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Abstract The effect of non-esterified myristate (C14:0) or
dodecyl sulfate was studied on passive swelling of rat liver
mitochondria suspended in hypotonic alkaline KCl medium in the
absence of the potassium ionophore valinomycin. Both com-
pounds rapidly initiated large-amplitude swelling. However, they
failed to initiate swelling when the mitochondria were suspended
in hypotonic alkaline sucrose medium. In contrast to myristate or
dodecyl sulfate, the non-ionic detergent Triton X-100 initiated
swelling of mitochondria in both of the media. The following
findings indicate that the inner mitochondrial membrane (IMM)
is permeabilized by myristate to K+ and Cl3 in a specific manner.
(i) Swelling initiated by myristate did not respond to cyclosporin
A, (ii) the protonophoric uncoupler FCCP was unable to mimic
the myristate effect on swelling, and (iii) myristate-induced Cl3-
permeation (measured with KCl medium plus valinomycin) was
inhibited by N,NPP-dicyclohexylcarbodiimide, quinine or ATP.
Myristate- or dodecyl sulfate-initiated swelling was paralleled
by the lowering of endogenous Mg2+ content. Both effects,
stimulation of swelling and depletion of endogenous Mg2+ are
correlated with each other. Similar effects have been reported
previously for the carboxylic divalent cation ionophore calcimy-
cin (A23187). The A23187-induced swelling has identical
inhibiting characteristics on Cl3-permeation with respect to
N,NPP-dicyclohexylcarbodiimide, quinine and ATP as the my-
ristate-stimulated swelling. Therefore, we conclude that non-
esterified fatty acids increase the permeability of mitochondria to
K+ and Cl3 at alkaline pH by activating Mg2+-dependent ion-
conducting pathways in IMM. ß 2001 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Within cells mitochondria generate a high, inside negative
membrane potential (vi) in a K�-rich milieu. Under this
condition, an uncompensated K� uptake in the matrix would

initiate swelling and, thereby destroy the morphological and
functional integrity of mitochondria. To maintain the mito-
chondrial physiology, the inner mitochondrial membrane
(IMM) contains ion carriers and channels regulating the net
ion exchange across IMM (for review see [1^4]). The K�/H�

antiporter, a 82-kDa protein enables the release of matrix-K�

resulting from electrophoretic K� uptake. In addition, Cl3

permeates IMM using an anion channel with broad speci¢city
for anions, the inner membrane anion channel (IMAC) [5].
Both, IMAC and the K�/H� antiporter are believed to par-
ticipate in net salt extrusion from mitochondria [5,6].

Despite of vi-driven leakage of K� into the matrix, an
electrophoretic K� uptake occurs by a K� uniporter [2,7]
and an ATP-sensitive K� channel [8,9]. In isolated mitochon-
dria, IMAC, K�/H� antiporter and K� uniporter are latent,
but become activated when mitochondria are suspended in
alkaline hypotonic medium and endogenous Mg2� is depleted
with the carboxylic ionophore calcimycin (A23187) [5,7,10^
12]. It has been proposed that these ion-conducting pathways
are regulated by the concentration of free matrix-Mg2�, pu-
tatively by disassociation of Mg2� bound to negative regula-
tory sites [9,12]. Additionally, Mg2� interacts with other mem-
brane constituents, preferably with negatively charged
membrane phospholipids [13,14] and, on this manner could
change the membrane £uidity [15]. These observations may
explain that Mg2� is involved in the regulation of a variety
of membrane transport systems (see also [16] and references
therein).

We report in this study that non-esteri¢ed long-chain
(`free') fatty acids (FFA) applied in the micromolar concen-
trations can also deplete mitochondria from endogenous
Mg2� and initiate large-amplitude swelling of mitochondria.
We hypothesize that the previously reported initiation of
swelling of mitochondria by FFA [17] is due to the activation
of ion-conducting pathways in the IMM.

2. Materials and methods

2.1. Mitochondria
Liver mitochondria were prepared from adult female Wistar rats

(average weight 150^180 g) by di¡erential centrifugation according to
our standard protocol [17]. Protein content in the mitochondrial stock
suspension was determined by a modi¢ed biuret method.

2.2. Passive swelling assay
Passive swelling of non-respiring rat liver mitochondria was done as

in [17]. In short, an aliquot of mitochondria (1 mg protein) was added
to 1 ml of the KCl medium consisting of 120 mM KCl (with and
without 0.5 WM valinomycin (Val)), 10 mM Tris^HCl, 0.5 mM
EDTA, 1 WM cyclosporin A (CyA), 2 WM rotenone and 1 WM anti-
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mycin A. When not otherwise stated, the KCl medium was adjusted
to pH 8.0. Mitochondria were preincubated for 2 min in the KCl
medium and, afterwards the swelling was initiated by the addition
FFA, sodium dodecyl sulfate (SDS), CTMAB, A23187 or Triton
X-100 as ethanolic or aqueous solution. Swelling was measured pho-
tometrically at 22³C and was quanti¢ed by the initial rate of the
decrease of light absorbance at 540 nm using the photometer soft-
ware.

Rupture of the mitochondrial inner membrane by lytic activity of
myristate (Myr), SDS or Triton X-100 was assessed by measuring the
release of the matrix enzyme malate dehydrogenase (MDH) that was
determined photometrically according to [18]. In short, mitochondria
were incubated in KCl medium (pH 8.0) with Myr (40 nmol mg
protein31), SDS (40 nmol mg protein31) or Triton X-100 (0.02%),
swelling was terminated after 2 min by addition of bovine serum
albumin (1 mg ml31), the incubation mixture was centrifuged and
MDH was measured in the supernatant.

2.3. Determination of endogenous magnesium
2.3.1. Free matrix-magnesium. Mitochondria (10 mg ml31) were

stained for 5 min with 2 WM magnesium green (MgG)-acetoxymethyl
ester (Molecular Probes, Eugene, OR, USA) and washed once in KCl
medium. Changes in the free matrix-Mg2� concentration were re-
corded £uorometrically (510 nm excitation/535 nm emission) after
adding stock solutions of FFA, SDS or A23187 to a cuvette contain-
ing stained mitochondria (1 mg protein ml31) at room temperature.

2.3.2. Released magnesium. Mitochondria were incubated in KCl
medium (1 mg protein/1.3 ml) for 5 min without or with A23187, Myr
or SDS at 25³C, followed by rapid sedimentation of mitochondria in a
microcentrifuge. Released as well as retained Mg2� was determined in
the supernatant and in the mitochondrial pellet by atomic absorption
spectroscopy measurements.

2.4. Chemicals
Myr (C14:0), palmitate (C16:0), stearate (C18:0), laurate (C12:0), ara-

chidonate (C20:4), SDS, cetyl trimethyl ammonium bromide
(CTAMB), N,NP-dicyclohexylcarbodiimide (DCCD), antimycin A, ro-
tenone and ATP were from Sigma (St. Louis, MO, USA). Quinine,
A23187 and CyA were from Calbiochem. L,LP-Methyl-substituted
hexadecane K,g-dioic acid (Medica 16) was kindly provided by Dr.
Jacob Bar-Taba, Department of Human Nutrition and Metabolism,
Hebrew University, Jerusalem, Israel.

3. Results

3.1. Stimulation of passive swelling by Myr
Myr applied at low concentrations (5^10 nmol mg

protein31) to rat liver mitochondria suspended in KCl me-
dium stimulated swelling signi¢cantly, whereas lower concen-
trations of the detergent Triton X-100 were without e¡ect (see
Fig. 1A). In order to eliminate possible contribution of the
permeability transition, the KCl medium was supplemented
with CyA, a potent blocker of the permeability transition
pore [4]. In case of lytic action of Myr, it is expected that
swelling in mitochondria is initiated irrespective of the me-
dium composition. Indeed, with a higher concentration of
Triton X-100 mitochondria swell rapidly in KCl and in su-
crose medium (see Fig. 1B). On the contrary, Myr does not
initiate swelling of mitochondria in sucrose medium. In addi-
tion, at a lower pH of KCl medium (7.4), Myr fails to stim-
ulate swelling in mitochondria [17], whereas Triton X-100 still
is e¡ective (not shown). Interestingly, dodecyl sulfate acted
similar as Myr, whereas cetyl trimethyl ammonium did not
initiate swelling in both media. Finally, MDH activity released
from mitochondria during initial Myr-initiated swelling (see
Section 2) was practically not higher (8 þ 6% of total activity)
than without Myr (3 þ 1% of total activity). In the whole,
these observations suggest a speci¢c action of Myr in the
swelling of mitochondria in alkaline KCl medium.

3.2. E¡ect of fatty acids on mitochondrial Mg 2+

Since the above described swelling initiated by Myr is sim-
ilar as reported for the carboxylic bivalent cation ionophore
A23187 [5,7,10^12], the question arises: Does Myr deplete
mitochondria from endogenous Mg2� ? For examination, the
e¡ect of Myr on free matrix-Mg2� was measured applying
magnesium green (MgG) as £uorescent probe for Mg2� [19].
RLM loaded with MgG were suspended in alkaline KCl me-
dium (pH 8.0) and the £uorescence of the Mg2�^MgG com-
plex was recorded before and after addition of Myr or
A23187. As Fig. 2 shows, Myr decreased the £uorescence of
the Mg2�^MgG complex similar as A23187 (trace A and B),
suggesting that it lowers free matrix-Mg2�. Interestingly, SDS
decreased also the £uorescence, but not as rapid as Myr (trace
C). Contrary to A23187, Myr decreased only slowly the £uo-
rescence of the Mg2�^MgG complex when mitochondria were
incubated in KCl medium adjusted to pH 7.4 (trace D and E).

We measured at alkaline KCl medium the release of Mg2�

in the medium as well as its retention in mitochondria by
means of atomic absorption spectrometry. Mitochondria

Fig. 1. Passive swelling of mitochondria. A: Concentration depen-
dency of swelling. RLM were suspended in KCl medium and the
swelling was initiated by addition of various concentrations of Myr,
SDS or Triton X-100. Swelling is expressed in percent of the swell-
ing rate adjusted with 40 nmol Myr mg protein31 (0.383 þ 0.065/min
mg protein31 was set 100%). B: Swelling in KCl or sucrose medium
initiated by Myr, dodecyl sulfate, Triton X-100 or CTAMB. RLM
(1 mg protein) were suspended in 1 ml of KCl medium or of su-
crose medium (240 mM sucrose, 10 mM Tris^HCl, 0.5 mM EDTA,
2 WM rotenone, 1 WM antimycin A, 1 WM CyA) adjusted to pH 8.
Additions were Myr (40 nmol mg protein31) or SDS (40 nmol mg
protein31) or Triton X-100 (300 nmol mg protein31). The data
(means þ S.D.) were from three to six mitochondrial preparations.
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were incubated for 2 min with Myr, SDS or A23187 and after
centrifugation the Mg2� content was measured in samples of
the supernatant and pellets. Again, Myr or SDS stimulated
the release of endogenous Mg2� from mitochondria, but not
in such a quantitative manner as A23187 (see Fig. 3).

3.3. FFA-induced swelling and lowering of endogenous Mg2+

Next we examined a potential relationship between the abil-
ity of various FFA to decrease free Mg2� and their ability to
stimulate swelling of mitochondria. The normalized slopes of
the FFA-induced swelling and that of the FFA-induced de-
crease in the £uorescence of the Mg2�^MgG complex were
plotted versus each other (see Fig. 4). Indeed, close propor-
tionality between the FFA-linked lowering of matrix-Mg2�

and their ability to stimulate swelling in mitochondria was
found.

3.4. Inhibition of passive swelling
An increased permeability of IMM to Cl3 has been attrib-

uted to an activation of IMAC, resulting from depletion of
endogenous Mg2� at alkaline matrix-pH [5]. Permeation of
solutes across IMAC is inhibited by DCCD or quinine [5].
Therefore, we examined the possibility that Myr activates
IMAC. For that, mitochondria were suspended in alkaline
KCl medium (plus Val; pH 8.0). Under this conditions swell-
ing of mitochondria is only limited by the permeation of Cl3.
Myr-initiated swelling of mitochondria in KCl medium was
inhibited by DCCD or quinine, identical to that initiated by
A23187 (see Fig. 5). Interestingly, swelling of RLM was also
inhibited by ATP in a concentration-dependent manner.

4. Discussion

Recent reports have demonstrated, that FFA stimulate
large-amplitude swelling of mitochondria, preloaded with
Ca2� and suspended in neutral medium (pH 7.2^7.4), by the
opening of the permeability transition pore complex (PTP)
[20^28]. In the present paper we studied large-amplitude swell-

Fig. 2. Decrease of endogenous free matrix-Mg2� by Myr. RLM
(1 mg protein ml31) pretreated with the £uorescent probe McG-
acetoxymethyl ester were suspended in KCl medium (pH 7.4 or
8.0). Myr (40 nmol mg protein31), A23187 (1 nmol mg protein31)
or SDS (40 nmol mg protein31) were added as indicated.

Fig. 3. E¡ect of Myr on the release of endogenous Mg2� from mi-
tochondria. RLM (1 mg protein/1.3 ml) were incubated in KCl me-
dium (pH 8.0) with Myr (40 nmol mg protein31), A23187 (1 nmol
mg protein31) or SDS (40 nmol mg protein31) as described in Sec-
tion 2. Mg2� released from or retained in RLM was measured by
atomic absorption spectrometry. The data (means þ S.D.) were from
four mitochondrial preparations.

Fig. 4. Dependency of swelling on the decrease of endogenous
Mg2� content. Swelling rates were measured with a variety of FFA
(40 nmol mg protein31) or SDS (40 nmol mg protein31) as de-
scribed in Section 2 and normalized to the Myr-stimulated swelling
(a swelling rate of 0.232 þ 0.024 min31 mg protein31 was set at
100%). Slopes of FFA-induced quenching of Mg2�^MgG £uores-
cence were estimated from experiments such as shown in Fig. 1 and
normalized to Myr-induced quenching (a £uorescence decrease of
32 þ 9 arbitrary units min31 mg protein31 was set at 100%). The
data points are from four to seven mitochondrial preparations.
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ing initiated in mitochondria by Myr in alkaline KCl medium.
This swelling does not respond to CyA and is found with
mitochondria not preloaded with Ca2�. Thus, Myr-initiated
swelling of mitochondria in alkaline KCl medium was obvi-
ously not due to an activation of PTP. Therefore, two alter-
native mechanisms, (1) a lytic action of Myr on mitochondria
and (2) an activation of latent ion-conducting pathways in
IMM, have to be considered. The results obtained suggest
that Myr depletes mitochondria from endogenous Mg2� and
thereby activates ion-conducting pathways, allowing the per-
meation of IMM to normally non-permeable ions (K�, Cl3).
This conclusion is based on the following ¢ndings:

1. Low concentrations of Myr (5^10 nmol mg protein31) ini-
tiate swelling in CyA-treated mitochondria suspended at
alkaline KCl medium (Fig. 1A), whereas mitochondria sus-
pended in alkaline sucrose medium do not swell, even in
the presence of higher concentration of Myr (40 nmol mg
protein31).

2. The rupture of IMM by lytic action of Myr would stim-
ulate the release of the matrix enzyme MDH. But, we did
not found signi¢cantly elevated activity of MDH in the
supernatant of samples exposed to short-term swelling
with Myr (40 nmol mg protein31).

3. Contrary to Myr, the potent and highly lipid-soluble pro-
tonophore FCCP [17] or the cationic surfactant CTAMB
does not stimulate swelling of mitochondria in alkaline
KCl medium (Fig. 1B), suggesting that Myr interacts spe-
ci¢cally with mitochondrial membrane constituents.

4. Myr and dodecyl sulfate decrease free matrix-Mg2� and
deplete mitochondria from endogenous Mg2� similar as
the ionophore A23187 (Figs. 2 and 3). Depletion of endog-
enous Mg2� from mitochondria was reported to be related
to an increased K� or Cl3 permeability and passive swell-
ing in media based on potassium salts [11,29]. The property
of FFA to deplete mitochondria from Mg2� is assumed to
be caused by their ability to form tight complexes, known
as `fatty acid anion-Mg2� soaps' [30]. Such view is sup-
ported by the parallel e¡ects of dodecyl sulfate on swelling
and Mg2�-depletion of mitochondria and, in addition, by
the missing action of the positively charged cetyl trimethyl
ammonium on both.

5. Since incorporation of FFA in liposomal membranes shifts
their pKa from 5 to about 8 [31], it is expected that at
alkaline medium pH (8.0) the concentration of the Myr
anion is higher than at pH 7.4. This could explain why
swelling is strongly stimulated when the medium pH was
increased from 7.4 to 8.0 [17].

6. The potency of FFA to stimulate swelling of mitochondria
in alkaline KCl medium correlates well with their ability to
decrease matrix-Mg2� (Fig. 4).

7. Myr-stimulated swelling of mitochondria suspended in
KCl-Val medium is inhibited in a dose-dependent manner
by DCCD, quinine or ATP, in an identical way as A23187-
initiated swelling (Fig. 5).

Taken together, these ¢ndings suggest that FFA deplete
mitochondria at alkaline pH from Mg2� and activate thereby
Mg2�-dependent ion-conducting pathways, e.g. such as
IMAC. The exact mechanism of the Myr-induced Mg2� de-
pletion of mitochondria has to be explored in further studies.
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