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The effect of fatty acid and acylcarnitine on Ca’* and Na™ transporting enzymes and carriers was studied in
sealed cardiac sarcolemma vesicles of mixed polarity. Palmitoylcarnitine markedly reduced the Na*
gradient-induced Ca’* uptake. Half-maximal reduction was obtained at 15 pM of the carnitine derivative. In
a same concentration range palmitoylcarnitine caused a rapid release of accumulated Ca’>* when added to
Ca’* filled vesicles, which suggests that palmitoylcarnitine increases the permeability of the sarcolemma
vesicles to Ca’*. A rapid release of Ca?* was also observed if Ca’* was taken up by action of the Ca?*
pump. The (Ca’* + Mg2*)-ATPase, which most likely drives this active Ca2* uptake, was 90% increased by
50 pM palmitoylcarnitine and evidence was presented that the acylcarnitine effect again was linked to an
alteration of Ca’* permeability of the vesicles. At the same concentration acylcarnitine was not able to
unmask the latent protein kinase, so that probably the sarcolemma ATP permeability was not affected.
Palmitoylcarnitine at 25 pM did not affect the ouabain-sensitive (Na* + K *)-ATPase in native sarcolemma
vesicles, however, it inhibited markedly if the enzyme was measured in SDS-treated vesicles. The effect of
increased free fatty acid concentration on some of the sarcolemma transporting properties was tested by
adding oleate-albumin complexes with different molar ratios to the sarcolemma vesicles. In contrast to molar
ratios 1 and 5, the ratio of 7 was able to induce a rapid Ca’* release and to inhibit (Na* + K*)-ATPase in
either native or SDS-treated vesicles markedly. 2Na release from 2>Na-preloaded sarcolemma vesicles was
shown to be stimulated by either palmitoylcarnitine (50 pM) or oleate-albumin complex (with a molar ratio
of 7). The possible significance of the observed effects of lipid intermediates on ion permeability and
(Na* + K*)-ATPase activity in isolated sarcolemma vesicles for the derangement of cardiac cell function in
ischemia is discussed.

Introduction thought to play an important role in the patho-

physiology of the ischemic myocardium [1-6].

In recent years, free fatty acids and in particu-
lar long chain fatty acylcarnitines have been
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Abbreviations: Mops, 4-morpholinepropanesulfonic acid;
EGTA, ethylene glycol bis (B-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid; SDS, sodium dodecylsulfate.
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Large accumulation of long chain fatty acids, and
their derivatives fatty acyl-CoA-thioesters and fatty
acylcarnitine esters, have been demonstrated in
ischemic myocardium and ascribed to oxygen de-
ficiency of the mitochondria [7-9]. These com-
pounds are active detergents and bind extensively
to membranes [3,4,10]. A large body of evidence
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[2-4,11,12] now has indicated that these inter-
mediates alter functional properties of myocardial
membranes in vitro and that these changes may
contribute in the decline of the myocardial con-
tractility and the generation of arrhythmia. By this
mechanism the lipid intermediates may also cause
intracellular Ca** overload, which may lead to cell
death [13-15].

Long chain fatty acids and acylcarnitines have
been found to inhibit (Na* + K*)-ATPase in
sarcolemma isolated from cardiac muscle [2,3,16].
In these studies (Na™® + K7*)-ATPase-enriched
membrane particles were prepared by using a
surface-active agent (desoxycholate) to partially
solubilize the membranes. After this treatment,
however, Ca’>* transport is no longer measurable
because the membrane particles are not well sealed.
There are no studies available on the influence of
lipid intermediates on sarcolemma Ca’”-trans-
porting systems such as the electrogenic Na* /
Ca’*-antiporter and the Ca** pump [17,18].
Moreover, recently reported work suggested that
(Na* + K*)-ATPase activity, when measured in
native sarcolemma vesicles, is resistant to pertuba-
tion by acylcarnitine [12]. Therefore in the present
study the sarcolemma membranes were not treated
with surface-active agents during isolation to at-
tempt to maintain in vitro the native environment
of the sarcolemma as much as possible. In a
previous report it was shown that a highly purified
sarcolemma preparation contained Na* /Ca®* -an-
tiporter and Ca’*-pumping (ATPase) activity
[19,20]. It contained also a large amount of latent
(Na* + K*)-ATPase activity which could be at-
tributed to the presence of tightly sealed vesicles of
rightside-out orientation [19,21]. In the present
work the effects of fatty acid and acylcarnitine on
sarcolemma Na* /Ca’* antiporter, Ca?* -pumping
ATPase and (Na* + K*)-ATPase are investigated
using this purified sarcolemma vesicle preparation.

Materials and Methods

Sarcolemma was isolated from pig heart by the
procedure described by Reeves and Sutko [22]
except that a protease inhibitor phenylmethyl-
sulfonyl fluoride was added to all media in 0.5
mM concentration. The preparation was highly
enriched in sarcolemma as was revealed by the

high specific activity of ouabain-sensitive (Na™ +
K*)-ATPase: 50-75 pmol/mg per h if pre-in-
cubated with 0.3 mg SDS or 0.5 mg alamethicin
per mg membrane protein (compare Refs. 18, 19
and 21). Cross contamination with sarcoplasmic
reticulum membranes is minimal as controlled by
Na*- and Ca’*-dependent **P incorporation into
120 kDa proteins separated on polyacrylamide gel
electrophoresis [19].

Assay of the Na*-Ca* exchange and passive
Ca’™ permeability. Na*-Ca’* exchange was mea-
sured in sarcolemma vesicles loaded with 160 mM
NaCl (20 mM Mops (pH 7.4)) by preincubation in
this salt medium at 37°C for 20 min essentially
according to the method previously described [17].
To estimate Ca’* uptake a 10 pl aliquot (12.5 pg
protein) was added to 200 pl 160 mM KCI or
NaCl medium containing 20 mM Mops (pH 7.4)
and 50 pM “CaCl, (0.1 Ci/mmol). The **Ca
uptake reaction was terminated at 15, 30, 60 and
120 s by Millipore filtration (50 ul) and washed
twice with ice-cold 160 mM KCl, 20 mM Mops
(pH 7.4) containing 0.1 mM LaCl,. ®*Ca uptake
reactions in NaCl were used as blank values and
subtracted from corresponding time values in dilu-
tion with KCl. The passive efflux from preloaded
vesicles was estimated by dilution of 50 pl sample
of a 2 min Na*-Ca®" exchange reaction into 1.2
ml 160 mM KCl, 20 mM Mops (pH 7.4) contain-
ing 0.1 mM EGTA at 37°C. Samples of 200 ul
stopped by Millipore filtration after 15 s, 1, 3, 5
and 10 min were used for estimation of the release
rate.

Assay of the ATPases. (Na* 4+ K*)-ATPase ac-
tivity was determined by incubating 12.5 ug mem-
brane protein (either preincubated in 0.25 mg,/ml
SDS, 20 mM imidazole. (pH 7.4), or not) in 200 ul
medium containing 50 mM Tris-maleate (pH 7.4),
100 mM NaCl, KCl concentration as indicated,
2.5 mM MgCl,, 1 mM EGTA, 2 mM [y-*PJATP
(0.25 mCi/mmol). Reactions were carried out in
the absence or presence of 1 mM ouabain. (Ca?*
+ Mg?2*)-ATPase reactions were done in 200 ul
medium containing 12.5 ug membrane protein, 0.1
mM [y-*?P]JATP (0.01 Ci/mmol), 50 mM Tris-
maleate (pH 6.8), 100 mM KCl and 5 mM MgCl,
at 37°C. Free Ca®’* was controlled in the uM
range by buffering with 100 uM EGTA [23]. Reac-
tions were stopped by adding 20 ul 20% trichloro-



acetic acid containing 5 mM P, and the produced
3P, was complexed with molybdate for extraction
into an isobutanol phase as previously described
[23,24].

Assay of cyclic AMP-dependent protein kinase.
Phosphorylations were carried out by adding 10
uM [y-*PJATP (20 Ci/mmol) to 50 pl medium
containing 5 pg membrane protein, 50 mM KCl,
10 mM Mops (pH 7.4), 20 mM potassium phos-
phate, 5 mM MgCl,, 0.5 mM EGTA 5 uM cyclic
AMP and 10 mM theophylline. Incubations were
carried out for 2 min at 25°C and terminated by
adding a SDS/B-mercaptoethanol /glycerol mix-
ture, further incubated at 95°C for 10 min and
analyzed for SDS-polyacrylamide gelelectrophore-
sis (15%) as described previously [23,24].

Assay of *’Na release from “’Na-preloaded
vesicles. Membrane samples (500 pg protein) were
preincubated for 20 h at 0-4°C in 60 pl medium
containing 160 mM *?NaCl (0.4 mCi/mmol), 20
mM Mops (pH 7.4). “*Na efflux was initiated by
adding a 5 pul aliquot of this suspension into 200 p1
medium containing 160 mM KCl, 20 mM Mops
(pH 7.4). Samples of 50 pl were withdrawn for the
estimation of vesicular ?Na content by Milipore
filtration as described for the assay of Na*-Ca?*
exchange.

Materials. Radioactive [y-*?PJATP, ¥Ca and
*2Na were obtained from Amersham International
PCL (Amersham, U.K.). A23187 was purchased
from Boehringer (Mannheim, F.R.G.). Alamethi-
cin was a kind gift from Dr. J.E. Grady (The
Upjohn Company, Kalamazoo, Michigan). L-
Palmitoylcarnitine was a gift from Sigma-Tau
(Rome, Italy). Oleate-albumin complexes were
prepared as described previously [2].

Results

Effect of palmitoylcarnitine on the Na*-Ca’* ex-
change

Palmitoylcarnitine produced a concentration-
dependent reducing effect on the sarcolemma
Na*-Ca’* exchange activity as illustrated in Fig.
1. Almost complete loss of Na* gradient-induced
Ca’* uptake was observed at 100 uM and half-
maximal decrease was seen at 15 uM palmitoyl-
carnitine. By others [32] was demonstrated that the
extent of inhibition of the sarcoplasmic reticulum
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Ca®* pump by palmitoylcarnitine mostly depended
on the ratio of the lipid intermediate to sarco-
lemma protein. It was also shown previously [12]
that 90% of the palmitoylcarnitine added to a
sarcolemma vesicle suspension was bound at a
lipid intermediate concentration range of 0.2-1.5
pmol/mg sarcolemma protein. Therefore in the
experiments that will be described in the present
work not only the absolute concentrations but also
the amounts/mg membrane protein should be
taken into account in comparing stimulatory or
inhibitory potency of the lipid intermediate. The
ratio of fatty acyl derivative to sarcolemma
amounted to 0.4 pmol/mg membrane protein at
25 uM palmitoylcarnitine in the experiments il-
lustrated in Fig. 1. From the results presented in
Fig. 1 can be inferred that the initial rate of the
sarcolemma Na*-Ca®* exchange has not been de-
termined. However, from the first time point at 15
s and the last at 2 min can be inferred that
presumably the initial rate and the maximum Ca?*
uptake are both affected by the lipid intermediate.
To test the possibility that palmitoylcarnitine
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Fig. 1. Effect of palmitoylcarnitine on Na*-Ca?* exchange in
cardiac sarcolemma vesicles. Assays were performed as de-
scribed under Methods. (@) Control; (O) 10 pM, (O) 25 pM;
(a) 50 pM; (a) 100 M palmitoylcarnitine added at time zero.
Blank Ca®* uptake values that were obtained by dilution of the
sarcolemma vesicles in a medium containing 50 pM **CaCl,,
160 mM NaCl and 20 mM Mops (pH 7.4) were subtracted.
Each point represents the mean of two experiments.
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Fig. 2. Effect of palmitoylcarnitine on Na*-Ca?* exchange
and passive Ca’* uptake in cardiac sarcolemma vesicles if
added after 1 min reaction, Ca®* uptake was determined in
vesicles diluted in a medium containing 50 pM **CaCl,, 20
mM Mops (pH 7.4) and either 160 mM KCl (@, O, O) or 160
mM NaCl (a, a, X) as described under Methods. The arrow
indicates palmitoylcarnitine addition at a final concentration of
0 pM (@, 4), 10 uM (O, a) and 25 pM (O, X). Each point
represents the mean of two experiments.

caused sarcolemma vesicles to become leaky, Ca>*
uptake was allowed to proceed for 1 min before
the addition of the acylcarnitine (Fig. 2). Accu-
mulated “°Ca was rapidly released by the carnitine
derivative which result readily explains the ob-
served effects on the initial rate and maximum
uptake of the Na* /Ca?* antiporter. To further
differentiate the effects of palmitoylcarnitine on
either the Na* /Ca®* antiporter of the Ca’* and
Na™* permeability of the sarcolemma, the lipid
intermediate was tested on the passive Ca®*-re-
lease process. Sarcolemma vesicles were preloaded
with Ca?* by the action of the Na* /Ca’* anti-
porter. After 2 min incubation (compare Fig. 1),
the sarcolemma vesicles were 24-fold diluted in
160 mM KCl containing 0.1 mM EGTA. This
dilution step reduced the external Na* and Ca®*
concentrations to extremely low values. In some
unpublished experiments it was shown that the

addition of 50 mM Na™ released the Ca** within
1 min, indicating that the vesicle Ca?* still was
removable by reversed Na*-Ca’* exchange. As
can be seen from Fig. 3, palmitoylcarnitine addi-
tion instead of Na™, resulted also in a rapid
release of accumulated Ca’* within the first min
of the measurements. It should be pointed out that
these incubations do contain about 10-fold lower
sarcolemma protein amounts, which means that at
2 pM concentration of the lipid intermediate it is
present in 0.4 pmol/mg membrane protein. Thus
the potency of palmitoylcarnitine to stimulate pas-
sive Ca?" release under this condition is somewhat
lower than the potency to inhibit Na*-Ca’* ex-
change. However, it should be noted that, as will
be shown later, palmitoylcarnitine may also have
affected the Na*-Ca’" exchange activity by its
effect on Na' permeability of the sarcolemma
membrane.

Effect of palmitoylcarnitine on the Ca’* pumping
(ATPase)

The effect of palmitoylcarnitine on the ATP-de-
pendent Ca?* uptake was also studied and again a
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Fig. 3. Effect of palmitoylcarnitine on passive Ca’* release
from cardiac sarcolemma vesicles. Passive Ca?¥ efflux from
preloaded vesicles was estimated by dilution of a 50 ul sample
(6.5 pg sarcolemma protein) of a 2 min Na*-Ca®* exchange
reaction into 2 ml medium containing 160 mM KCl, 20 mM
Mops (pH 7.4), 0.1 mM EGTA and either 0 uM (@), 2 uM (O),
5 pM (a), 10 uM (a), 25 pM (Q) or 50 uM (X) palmitoyl-
carnitine as described under Methods. Each point represents
the mean of two experiments.



rapid release of “*Ca could be demonstrated if the
lipid intermediate was added after 2 min “Ca
uptake reaction (a concentration range of 25-50
pM palmitoylcarnitine was tested in these unpub-
lished experiments). The Ca’*-dependent ATP hy-
drolysis, driving this Ca?* accumulation, was sub-
sequently investigated. It exhibited a maximum
rate 19-fold higher than that of the Ca’* uptake
process (6 nmol /min per mg, compared with the
control rate of (Ca’*/Mg?*)-ATPase which is
presented in Table I). A low coupling ratio of the
amount of the Ca’* taken up and of the ATP
hydrolyzed has been found repeatedly in cardiac
membranes [17,18,24,25]. It indicates that the in-
side-out oriented particles in the sarcolemma pre-
paration contain a large amount of unsealed
vesicles. Table I demonstrates that palmitoyl-
carnitine in a concentration range of 10-50 uM
(0.2-0.9 pmol/mg membrane protein) was able to
stimulate the (Ca?* + Mg?")-ATPase. The ATPase
was estimated at saturating free Ca’* concentra-
tion of 12 pM after it first had been shown that
the affinity of the enzyme for calcium ions (K, =
0.35 uM, compare also Ref. 23) was not affected
by the acylcarnitine. The stimulatory effect of
palmitoylcarnitine on the (Ca’* + Mg2*)-ATPase
most likely is unrelated to a calmodulin-like effect
of the lipid intermediate, because from previous
work it appeared that the (Ca’* + Mg2*)-ATPase

TABLE 1

EFFECT OF PALMITOYLCARNITINE ON CONTROL
AND A23187-STIMULATED SARCOLEMMAL (Ca?* +
Mg?2*)-ATPase

(Ca®* +Mg?* )-ATPase was determined by subtracting activi-
ties obtained at zero concentration of Ca?* (in the presence of
EGTA) from those obtained at 12 pM free concentration of
Ca?*. The ionophore A23187 was present in the assay medium
at 6 pM (0.1 pmol/mg membrane protein). Each column
represents the mean of four experiments (+S.E.).

Palmitoyl- (Ca?* +Mg?*)-ATPase
carnitine (p M) (nmol /min per mg protein)
Control In the presence
of A23187

0 96.5+ 5.3 173.7+148
10 16134250 212.34+26.3
25 17754133 211.74+30.7
50 1843+ 5.2 188.5+30.0
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in native sarcolemma vesicles is saturated with
calmodulin [18,20]. Moreover, in some unpub-
lished experiments it was demonstrated that
palmitoylcarnitine also had no effect on another
sarcolemma bound calmodulin regulated enzyme:
the intrinsic Ca®*-calmodulin-dependent protein
kinase [20,23,26]. The findings presented in Figs.
2, 3 and Table 1 suggest a possible relationship
between the stimulation of the (Ca’*+ Mg™)-
ATPase and the increased leakiness of the sarcop-
lasma vesicles for calcium ions. Indeed the Ca?*
ionophore A23187 similarly increased the (Ca** +
Mg?*)-ATPase activity and palmitoylcarnitine had
no additive effect (Table I). Therefore these data
indicate that the electrochemical Ca’* gradient
may inhibit the Ca?* pumping ATPase. Indeed
time dependence of ATP-dependent Ca’** uptake
deviates from linearity already after 1 min reaction
(results not shown) and thus palmitoylcarnitine
may have uncoupled the uptake process from ATP
hydrolysis.

Influence of palmitoylcarnitine on (Na* + K *)-
ATPase

Palmitoylcarnitine at 0.4 pmol/mg membrane
protein (25 pM), a concentration that markedly
increased Ca’* permeability, did not significantly
affect the (Na* + K*)-ATPase activity (Fig. 4).
Previously we showed that the potency of free
fatty acids to inhibit sarcolemma (Na*+ K*)-
ATPase increased if suboptimal K* concentra-
tions were used in the assay [2). Therefore the
acylcarnitine effect was also studied K* con-
centrations lower than 10 mM (Fig. 4), however,
still no significant effect of the lipid intermediate
was observed.

Previously it was reported by us and by others
that (Na* + K*)-ATPase, adenylate cyclase and
cyclic AMP-dependent protein kinase showed con-
siderably latent activities in cardiac sarcolemma,
which could be unmasked by adding the peptidic
ionophore alamethicin [19,21]. SDS could also be
used for this purpose in the case of (Na* + K¥)-
ATPase, however, not with the other latent en-
zymes because of their instability in the presence
of this detergent. It can be seen from Fig. 4 that
SDS treatment of the vesicles (1 pmol/mg mem-
brane protein) typically increased (Na*+ K™*)-

ATDAcn natiade. A L1 TT 9
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Fig. 4. Effect of palmitoylcarnitine on sarcolemma (Na* +
K * )-ATPase measured in either control or SDS-treated vesicles.
(Na™ + K™ )-ATPase was determined in sarcolemma vesicles
preincubated either without (@, O) or with SDS (a, 5) as
described under Methods. The activities represent the values
obtained by subtraction of the amount of ATP hydrolysis
observed in the presence of 1 mM ouabain. This is done for all
different conditions. Palmitoylcarnitine was tested at 25 pM
concentration in either the native (O) or the SDS (1 pmol/mg
membrane protein)-treated (a) vesicles. Each point represents
the mean of five experiments. Vertical bars indicate the stan-
dard errors.

37% inhibition was found by the addition of 25
gM palmitoylcarnitine at 10 mM K™* (Fig. 4).
Apparently, the detergent effect of SDS may be
sufficient for the lipid intermediate to enter the
lipid bilayer and to affect the (Na™ + K*)-ATPase.
These results are also in agreement with those
obtained by the group of Adams et al. [3], who
studied effect of palmitoylcarnitine on (Na*

K™*)-ATPase in a partially solubilized sarcolemma
preparation. The fact that no effect was observed
of the carnitine derivative on the (Na® + K™*)-
ATPase activity in native sarcolemma vesicles
could be due to an unmasking of enzyme activity
concomitantly occurring with the inactivation.
Therefore the ability of palmitoylcarnitine to un-
mask the intrinsic cyclic AMP-dependent protein
kinase was tested using again as a substrate [y-

Molecular weight [kD]
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Fig. 5. Effect of alamethicin and palmitoylcarnitine on the
intrinsic cyclic AMP-dependent protein kinase of cardiac
sarcolemma vesicles. Phosphorylation reactions, SDS-poly-
acrylamide gel electropheresis and autoradiography were car-
ried out as described under Methods. Protein standards, used
for estimating molecular weights of sarcolemma phos-
phoproteins, are described elsewhere [23,24]. Molecular mass
expressed in kDa.

2PJATP. As is demonstrated in Fig. 5 the peptidic
ionophore alamethicin activates cyclic AMP-de-
pendent *2P-incorporation into several sarcolemma
proteins: the phospholamban-like protein (9 kDa)
and some minor proteins of 55, 26, and 15 kDa.
These proteins have been shown to be substrates
of intrinsic cyclic AMP-dependent protein kinase
(cf. also Refs. 19 and 21). Palmitoylcarnitine was
not able to unmask the protein kinase up to con-
centrations of 50 and 100 pM (0.4 and 0.8
pmol/mg membrane protein). In other experi-
ments it was shown that no concomitant inactiva-
tion of cyclic AMP-dependent protein kinase oc-
curred. This was tested by adding palmitoylcarni-
tine to alamethicin treated sarcolemma vesicles
(results not shown). In conclusion, palmitoyl-
carnitine at relatively high concentrations (50-100



pM), did not increase the permeability of the
sarcolemma vesicles for ATP and cyclic AMP
which excluded the possibility that it can unmask
latent (Na* + K*)-ATPase activity.

Effect of oleate-albumin complexes on sarcolemma
Ca’* permeability and (Na* + K * )-ATPase
Fatty acid was added to the sarcolemma vesicles
in the form of fatty acid-albumin complexes. Al-
bumin has two very strong binding sites and a
number of weak binding sites for free fatty acid.
Thus with high fatty acid-albumin ratios the con-
centration of unbound fatty acid increases ex-
ponentially. These concentrations have been previ-
ously determined for oleate-albumin complexes
under slightly different conditions as used in the
present transport and enzyme assays. For oleate-
albumin complexes of molar ratio 1, 5 and 7 the
concentration of free oleate amounts to 0.0055,
1.72 and 6.36 uM, respectively [27]. It can be seen
from Fig. 6 that the oleate-albumin complex of
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Fig. 6. Eftect of oleate-albumin complexes of different molar
ratios on the passive Ca’* release from cardiac sarcolemma
vesicles. Passive efflux from preloaded vesicles was estimated
by dilution of a 50 1 sample (13.0 ug sarcolemma protein) of a
2 min Na*-Ca?* exchange reaction into 1.2 m{ medium con-
taining 160 mM KCl, 20 mM Mops and 0.1 mM EGTA. The
control efflux (®) is compared with the amount of efflux in
medium containing additionally oleate-albumin complexes of
molar ratios 0 (O), 1 (&), 5 (a) and 7 (0). Albumin was chosen
at a fixed concentration of 0.14 mM. Each point represents the
mean of three experiments.
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TABLE 11

EFFECT OF OLEATE-ALBUMIN COMPLEXES OF DIF-
FERENT MOLAR RATIOS ON CARDIAC SARCOLEMMA
(Na* + K*)-ATPase MEASURED EITHER IN CONTROL
OR IN SDS-TREATED VESICLES

Values represent means + S.E. of four experiments. For details
of determination of ouabain-sensitive (Na*t +K™* )-ATPase,
preparation of oleate-albumin complexes and conditions for
SDS treatment of sarcolemmal membranes, is referred to the
legends of Fig. 5 and Materials and Methods.

Albumin Oleate Quabain-sensitive
(mM) (mM) (Na®™ + K" )-ATPase

(% of control)

Control +SDS
0 0 100 211425
0.14 0 101+ 4 201 +27
0.14 0.14 107+11 225430
0.14 0.70 94+ 9 239429
0.14 0.98 43+14° 29+14°

# P < 0.025 versus Control.

molar ratio 7 markedly increased the *Ca release
rate of sarcolemma vesicles loaded with *Ca by
the operation of the Na* /Ca’* antiporter. It
should be noted that the free oleate over mem-
brane protein ratio amounted to 0.5 pmol/mg
when using the oleate-albumin complex with a
molar ratio of 7. Thus in comparing the results
presented in Figs. 2 and 6, it can be concluded
that free fatty acid and acylcarnitine are similarly
effective in increasing the Ca’* permeability of
cardiac sarcolemma vesicles.

Albumin (0.14 mM) itself increased slightly but
reproducibly the Ca’* permeability, as is il-
lustrated in Fig. 6. This effect may be attributed to
the contamination of the albumin preparation with
Ca’* or Na® which might have been present
albeit extensive dialysis. These cations could have
initiated Ca’* release by operation of Ca’*-Ca**
or Ca’*-Na* exchange [28]. It is interesting to
note that oleate-albumin complex of ratio 5 some-
what decreased the Ca’* permeability of the
sarcolemma vesicles compared to the situation of
albumin alone (Fig. 6). This effect of low con-
centration of free oleate (0.1 pmol/mg membrane
protein) may be due to inhibition of Ca’* release
from membranes, as was observed for skeletal
muscle sarcoplasmic reticulum by the group of
Katz [29].
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TABLE I11

#2Na RELEASE FROM CARDIAC SARCOLEMMA VESICLES

22Na efflux was initiated by adding a 5 pl 2 NaCl-preloaded vesicle suspension to 200 pl medium containing 160 mM KCl, 20 mM
Mops (pH 7.4) as described under Methods. #, the number of experiments. The sampling times after the 22 Na efflux was started were

10 s, 1, 2, and 45 min.

n 22Na content in nmol /mg

10s 1 min 2 min 45 min
Control 7 320+25 278+18 225+17 36+13
0.025 mM palmitoylcarnitine 7 340+ 25 283+29 244+ 25 27+10
0.050 mM palmitoylcarnitine 5 263421° 211+£23% 181+11¢ -
1 mM oleate-albumin (7:1) 3 259+ 42 209+33° 168+29 % 17+ 5*¢
1 mM CaCl, 7 285428 217+£32% 1724292 6+ 1°
0.055 mM alamethicin 4 10+ 2° 6+ 1° 6+ 1° -

? Values differ significantly from the corresponding control values (P < 0.05).

It was shown previously by us that fatty acid-al-
bumin molar ratios higher than 5 were inhibitory
to sarcolemma (Na* + K*)-ATPase which was
estimated in a sarcolemma preparation partially
solubilized by using desoxycholate. Similar results
are obtained in the presently used native sarco-
lemma preparation (Table II). The complex of
molar ratio 7 (0.1 pmol free oleate per mg mem-
brane protein) was producing a strong inhibition
of ouabain-sensitive (Na* + K*)-ATPase in either
control or SDS-treated sarcolemma vesicles (Fig.
6). From the results shown in Fig. 4 and Table 11
can be concluded that the potency of free fatty
acid to inhibit (Na*+ K*)-ATPase in native
sarcolemma vesicles is much greater than that of
acylcarnitine.

Effect of the lipid intermediates on the Na™ permea-
bility of sarcolemma

It is generally believed that the Na*/K*-
pumping ATPase has an important contribution in
regulating the Ca?* gradient across the sarco-
lemma by its influence on the rate and net direc-
tion of the Na* /Ca’* antiporter. Not only a
depression of the (Na* + K*)-ATPase activity but
also an increase of the sarcolemma permeability to
monovalent cations may result into a derangement
of regulation of in vivo Ca?* movements. There-
fore the possibility that acylcarnitine or free fatty
acid alters the sarcolemma permeability to sodium
ions was investigated by ??Na flux studies. For

this purpose sarcolemma vesicles were preloaded
with 2?Na by preincubating them in 160 mM
22NaCl for 20 h at 0-4°C. The **Na efflux was
initiated by rapid 40-fold dilution in 160 mM KCl
medium. First the ability of the sarcolemma frac-
tion to exchange Na for external Ca’* was
studied. As can be seen from the results in Table
111, 1 mM CaCl, caused 20% more **Na release
than in the control situation at the 1 min time
point which indicates that still the Na*/Ca®*
antiporter can operate in these preincubated
sarcolemma vesicles. It corresponds with 70 nmol
Na* per mg sarcolemma protein released, and, if 3
Na* for 1 Ca®* exchange is assumed (cf. Refs. 17,
22, 30, 31), 24 nmol Ca** /mg sarcolemma protein
are taken up by the sarcolemma vesicles. Thus, no
more Na* release can be expected on base of the
maximum *°Ca uptake observed before (compare
Figs. 1 and 2). The ionophore alamethicin was
able to release almost all > Na within 10 s, the first
time point taken in the Millipore filtration stop
method (Table III). Both palmitoylcarnitine at 50
#M and oleate-albumin complex of molar ratio 7
were able to stimulate *Na release. If the lipid
intermediate over membrane protein ratio (for
palmitoylcarnitine and oleate this ratio amounted
to 0.30 and 0.04 pmol /mg, respectively), is taken
into account, it can be concluded that at least
oleate seems to be more effective in increasing
Na* permeability than increasing Ca’* permeabil-

1ty.



Discussion

In the present study it has been demonstrated
that an important in vitro effect of endogenously
occurring free fatty acids and acylcarnitines is the
increase of the Na* and Ca’* permeability of
cardiac sarcolemma. These findings are in agree-
ment with previous reports on the in vitro effect of
fatty acids and palmitoylcarnitine on Ca?* per-
meability of the sarcoplasmic reticulum [33,34). It
is still unclear whether the concentrations of these
lipid intermediates used in in vitro experiments are
indeed present under ischemic conditions in the
heart. From the values given by Idell-Wenger et al.
(7] it was calculated that the cytosol content of
acylcarnitine in normal and ischemic heart is 150
and 780 nmol/g wet weight. It is important to
recognize that the affinity of palmitoylcarnitine is
such that there is very little free palmitoylcarnitine
either within the cell or in in vitro sarcolemma
vesicle suspensions [12]. Thus it would be expected
that this ‘cytosol’ palmitoylcarnitine would be as-
sociated with sarcolemma and network sarcop-
lasmic reticulum Pitts et al. [32] estimated the ratio
palmitoylcarnitine to sarcoplasmic reticulum pro-
tein by assuming the presence of 3 mg sarcop-
lasmic reticulum per g wet weight of heart and a
contribution of 60% of the total cellular membrane
area by the network sarcoplasmic reticulum. On
the basis of these assumptions values of 30 and
160 nmol acylcarnitine per mg sarcoplasmic re-
ticulum protein in normal and ischemic hearts
were calculated, respectively [32]. If these estima-
tions would also be true for the sarcolemma it is
evident from the present study that acylcarnitine
concentrations in the ischemic heart are high
enough to affect significantly the permeability of
the surface membrane. On the other hand, if one
would consider the tissue phospholipids (homo-
genate and isolated sarcolemma have been found
to contain 150 and 1500 nmol phospholipid /mg
protein, respectively, unpublished results) as the
main dissolving and binding compartment into
which acylcarnitine distributes, it can be calcu-
lated that acyicarnitine accumulating up to 780
nmol/g wet weight [7] will be present in a molar
ratio of 1/25 to tissue phospholipids. This is also
close to the 1,/10 molar ratio reached if 150 nmoles
of palmitoylcarnitine/mg sarcolemma protein are
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added in the in vitro vesicle studies. At any rate,
these calculations are valuable for determining
whether the amounts of palmitoylcarnitine added
to the sarcolemma membranes are in the right
order of magnitude rather than a hundred times
too high or too low in comparing to the amounts
reached in vivo under pathological conditions.

Theoretical determination of the amount of free
fatty acid per mg membrane protein from known
values of the tissue free fatty acid contents in
ischemia should be done with more caution than
in the case of acylcarnitine. In the in vitro experi-
ments oleate was added to the sarcolemma mem-
branes in the form of oleate-albumin complexes as
these are similarly offered from the plasma to the
cardiac cell in vivo. Although fatty acid-albumin
ratios of 4 or more are very usual in the plasma,
even in pathological states, interstitial accumula-
tion (due to low albumin concentration in the
interstitium compared to that of plasma, compare
Ref. 35) and intracellular accumulation of free
fatty acid due to a hampered S-oxidation may very
likely lead to high concentrations of unbound fatty
acid. Other factors which are contributing to free
fatty acid accumulaton are the increased intracell-
ular lipolysis and interstitial apolipoprotein C-II-
dependent lipoprotein lipase action. Pronounced
accumulation of nonesterified fatty acids, up to
200 nmol/g wet weight, has been observed in
biopsies taken from ischemic areas of the ventricu-
lar wall of dog hearts [9]. In some pilot experi-
ments in our laboratory the left anterior coronary
artery was ligated for 3 h in anesthetized pigs and
we measured a total nonesterified fatty acid con-
centration of 590 + 170 nmol /g wet weight (S.E.,
n = 4) in biopts taken from the left ventricle, which
concentration is higher than that observed in dog
hearts after 2 h ischemia by Van der Vusse et al.
19]. A significant part of this fatty acid may be
present in the interstitium making calculations of
the concentration of unbound free fatty acid in
compartments close to the sarcolemma doubtful
[36].

Previously, it was shown by us and others
{2,16,37,38] that free fatty acids are potent inhibi-
tors of (Na* + K*)-ATPase. This effect of free
fatty acids is confirmed in the present investiga-
tion concerning the findings with SDS-treated
sarcolemma vesicles. A very important observation
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was that the inhibitory action of fatty acid could
also be shown in a native sarcolemma preparation.
This appeared not to be true for palmitoylcarni-
tine which at 25 puM was not equally effective in
inhibiting (Na* + K*)-ATPase in the native com-
pared with the SDS-treated sarcolemma vesicles,
This result is in agreement with those of Owens et
al. [12] who obtained no effect of palmitoylcarni-
tine on sarcolemma (Na* + K*)-ATPase using
concentrations of the lipid intermediate up to 10
#mol /mg membrane protein whereas considerable
inhibitory potency for palmitoylcarnitine has been
reported against the activity of deoxycholate-
treated (Na* + K*)-ATPase [3,38]. Apparently the
detergent effect of deoxycholate or SDS may be
sufficient for the lipid intermediate to enter the
lipid bilayer to readily affect the (Na*+ K™)-
ATPase. An alternative explanation would be that
the presently used sarcolemma preparation, con-
taining mainly rightside-out oriented vesicles, is
affected by the lipid intermediates in a different
manner as a sarcolemma (compare Ref. 19) pre-
paration containing inside-out oriented vesicles.
This would imply that palmitoylcarnitine can only
inhibit the vectorial enzyme (Na* + K*)-ATPase
at its cytosolic side of the sarcolemma membrane.
However, from another point of view, it should be
questioned whether the vesicle sidedness is im-
portant for studying the effect of lipid in-
termediates on vectorial membrane properties: the
amphiphiles studied are lipophilic in character and
therefore may rapidly pass the membrane having
access to both sides. But a preferential binding of
palmitoylcarnitine to the inner part of the sarco-
lemma in vivo may be expected due to its positive
charge assuming that more acidic phospholipids
are localized at the cytosolic side of the surface
membrane.

In conclusion, it is not clear whether the ob-
served inhibition of (Na' + K*)-ATPase by
palmitoylcarnitine in SDS-treated sarcolemma
vesicles, has any relevance to pathological situa-
tions.

The effects of free fatty acid and palmitoyl-
carnitine on either (Na* + K*)-ATPase or Ca’™*
and Na™ permeability of cardiac sarcolemma
membrane may have significance for the cause of
derangements of cardiac cell function as seen in
ischemia [5,6]. Inhibition of the (Na*+ K™)-

ATPase pump and an increase in Na® permeabil-
ity of the sarcolemma membrane may lead to
elevation of intracellular Na*, which increases the
net Ca?* influx via Na*-Ca’* exchange. Also the
effect on Ca’* permeability may have conse-
quences for the steepness of the Ca’* gradient
across the sarcolemma membrane. The concom-
itant increase of Ca®* currents possibly explains
the increased excitability of the ventricular cells
during an ischemic period [15). It is likely that
cellular Ca’* overload plays a major role in the
development of cardiac failure and necrosis in
ischemia [13,14,39,40].
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