
Ž .Comparitive Biochemistry and Physiology Part B 130 2001 411�418

Suppression of T - and fatty acid-induced membrane3

permeability transition by L-carnitine

Akihiko Kashiwagia,1, Tomoko Kannob, Kayo Aritab, Rumi Ishisakac,
Toshihiko Utsumic, Kozo Utsumib,�

aLaboratory for Amphibian Biology, Graduate School of Science, Hiroshima Uni�ersity, Higashihiroshima 739-8526, Japan
bInstitute of Medical Science, Kurashiki Medical Center, Kurashiki 710-8522, Japan

cDepartment of Biological Chemistry, Faculty of Agriculture, Yamaguchi Uni�ersity, Yamaguchi 753-8515, Japan

Received 30 March 2001; received in revised form 15 July 2001; accepted 30 July 2001

Abstract

Ž .Cytochrome c Cyt. c is known to be released from the mitochondria into the cytosol by means of the membrane
Ž .permeability transition MPT mechanism, thereby activating caspase cascade activity, and inducing cell apoptosis.

Recently we reported that L-carnitine suppressed palmitoyl-CoA-induced MPT as well as apoptosis in some cell types
Ž .Biochem. Pharmacol, in press . In the present study T was found to induce MPT and Cyt. c release, while cyclosporin3

Ž . Ž .A CsA , bovine serum albumin BSA and L-carnitine were found to inhibit this action in a concentration-dependent
Ž .manner. Similarly, long chain fatty acid LCFA also induced MPT and Cyt. c release, which was then inhibited by CsA,

BSA and L-carnitine. From these results the authors postulate that T -induced MPT is in part regulated by fatty acid3
metabolism through a dynamic balance between LCFAs and L-carnitine. � 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction

Apoptosis, also known as programmed cell
Ž .death PCD , is a genetically controlled response
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ity transition; OCTN2, organic cation transporter 2; carnitine,
3-hydroxy-4-N-trimethyl-aminobutyric acid; PLA , phospholi-2
pase A ; Pi, inorganic phosphate; T , triiodothyronine.2 3
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for cells to neatly commit suicide, and plays an
important role during development as well as in

Ž .homeostasis Mignotte and Vayssiere, 1998 . Too
much apoptosis may result in a variety of dis-
eases, such as neurodegenerative disorder, ac-

Ž .quired immunodeficiency syndrome AIDS or os-
teoporosis, while too little apoptosis may result in
cancer, autoimmune disease or viral infection
Ž .Thompson, 1995 . Apoptosis hallmarks include
chromatin condensation, protease and endonucle-
ase activation, internucleosomal DNA fragmenta-
tion, membrane blebbing and cell shrinkage
Ž .Thornberry and Lazebnik, 1998 .

In apoptosis, a family of cysteine proteases
called caspases participates in a proteolytic cas-

Ž .cade, which leads to cell disassembly effectors ,

1096-4959�01�$ - see front matter � 2001 Elsevier Science Inc. All rights reserved.
Ž .PII: S 1 0 9 6 - 4 9 5 9 0 1 0 0 4 5 8 - 4



( )A. Kashiwagi et al. � Comparati�e Biochemistry and Physiology Part B 130 2001 411�418412

and also functions in upstream regulatory events
Ž . Žinitiators Alnemri et al., 1996; Thornberry and

.Lazebnik, 1998 .
Mitochondria are thought to be an important

executioner of apoptosis. The membrane perme-
Ž .ability transition MPT is induced by mitochon-

drial dysfunction, including a decrease in inner
membrane potential, respiratory control and car-

Ždiolipin levels in the membranes Zoratti and
.Szabo, 1995 . MPT pore results in a release of the´

Ž .apoptogenic factor cytochrome c Cyt. c from
the mitochondria into the cytosol. Once in the
cytosol Cyt. c, forms a complex of apoptotic pro-

Ž .tease activating factor Apafs , composed of Cyt.
Ž . Ž .c Apaf-2 , Apaf-1 and procaspase-9 Apaf-3 ,

leading to the initiation of a caspase cascade, and
Ževentually apoptosis Li et al., 1997; Green and

.Reed, 1998; Raff, 1998 . MPT pore opening is
affected by many chemical compounds, including

Žthyroid hormones L-thyroxine, T , and the more4
.biologically active triiodo-L-thyronine, T3

ŽKalderon et al., 1995; Malkevitch et al., 1997;
.Castilho et al., 1998; Hermesh et al., 2000 . The

mechanism involved in pore opening by T and T4 3
is not clear, however.

Tail atrophy during anuran metamorphosis is
Ž .the result of apoptosis, or PCD Kerr et al., 1974 ,

and is triggered and controlled by thyroid hor-
Ž .mones Tata, 1993; Shi et al., 1996; Shi, 2000 .

Thus, tadpole tail provides excellent material for
the study of the mechanism underlying thyroid
hormone-induced pore opening. T induces the3
proapoptotic gene Bax expression and apoptosis
in the tail muscle of Xenopus lae�is tadpoles
Ž .Sachs et al., 1997 . T treatment also causes Bax3
expression and apoptosis in the optic lobe of the

Ž .chick embryo Ghorbel et al., 1997 . Bax is found
Žto induce Cyt. c release from mitochondria Reed,

. Ž .1997 . Cyclosporin A CsA , an MPT inhibitor,
prevents T -induced regression of bullfrog tad-3

Ž .pole tail Little and Flores, 1992 . Moreover, ac-
Ž .cording to Su et al. 1997a,b , T treatment of X.3

lae�is tadpole intestinal epithelium cells cultured
in vitro resulted in apoptosis, which is inhibitable

Ž .by CsA Su et al., 1997b . These findings suggest
that thyroid hormone is involved in the induction
of MPT in mitochondria. In this context, some
investigators reported a CsA-sensitive MPT
ŽKalderon et al., 1995; Su et al., 1997a; Sultan and

.Sokolove, 2001 , but others reported a CsA-insen-
sitive MPT induced by fatty acids and T3
Ž .Hermesh et al., 2000; Sultan and Sokolove, 2001 .

Sensitivity of MPT to CsA is dependent on the
2� Žconcentration of Ca Sultan and Sokolove,

. 2�2001 . Under concentrations of Ca lower than
75 nmol�mg protein free fatty acids induced an

ŽMPT that is sensitive to CsA classic CsA-sensi-
.tive MPT, MPT . However, higher concentrations

of Ca2� can open an MPT that is insensitive to
Ž .CsA non-classic MPT, NCPT . Thus the intracel-

lular concentration of calcium ion also has an
important role in T -induced MPT. Various inves-3
tigators have described remarkable differences in
the concentration of T required to induce MPT3

Žin isolated rat liver mitochondria Kalderon et al.,
1995; Malkevitch et al., 1997; Castilho et al.,

.1998; Hermesh et al., 2000 . These results make it
difficult to interpret the effect of thyroid hor-
mone on the mechanism of MPT induction.

Ž .Long chain fatty acids LCFAs have been
shown to promote MPT pore opening, and this

Žaction is inhibited in the presence of CsA Broe-
kemeier and Pfeiffer, 1995; Wieckowski et al.,

.2000; Arita et al., 2001 . A non-metabolizable
long chain fatty acyl analogue has a direct effect
on mitochondria, which is similar to that exerted

Žby thyroid hormone treatment Hermesh et al.,
. Ž .2000 . Woitczak and Lehninger 1961 reported

that free fatty acids are generated during the
swelling of mitochondria by treatment with T .3
MPT induced by fatty acids is sensitive not only
to CsA but also L-carnitine, a substance impor-
tant in the translocating of free fatty acids into

Žthe mitochondria matrix for �-oxidation Kanno
.et al., 2000; Furuno et al., 2001 .

The purpose of the present study is to investi-
gate the possible involvement of fatty acid
metabolism in T -induced MPT, as well as L-3
carnitine inhibitory action.

2. Materials and methods

2.1. Chemicals

Ž .Arachidonic acid, Cyt. c, ribonuclease RNase
A and proteinase K were obtained from Sigma

Ž .Chemical Co. St. Louis, MO, USA . Monoclonal
antibody against Cyt. c was purchased from

Ž .PharMingen San Diego, CA, USA . All other
chemicals were of analytical grade and were ob-

Ž .tained from Nacalai Tesque Kyoto, Japan .
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2.2. Preparation of rat li�er mitochondria

Mitochondria were isolated from rat liver es-
Ž .sentially by the method of Hogeboom 1955 us-

ing sucrose density gradient centrifugation as de-
Ž .scribed previously Mustafa et al., 1966 . Protein

concentrations were determined by the method of
Ž .Bradford 1976 , using BSA as a standard.

2.3. Assay for mitochondrial swelling and membrane
potential

Ž .Mitochondria 0.1 mg protein�ml were in-
Ž .cubated in 10 mM Tris�HCl buffer pH 7.4

Ž .containing 0.15 M KCl Tris�KCl solution at
25�C. Large amplitude swelling of the mitochon-

Ž .dria, representing MPT Zoratti and Szabo, 1995 ,´
was measured spectrophotometrically at 540 nm
at 25�C using a dual beam spectrophotometer
Ž .Shimadzu UV-3000 equipped with a thermostat-
ically-controlled cuvette holder and a magnetic
stirrer.

For the analysis of membrane potential, mito-
Ž .chondria 0.1 mg protein�ml were incubated in

Tris�KCl solution at 25�C in the presence of 0.1
Ž . ŽnM cyanine dye, diS-C3- 5 Hoffman and Laris,

.1974 . Then fluorescence intensity was recorded
at 672 nm using excitation light at 650 nm in a

Ž .fluorospectrophotometer Hitachi 650-10LC
equipped with a thermostatically-controlled cu-

Ž .vette holder Utsumi et al., 1995 .

2.4. Western Blot Analysis

Ž .Rat liver mitochondria 0.1 mg protein�ml
were incubated in a 0.15 M KCl medium contain-

Ž .ing 10 mM Tris�HCl pH 7.4 at 25�C for 10 min.
Supernatant and mitochondrial fractions were ob-
tained by centrifugation at 2000�g for 10 min.
The same incubation medium was then added to
the mitochondrial fraction to bring it up to the
volume of the supernatant fraction.

Half a milliliter of the supernatant or 0.5 ml of
the mitochondrial fraction were added to 0.5 ml

Žvolumes of an SDS-sample buffer 125 mM
Tris � HCl, pH 6.8, 4% SDS, 10% �-
mercaptoethanol, 20% glycerol, and 0.002% bro-

.mophenol blue and then boiled at 100�C for 5
min. Boiled samples were subjected to SDS-poly-
acrylamide gel electrophoresis. After transfer to

Ž .Immobilon filters Millipore Co. , filters were in-
Žcubated with anti-cytochrome c antibody 1:1000

.dilution and then with horseradish peroxidase-
Ž .linked secondary antibody 1:2000 dilution and

Ž .analyzed using an ECLplus kit Amersham Co.
Ž .Yang and Cortopassi, 1998; Yabuki et al., 2000 .

3. Results

3.1. T -induced MPT3

T induced the opening of MPT pore in the3

Ž . Ž .Fig. 1. T -induced MPT. Mitochondria 0.1 mg protein�ml were incubated in Tris�HCl buffer pH 7.4 containing 0.15 M KCl at3
Ž . Ž .25�C. A Mitochondrial swelling was monitored by absorption at 540 nm. B Membrane potential was monitored by fluorescence of
Ž .diS-C3- 5 . Reagents used were 5 mM succinate, 2 mM phosphate and 25 �M of T for the measurement of swelling and 0.15 mg�ml3
Ž .diS-C3- 5 for membrane potential. Similar results were obtained in three separate trials.
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2� Ž . Ž .presence of Ca 1 �M Castilho et al., 1998 .
In a medium of 0.15 M KCl-10 mM Tris�HCl

Ž .buffer pH 7.4 at 25�C, 25 �M T induced mito-3
chondrial swelling and depolarization of mem-
brane potential in the presence of inorganic phos-

Ž .phate Pi and succinate as respiratory substrate
Ž .Fig. 1 . Mitochondrial swelling was not observed
in the presence of ruthenium red, which inhibits

2� Ž .mitochondrial Ca uptake data not shown .

3.2. Suppression of T -induced MPT by L-carnitine3

T -induced MPT was found to be concentra-3
tion-dependent, with maximum swelling of mito-
chondria seen at a concentration of 50 �M T3
Ž .Fig. 2a . The minimum concentration of T re-3
quired to induce mitochondrial swelling was just
over 1 �M in the presence of rotenone, Pi and
succinate. T concentration required to mitochon-3
drial swelling depends upon the composition of
reaction medium containing Ca2� and Pi concen-
trations as well as mitochondrial concentration,

Ž .as described in Castilho et al. 1998 . These au-
Žthors incubated rat liver mitochondria 0.3

.mg�ml in reaction medium containing 0.1 mM
2� ŽPi and 460 �M Ca and 500 �M EGTA free

2� .Ca concentration, 1 �M , and then 0.5 �M T3
or 1.0 �M T was added. Both 1 �M T and 203 3
�M T were required in the present study. T -3 3
induced MPT was suppressed by L-carnitine in a

Ž .concentration-dependent manner Fig. 2b .

3.3. Suppression of T -induced MPT by �arious3
reagents

Ž .In a recent study Waring and Beaver 1996
demonstrated that sensitivity to CsA is the only
criterion necessary to distinguish the involvement
of MPT in apoptosis. Other investigators, how-
ever, have reported T -induced mitochondrial3

Žswelling that is not only CsA-sensitive Kalderon
et al., 1995; Su et al., 1997a,b; Castilho et al.,

. Ž .1998 , but also insensitive Malkevitch et al., 1997 .
Thus, we examined the effects of CsA and several

Ž . Ž .other reagents. CsA 2 �M , BSA 2 �M and
Ž .chlorpromazine 10 �M were also found to in-

hibit T -induced MPT in a manner similar to3
Ž .L-carnitine Fig. 3 . However, the inhibitory ef-

fects of various reagents, including L-carnitine,
were seen to be dependent on the concentration
of T , and the effects greatly decreased by T3 3
concentrations greater than 40 �M. At such high
concentrations, thyroxine promotes an increase in

Ž .CsA-insensitive MPT Malkevitch et al., 1997 .

3.4. T -induced Cyt. c release and inhibition by3
�arious reagents

Studies have shown that Cyt. c is released from
the mitochondria during reagent-induced MPT.
Fig. 4 shows Cyt. c release induced by 25 �M T .3

Ž .Cyt. c release was suppressed by CsA 2 �M ,

Fig. 2. Suppression of T -induced MPT by L-carnitine. Experimental conditions were the same as described for Fig. 1. Various3
Ž .concentrations of L-carnitine were added to the medium before adding mitochondria. a shows the dose-dependent swelling of

Ž .mitochondria at various concentrations of T . b shows the dose-dependent L-carnitine suppression of mitochondrial swelling induced3
by 25 �M T . Similar results were obtained in three separate trials.3
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Fig. 3. Suppression of T -induced MPT by various reagents.3
Experimental conditions were as described for Fig. 1. The

Ž .dotted line control shows absorption in the absence of T3
and the inhibiting reagents. The following concentrations were
used: T , 25 �M; CsA, 2 �M; BSA, 2 �M; chlorpromazine, 103
�M; L-carnitine, 2 mM.

Ž . Ž .L-carnitine 1 mM , BSA 0.1 mg�ml and chlor-
Ž .promazine 10 �M .

3.5. Arachidonic acid-induced MPT and inhibition
by CsA, BSA and L-carnitine

A recent study has shown that the thy-
romimetic protonophoric activity of non-metabo-

Ž .lizable long chain fatty acyl analogue Medica 16
and the uncoupling activity of T converge onto3
adenine nucleotide transporter, a component of

Ž .MPT pore Hermesh et al., 2000 . In this context,
we reported in a previous paper that polyunsatu-

Ž .rated long chain fatty acids PUFA induced MPT
Ž .in a CsA-sensitive manner Arita et al., 2001 . In

the present study we examined the effects of
various other reagents on PUFA-induced MPT.
As expected, MPT was found to be induced by

Ž .arachidonic acid AA , and suppressed by CsA,
Ž .BSA and L-carnitine Fig. 5 .

3.6. Arachidonic acid-induced Cyt. c release and
inhibition by CsA, BSA and L-carnitine

Cyt. c was released during the time of MPT
induced by AA, but was suppressed in the pres-

Ž .ence of CsA, BSA and L-carnitine Fig. 6 .

Fig. 4. Effects of various reagents on T -induced Cyt. c re-3
lease. Experimental conditions were as described for Fig. 1.
The figure shows Western blot analysis of Cyt. c during
T -induced MPT. Mitochondria were treated with 25 �M T3 3
for 10 min in the presence or absence of various reagents and

Ž . Ž .fractioned into mitochondria M and supernatant S .
Reagents used were L-carnitine 1 mM, BSA 0.1 mg�ml, chlor-
promazine 10 �M and CsA 2 �M.

4. Discussion

The tail of anuran tadpoles, comprising the
epidermis, connective tissue, muscle, etc., com-

Fig. 5. Arachidonic acid-induced MPT and its inhibition by
CsA, BSA and L-carnitine. Experimental conditions were as
described for Fig. 1. Concentrations used were arachidonic

Ž .acid AA 3 �M, CsA 1 �M, BSA 0.1 mg�ml, and L-carnitine
1 mM. AA induced mitochondrial swelling.
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Fig. 6. Arachidonic acid-induced Cyt. c release and inhibition
by CsA, BSA and L- carnitine. Experimental conditions were
as described for Fig. 1. The figure shows Western blot analysis
of Cyt. c during AA-induced MPT of mitochondria. Mitochon-
dria were treated with 3 �M AA for 10 min in the presence or
absence of CsA 2 �M, BSA 0.1 mg�ml or L-carnitine 1 mM,

Ž . Ž .and fractionated into mitochondria M and supernatant S .

pletely degenerates through apoptosis, or PCD,
during metamorphosis. Amphibian metamorpho-

Žsis is under the control of thyroid hormone Dodd
.and Dodd, 1976 , which regulates the expression
Ž .of various genes Shi, 1994 , making this hormone

useful for the study of PCD during ontogenetic
Ždevelopment Nishikawa and Yoshizato, 1986;

Nishikawa et al., 1989; Brown et al., 1996; Shi,
.1996 . Recent studies have shown that mitochon-

Ždria play an important role in apoptosis Mignotte
.and Vayssiere, 1998 , and Cyt. c released from

mitochondria through MPT stimulate caspase
Žcascade, thereby initiating apoptosis Zoratti and
.Szabo, 1995; Green and Reed, 1998 . It has also´

been demonstrated that thyroid hormone induces
the release of fatty acids, which in turn induces

Žmitochondrial swelling Woitczak and Lehninger,
.1961 , with this mitochondrial swelling being pre-

vented by BSA binding to free fatty acids. It has
also been shown that fatty acids induce MPT in a

Ž .CsA-inhibitable manner Wieckowski et al., 2000 .
The inhibitory effect of CsA on PLA activity has2

Žalso been reported Broekemeier and Pfeiffer,
.1995 . The release fatty acids is also thought to be

Ž .induced by PLA Marzoev and Vladimirov, 1977 ,2
and fatty acid release has been shown to be
inhibited in the presence of chlorpromazine, a
known inhibitor of PLA . Trifluoperazine, a PLA2 2
inhibitor, induces the same inhibition of MPT
Ž .data not shown . These findings suggest that
thyroid hormone might induce the opening of
MPT pore. In fact, it was found that mitochon-

drial MPT is induced by T in vitro and in vivo3
ŽKalderon et al., 1995; Malkevitch et al., 1997;

.Castilho et al., 1998 . Furthermore, a recent in-
vestigation showed that thyromimetic fatty acid
analogue induces mitochondrial protonophoric

Ž .activity Hermesh et al., 2000 . These results fur-
ther support the idea that thyroid hormone-
induced MPT is correlated with the generation of
free fatty acid during mitochondrial swelling.

In the present study it was found that both CsA
and L-carnitine inhibit T -induced MPT and Cyt.3
c release in isolated mitochondria. CsA effec-
tively suppressed T -induced mitochondrial MPT,3
which is comparable to the action of bongkrekic

Žacid, a marker of MPT Le Quoc and Le Quoc,ˆ ˆ ˆ ˆ
.1988 . L-carnitine facilitates the transport of

LCFAs into the mitochondrial matrix, thereby
enhancing �-oxidation. Because cephaloridin, a
potent inhibitor of the carnitine transporter,
abolished the inhibitory effect of L-carnitine, the
protective effect of L-carnitine might occur in and

Žaround mitochondrial MPT pore Furuno et al.,
.2001 . Hence, the suppressive effects of L-carni-

tine on the occurrence of T -induced MPT and3
Cyt. c release might relate to the removal of
LCFAs and the enhancement of �-oxidation that
facilitates ATP formation. It is not known, how-
ever, whether the generation of fatty acids in and
around the mitochondrial membrane occurs prior
to the occurrence of MPT or after.

Mitochondrial PLA is localized predominantly2
in the inner membrane, and its activity at or near
the contact sites of the outer and inner mem-
branes, the site of the MPT pore, is about two-
times greater than that at other sites on the inner

Ž .membranes Levrat and Louisot, 1992 . A wide
variety of toxic compounds release mitochondrial
Ca2� by increasing the permeability of the inner

Ž .membrane Broekemeier et al., 1985 . These
findings suggest that free fatty acids and lysophos-
pholipids might accumulate in the mitochondria
through activation of Ca2�-dependent PLA prior2

Žto the induction of certain MPT’s Pfeiffer et al.,
.1979 .

The molecular mechanism by which T and3
LCFAs enhance mitochondrial MPT is not clear
at present. The effect of LCFAs is similar to that
of carboxyatractyloside, a specific inhibitor of the

Ž . ŽADP�ATP carrier AAC Schonfeld and Boh-
.nensack, 1997 . In this case, LCFAs induce MPT

Žnot only by their protonophilic action mediated
.by mitochondrial anion carriers , but also by an
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interaction with the proteins of the MPT pore
Ž .Wieckowski and Wojtczak, 1998 . LCFA and car-
boxyatractyloside bind to AAC proteins with high
affinity, thereby inhibiting anion-conducting

Žchannels Halle-Smith et al., 1988; Schonfeld and
.Bohnensack, 1997 . These observations suggest

that T -induced MPT is partly regulated by a3
dynamic balance between LCFAs and L-carnitine
in and around the mitochondrial membrane. The
specific molecular mechanism of LCFA-induced
MPT requires further clarification.
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