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The effects of arachidonic acid and other fatty acids on mitechondnal Ca’* transport were studied. Cre-umsaturated
fatty acids generally strongly nhibited mitochondrial Ca®* uptake, induced a net Ca®* efflux, and thereby increased the
extramitochondrial Ca®* coneeniration, whereas srans-unsaturated fatty acids were ineffechve Saturated fatty acids
exhibited slight activity at chain lengths from C g to C 4 only. The structure—activity relationship and the inability of
some of the effective fatty acids such as palmitoleic and myristoleic acid to be metabolized to eicosanoids suggest that
Ca’* release was induced by the fatty acids themselves and resulted from changes in the mitochondrial membrane
bilayer stracture. There was a correlation between Cu’*-releasing potency and reduction of mitochondrial membrane
potentizi, which is the main driving force for mitochondrial Ca®* uptake. There were, however, considerable differences
compared with the effects of lysophospholipids on the membrane potential The mechanism of action of fatty acids may
be that of a fluidizing effect on the hydrophobic core of the membrane, thereby modulating the activity of integral
membrane proteins of the respiratory cham.

Introduction for the head-group of the parent phosphohpid As a
single type of phospholipid consists of several molecular
A vanety of recent reports on the relationshup be- species with different fatty acids [9.1C], the action of the
tween cell stuoulation and phospholiptd metabolism PLA, will probably generate more than one type of
have descnibed the production of lysophospholipuds, fatey acid
wdicaung activaton of phospholipase A, (PLA,) m The nterest in faily acid hberaton by PLA, has
different tissues [1-4] These and other observattons focused mammly on arachudomc acid {11,12] due to us
have led to the hypothesss that a PLA ,-mediated signal- further metabchsm m the cyclooxygenase and lipo-
hing pathway nught exist [5], m analogy to the phos- xygenase pathways Many biological effecis which can
pholipase-C-mediated signalling pathway which gener- occur after activation of PLA, are usually not ascnibed

ates the intracellular second messengers mositcl 1,4,5- 1o the fatty acids themsclves but to the generation of
wnisphosphate [6] and diacylglycerol [7) eicosanotd metabolites Earler reports descnbig ef-
PLA, removes the fatty acid from the C-atom of fects of unsaturated fatty acids on mtracellular Ca®*

the phospholipid glycerol backbone [8] Fatty acids mobilization [13] have been criticized from this peint of

estentfied 1 this posiion are mawndy unsaturated The view [14] or have been interpreted as not representing

other reaction product - the lysophospholipid ~ 15 ologically relevanti pheromena [15]

determuned by the specificity of the intracellular PLA, It s unsettled at present whether fatty acids, gener-
ated by the acuon of PLA, can mfluence mtracelular
Ca®* homeastasis without requinng further metabohsr

Abbreviations PLA, phospholipase A, (EC 3114), TPP*, teira- Previcusly we have demonstrated that the release of
henylphosphoaum, PLC, phosphohpase C, PE, phosphaudyl- mtracellularly stored Ca?* induced by araciudonic acid
hancl FC phosphaudylchobne, P1, phosphandyl ! acting on permeabihized cells results pnmanly from its
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FRG the mcrease 1n the free Ca** concentration but far less
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than mitochondna, and 1t did not further increase the
free Ca®* concentration when co-incubated with
mutochondna [16}

In the present study the effects of saturated, cs- and
trans-unsaturated fatty acids on mutochondral Ca*
transport were investigated to elucidate therr mecha-
nism of action and evaluate a possible second mes-
senger role of these subsiances The effects of lysophos-
pholipids are described 1n a precedng paper [17]

Materials and Methods

Cherucals Arachidome acid and all other fatty acids
were obtained from Sigma ¥ CaCl,; was from Amersham
lnternational All other chemicals of amaiytical prade
were from Sigma (St Lows MO), Boehnnger (Mann-
heim, FR.G), Serva (Heidelberg, FRG), or Merck
(Darmstadt, FRG)

Preparation of nutochondrial fractions Laiver was ob-
tamned from Wistar rats hom: geruzed 1n homogeniza-
tion medium (210 mM manmtel /70 mM sucrose/20
mM Hepes, adjusted to pH 70 with KOH) and mamn-
tamned on 1ce [18,19] The sedunent obtamned after
centnfugation for 15 mun at 660 X g was discarded The
muetochondnal pellet was obtained by centnifugation of
the supernatant for 15 mun av 4000 % g at 4°C [18,19]
After resuspension ana recentnfugation the pellet was
resuspended 1n test medmm (125 mM KCL/2 mM
KH,P0O,/5 mM succinate/0 3 mM MgATP?" /25 mM
Hepes adjusted te pH 7 0 wath KOH) [19-21] Protem
was deternmuned accordimg to McKmught [22] The pro-
temn content ot 1 gl of the resuspended mtochondral
fractions was 27 + 1 pg (N=123)

Measurement of free Ca’ ™ concentration Ca*™ uptake
and efflux by 1solated mutochondna were measured m
test medum at 25°C with a newly designed Ca?*-1on-
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sensiive munielectrade and mucromncubation chamber
(40 pl volume) as described recently in detail [18]
Addition of fatty acids 1o the test medium did not affect
electrode recordings 1n control expeniments

Measurement of *“°Ca’* fluxes **Ca’* uptake by
1solated mitochondna mcubated for 30 s 1n 20 ul labelled
test medism at 25°C was measured at a free Ca’*
concentration of 10 uM as descnbed [23] The free
Ca?* concentration 1n the medium was adjusted wath
the Ca* clectrode Separation of mitochondria from
incubatton mediom for measurement of “*Ca®* uptake
by hquid scintllation counting was performed with a
newly designed mucrofiliration device [23]

Measurement of rtachondrial Ca®™ contemt Mito-
chondnal Ca?* content was measured by atomuc ab-
sorption spectroscopy with a Massmann cuvette from
Beckman Instruments [18]

Measurement of mutechondrial membrane potenual
Membrane potential of 1solated mutochondrnia was de-
termined from the distribuiion of the hpophilic cation,
TPP™ (Aldnch) between the incubation mediom and the
mitochondnal matnx [21] Measurement of the TPP™
concentration 1 the incubation medmm was performed
i a mucromcubation chamber [18] using a TPP*-j0on-
sensitive membrane [24] mounted on the up of the
exchangeable membrane support mset of the mumue-
lectrode which has also been used for free Ca®* 10n
measurements {18] and calculated as recently described
(9]

Results

Effects of arachidonse acid on mutochondrial Ca** trans-
port

Isolated hver mutochondna (9 6 1+ 1 6 nmol/mg pro-
temn Ca®* content) incubated i a test medwm of an
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Fig 1 Effect of arachudomc acid (AA) (50 M) on the regulation of the frez Ca** concentration by rat kiver mutochondna and its modulatton by

Ruthenium red (RR) (250 aM), Na™ (5 M), and spermune {400 pM) Mitochondna (susperded in 1-2 uk 1est medm) were added 10 the test

medium with an mitial Ca®* concentrauon of 5 M 1n the mucromcubation chamber at min 0 AA RR, Na*, sperzune o1 est medium only
[control) were added after 23, 5, 7 5 and 10 mun, respectively The curves represt nt typical recordings which were repeated live imes



1onic composiion simulating the composttion of the
cytosol [19-21] are able to mamntain a steady-state free
Ca?* concentration weil below 1 pM (Fig 1A) Ad-
dition of arachudomc acid (50 pM) 1o the incubation
medium mcreased the free Ca>* concentration to values
above 1 pM Thereafter, spermsne (400 pM), an activa-
tor of the mutochondsial Ca?* umporter [21], had virtu-
ally lost 1ts ability to decrease the free Ca®* concentra-
tion through stunufation of mitockondnal Ca?* uptake

Addition of Na* (5 mM), an acuvator of mtoachon-
drial Ca®* efflux via Na*—Ca®* exchange [25] (Fig 1B),
as well as Ruthemum red (250 nM), an inhubitor of the
mutochondrial Ca** umporter (26, to the mncubation
medmm wnduced the typical Ca®' efflux from lver
mutochondria (Fig 1C) The effect of Ruthenwum red
(250 nM) on Ca?* efflux was enhanced by Na* (5§ mM)
{Fig. 1D} Addition of arachidonsc acd (50 pM) to the
meubation medium further increased she free Ca® * con-
centration n all three situations (Fig, 1B-D)

The ability of spermune (400 pM) to decrease the free
Ca?* concentration through stimulation of mutochon-
dnal Ca®* uptake was lacking after previous addimon of
Na™ (5 mM) plus aracludonic aed (50 gM) (Fig. 1B) as
well as after previous add:tion of Ruthemum red (250
nM) plus arachidomic aced (50 M) without (Fig 1C) or
with (Fig 1D) concomitant presence of Na*t (5 mM),
but a further increase i the free Ca?* concentration
was attenvated

Effects of arachidonic acd and other fatty acids on
mutochondrial Ca®* uptake and Ca** efflux

The rates of Ca’* uptake by liver mutochondma
whuch increased 1n dependence on the Ca* concentra-
tion were decreased by arachidonic acid (100 pM) (Fig.
2). Imual free Ca®* concenwrations m the incubation
medium which was supplemented with 5 mM succinate
as a mitochondnal substrate were adjusted to0 05, 10,
25, 50, 75, or 10 uM Ca®?™ Ca®* uptake by the
mitochondna was iitiated by myection of mitochondna
into the mucromeubation chamber (Fig 2) The degree
of mhibition of mitochondral Ca®** uptake by
arachudome acid was not constant, but mereased wath
higher Ca?* loading of the mutochondna

Irrespective of the mmtal free Ca* concentration
mitochondria rapidly decreased the free Ca?* con-
centrauon 1 the incubation medium n control expen-
ments, achieving a steady state 1n the range well below
05 uM. which was reached after 15-20 s, even 1n the
presence of the highest mnal free Ca?* concentration
of 10 pM (Fig. 3) Aracludomc acid affected the kmmet-
15 of Ca®* uptake and Ca®" efflux by 1solated rat liver
metochondna 1n a concentration-dependent manner Up
to concentrations of 10 gM, arachudomc acid reduced
only marginally the amount of Ca®* taken up by
mitochondra during a 30 s mcubation period At higher
concentrations of arachidome acid (25, 50 or 100 pM]},
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Fig 2 Eifects of a single concentration (100 pM) of arachidonic acd
(AA) on Ca’* uptake by isofated rat liver mutochondma at different
witial Catt concentratons The test medmam in the b
chamber contamned spermune (100 pM) and AA (@ #) mn a
concenueation of 100 pM  Befure the begmmng of the expenment the
different Cu®* Loncentrations m the microincubation chamber were
adjusted (Q5 1 25 5 75 or 10 pM) These tmlzal Ca?* concentra-
ttans under contrul Londitions are presented as smitial Ca-* offered to
the mutockondnz ard expressed as nmol Ca®* per mg protemn (24
47 113 235 353 or 470 nmol Ca®* per mg protein) At time zero
the expenmen’ was started by addinon of the mtoenondna {sas-
pended In G5 al test fium) The I Cal* co
aclueved after addibon of the nutochordna dunng a 39 s incubanon
penod was regsiered The differance between tus value and the
mimal Ca'* concentrauon at the beginmng of the exp was
caleulated and Ca®* uptake was expressed m nmol Ca’* per mg
prolem The amount of Ca®" laken up by mutochondnia 1n control
expenmenls (O ©) at ecach muuial Cal* concentration was
compared with the amount of Ca?* taken up by mutochondna under
the wfluence of AA (@ 9} The values represent means+ 3 E
from four expenments AA sgmiicantly { £ < 001) (analysis of van-
anve) reduced mincchondnal Ca?* uptake

by Isolated Liver Mitochondna

Total Cal™ Uptake ( nmol/mg proten)

the abihty of the mitochendna to take up Ca®* gradu-
ally deteriorated After uptake of 2 reduced amount of
Ca®** with a nadir afier 515 s, mutochondna released
Ca?*, so that the wmtial Ca** concentration of 10 M
was achieved again within 30 s of incubation with 100
uM arachidonmic acid (Fag 3)

Rates of mitochondnal Ca** uptake (Fig. 4A) and
Ca®* efffux (Fig 4B) were measured 1n dependence on
the concentration of aracindomec 4c1d and a vanety of
other fatty acids according to the protocol descnbed m
Fig. 3 for arachudomc acid

In Fig 4A, the amount of Ca** maximally taken up
by the 1solated liver mutochondria wathin a 30 s mcuba-
tion period under the influence of ncreasig fatty acid
concentrabions 15 expressed as a percentage of the Ca?*
uptake value obtawned 1n the absence of any fatty acid
All farty acids, with the exception of palmuc acd
(16 0), showed a signtficant concentration-dependent
decrease of mitochondnial Ca?* uptake

The extent of inmtion of Ca* uptake expressed as
a percentage by these and several other fatty actds 1s
given tn Table I When the extent of mmhibiion by the
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Fig. 3 Concentration-dep effects of hid acd (AA) on
the kmeucs of Ca®* uptake and Ca®* efflux by 1solated rav liver
nutochondria The test | i the bat hamb
contamed spermime (100 uM) and mcreasing AA concentrauons (5,
10, 25, 50 or 100 pM) The muhial Ca”* concentration m the incuba-
von medium was adyusted to 10 M a1 the bepnning of the expen-
menl At time zero the expeniments were iunated throngh addition of
mnochondnia (suspended in 0.5 ul test medium} to the test medium m
the microizcubation chamber The velues 1epresent means+S E from
4-9 expenments
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fatty acid allowed the calculation of a half-maximally
effective concentration, this figure 15 also given i Table
I From the group of saterated fatty acids, only laurc
acid (12 0) (Fig 4) and mynste acid (14 0) shghtly
reduced the rate of mitochondrial Ca** uptake (Table
I) However, even at a 100 pM concentration, the
mhibition of mitochondnal Ca?* uptake did not reach
50% Thus, maamally effective concentrations of these
twa saturated fatty acids were far above 100 uM (Table
I} Saturated fatty acds with a shorter chain length -
caproic acid (6 0), caprylie acd (8 0}, capric acid
(10 ) - and with a longer chain length - palmatic acid
(16 ), steanic acsd (18 0), and arachudic acd (20 0) -
were completely ineffecuve as intubitors of mutochon-
dnial Ca®* uptake (Table I)

Cis-unsaturated fatty acids, monounsaturated as well
as polyunsaturated, were more effective than saturated
fatty acids (Table I), while all rrgns-unsaturated fatty
acids tested ((elardic acid (18 1{n — 9)), hnolelaadic acid
(18 2An~-912)), trons-vaccenic acid (18 1(n—11)
were completely meffective The crs-monounsaturated
faity acids with a shorter chain length, mynstoleic acid
{14 1(#—9)) and palmtoleic acid (16 1(n —9)) (Fig

4), were more effective inhibutors of nutochondnal Ca?*
uptake, with half-maxumal effective concentrations
around 70 pM (Table I), than c¢fs-monounsaturated
fatty acids wath a longer chamn length oleic acd
{18 1({n ~9) (Figd ), petrosehnic acid (18 1(» 9)),
and cis-vaccemc acid {18 1(n — 11)) with b-L.-maximal
effective concentrauons above 100 ¢%1 ([able Iy The
cis-monounsaturated fatty ~ Jds with an even longer
cham length, eicosen~ : acid (20 1(n —11)) and erucic
aad (27 17, - 13)) were completely ineffective (Table
n

The cis-polyunsaturated fatty acids showed a dif-
ferential effectivity, depending on the relation between
the cham length and the number and position of the
double bonds mn the chain (Table I} An ncrease m the
mhibition of mitochondnal Ca?* uptake by hnoleic acid
(18 2(n — 9,12)) was aclueved when a thurd double bond
was introduced 1n a posihon proximal to the two others,
as shown by the ligher degree of mutochondrial Ca2*
uptake inhibition and the lower half-maximal imhibitory
concentration of y-linoleme acid (18 3(n—69,12))
(Fig. 1) but not when the thuird double bend was mtro-
duced 1n a position distal to the two others, as m the
case of Imoleme acid (18« 3(x# — 9,12.15)) (Fig 1) (Table
1) An increase 1n the cham length as mn the case of
cicosatriennole acid (20:3(r — 11,14,17)) and homo-y-
Imolemc acid (20, 3(n— 8,11,14)) (Table I) attenuated
the efficiency However, the mtroduction of an ad-
ditional double bond n a position proximal to the three
other ones as n the case of arachudome acad (20 d{n —
5,8,11,14)) (Fig 1) as shown by the higher depree of
mutochondrial Ca®* uptake inhtbition and the lower
half-maxamal mhibitory concentratton mereased the ef-
ficiency (Table I) Introduction of fusther additional
double bonds 1n a posihon distal to the other ones, as in
the case of eicosapentaenoic acid (20 5(n-— 58,1114,
17)) and docosahexaenoic acid (22 6(n — 4,7,10,13,16,
19)) was accompanied by decreased effectivity (Table I)

In Fig. 4B, the amount of Ca®" released again durning
the 30 s mcubation period by the solated hwver
mitochondria under the influence of increasing fatty
acid concentrations 1s expressed as a percentage of the
maximal amount of Ca’" taken up duning the first
10-20 s of the incubation penod

All fatty acids wath a half-maxamal mhbitory con-
centration for nutochondnai Ca?* uptake below 100
pM, 1e, all facty acids which reduced mutochondnal
Ca?* uptake by more than 50% at a 100 pM concentra-
tion (Table 1), alsc induced a potent release of Ca®*
from mitochondria, so that the mstial Ca®™* concentra-
uons of 10 pM were regained within less than 30 s, as
shown for several of these fatty acids m Fig 4B In
aadition, all fatty acids which reduced mitochondrial
Ca* uptake by more than 10% at a 100 M concentra-
tion (Table 1) also induced a potent release of Ca®*
from mutochendria, which m each case accounted for
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Fig 4 Companison of the concentration-dependent effects of arachidome anid (AA) and seme other fatty acids on Ca®* uptake (A) and Cal*
efflux (B} by 1sclated rat fiver mutochondna The fatty auwds shown in this figure are launc (12 Oy pilnube (16 U) cleic (18 1) palmatolerc {16 1)
linoleic (18 2) y-lmoleme 118 3 and arachudonic (20 4) acads Tn the (A} mutochondnal Cal* uptake 15 presented in dependence on the fairy
acud concentrabion (10, 25, 50 or 100 M} and expressed as percent of control The test mediom t the microincubation chamber was supplemented
with spermime (100 pM) and the 1unal Ca®* concentration was adjusted to 10 @M at the beginmng of the wxpenument. 1n control expenments (see
Fig. 3y mutochondtia i the incubation chamber d d the Cal* on wittun 30 s below 05 pM The amoumt of Ca** taken up n
these control expeniments was 21 940 % nmol Ca®* per mg protein This amount was set 100% and compared with the amount of Ca** taken up
by the hondna at fatty aeid concentrations In (B) mutochondnal Ca?” efflux 15 presented m dependence on the fatty acid
concentration {10, 15, 50 ar 100 pM) and expressed as percent of contral In control experiments (Fig. 3) mitochondna in the incubation chamber
did not release Ca** d armg a 30 5 incubation penod Therefore Ca®* release of these muochondria was st at 0% and compared with the amount
of €a2* released by the mutochondra at the increasing faty acd concentrations The values represunt means=S E. from four expeniments Al
fatly acuds, with the exception of paimatic actd {16 0) sigmficantly decreased mnochondnal Ca®* uptake (£ < 001} and sigmificantly mcreased
Ca** efflux (£ < 0 OF) (analysis of vanange)

more than 50% of the Ca®* ongmally taken up by these Effects of arachidonic acid on mitechondrial ¥'Ca’* up-
mutochondria, as shown for two of these fatty acids i take

Fig 4B Fatty acids which did not significantly mhibit
Ca’* uptake (not more than 1%) (Table I) also Faled to
induce release of Ca>* from mitochondna, as shown for
palmutic acid (160} n Fig 4B

Arachidonk acid reduced tne rate of **Ca** accumu-
lation by 1solated liver mitochondna in a concentration-
dependent manner (Fig 5), indicating that arachidonic
acid inhibited Ca®* uptake rather than mducing Ca®*
efflux by unspecific leakage from mitochondna

—
w
3 050
o Effects of arachiaomc acid and other faity acids on
P rutochondrial membrane porential
= x Arachidonic acid reduced the membrane potential of
;5- 5 1solated liver nmutochondna in a concentration-depen-
& B 0.25f dent manner (Fig. 6) The reductton of the matochondnal
& e membrane potential by arachidonic acid was accentu-
W g‘ f ated by mcreasing the 1mital free Ca® ™ concentration m
= \ the incubation medium, leading 1o a higher Ca®™ load
g 13 of the mitochondna (Fig 6)
R - v ] A vanely of other fatty acids were also tested for
=~ A?achndonlcsoAmd ¢ I:ﬂc; ther ability to affect the mitochondnal membrane
Fig § Concentration-dependent effects of arachidomic acid (AA) on potenual (Tuble 1) In fact, a correlation between the
*Ca®" accumulation by salated rat liver mitochondna The test ability of all tested fatty acids at a 100 uM concfmm-
medium contained spermune (100 pM) and mcreasing AA concentra- uon to reduce the mitochondnal uptake of TPP* as a
tions (25, 50 or 100 uM) The imual Ca?* concentration was adjusted measure of the ability to redoce mutochondnal mem-
to 10 pM Afier a 30 5 incubation penod mutochondna were separated brane potential and nutochondnal Ca®* uptake was
from incubation medsum by mucrofiltrauon and “*Ca* content was observed (Table 1y Thus, all fatty acids which dud not
f::;";’;"ﬁdc:ﬁc:'c::}:n';‘;’:::';ﬁ :ﬁ;gzidl;am:n?::r:eﬁ: T miubit miiochondnal Ca** uptake also failed to inhibit
SE of 20 expernments AA significantly decreased the *Ca™ accu- mutochondnal TPP* uptake (Table I) And all fatty

mulation 1n dependence on Lac conventration (£ <001, Anova) acids which reduced mitochondnal Ca®* uptake also
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TABLE I

Inhibition of rat hver mtochondrial Ca”™* uptake and of muochondrial TPP* uplake as a measure of the mitockondrial membrane potential

All faury acids were tested at a concentration of 100 uM for therr ability to inhibit mutochondnal Ca®* uptake accerding 10 the protocol described
m legends tu Figs 2 and 3 and for therr ability to mhtbit mitochondnal TPP* uptake as a of the hondrial brane potential
accordmg to the protocol desenibed in legend to Fig 6 The degree of inhubitron of uptake was exnressed a» percentage reduction of the control rate
of uptake Mitochondna not exposed 1o a fatty acd sc ved as controls The mitochondria decrensed the free Ca®* concentration n the ircubation
medium from 10 1M 10 036+ 002 pM Tius decrease of the free Ca®* concentration im the incubahion medum of 9 64+ 002 pM vorresponded to
a mitochondnal Ca®* uplake of 241416 nmol of Ca®* per mg proten {n = 43) The mutochondna decreased the TPP* concentralion i the
ncubation medwm from 8 pM to 2474006 gM Fhis decrease of the TPP™ concentration m the mcubauon medum of 53534006 pM
corresponded 10 a mitochondrial membrane potential of 201 5 mV 1n contrels (# = 43) Half-maximal inhubitory concentrations of the vartous faty
acwds expressed m g M for mitochondnal Ca?* uptake and mutochondnel TEP* uptake es a measure of the mitochondral membrane potenuial
were caleulat- « for all fally aads wluch reduced uplake by more than 50% at a 100 M concentration These values were obtained 1n expenments
where the concentratton-dependent effects of the farty acids were determuned on Ca?* uptake according ta the protocol descnibed i legends to
Figs 2 and 3 and on TPP™ uplake awording to the protocol desenibed in legend to Frzg. 6 Al values represent means+ 8 E. of four expenments

All alion dep hibitery effects of fatty acuds on autochondnal Ce?” uptake and membrane polcnnal greater than 1% were
stgmficant (P - 0 01) (analysis of vanance)

Half-maximal ifubrtory concenlration of test agent (A)
and % uptake mhubitton at 100 M of test agent (B) for

mitochondnal Ca?* uptake mutochondnal TPB* uptake
A (M) B{%) A{aM) B (%)
I Sawrated fatty acids
1 Caproic (6 0} 0+ 0 110
2 Capryhic {8 Oy 1+ 0 110
3 Capne (10 0} T+ 2 11+1
4 Launc{12 0) > 100 22+ 8 > 100 2541
5 Mynstic (14 0) >100 163 5 =100 i8t4
6 Palmuic (16 G} 1+ @ 00
7 Steanc (18 ) ax 9 1+1
8 Arachadic (20 0} 0+ 0 u+u
I Unsawnrated fany acids
{a} rrans-unsaturated fatty acds
1 Bladic (18 1(n—-0)) 1+ 1 1+0
2 Linokeladic (18 2(n —9,12%) I+ ¢ 1+0
3 trans-Vaccemc (18 1(r -, 2% it1 1+0
(b) crs-unsaturated fatty acids
L) Menounsaturated fony vends
1 Mynstoleic (14 1{n —%) T+ 5 71+ 3 85+ 3 631+5
2 Palmutoleic (16 1(n = 9Y) 67+ 4 10+ 6 56+ 7 7745
3 Oleic (18 1(n —9) > 100 16 1 130+11 3643
4 Petrosebruc (18 1{n —6)) ~100 21+ 4 mz ¢ 4044
3 ou-Vaceone (18 1(n ~11)) =100 11+ 1 =100 2413
6 Ewcosenoc {20 1(n —11)) 1 1 1+0
7 Erucic (22 I(n —13)) 1= 1 1+
{bb) Polyunsaturated ferev acrds
8 Linoleic (18 X(n -9,12)) 95+ 7 54+ 5 Bl 5 623
% Linolemc (18 3(n-91215%) 931+ 8 58+ 8 T+ 0 TN+6
10 y-Lmoleme {18 3(n -6912) 43+ 7 91+ 4 494 0 T4+1
11 Ficosatnenoc {20 3(r —11,14 17)) =100 38+ 7 98+ 6 52x3
12 Homo-y-hnolerue {20 3(n —811 14) 2011 50+ 9 1004 7 49+ 6
13 Arachidome (20 4(n - 58,11 14)) 75+ 4 66t 5 461 3 7713
14 Excosapentaenoic {20 Sin —5,8,11,14,17p) 95+ 9 54+ 7 00+ 9 5145
15 Dacosahexaenaic (22 6(x —471013 10,190 97415 57411 112418 4518
reduced mitachondnal TPP™ uptake to a sumilar exient effective 1in decreasing the membrane potentuial, but the
(Table I) former has a halt-maximally effective concentratton of
However, a discrepancy between mfluence on mem- 93 uM for mhibition of Ca®* uptake, while the latter
brane potenual and Ca* uptake becomes apparent, has one of 43 pM This indicates that the correlation 15
companng chemically closely related faity acids such as not hnear for eacn substance

linolenic acid and y-lmolemic acid Both are comparably
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Fig. 6 Concentrauion-dependent effect of arachudonie aud (AA) « ¢
the mutochondrial memhbrane potential of 1s0lated rat iver mituchon-
dra at different amtial Ca®* concentrations (C 001 B 1 © 5 @ 10
M) The test medium in the mieromncubation chamber was supple-
mented with 100 uM spermine, 8 #M TPP* and AA n increasing
concentrations (5, 25, 50 or 100 pM) The expenment was started by
addwon of the mutochondria (suspended m 1-2 ul test medium) to
the test 1 i the mierc b chamhber Shown are the
mitochondnal membrane polential values which were measured dur-
mg a 1 mun incubaten perrod The points represent means+SE of

four exp AA 5IE} ly d d the drizl mera-

brane potenuial at all ial Ca?* concentralions (P < 0 01) {analysis
of vanance)

Discussion

Unestenfied fatty actds have profound effects on
mitochondnal Ca?* handhng They whibit Ca?™ uptake
and lower mutochondnal membrane potential and at
gher concentrations lead to a net Ca** efflux from
mitochondnia While as-unsawrated fatty acids were
mostly effective, trans-unsaturated and saturated fatty
acids were much less effective or even ineffective As
shown by Karnovsky et al. [27] us-unsaturated fatty
acids have a flmdinng effect [28] on cellular mem-
branes. A shght activity of saturated fatty acids with
chain lengths between C,—C,, 1n the present investiga-
tion 1ndicates that saturated fatty acids of these cham
lengths may also have some fluidizing effects iz mem-
branes The general conclusion 15 tn accordance with the
observation of Takenaka et al [29] that these saturated
fatty acids — apart from cs-unsaturated fauy acids -
inhubat transmembrane K*-conductance This strug-
ture—-activity relationshup 1s at vanance from recently
published data desenibing the effects of fatty aads on
the anion transport protein of erythrocyte membranes
(30}, indicating that a generahzed model for the actions
of fatty acids cannot be set up at present
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The capability of cis-unsaturated fatty acids to mnter-
fere with mutochondnal Ca** uptake ncreases with the
number of double bonds and decreases with chamn
length y-Linolenic acid has apparently an optimal con-
figuration. while longer chams, even when contamng
six double bonds (e g, docosahexaencic acid), proved to
be less active This structure-activity relationship sup-
ports the assumption that fatty aculs act by perturbance
of the hydrophotic core of the phosphobipid bilayer
[31] Double bonds in acyl chains induce disorder n
neighbouring acyl chains due to their bulkiness, as has
been detected with ESR studies [32] Compared with
saturated or lrams-unsaturated fatty acids, the shape of
the acyl chain 1s changed 10 a shorter and more lateral
expanding form The strongest shortening occms with
18 3 chams [33). which conforms wih the measured
mterference with the miochondrial Ca** uptake Again,
with monounsaturated fanty acds, reduction of acyl
cham length witha.t ~hanging the pesition of the dou-
ble bond results 1n a hugher activity  Palmatoleic ac.d 15
thus much more active than oleic aad, close to
arachudonic acid As the overall molecular shape will be
different from that of polyunsaturated fatty acids, the
common critical property mmght as well be an acyl chain
end with lugh motional freedom at a certam distance
from the carhoxyl group Nevertheless since palmutoleic
acid was found 1o be a potent fusogen of vesicles as
were polyunsaturated fany acids [34], the hioid bilayer 1s
probably the pnmary target of action, rather than a
dhrect mteraction with a membrane protem

Furthermore, as palmutolec acid and mynistolerc acids
arg not substrates for cyclo- or lipoxygenases [35], thewr
acuivity supports the view that 1t 1s a propecty of a given
fatty acid as such and not the metabolism to eicosanoids
that dstermunes the intubitory effect on mutochondnal
Ca’” uptake The recently described Ca’*-releasing ef-
fect of HPETEs and HETEs on nutochondna [14] may
be a consequence of the same membrane perturhance as
exerted by unsaturated fatty acids, because they have
about the same molar potency Prostaglandins did not
show any effect in our system (unpubbshed results)
However vanations in the degree of fatty acid mcorpo-
ration mnto phospholipids dunng deacylaton and re-
acylation cycles may also be responsible for some of the
differences n potency

As in the case of lysophosphohpds [17] the ability of
fatty acids to whibit mitochondnal Ca®* uptake was
accompamed by 1ts allity to lower the mmtochondnal
membrane potential, which constitutes the main deving
force for the mitochondnal Ca** uniporter and thus for
Ca®* uptake [36] It has been argued by Rotienberg and
Haslumoto [37] that fatty acids do not act as protono-
phores as do the classical ‘uncouplers’, but rather mter-
fere with the function of an integral membrane protemn
of the respiratory chamn, probably subumts of the E,-
ATPase whuch act as proton capacitors In contrast to
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iysophosphotipids [17], there are discrepancies between
the abiity to lower the membrane potential and ta
mhibit Ca®* uptake, as has been mentioned for the
companson of hnoleme acd and y-linolemic acid Fur-
thermore, arachsdanic acid and lysophosphat:dylcholine
[t7] have nearly 1dentical half-maximal concentrations
for whubition of Ca** release, but those for decrease of
membrane potential are rather divergent. While inter-
ference with the membrane potential seems to be a
prerequisite for effects on mutochondnal Ca?* trans-
port, addihonal mechamsms may be involved Another
difference between lysophosphobpids and fatty acids 1s
the ume-course of action Whereas the action of
lysophosphatidylcholine vaushes within a few munutes
[17] the effect of arachidonic aeid 1s longer lasting (Fig
1A) The prolonged presence of aracludome aeid m the
mitochondnial membrane 15 a kkely explanation for the
reduced ability of spermmne to activate Ca®* uptake
(Fig 1A)

In contrast to lysophosphohpids, unesterzfied fatty
acids can be generated by mechamsms other than the
actien of PLA,, € g, a sequental action of a PLC and a
diacylglycerolipase [11] As the absoclute amount of un-
saturated fatty acids, particularly of arachudomic aed,
estenfied to PE and PC 15 far greater than the one
esterified to PI [38], and PE and PC are more likely to
be metabelized by PLA, than by PLC, the potential of
PLA; as a hiberator of unsaturated fatty acids 1s prob-
ably hugher than that of PLC PLA, of bhver
putochondria has a preference for PE over PC wihuch,
however, can express considerable activity towards PC
in dependence on the composition of the phosphohpd
membrane [39,40] Thus, an activation of nutochondnal
PLA ; will produce a nuxture of active and inactive fatty
actds (Table I) as well as active and mactive lysophos-
pholipids {17] with effects on Ca®* transport depending
on the composttion of the mixture Recent measure-
ments of arachuidonic acid generation dunng cell stimu-
lation gave values of 50 1o 100 xM intracellular con-
centration [41] Even if some accumulation of fatty
acuds from the incubation medum nto the mitochon-
drial membranes may occur, which will be limuted dur-
g short-term icubation (Fig 3), a physiological role
i mutochondrial Ca?* transport regulation may be con-
sidered 1 view of these results [41]

Whether fatty acids hiberated i other celtular loca-
tions can reach the mitochondnal membrane s not
seltled at present, althovgh there have been several
arguments raised i favour of such a possibility [42] In
itus case, @ PLA, signalling pathway would be con-
ceivable consisting of a plasma membrane PLA,, the
reactton products of which could activate or mhbit
protein kinase C [43,44] and influence cytoplasmc Ca’*
concentrations via nterference with miochondrial Ca?*
transport
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