- 
phenylph,~phomltm, PLC, phm~,hohpase C, PE, pl-.osphaudyl- 
ethanolamm¢. PC pho~phahdy]chohne, PI. phosphaudylmomol 

Correspondence S Lenzen, lnsutut 1"~ PharmakoIoS;¢ and ToxtkolO- 
gze, Um~erStllt[ G6ttmsen Ro'oetl-Koc.h-Str 40, D-34~0 QOttmge:n, 
FRG 

for the head-group of the parent phosphohpld As a 
single type of phosphohp~d consists of several molecular 
species with different fatty acids [9.10], the actton of the 
PLA 2 will probably generate more than one type of 
fatty acid 

The interest tn fatty acid hbcra'aon by PLA 2 has 
focu~d mainly on arachtdomc acid [1t,12] due to its 
further metabohsm m the cyclooxygenase and hpo- 
xygenase pathways Many biological effects wluch can 
occur after activation of PLA2 are usually not a~cnbed 
to the fatty actds thems~]ve~ hut to the generation of 
elcosanotd metabohtes F.at'her reports desenbmg ef- 
fects of unsaturated fatty acads on mtracellular Ca 2+ 
mohdizauon [13] have been cntlc,2e_d from thts point of 
view [14] or have been interpreted as not represenung 
biologically relevant phenomena [15] 

It ts ~ t t l e d  at present whether fatty acids, 8cncr- 
ated by the action of DLA2, can influence mtracellular 
Ca 2+ homeostasis without requtrmg further metabohsm 
Prewously we have demonstrated that the release of 
mtracel]ul~ty stored Ca 2+ reduced by arachtdonm acid 
acting on permeabihzed cells results primarily from its 
actton on the nlttoehondna [16] Ca 2+ release from 
endoplasrmc retieulom also oontrtbuted somewhat to 
the increase in the free Ca 2+ coneentrauon bat far less 
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than rmtochondna, and i t  &d not farther merease the 
free Ca 2.  concentrahon when co-incubated with 
an tochondna  [16] 

In the present study the effects of satorated, o$- and  
tram-unsaturated fatty acids on rmtochondnal  Ca  2+ 
transport were mvesugated to eluctdate then  mecha- 
msm of action and evaluate a possible second m~s- 
senger role of thes~ sobstanc0s The ¢ffe, cts of lysophos- 
phohplds are descrtbed in a procedlng paper [17] 

Matemds  and Methods 

Chemwal~ Aracludomc acid and all other fatty acids 
were obtained from Sigma 4~ CaC[ 2 was f~om Amersham 
lntemat tonal  An other chermcals of analyttcat grade 
were from Sigma (St Lores M e ) ,  Boehnnger (Mann- 
helm. F 1LG), Serva (Heidelberg, F R G ), or Merck 
(Darmstadt,  F R G ) 

Preparation of m~tochondrm: fractions Ltver wa~ ob- 
tained from Wlstar  ta ts  hom~ geraz¢'2 m homogemza-  
tlon medmm (210 mM m a n m t o l / 7 0  mM sucrose /20  
mM Hepes, adjusted to pH 7 0 with KOH)  and mum- 
tamed on tee [18.19] The sedunent obtmned after 
cenmfugat ion for 15 nan  at  660 × g was discarded The 
autochondnal  pellet was obtained by  centnfugat ton of 
the supernatant for 15 nun at 4000 × g at  4 ° C  [18,19] 
After resuspension ann recentnfugatmn the pellet was 
resu~pcndcd m teat medium (125 mM K C I / 2  m M  
K H 2 P O j 5  mM succmate /0  3 mM MgATP2~/25  m M  
tIep~s adjustt~d to pH 7 0 vath KOH) [19-21] Protem 
was determined according to McKmght  [22] The pro- 
tern content e l  I g l  of the resuspended rmtochondnal  
fracuons was 27 + 1 ~g  ( N  ~ 23) 

Measurement of free Ca ~ = eoncentratwn Ca 2+ uptake 
and efflux by isolated imtochondna  were measured m 
test nlcdLum at 25QC wRh a newly demgned Ca2+-ton- 

sen$111ve numelectrode and nucromcubatmn chamber 
(40 # l  volume) as described recently m detail [18l 
A d d m o n  of fatty acids to the test medium dtd not affect 
electrc.,de recordings m control  experiments 

Measurement of ~¢5Ca2÷ fluxes 4SCa 2+ uptake  b2,' 
tsolated reatochondna incubated for 30 s m 20 #1 labelled 
test medmm at 2 5 ° C  was measured at  a free Ca  2+ 
concentrat ton ol~ 10 ~aM as described [23] The free 
Ca 2+ concentrat ion in the medmm was adjusted v~th 
the Ca  2+ electrode Separat ion of n'utochondtaa from 
mcubatton medmm for measurement  of 4SCa2+ uptake 
by hquld  scmtfllatton countmg was performed vath a 
newly designed macrohltraUon dexace [23] 

Measurement of rmtochondrml Ca 2 + content Mlto- 
chondnal  Ca  z+ content  was measured by atorme ab- 
sorptmn spectroscopy w~th a Massmann cuvetle from 
Beckman Inst ruments  [18] 

Mea.curemem of rmtochondrml membrane potenual 
Membrane  potent ia l  of molated rmtochondrm was de- 
terrmned from the dtstrtbu~:on of the hpopluhe carton, 
TPP + (Aldrich) between the mcubatmn medium and the 
rmtochondnal  matr ix  [21] Measurement  of the "rPP + 
concentrat ion ]n the mcubahon  modmm was performed 
m a nueromcuba tmn chamber  [15] using a TPP+qon  - 
senstttve membrane  [24] mounted  on the tip of  the 
exchangeable membrane  support  reset of the frame. 
lectrode wluch has  also been used for free Ca 2+ mn 
measurements  [18] and calculated as rexcntly described 
[19] 

Results 

Effeet~ of arachtdonte acid on mltockondr~al Ca 2 + tran,- 
port 

Isolated hver  tmtochondna  (9 6 =l: 1 6 n m o l / m g  pro- 
tern Ca  2+ content)  lncuba t~ l  tn a t,~st medtum of an 
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Fig I Effect of ar~c~domc acid (AA) (50 aM) on the regulauon at the free Ca 2+ cOnceatratton b~ rat liver autochoadna and it> raodulaUon by 
P.ttthemum red (R.R) (250 riM), Na + (5 raM), and spexrmne ~400 b~M) Mzto~hondna (suspended m 1-2 #l test me,chum) were added to the test 
medmm wah an mmal Ca:" concealrauon of 5 #M m the rracromcubat]on chamber at nnn 0 AA P,.R, Na +, spennmt el tesl medmm only 

(control) were added alter 2 5, 5, 5 5 and 10 nun, re~pecovely "The curves repres~ nt typical recordings wluei~ were r0pcazed rlv¢ limes 
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mine composition szmulatmg the eompos,t~on of the 
eytosol [19-21] are able to mare|am a steady-state free 
Ca :+ concentrahon well below ! v.M fFlg 1A) Ad- 
dib.on of araehadomc acid (50 pM) to the mcubduon 
medmm increased the free Ca z+ concentratton to values 
above 1 f~M Thereafter. spertmne (400 ~M), an acuva- 
tor of the nutochondna] Ca ~÷ umporter [21], had we|n- 
ally lost its ablhty to decrease the free Ca z+ concentra- 
uon through sttmutatLon of mttochondnal Ca 2+ uptake 

Add~tton of Ha + (5 mMk an actwator of tmtochoa- 
dnat Ca ;~+ efflux via Na+-Ca ~+ exehang0 [25] (Ftg IB), 
as well as Ruthemum red (250 aM), an mlub]lor of the 
rmtochondnal Ca ~- umporter [261, to the incubation 
medmm reduced the typteal Ca 2+ efflux from hver 
rmtoehondrta (Fzg 1C) Tke effect of Ruthemum red 
(250 nM) on Ca z+ effl~x was enhanced by Na + (5 raM) 
(he .  1D) Addatmn of aracludome acid (50 ~tM) to the 
incubation medmm further increased the free Ca z ~ con- 
centralaon m all three sduattons (Fig. 1B-D) 

The abthty of spermme (400 ~aM) to decrease the free 
Ca 2+ conceaatratlon through stm~ulatton of mlto~.hon- 
dnal Ca z+ uptake was laekang after prewous addmon of 
Na + (5 raM) plus aracludomc acad (50 pM) (Ftg IB) as 
well as after prevtous addmon of Ruthtnuum red (250 
aM) plus araehtdomc aetd (50 pM) wtthout (Fig 1C) or 
vath (F~g 1D) eoneormtant presence of Na + (5 raM), 
but a further merease m the free Ca 2+ concentrauon 
was attenuated 

Effects of araehtdomc acrd and other fatty acMs on 
maeehondr~al Ca 2 .  uptake and Ca "+ e/flux 

The rotes of Ca 2+ uptake by hver rmtochondna 
winch me.teased in dependence on the Ca ~* eoneenlra- 
tmn were decreased by araehadome aetd (100/~M) (Fig. 
2). Imttal frec Ca z+ con¢¢ntrauons m the mcubauon 
medmm winch was supplemented wtth 5 mM succmate 
as a mltochondnal substrate were adjusted to 0 5, 1 0, 
25, 50, 75, or 10 #M Ca 2. Ca 2+ uptake by the 
mltochondna was mttmted by reject|on of rmtochoadna 
mto the maeromcubalaon chamber (Fig 2) The degree 
of mlubxtloa of rmtochondnal Ca 2" uptake by 
aracbadomc actd was not constant, but mere.ased wtth 
bagher Ca ~+ loading of the rmtochondna 

lrresl~Ollv¢ of Llle l.l~tlal free Ca 2÷ concentration 
"mtochondna raptdly de,teased the free Ca ~+ con- 
eeatrauon m the meubaUon medmm m control expert- 
meats, achieving a steady state m the range well below 
0 5 /aM. whtch was reached Mter 15-20 s, even m the 
presence of the highest ~mt]al free Ca 2~ concert|ranch 
of 10 tiM (FIg, 3) Arar.ludome acid affected the kmet- 
zes of Ca a÷ uptake and Ca ~* efflux by isolated rat hver 
nutochondna m a conceatraUon~lependent manner Up 
to eonceatrattous of 10 ~M, arachdomc acad reduced 
only marginally the amount of Ca z+ taken up by 
nutochondna dunng a 30 s mcubaaon pined At lugher 
concentrations of arachtdomc nod (25, 50 or 100 pM), 
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. ~  In i t i a l  C a 2 * O f f e t  { n m o I l m g  p r o t e i n )  
~o i s o l a t e d  L i v e r  M i t e c h o n d r l a  

FIP= 2 Effects of  a single con.centratlon | ] 00  ~M)  of  aracl'ndom¢ ac',d 
IAA) on Ca  :+  uptake by zsoMted tat hvcr rmtochot~na  al different 
lrlttla| Ca 2 P LullGIgl~f~l'atlOn$ T'~e leSl i ~ l u t m  la t.h¢ nucrolngub~tlO~ 
chamber contained sperrmae (tO0 I~M) and AA ( O - - e )  m a 
concentrauo~ of 1130 ,uM U.¢for¢ the begmmng of lhc ea]yenment the 
dlf:['elenl Cd 2 + t.oncentrat:on~, m the mleffJtn~ubatlotl chamber  ~e l e  
adjusted (0 5 l 2 5 5 7 5 or 10 ~M)  These tml~d Ca 2 ~ concentra- 
tuoa~ under centre |  ~.ondRiorls are presented as  imttal Ca" + offerocl to 
the mt lochvndn= a~d expres,.<d a~ nmol Ca "~+ p=cr mg prot~m ( 2 4  
4 7 l l  ~ 23 5 35 3 or 47 0 nmoI Ca  z+ pea" m g  protein) At  Ire're zero 
the ezpenmen,  was ~tarted b) addlltOn Of the ml luenolg lna  (s.,ts- 
p en d ~ l  m O 5 ~l  t~;t medmml  The m m ] m ~  Ca l *  concentrahon 
aclUeved after addzuon of  ihe rcutoehondn~ d u n a g  a 30 s mcubalmn 
p en o d  was registered The  dtf|erm-,ce between |Ms ~alue and the 
ifilha| C.A 2 + ootlcelltraltOC4 ag the begmn~iag of th~ experiment WaL~. 
calcuhacd and Ca  z+ uptake ~as  expressed za nine1 Ca 2+ per m g  
prolem The  a ~ o u n t  of Ca" ~ lake~ u p  by rmtoehondna in compel 
e~penment> (G o} at  P~lch lI~[l~l] C~ 2 .  ~ o n ~ t r ~ U o n  was  
compared ~th the amount of Ca z~ ~aken up by rmtochondna under 
the mfiuen~ of ~ t O - - O !  The values rep~nt ngans+S E 
from four eapcnmenls AA ~igmficanay (P < 001) (analysis of van- 

amcel reduced rmloehondeta| Ca 2+ uptake 

the abthty of the mttochondna to take up Ca z÷ gradu- 
ally deteriorated After uptake of a reduced amount of 
Ca 2+ v, ath a nadir aflur 5 15 s, nutocbondna released 
Ca 2+, so that the tmttal Ca z+ coneenlratton of 10/xM 
was aclueved again wtthm 30 s of meubatton wRh 100 
v.M arachld0me acid (Fig 3) 

Rates of rmtochondnal Ca z+ uptake (Fl~ 4A) and 
Ca 2* efflux (Ftg 4B) were measured m depc~denc.e on 
the concentration of arachldomc actd and a variety of 
other fatty acids according to the protocol described in 
Fig. 3 for araeludome acid 

In Fig 4A, the amotmt of Ca 2÷ maxamally taken up 
by the ~solated hver nutochondna wtdun a 30 s incuba- 
tion period under the influence of Lncrea.smg fatty amd 
concentralaons B expressed as a percentage of the Ca 2÷ 
uptake value obtained m the absence of any fatty acid 
All fatty amds, with the exceptxon of palrmue acid 
(16 0), showed a s]gmflcant coneentratton-dependelat 
decrease of muochondrtal Ca 2+ uptake 

The extent of mMbmon of Ca z* uptake expressed as 
a percentage by these and several other fatty acids ]s 
gwen m Table I When the vxtem of mlabztlon by the 
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Fig. 3 Con~ntration-depend~nl eff~ct.s of arach~domc stud (AA) oa 
the klmeB¢> of Ca  ~+ uptake mad Ca 2+ erfklx b y  lsolate~l rat ]l'b'e~" 
rat toehoadna The lesl m ~ l m m  m the mlerOmCUba~on chamber 
~ n t m n e d  spermm¢ (100 ~ M )  a~d meteasmg A A  coac~m, t r a u o m  (5, 
1O, 25, 50 or 10(} ixM) ~ ~mtml Ca  ~÷ o ~ n ~ n t r i t l o a  m the m~aba-  
hen  m¢~.ttm was adju,sl~l to I0  ~M al  the beginning of the experl- 
menl  At tame zero rite e ~ p m m e n t s  ~mre m~tmted through addKt0n of  
rmlochondna ( s t ~ p ~ d c d  In 0,5 p l  test mcdluJn) to the test med~m-a m 
the tmeromcubauon chin-abet The  vaJue~ ~ r e s e n t  m e a n ~ ± $  E from 

4-9 expenment~ 

fatty amd allow~l the ealeulauon of a half-maxtmally 
effective concentration, thas hgure is also gaven m Table 
i From the group of saturated fatty nods. only laurie 
acid 02  0) (Fig 4.) and mynstte acid (14 0) shghfly 
reduced the rate of rmtoeh0ndnal Ca 2* uptake (Table 
I) However, even at a 100 /~M concentration, the 
mtubitlon of rmtc~hondnal Ca 2+ uptake &d not reach 
50*£ Thus, maxtmally effecttve exmeentrattorm of these 

two saturated fatty acids were far above 100 #M (Table 
I) Saturated fatty aetds with a shorter chain length - 
eaprom nod (6 O), eapryhc acid (8 07, eapne nod 
(10 0) - lind with a longer sham length - palm~ltc aetd 
(16 0), steane acid (18 0), and araetudte aetd (20 0) - 
were completely me, ffectw¢ as mlubltors of mttoehon- 
dnal Ca 2+ uptake (Table I) 

Os-tmsaturated fatty aods, mononnsaturated as well 
as polyunsaturated, were more effectave than saturated 
fatty aods (Table l), ~htle all trans-unsaturate2J fatty 
actds tested ((elmdte acid (18 l(n - 9)), hno[elatdm a~td 
(18 2(n-9,12)).  trans-vaeceme aetd (18 l ( n - l l ) )  
were completely meffectwe The eu-mononnsaturated 
fatty acids wt tha shorter ebmn length, mynstolete aetd 
(14 l ( n -  9)) and palrmtolem acid (16 l ( n -  9)) (Ftg 

4), were mote effegtwe tnlubitors of rmtochondnal Ca 2+ 
uptake, with halt-maxJmal effcctwe concentrations 
around 70 t~M (Table I), than cfs-monounsaturated 
fatty acJds ruth a longer ehmn length elate ao ,'l 
(18 l(n - 9 ) )  (Fag4) ,  petrosehme acid (18 1(- 6)), 
and cu-vaccemc aetd (18 l(n - 11)7 with ],~L-maxtmal 
effeeltve concentrauons above 10o v*,z tfable I) The 
c/s-monounsaturated fatty _- d~ with an even longer 
chain length, etco~n ~, z actd (20 l(n - 11)7 and eruclc 
actd (2~ ! ( ,  - i3)) were completely meffecttve (Table 
D 

The as-polyunsaturated fatty aods showed a thf- 
fercntaal effcctlvtty, depending on the relaaoa between 
the ~ham length and the number and posmon of the 
double bonds m the chain (Table I) An merease m the 
mlubttt0n of mltOChondnal Ca z+ uptake by lmolem nod 
(18' 2(n - 9,12)) was aeMeved when a third double bond 
was introduced m a pos~txon proximal to the two others, 
as shown by the ~gher degree of tmtochondnal Ca 2* 
uptake mlubmon and the lower half-maxunal mtubttory 
concentration of y-hnolemc aetd (18 3{n-6,9,12)) 
(Fig. 17 but not when the third double bond was intro- 
duced m a posttlon distal to the t~o others, as m the 
ease of hnoleme acid (18' 3(n - 9,12.15)) (Fig 1) (Table 
l) An increase m the charm length as m the case of 
etcosatrtenol¢ actd ( 2 0 : 3 ( n -  11,14,17)) and homo-?- 
lmolem¢ acid (20,3(n - 8,1134)) (Table I) attenuated 
the effmtency However, the mtroducttou of an ad- 
dmonal double bond m a posmon proxamal to the three 
other ones as tn the ease of araehldome acid (20 4(n - 
5,8,11,14)) (Fig 1) as shown by the higher degree of 
nutochondnal Ca z+ uptake mhtbitton and the lower 
half-maxtmal lnhthltory concentratmn increased the ¢f- 
hcleacy (Table I) Imroductton of further adthttonal 
double bonds in a posmon distal to the other ones, as m 
the ease of eaeosapentaenole aod (20 5 ( n -  5.8,11,14, 
17)) and doeosahexaenom aeM (22 6 ( n -  4,7,10,13,16, 
19)) was aeeompanted by decreased effeclavtty (Table I) 

In Fig. 4B, the amount o[ Ca 2" released agatn during 
the 30 ~ incubation period by the isolated hver 
mJtechondna under the influence of tnereasmg fatty 
actd eoneeutrattons ts expressed as a percentage of the 
maximal amount of Ca 2+ taken up dunng the ftrst 
10-20 s of the mcubatton pruned 

All fatty nerds wlth a hldf-mwumal mbabttory con- 
centrataon for rmtoehondnM Ca 2+ uptake below 100 
I~M, t ¢, all fatty nerds whteh reduced mltechondrtal 
Ca 2. uptake by more than 50~ at a 100 ~tM concentra- 
teen (Table I), also reduced a potent release of Ca '*  
from rmtochondna, so that the mmal Ca ~+ coneentra- 
ttons of 10 p i  were regained withan less than 30 s, as 
shown for several of these fatty acids m Flg 4B In 
anchtaon, all fatty acids wbaeh reduced rmtoehondnal 
Ca 2+ uptake by more than 10% at a 100 #M ¢0neentra- 
uon (Table 1) also mdueed a potent release of Ca 2+ 
from n'atochondrta, which m each ease accounted for 
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Fig 4 Comparison of ]he concentration-dependent effects of aractudom¢ acid (AA) and ~ome other fatty acids on Ca 2. uptake (A) and Ca"* 
el'fIex (B) by lsolat~l rat  beer tratochondna The  fatty a~tds sho,~ra m this ftgnre al~: laun¢ (]2 0) palm:In. (16 O) nitre ( ]8  t)  pa]mstolel(: ( ]6  ] l 
hnoletc (18 2) y-lmoleme II$ 3~ and arad'odome (20 4) a~,d~ In the IA) m]to.hondnal Ca 2÷ uptake ]~, premnted ,n deper~lenc¢ on the tanv 
acid concentration (10, 25, 50 or 1110 FM) and expressed as percent of gontrol The test medium ta the mictom~ubatton chamber was supplemented 
wtth six-frame (100 ptM) and the lrtl]lM Ca :  ~ concenttaUoo was aa] asted to 1O F M  at the h e n n a i n g  o~ the t.gpenzl~nL tn control e x p ~ t a r r l ~  (~Z~ 
Fig- ] )  rallOthondrl,~ m the in tubatmn chamber decreased the Ca 2+ eonecnttataon within 10 s belov, O 5 ~.M The  amount of  Ca 2" laken up ,n 
these ¢oIlltol ~perLments was 21 94-0  9 nmo] Ca  ~+ p ~  ~ g  preteen T[ua amount  was ~et 100~, and ¢ompat'ed w~th the amount of  Ca -'+ taken up 
~v the mttochondna at  increasing fatty ~ , d  concentratmn~ In (B) mlto~hondtlal Ca z+ efNux 15 preheated m 4 ~ ' t l d e n ¢ ¢  on the fatty acid 
concmtra tmn ( ]0 ,  25, 50 o r  1~0 ~M) and exp re~ ' d  as percent of  ~onteol I n  contrnl eaperzments (Ftg. 3) m~te~hondna m the lnct~hatton chamber 
dJd not re.lease Ca ~'+ d m n  8 a 30 s mcubaaon  period "lherefor¢ Ca z+ release of these mtlochoiidrla V.a~ :~t_t at 9% and compared with the amount 
of  Ca=* rel.~ased by the matoohonthaa at the II~l~llstn[g fatty acid concei:ltratlOfl$ Tile  ~dluut, rg'ptcst.n] means:=S E. from four expg~lnlent:~ Aft 
fatty needs, volh the czceptton of palrmttc actd (16 0) stgntficanlly decreased m . o c h 0 n d n a [  Ca "~* uptake. ( P ~" 001}. and ~,g~,ftcantly increased 

Ca 2" cfflux (P < 0 01) (analss~s of van.mcel 

more  than  50~  of the Ca  z"  ongmaUy taken up by these 
rmtochondrm, as shown for two of these fat ty  acxds m 
Ftg 4B Fa t ty  actds wl~ch did no t  stgntficantly tnlub~t 
Ca  :z+ up take  (not  more than  1%) fTable I) a lso faded to 
reduce release of Ca  2+ from nu toehondna ,  as shown for 
palnut~¢ acid (16 '  01 in F tg  4B 
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Arachtclontc Acid (IJM) 
Fig  5 ConcentmUon-depcmdent effects o |  aracMdmue acid (AA) on 
~ C a  z* aceurnulauon by molated rat  hver mltochondna The  test 
mcdlurn contained s p m n ¢  (100 [aM) and increasing AA concentra* 
t ines (25, 50 o r  ]0D p M )  The  tmual Ca  z+ ~:oncentratlon was ~dju~led 
to 10 p M  Afmr a 30 s mcubatmn per'ted rmt0¢hondna ~¢te  ~epata]¢d 
from lmUMtii~n m~laum by rmcrofiltrataon and 4~Cn2" content wa.,, 
determined by ~ciabltabon counting. The points m the curve  r~re.s~nt 
rates of aSCa2* aceumufatton by th0 mit0ch0n~-va and ate mean~+ 
S E of 20 t:xp~mrvcnLs AA atgmftelntl) decreased the "L~Ca~* a¢cu- 

mu|atton in dependence on tat con~entrataon (P < 0 0], Anova) 

Effects o/ arachldon, a~ M o.  mltochondrml 4~Ca2 + up- 
take 

Araehldom~. acid reduced me  rate of  4ZCaZ+ accumu- 
lat ion by ~solated 1.1vet m]tochondrla  in a concentrat ion-  
dependent  manner  (Fig 5), mdtea t lng  that  arac ludomc 
acid Inhlbtled Ca 2+ uptake  rather  than  reducing Ca  z+ 
efflt,x by unspecific leakage from rmtochondna  

E/feels of arachmomc acid and other fairy actds on 
m~tochondnal membrane pofem~al 

Arachtdonlc  a n d  reduced the membrane  potent ta l  of 
isolated liver rmtochondna  in a concentrat ion-depen-  
dent m a n n e r  (Flg~ 6) The  reductton 0f the rmtochondnal  
membrane  potent ia l  by araehtdomc acid was accentu- 
ated by increasing the mma[  free Ca  2" con¢¢ntralzon in 
the mcubaUon m e d m n x  leachng to a higher Ca 2+ load 
of the mt tochondna  (F2g 6) 

A varmty of other  fat ty acads were also tested for 
their  ab]hty to affect the rmtochondnal  membrane  
potcnt ta l  (Table  l)  In  fact, a corre lauon between the 
abi l i ty  of al l  tested faR) actds a t  a 10O/~M concentra-  
ttort to reduce ]he mt tochondna l  up take  of TPP  + as  a 
measure  of the abthty  to reduce matochondnal  mem- 
brane  potentml and rmtochondrtal  Ca  ~÷ up take  was 
observed {Table I) Thus, all fat ty acids which dtd not  
mtubl t  rmtochondna l  Ca  ~+ up take  also fatlcd to inhibit  
rmtochondna l  TPP + uptake (Tabl-  I) And  all fatty 
acLds winch reduced ml tochondna l  Ca  2+ uptake  also 
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TABLE I 

lnhlblttoa o/ rat hear mrtochondnal Ca" + uptake and of mlto@ondr,M TPP ÷ uptake ea a memure af the mltodm.dnal membrane poteattal 

All fatty acids were tested at a ¢onccntra.on of 100/~M [or then ablhty to mhtb*t mttochondnal Ca 2+ uptake according to the protoco| de-scrtbed 
in legends to 1::~8,s 2 and 3 and ro~- thetr abd,ty to mhth. m.ochondna] TPP + uptake as a measure of the nutochondrial membrane patennal 
accordmg to Ih~ protot.ol d~crthed la legend to F*g 6 The degree of mlul0mon of uptake was exnressed as percentage reduction of the control rate 
of uptake Mllo~hondna not cxpos~l to a fatty a~d s¢vcd as controb The nutochondna dc,~rcascd the fr~: Ca ~+ ~ffn~lltr&tlOlll ~vi the incubation 
methurn front 10 p.M to 0 36 ±0 02 FM "l'ms d~crease of the free C a  2 .  c o n c e n t r a t i o n  m the mcuballon medium of 9 I~±0  02 ~M t, off~ponded to 
a m~tochundnal Ca "~* uplake of 24 1 4-1 6 nmol of Ca 2+ per mg protein {n = 43) The nutochoadna deere~ed the TPP + coneeniratton tn Ihe 
incubation rredmm from 8 ~M to 2 474-000 ~M Th~s de,tease o! the TPP + con~entratmn m the mcnbanon medtum of 5 53+0 06 ~M 
corresponded to a tmtochoadnal membrane potential of 201 5 mV m contr~ls (n = 43) Half-mammaI tBhthttory coneentratto~ of the vaftUtl~ falt'4 
acids ~xpzmsed m ~tM for n~lOehondoal Ca 2+ uptake and rmtochoadneJ. TPP + uptake as a measure of the tmt0¢hondnal membrane potefillg]. 
were ealealat~, for all fatty a~ads winch reduo~d upl~e  by more than 50~ at a t00 .~M cong~mtraUon The.~ values were obtained m expenm~ts 
where the concentratton-dependent erfecs of the fully aods were determmed on Ca 2+ uptake accoramg to the protocol descnbtd mn legends to 
F,f,s 2 and 3 Bud on TPP + uptake a~oldmg to the ptotoool described m legend to Fzg. 6 All values represent mean~+S F_ of four expenmenu 
All gon~catratlon depends'at mlubttory effixL~ of fatty ag*db on m~tochon0nal Ce ~* uptake and membrar~ polculiM greater than I% were 
~gn,ficanl (P ~ 0 01) (analvs~s of vanam.c) 

Half-ma~amal mlubllory con~nlratton of teal agent (At 
and • uptake nlhlb|ttotl at 100 FM or test agent liB) for 

tmto~hondnal ~'+ uptake rmRmhondnal TPP + uptake 

A iBM) B (%t A (#M) U (~) 

I Saturated fatty acads 
1 Caprole (6 O} 
2 CapD'h¢ (8 O) 
3 Cupric (10 O) 
4 Laun¢(12 0) >100 

Mynstm (14 O) > 11~ 
6 PMrmttcO6 O} 
7 Steanc (l 8 D) 
$ Axacludlc f20 O) 

It Unsaturated Fatty nerds 
(#) trans-ua~a~ural~ fatty aglds 

] Eatdn¢(lg l (n-n)) 
2 LInolelatdm(18 2t .  -9.12~) 

wan~-Vacccmc (18 l ( r  - ,  '_IF 

(b) cm-unsatmated fatt5 actds 
fba~ Monou~satueated falip aeM~ 

1 Mynstolme(]4 l ( n - 9 ) )  764- 5 
2 P%lantolelef]6 l (n-Q))  67d: 4 
3Olelc(18 l(n 9)) >100 
4 Petrosehmc f18 i ( .  -6))  ~ 100 

eu-Vacca.mc (lg l(n -11)) >100 
6 Faco~enoi¢(20 l(n 11)) 
7 Erume 122 l(n -13)) 

( bb) Polyunsamrmed /attv acids 
B lanolgtg(lB 2(n-9,12)) 95+ 7 
OLmoleme(18 S(n-91215))  93-4- 8 
10 /-Lmnlemc(18 3(o-6912))  43+ 7 
11 F1cesatneao¢ f20 3(. - 11,14 17)) > 1~ 
121-Torno-v-hnc4em¢ (20 3(n 81114) 99~11 
13 Arachldonlc(20 4{. -$,g,11 14)) 75__. 4 
14 Elcosapeataenolg(20 5(n - ~i,8,11,14~17D 95~: 9 
15 Dccosahexaenolc (12 6t,~ --4 7 1O 13 1~,19)) 9 7 i  15 

Off: 0 1 J:O 
1+ O l:hO 
7±  2 11 +1 

22+ 8 >100 25±1 
16± 5 >100 |8~:4 
I +  o 0-¢-0 
0+ 0 l + l  
0 +  0 u_+u 

t +  1 1±0 
i ±  G t±O 
I ±  I l±O 

71± 3 85± 3 63-['5 
70± 6 56+ 7 77±5 
16-¢- I 130+11 364-3 
21+ 4 121± 9 40±4 
l I +  I >100 24+3 

1-- 1 1±0  
1 ±  1 1±0  

54+ 5 81::1: 5 62+3 
584- 8 774- 9 71±6 
91+ 4 49:t= i) 744-1 
3~-I- 7 9g-- 6 52~3 
50± 9 1oo± 7 49±6 
66.1:5 46J. 3 7743 
544- 7 ]80~r 9 5 l ± 5  
57:kl l  112+18 49+8 

reduced m t t o c h o n d n a l  TP P  + u p t a k e  to a s n m l a r  ex ten t  
(Tab le  I) 

However,  a d iscrepancy between inf luence  o n  mem-  

b rane  po t enua l  and  C a  ~+ up take  becomes  apparen t .  

c o m p a n n g  chemmal ly  closely related fa t ty  actds such as 
lmo lemc  actd and  y*hnolcntc acid Bo th  arc c o m p a r a b l y  

effect ive  m d e c r c a s m g  the m e m b r a n e  po ten t i a l ,  b u t  the 
fo rmer  has  a ha l t -max tma l iy  effecUve concea t r a t ton  o f  

93 ~ M  for  t a h t b i u o n  o f  C a  2+ uptake ,  whi le  the la t te r  

has  one  o f  43 # M  Th t s  mdtca tes  t ha t  the cor re la t ion  LS 

n o t  hnea r  for  each  subs tance  
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Arachldonle Acid (plVt~ 

Fig. 6 Colt¢~alratmn-depeladelll effect of  0.fachldorlu d~.ld (AA} , I" 
the rmtoehondrtal memhr~rte potenllal  of  isolated rag hver  imto~hun- 
dClaatdlffere4nimtaalCaX+conoentraUons(I[2 0 e l  • l O 5 • 10 
pM) The test taedmm m Ihe rmeromeubatmn ehdral~r was >upple- 
mented wnh 1114) .aM spormtne~ g v.M TPP ~" and AA m ~t~reaslntt 
conceatratmns (5. 25, 50 or l ~ l  p M )  I'he experiment ~ a s  started by 
addition of the rmt0ehondna (suspended m l-2 pl test raedtum} to 
II1¢ tust me&urn m the rmeromcubaiion chamber Shown are the 
mltoehondrt~ membrane polential values whch were rnea.sured dur- 
ing a 1 mJn lneubalmn p~l';od The  points zep re~a t  m e a n s + S  E of  
four ¢~pcriancnts A A  s lsmf i ran t l y  d~reas©d the mitochondnal mcr~- 
bratte potentxal al  all  i n n l d  C~t 2÷ eoneentralrons ( P  < O 0 l )  (anal3tsts 

of variance) 

Discussion 

Unestenhed fatty acids ha~e profound effects on 
rmtochondnal Ca 2- handhng They mlxtblt Ca 2. uptake 
and lower rmtoehondnal membrane potential and at 
lasher concentrations lead to a net Ca 2+ efflux from 
nutochondna Wtule cts-unsaturated fatty acids were 
mostly effectave, trans-unsaturated and saturated fatty 
acids ware much less effective or even lneffecuve As 
shown by Kamovsky e t a l .  [27] cls-unsaturated fatty 
acids have a flmdazmg effect [:281 on cellular mere- 
brands, A shght actwtty of saturated fatty acids with 
clmm lengths between Cm-C~4 m the present mv~tlga- 
tmn mchcates that saturated fatty at;ads of these chain 
ltmgths may also have some flmdmng effects m mem- 
branes Tke general conclusion ts m accordance with the 
observation of Takenaka et al [29] that these saturated 
fatty acids - apart from cts-unsaturated fatty acxds - 
mlub~t transmembrane K+-conductance This stru¢- 
ture-acttwty rdatxonslup is at vanance from recently 
puhhshed data descnbm$ the effech of fatty actds on 
the amon transport protem of erythrocyte membranes 
[30], indicating that a generahzed model for the actions 
of fatty acids cannot be set up at present 

The capab,hty of c~s-unsaturated fatty actds to mter~ 
fete with watochondnal Ca-'* uptake increases w~th the 
number of double bonds and decreases with chum 
length T-Lmolentc acid has apparently an opnmal con- 
figuration, whale longer <.hams. even when corttoanmg 
stx double bonds (e g,  docosahexaenme acid), proved to 
be le~s active Ttus structure-acuvtt) relatlonslup sup- 
ports the assumption that fatty acids act by perturbanc¢ 
of the hydrophobm core o~" the phosphohptd bdayer 
[3L] Double bonds in a~-vl chums reduce disorder m 
nelghbourmg acyl chums due to their bulkiness, as has 
been detected with ESR studms [32| Compared with 
saturated or tranv-un~aturated fatty adds, the shape of 
the ac)l chum is changed to a shorter and more lateral 
expanding form The ,,trongest shortening oecuis with 
18 3 chains [33]. which conforms wuh the measured 
interference w,th the antochondnalCa :+ uptake Agmn, 
w~t,h monounsatura, ed fatty acids, r*:ductton of acyl 
chum lLngtn w~tho,.t ~hangJng the po',Ltton of tae dou- 
ble bond results m a higher actwdv Palrmtoletc ae.d LS 
thus much more active than olelc acid, close to 
arachtdomc acid As the o~emll molecular shape will be 
different from that of polyunsaturated fatty acids, the 
common critical property rmght as well be an acyl chum 
end wRh high mottonal freedom at a certmn distance 
from the earhoxyl group Nevertheless since palnutolete 
acid was found to be a potent fu~ogen of ~esx¢les as 
were polyunsaturated fatty acld~ [34], the hwd bdayer us 
probably the primary target of act.ton, rather than a 
direct interaction ¢ , i t h  a membrane protein 

Furthermore. as palrmtolelc acid and mynstoleJc adds 
are not substrate~ for cyclo- or hpoxygenas~ 135]. their 
activity supports the vte~ that t t ts  a property of a gwen 
fatty acid as suuh and not the metabohsm to emosanotds 
that d-'tcrmmes the inhibitory effect on rmtochondnal 
Ca 2+ uptake The recently described Ca*+-releasmg el- 
L'cot of HPETEs and HETEs on rmtochondna [14] may 
be a consequence of the same membrane perturbance as 
exerted by unsaturated fatty actds, because they have 
about the same molar potency Prostagldndms dld not 
show any effect in our system (unpubhshed results) 
However variations m the degree of fatty acid incorpo- 
ration mid phosphohplds during deacylation and re- 
acylatton cycles may also be responsible for some of the 
differences m potency 

As in the case of iysophosphohptds [171 the ablhtv of 
fatty acids to inhibit mttochondnal Ca 2* uptake was 
aecompamed by its ablhty to lower the rmloehondrtM 
membrane potenual, which constitutes the moan driving 
force for the mttochondnal Ca ~+ umporter and thus for 
Ca 2* uptake [36] It has been argued by Ronenberg and 
Hashtmoto [37] that fatty acids do not act as protono-- 
phores as do the classical 'uncouplers', but rather inter- 
fere with the ftmctton of an mtegral membrane protein 
of the resptrato~ china, probably suhumts of the F 0- 
ATPase wluch act as proton capacitors In contrast to 
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lysophosphohplds  [17], there a re  chscrepancles between 
the abth ty  to lower the membrane  potentml  a n d  to 
inhabit Ca  ~+ uptake,  as has been men tmned  for  the 
compar ison  of llnoleme acid a n d  -/-hnolemc uctd Fur -  
thermore,  ar~eh~dome amd a n d  lysophosphat~flylchohne 
[17] have nearly tdentmal half-raayamal  concen t r auons  
for mlubt t lon of  C a  t+ release, bu t  t h o ~  for  decrease of  
membrane  po tenua l  axe ra ther  thvergenU While inter- 
ferenee ~rth the m e m b r a n e  potential  seems to be  a 
prer~lmsl te  for  effects on n a t o c h o n d n a l  C a  2+ t rans-  
pe ru  a d d m o n a l  mechamsms  may  be  revolved Ano the r  
difference between lysophosphohptds  and  fa t ty  a o d s  is 
the brae-course of  ac t ion  Whcfea.s the  act ion of 
lysophosphat tdylchohne  vamshes  w~than a few minutes  
[17] the effect of  axaehidomc acid is longer  las t ing (Fig  
] A )  The pro longed  pre~enee of  a r aeMdomc  aetd m the  
rmtochondna l  membrane  ts a hkely ~ p l a n a t a o n  for  the 
rcduct.d abd] ty  of  spc rmm¢ to a¢trvate C a  2+ up take  
(Ftg 1A) 

In cont ras t  to lvsophosphohptds ,  unes tenf led  fa t ty  
actds can be genera ted  b y  m e e h a m s m s  other  t han  the 
ac t ion  of P L A  2, e g ,  a sequcntml  acUon of  a P L C  a n d  a 
chacylglycerohpase [11] As  the absolute  amoun t  o f  u w  
sa tura ted  fatt)  nerds, parUeular ly  of  a r ach idome  aetd, 
es tenf ied to PE a n d  PC is far  greater  than  the one 
estenf ied to  PI [38], a n d  PE a n d  PC are m o r e  hkely to 
be  metabohzed  by  PLA~ than  b? PLC,  the potent ia l  of  
P L A  2 as a hbe ra to r  of  unsaturated fatty acids l,~ p rob-  
ab ly  higher  t han  that  o f  P L C  P L A  z of  hver  
n m o c h o n d n a  has a preference ~or PE over P C  which,  
however,  can  express considerable  aettvRy towards  PC 
m dependence  o n  the e o m p o s m o n  of the p h o s p h o h p l d  
m e m b r a n e  [39,40] Thus,  an  ac t tva t ton  o f  m i t o c h o n d n a l  
PLA 2 will p roduce  a rmxture of act ive a n d  inact ive fa t ty  
acids (Table I) as well as  aeuvc a n d  macUve lysophos-  
phohp~ds [1"]] with effects on  C a  2+ t r anspor t  d e p e n d m g  

on  the composi t ion  of  the rmxture  Recent  measure-  
ments  of a r a c l a d o m e  actd  genera t lon  d u r m g  cell sUmu- 
lot ion gave vahies of  50 to  100 F M  mtrace l lu la r  con-  
c,¢ntratton [41] Even If some ac~umula t ton  of  fa t ty  
actds f rom the m c u h a t m n  m e d m m  into  the m~tochon- 
dua l  membranes  may  occur,  which  wdl be  hmt t ed  dur -  
ing shor t - term mcuba t ton  (Fig 3). a phystologtcal  role 
m n u t . h o o d o o 1  C a  ~+ t r anspor t  regula t ton  m a y  be  con-  
stdered m wew of  these results [41] 

Whether  fat ty acids hbera tod  m other  cellular  Inca- 
h e n s  can  reach the m~toehondnal  m e m b r a n e  rs no t  
settled at  presenL a l though there have  been  several  
a rguments  rinsed m favour  of  such a poss tb th ty  [42] In 
t tas  case, a PLA 2 s~gnalhng p a t h w a y  wou ld  be cort- 
ceavable conszstmg of  a p la sma  m~mbrane  P L A 2 ,  the 
reaetton product~ of wl~ch could  aeuva to  or  lnMbat 
protein lanase  C [43A4] and  inf luence cytoplasrmc Ca  z ÷ 
concentra t ions  ~aa interference wi th  r m t o c h o n d n a l  C a  2 ÷ 
t ranspor t  
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