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Abstract Inhibition of the mitochondrial KATP (mi-

toKATP) channel abrogates the beneficial effects of pre-

conditioning induced by a brief episode of sublethal

ischemia. We studied the effect of 5-hydroxydecanoate, a

well-known inhibitor of the mitoKATP channel, on swelling

of isolated liver and brain mitochondria. Volume changes

were determined by measurement of light absorbance at

540 nm. Mitochondrial swelling induced by adding Ca2+

ions correlated with opening of the permeability transition

pore as shown by modulation by 1 lM cyclosporin A. In

brain mitochondria, 5-hydroxydecanoate did not signifi-

cantly affect Ca2+-induced swelling. In contrast, 50 or 500

lM 5-hydroxydecanoate increased swelling of liver mito-

chondria by 9.7 ± 5.1% (n = 6, P = 0.057) and 29.4 ± 1.4%

(n = 5, P < 0.0001), respectively. The effect of 5-hydrox-

ydecanoate was blocked by cyclosporin A and was

dependent on the presence of potassium in the medium. In

medium containing 200 lM ATP to inhibit the mitoKATP

channel, 5–hydroxydecanoate did not further increase

Ca2+-induced swelling. We conclude that inhibition of the

mitoKATP channel exerts its detrimental effect by facilita-

tion of permeability transition pore opening.
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Introduction

In addition to their function in cell metabolism, mito-

chondria play a major role in apoptotic and necrotic cell

death (Crompton 1999). The release of proapoptotic mol-

ecules, such as cytochrome c or apoptosis-inducing factor,

from mitochondria triggers the activation of caspases that

finally leads to cellular destruction (Gulbins, Dreschers and

Bock 2003). This process is associated with opening of the

mitochondrial permeability transition pore (PTP), a

‘‘megachannel’’ spanning both the inner and the outer

mitochondrial membrane. It can exist in various subcon-

ductance states. In the fully opened state, it allows mole-

cules up to a molecular weight of 1.5 kDa to pass

(Crompton 1999). Accordingly, opening of the PTP leads

to a breakdown of the mitochondrial membrane potential,

causing failure of oxidative phosphorylation and adenosine

triphosphate (ATP) depletion (Hunter, Haworth and Sout-

hard 1976). Ca2+ is the major physiological activator of the

PTP. Other factors that are known to trigger PTP activation

are reactive oxygen and nitrogen species, mitochondrial

depolarization and high levels of inorganic phosphate (Pi).

In contrast, hyperpolarization of the mitochondrial mem-

brane as well as high levels of ATP and adenosine

diphosphate (ADP) are known to inhibit the pore

(Crompton 1999).
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Since PTP-mediated cell death is involved in the

development of numerous diseases, much effort is spent to

investigate modulators of this phenomenon. Recently, we

have shown that a second mitochondrial ion channel, the

ATP-dependent potassium channel of the inner mitochon-

drial membrane (mitoKATP channel), interacts with the

PTP (Dahlem et al. 2006). The mitoKATP channel has been

implicated in the mechanism of ischemic preconditioning

(IP) (O’Rourke, 2004). IP is a phenomenon in which a brief

episode of ischemia protects tissue against a subsequent,

otherwise lethal ischemia. The protective effect of IP can

be abolished by administration of inhibitors of mitoKATP

channels (Gross and Auchampach 1992), such as gliben-

clamide and 5-hydroxydecanoate (5-HD). Accordingly,

treatment with the selective mitoKATP channel opener

diazoxide mimics the protection mediated by IP (Garcia de

Arriba et al. 1999). The mechanisms that are responsible

for such effects of mitoKATP channel modulators are still

under debate. Recent studies suggest a correlation between

the state of the mitoKATP channel and the open probability

of the PTP (Costa et al. 2006; Dahlem et al. 2006; Facundo,

de Paula and Kowaltowski 2005). However, because of the

limited specificity of the pharmacological modulators of

the mitoKATP channel, these results are controversial

(Hanley and Daut 2005). In the present study, we investi-

gated whether the mitoKATP channel inhibitor 5-HD affects

PTP opening in isolated liver and brain mitochondria. Due

to the side effects of 5-HD on metabolic pathways (Hanley

et al. 2002), a possible contribution of mitoKATP channel-

independent actions of 5-HD on the opening state of the

PTP was also considered in our study.

Materials and Methods

Animals

Procedures for animal use were in strict accordance with

the Animal Health and Care Committee of the State

Sachsen-Anhalt, Germany. Male Wistar rats (Harlan-

Winkelmann, Borchen, Germany) were single-housed and

maintained under a 12:12 h light/dark cycle. Before being

killed, rats were allowed a 2-week acclimation period and

had free access to standard food and water ad libitum.

Isolation of Liver Mitochondria

Male Wistar rats weighing 250–350 g were killed by

decapitation. The liver was rapidly removed and washed

twice in ice-cold isolation medium containing 250 mM

sucrose, pH 7.4 (always adjusted with Tris). After

homogenization in a solution of 250 mM sucrose and 1

mM ethylenediaminetetraacetic acid (EDTA, pH 7.4), the

resulting suspension was centrifuged at 800 · g for 5 min.

The supernatant was decanted and centrifuged at 5,100 · g

for 4 min. The resulting pellet was resuspended in a solu-

tion of 250 mM sucrose (pH 7.4), gently homogenized by

hand and centrifuged at 12,300 · g for 2 min. Homoge-

nization and centrifugation were repeated at 12,300 · g for

10 min. The final pellet was resuspended in a solution of

250 mM sucrose and 0.5 mM EDTA (pH 7.4). It was stored

on ice for up to 6 h.

Isolation of Nonsynaptic Brain Mitochondria

Brain mitochondria were prepared from male Wistar rats

(6–8 weeks old). Animals were killed by decapitation, and

the forebrain was rapidly removed and transferred into ice-

cold medium A (225 mM mannitol, 75 mM sucrose, 20

mM 3-[n-morpholino]propanesulfonic acid [MOPS], 1 mM

ethyleneglycoltetraacetic acid [EGTA], pH 7.2). After

removing meninges and major blood vessels, the brain was

minced with scissors, homogenized and centrifuged at

1,330 · g for 3 min. The pellet obtained was resuspended

and recentrifuged at 1,330 · g for 3 min. Pooled super-

natants were centrifuged at 21,200 · g for 10 min. The

pellet was resuspended in 15% Percoll, layered on a Percoll

gradient (40% and 23%) and centrifuged at 3,170 · g for 10

min. The mitochondrial fraction located at the interface of

the lower two layers was removed and diluted 1:4 with

isolation medium A containing 10 mg/ml bovine serum

albumin. The Percoll was washed off by two centrifuga-

tions at 16,700 · g and 6,700 · g (10 min). The final pellet

was resuspended in medium B (225 mM mannitol, 75 mM

sucrose, 20 mM MOPS, 0.1 mM EGTA, pH 7.2) and stored

on ice.

Measurement of Mitochondrial Swelling

Mitochondrial protein content was determined by the biuret

method. Aliquots of mitochondria (liver, 600–800 lg

protein/ml; brain, 250 lg protein/ml) were suspended in 1

ml of swelling medium containing 125 mM KCl [125 mM

tetraethylammonium (TEA) chloride], 20 mM Tris, 1 mM

MgCl2, 1 lM EGTA, 5 mM glutamate, 5 mM malate and

0.1 or 1 mM Pi for brain and liver mitochondria, respec-

tively (pH 7.2). Mitochondrial swelling was monitored by

measurement of light scattering at 540 nm by a Varian

(Darmstadt, Germany) Cary 3E spectrophotometer equip-

ped with a thermostatted sampling unit (30�C). Perme-

ability transition was induced by addition of CaCl2 (25 or

50 lM) 1 min after starting the experiment. The values for

maximum swelling obtained as control and under test

conditions were compared by unpaired t-test (two-tailed)

using GraphPad Prism (version 3.02; GraphPad Software,

San Diego CA).
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Results

Addition of 50 lM Ca2+ to freshly isolated brain mito-

chondria incubated in K+ medium resulted in a rapid de-

crease in absorbance at 540 nm (Fig. 1a). The effect is

known to be due to an increase in mitochondrial volume

(Skalska et al. 2005) and is significantly larger than the

decline in absorbance observed in the absence of Ca2+

(decrease of 2.9 ± 0.6% compared to 6.9 ± 0.3%, P <

0.001), which probably reflects a relative dilution of the

mitochondrial suspension due to precipitation of mito-

chondria at the bottom. In the presence of the PTP inhibitor

cyclosporin A (CsA, 1 lM), the Ca2+-induced decrease in

absorbance was significantly delayed (Fig. 1a), indicating

that PTP opening was involved. During a 9-min incubation

with Ca2+ under control conditions, absorbance decreased

to a level of 93.1 ± 0.3% of the basal value (n = 9, P <

0.001 vs. Ca2+-free). At concentrations up to 500 lM, 5-

HD did not change the Ca2+-induced decrease in absor-

bance (Fig. 1b). The presence of 50 or 500 lM 5-HD in the

swelling medium led to a minor increase in Ca2+-induced

swelling by 0.8 ± 0.9% (n = 5, P >> 0.05 vs. control) and

0.4 ± 1.2% (n = 3, P >> 0.05 vs. control), respectively.

Thus, in brain mitochondria, 5-HD did not alter the open

probability of the PTP.

In liver mitochondria, addition of 25 or 50 lM Ca2+

resulted in a steady decrease in absorbance, reaching 87.8 ±

1.7% (n = 13, P < 0.001 vs. Ca2+-free) or 75.3 ± 3.0% (n =

10, P < 0.001 vs. Ca2+-free), respectively, of the basal

value after a 9-min incubation with Ca2+ (Fig. 1c). In both

cases, swelling was completely inhibited by 1 lM CsA.

When swelling was induced by 25 lM Ca2+, treatment with

50 lM 5-HD tended to increase mitochondrial swelling by

9.7 ± 5.1% (n = 6, P = 0.057) compared to control levels

(Fig. 1d, see also Fig. 2c). At a concentration of 500 lM,

5-HD remarkably increased the decline of absorbance by

29.4 ± 1.4% (n = 5, P < 0.0001). In order to clarify whether

the observed increase in mitochondrial swelling induced by

5-HD was due to PTP opening, experiments were repeated

in the presence of the PTP inhibitor CsA (1 lM). When

liver mitochondria were incubated in medium containing

both 5-HD and CsA, addition of 25 lM Ca2+ did not result

Fig. 1 Effect of 5-HD on Ca2+-induced swelling of mitochondria.

Swelling was measured as a decrease in light scattering (percentage of

basal value) at 540 nm. Data are means ± standard error of the mean

of at least three independent experiments. Control indicates absor-

bance decrease in the absence of 5-HD. (a) Swelling of brain

mitochondria induced by 50 lM Ca2+ was delayed by 1 lM CsA,

indicating PTP involvement. (b) The mitoKATP channel inhibitor 5-

HD at concentrations of 50 lM (·) or 500 lM (s) did not affect the

swelling behavior of brain mitochondria. In liver mitochondria (c),

swelling induced by 25 lM (n) or 50 lM (m) Ca2+ was completely

inhibited by CsA. (d) Increase of Ca2+-induced swelling (n) of liver

mitochondria by 5-HD at concentrations of 50 (·) and 500 lM (s).

CsA inhibited swelling even in the presence of 500 lM 5-HD (e),

indicating that 5-HD effects on swelling were due to modulation of

PTP
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in a decrease in absorbance (Fig. 1d), confirming that 5-HD

affects PTP opening and does not have PTP-independent

effects on mitochondrial volume. Similar results were ob-

tained when swelling was induced by 50 lM Ca2+ (data not

shown).

Besides its effect on mitoKATP channels, 5-HD also

influences lipid oxidation of the mitochondria (Hanley

et al. 2002). Because a possible action of 5-HD on PTP

opening due to interference with metabolic pathways

cannot be excluded, experiments were performed in the

absence of potassium. Under these conditions, 5-HD at

50 or 500 lM decreased mitochondrial swelling insig-

nificantly by 1.2 ± 0.3% and 0.6 ± 0.4%, respectively (n

= 3, P >> 0.05 each). Hence, in the absence of potas-

sium ions, 5-HD did not affect Ca2+-induced PTP

opening in liver mitochondria, indicating that a modu-

lation of potassium homeostasis by 5-HD was required

for the activating effect on the PTP (Fig. 2a, see also

Fig. 2d).

To further enlighten the role of mitoKATP channels in 5-

HD-induced PTP opening in liver mitochondria, we

investigated its effect in medium containing 200 lM ATP

in order to block the mitoKATP channel. Under these con-

ditions, the presence of 5-HD in the swelling medium did

not significantly affect the Ca2+-induced decrease of

absorbance: 50 lM 5-HD slightly decreased the Ca2+-in-

duced swelling of mitochondria by 0.4 ± 0.9% (n = 3, P >>

0.05), while 500 lM 5-HD increased swelling by 1.2 ±

0.8% (n = 3, P >> 0.05). Thus, under conditions that favor

the closed state of the mitoKATP channel, the presence of 5-

HD did not further influence the Ca2+-induced PTP open-

ing (Fig. 2b, see also Fig. 2e).

Discussion

MitoKATP channels have been reported in liver (Inoue et al.

1991) and brain (Bajgar et al. 2001). Their molecular

Fig. 2 5-HD increases Ca2+-induced swelling of liver mitochondria

in K+ medium but not in potassium-free medium or in K+ medium

that contains ATP. Data are means ± standard error of the mean of at

least three independent experiments. Control indicates absorbance

decrease in the absence of 5-HD. ***Difference from control, P <

0.0001. (a) 5-HD at concentrations of 50 lm (·) or 500 lm (s) did

not affect Ca2+-induced swelling of liver mitochondria in potassium-

free medium and (b) in medium containing 200 lM ATP in order to

block the mitoKATP channel (control n). (c–e) Mean difference

between swelling induced by Ca2+ in the absence of 5-HD and

swelling in the presence of 5 HD in (c) K+ medium, (d) potassium-

free medium and (e) K+ medium containing 200 lM ATP for

inhibition of the mitoKATP channel (decrease of absorbance without

5-HD is set to zero)
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structure, however, remains unknown, and evidence for

their function is largely derived from pharmacological

experiments. Available modulators of the mitoKATP chan-

nel have various side effects that may complicate the

interpretation of results (Hanley et al. 2002). Thus, one aim

of the present study was to carefully check whether a po-

tential effect of the inhibitor used (5-HD) is actually spe-

cific for the modulation of the mitoKATP channel.

We found that in rat liver mitochondria the mitoKATP

channel inhibitor 5-HD significantly enhances the open

probability of the PTP. However, apart from blocking the

mitoKATP channel, 5-HD can be metabolized in mito-

chondria, creating a bottleneck for b–oxidation of fatty

acids (Hanley et al. 2005). To exclude that this alternative

effect was responsible for the modified swelling behavior,

experiments were conducted in medium with TEA substi-

tuted for potassium. In contrast to the KATP channel of the

cell membrane, the mitoKATP channel is not affected by

TEA (Paucek et al. 1992). Under potassium-free condi-

tions, 5-HD did not affect Ca2+-induced swelling, sug-

gesting that a modulation of potassium homeostasis is

required for the effect of 5-HD. Furthermore, we showed

that in the presence of ATP as the physiological inhibitor of

the mitoKATP channel, 5-HD did not further increase Ca2+-

induced swelling of rat liver mitochondria. Importantly,

while ATP should increase the opening probability of the

PTP due to its inhibitory action on the mitoKATP channel,

ATP is additionally known to be a direct inhibitor of the

pore (Halestrap, Woodfield and Connern 1997). Indeed, the

presence of 200 lM ATP did slightly decrease the Ca2+-

induced swelling compared to swelling in medium lacking

ATP.

The Ca2+-induced decrease of brain mitochondria was

much less pronounced than that of liver mitochondria.

Furthermore, CsA did not inhibit but, rather, delayed

swelling of brain mitochondria. The relative insensitivity of

the PTP of brain mitochondria for inhibition by CsA has

been reported before (Brustovetsky and Dubinsky 2000;

Chinopoulos, Starkov and Fiskum 2003; Kristal and Du-

binsky 1997). In contrast to the results obtained in liver

mitochondria, we did not observe an effect of 5-HD on the

Ca2+-induced swelling of rat brain mitochondria, indicating

that distinct mechanisms underlie the detrimental effect of

mitoKATP channel inhibition on IP of different tissues.

However, a recent study of Costa et al. (2006) using dif-

ferent preparation methods and incubation media reports

similar effects of mitoKATP channel modulators on the PTP

of liver, brain and heart mitochondria. Thus, the possible

interaction between mitoKATP channel and PTP in brain

mitochondria appears to be strongly dependent on the

experimental conditions. It is important to stress that the

isolation procedure we used yields mitochondria from both

neuronal and glial cells. It has been described that neuronal

and glial mitochondria differ substantially in their suscep-

tibility to permeability transition (Bambrick et al. 2006). It

is, therefore, possible that in our study the treatment with 5-

HD facilitated PTP opening in one subfraction of mito-

chondria, while in another fraction permeability transition

was inhibited by 5-HD. In this case, no overall effect on 5-

HD on swelling of the mitochondria would be seen.

Moreover, though the mitoKATP channel of brain mito-

chondria has been reported to be sensitive to 5-HD (Bajgar

et al. 2001), recent results suggest that this does not apply

in all cases (P. Bednarczyk, personal communication).

Keeping this in mind, we cannot exclude that in our

experiments 5-HD failed to affect potassium homeostasis

of brain mitochondria and, therefore, was not able to

influence the opening state of the PTP.

We conclude from our results that inhibition of the

mitoKATP channel by 5-HD increases the sensitivity of the

PTP to Ca2+ ions. Skalska et al. (2005) reported a similar

action of the mitoKATP inhibitor glibenclamide on the PTP

of muscle mitochondria. However, they did find the same

effect in potassium-free medium. Hence, the present study

is, to our knowledge, the first one in which a PTP-acti-

vating effect of mitoKATP channel inhibition is described.

Our results are in accordance with a recent report by Costa

et al. (2006) on a protective effect of different mitoKATP

channel activators on Ca2+-induced PTP opening of iso-

lated mitochondria.

The underlying mechanism of the PTP-activating effect

of mitoKATP channel inhibition in liver mitochondria re-

mains unclear. Isolated mitochondria exhibit a membrane

potential of around –190 mV (inside negative), generating a

large driving force for K+ uptake into the mitochondria

(Garlid and Paucek 2003). Concordantly, it has been shown

that activation of the mitoKATP channel leads to a depo-

larization of mitochondria by increasing K+ influx, thus

reducing the Ca2+ influx into mitochondria (Szewczyk,

Wojcik and Nalecz 1995). A reduced intramitochondrial

Ca2+ concentration is known to prevent opening of the

PTP. Accordingly, inhibition of mitoKATP channel by 5-

HD might hyperpolarize mitochondria by decreasing K+

input, thus increasing the Ca2+ influx and facilitating PTP

opening. On the other hand, hyperpolarization of mito-

chondria is commonly considered to be a PTP-inhibiting

factor (Bernardi 1992). A further possible explanation is an

action of 5-HD on the activity of different ion exchangers

of the inner mitochondrial membrane. For instance, a drop

in mitochondrial potassium concentration due to inhibition

of the mitoKATP channel should alkalize the mitochondrial

matrix because of a reduced activity of the K+/H+ ex-

changer. A rise in pH is known to increase the open

probability of the PTP (Halestrap 1991). Furthermore, an

alkaline pH elevates the activity of the Pi/OH- antiporter of

the inner mitochondrial membrane and, consequently,
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matrix phosphate concentrations. Phosphate is a physio-

logical modulator of the PTP as high phosphate increases

the open probability. A different explanation of the inter-

action between the mitoKATP channel and the PTP has been

suggested by Costa et al. (2006), who reported that inhi-

bition of the PTP by mitoKATP channel opening can be

abolished by inhibitors of protein kinase C (PKCe) as well

as by a scavenger of reactive oxygen species. They pro-

posed that mitoKATP channel activation increases produc-

tion of H2O2, which in turn blocks the PTP by activating

PKCe.

In conclusion, the present study demonstrates that the

state of the mitoKATP channel is able to modulate the

opening probability of the PTP. Since PTP opening is re-

lated to both apoptotic and necrotic cell death (e.g., in

ischemia), modulation of this mitochondrial ‘‘megachan-

nel’’ by controlling the state of the mitoKATP channel may

offer therapeutic benefit for various diseases.
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