
DOI: 10.1002/cphc.201200793

The Effect of Bacterial Signal Indole on the Electrical
Properties of Lipid Membranes
Catalin Chimerel,[a] Andrew J. Murray,[b] Enno R. Oldewurtel,[a] David K. Summers,[c] and
Ulrich F. Keyser*[a]

1. Introduction

Indole is an important biological signal molecule produced by
more than 85 Gram positive and Gram negative bacterial spe-
cies.[1] In bacterial communities, indole acts as an inter- and
intra-cellular signal, influencing multiple aspects of bacterial
physiology and has proved to be an important factor in the
transition to stationary phase.[2, 3] It also promotes resistance to
a range of drugs and toxins[4] and is involved in preventing
plasmid loss.[5] Aspects of bacterial ecology and host–pathogen
interactions that respond to indole include biofilm formation[6]

and the expression of virulence factors.[7] In addition to its mul-
tiple functions as bacterial signal, recent evidence suggests
that indole has a role in communication between intestinal
bacteria and their mammalian hosts.[8, 9] This suggests that
indole acts as an inter-kingdom signal,[8, 9] an activity facilitated
by its ability to pass freely through lipid membranes.[10] Howev-
er, the biophysical effects of indole used by bacteria to com-
municate with eukaryotic cells remain largely unclear.

Some 30 years ago a study suggested that indole influences
oxidative phosphorylation in rat liver mitochondria.[11] Accord-

ing to Mitchell’s chemiosmotic hypothesis,[12, 13] the generation
of the key energy storage molecule, ATP, by oxidation and
phosphorylation relies on the ability of the lipid membrane to
withstand an electrochemical proton gradient. Experiments
with artificial lipid membranes have shown that weak acids[14]

act as proton ionophores (protonophores), by passively trans-
porting protons across lipid membranes. In essence, protono-
phores uncouple oxidation and phosphorylation by providing
a shunt for the transport of protons across the inner mem-
brane of bacteria and mitochondria of eukaryotes. Consistent
with the reported effect of indole on mitochondria, we have
recently proved that indole concentrations in the mm range
stop bacterial cell division by dissipating the membrane poten-
tial across the inner membrane.[15]

Despite the importance of indole as a signalling molecule
and the evidence that it functions as an ionophore, there has
been no detailed investigation of the capacity of indole to
transport charge across lipid membranes. Here, we analyse the
biophysical effect of indole on the passive diffusion of ions
through artificial lipid membranes. We demonstrate that an
indole derivative, 4 fluoro-indole (4 F-indole), transports charge
more than one order of magnitude faster across lipid mem-
branes. Further, we link the effects of charge transport through
artificial lipid membranes with a biological system by showing
that physiological concentrations of indole increase the rate of
mitochondrial oxygen consumption and thus are likely to dissi-
pate the proton motive force in eukaryotic cells.

2. Results and Discussion

2.1. Theoretical Background

The transport of charge through artificial lipid membranes has
been studied for a great variety of uncoupling agents.[19]

Indole is an important biological signalling molecule produced
by many Gram positive and Gram negative bacterial species,
including Escherichia coli. Here we study the effect of indole
on the electrical properties of lipid membranes. Using electro-
physiology, we show that two indole molecules act coopera-
tively to transport charge across the hydrophobic core of the
lipid membrane. To enhance charge transport, induced by
indole across the lipid membrane, we use an indole derivative,

4 fluoro-indole. We demonstrate parallels between charge
transport through artificial lipid membranes and the function
of complex eukaryotic membrane systems by showing that
physiological indole concentrations increase the rate of mito-
chondrial oxygen consumption. Our data provide a biophysical
explanation for how indole may link the metabolism of bacteri-
al and eukaryotic cells.
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Among these we differentiate the heterocyclic aromatic com-
pounds which act as protonophores: benzimidazoles.[19–24] It
can be observed that the chemical structure of indole is similar
to the chemical structure of benzimidazoles. In consequence,
we expect that indole and its derivative 4 F-indole will have
a charge transport mechanism similar to benzimidazoles. The
equilibrium theory described here[25, 26] has been previously de-
veloped and successfully applied[14, 20–23, 26] for molecules, such
as 4,5,6,7-tetrachloro-2-trifluoromethyl benzimidazole (TTFB)
and 5,6-dichloro-2-trifluoromethyl benzimidazole (DTFB).
Therefore, we apply the same theoretical model to indoles.

This theoretical model[25, 26] proposes that the mechanism of
charge transport involves the formation of a dimer between
the uncharged form [HA] and the ionized form [A�] . The dimer
[HA�2 ] has lower solvation energy for passing through the hy-
drophobic core of the lipid bilayer as compared to the ionized
form [A�] , the hydrogen ion or the hydroxide ion. If the
charged dimer is the only species shuttling charge across the
hydrophobic barrier posed by the lipids, the induced mem-
brane conductance (G) is proportional to the concentration of
dimer [HA�2 ] and it can be expressed as shown in Equa-
tion (1):[25, 26]

G ¼ k
KHA

KHA�
2

Ctot½ �2 Hþ½ �
Hþ½ � þ KHAð Þ2 ð1Þ

where k is a constant proportional to the product of the mobi-
lity of HA�2 in the membrane and the partition coefficient of
HA�2 between water and the membrane, KHA is the equilibrium
constant for the dissociation of the HA molecule into H+ and
A� , KHA�

2
is the equilibrium constant for the dissociation of HA�2

into HA and H+ , [Ctot] is the total uncoupler concentration.

Experimentally a small ionic current is found to pass directly
through the lipid membrane in the absence of the uncoupler
molecules. Consequently the measured membrane conduc-
tance (Gm) is the sum of the uncoupler-induced membrane
conductance (G) plus the leakage membrane conductance (G0).

For simplicity, the dependence of uncoupler-induced mem-
brane conductance as a function of uncoupler concentration,
expressed in Equation (1), can be rewritten as Equation (2):

log G½ � ¼ log Gm � G0½ � ¼ 2 Ctot½ � þ constant ð2Þ

As shown by Equation (1), the model predicts that the mem-
brane conductance increases with the square of the uncoupler
concentration. This is a consequence of the cooperative action
between two uncoupler molecules. If a monomolecular trans-
port model were to be employed, then a linear increase in the
membrane conductance with the uncoupler concentration
would be expected.[14] In addition, Equation (1) also predicts
a dependence of the conductance on the pH of the solution.
The conductance is expected to increase when the pH is in-
creased, to reach a maximum when the pH is equal to the pKa

of the uncoupler, and to decrease as the pH is further in-
creased.

In the literature the pKa of indole is reported with values be-
tween 16.7 and 16.9.[27, 28] Therefore, the hydrogen concentra-
tion [H+] in the pH region from 2 to 12 (the range of our
measurements) is much larger than the equilibrium constant
for the deprotonation of the indole molecule (KHA). The fluoride
atom present in the 4 F-indole molecule withdraws the elec-
tron density from the aromatic ring by inductive effect, pro-
ducing a decrease in the proton affinity of the NH group.[29]

Therefore, the pKa of 4 F-indole is expected to be smaller than
the pKa of indole. In the literature there is no measurement for
the pKa of 4 F-indole. However, if we take into account the pKa

reported for indole molecules substituted in the same position
with other electron-withdrawing groups, such as 4 NO2-indole
(pKa = 14.5) and 4 Cl-indole (pKa = 15.8), we can estimate the
pKa of the 4 F-indole molecule as being in the same range.[28]

Hence, we expect that our assumption, Hþ½ �@ KHA still holds
for 4 F-indole and then Equation (1) can be simplified to Equa-
tion (3):

Gm ffi k
KHA

KHA�
2

Ctot½ �2 Hþ½ ��1þG0 ð3Þ

Therefore, the model predicts that the uncoupler-induced
membrane conductance is inversely proportional to the hydro-
gen concentration present in solution when the pH is much
smaller than the pKa of the uncoupler [Eq. (3)] .

At constant uncoupler concentration Equation (3) can be re-
written to Equation (4):

log G½ � ¼ log Gm � G0½ � ¼ pHþ constant ð4Þ

In addition, the model predicts that even though the only
charge permeating through the membrane is the [HA�2 ] com-
plex, the membrane behaves as if it were selectively permea-
ble to [H+] ions. The Nernstian behaviour for the trans-mem-
brane potential (V), required to stop the ionic current that
passes through the lipid membrane when a pH difference
exists between the CIS and TRANS chamber of the bilayer, is
described by Equation (5):[25, 26]

V ¼ � RT
F

ln
Hþ½ �CIS

Hþ½ �TRANS

ð5Þ

Equation (5) predicts that at 21 8C the Nernstian trans-mem-
brane potential needed in order to stop the current flow due
to a pH gradient of one unit is 58.4 mV. However, if the leak-
age membrane conductance is comparable to the membrane
conductance induced by the uncoupler molecules, then the
measured trans-membrane voltage (Vm) is smaller than the
Nernstian value.[30, 31] In this case, the leakage conductance cre-
ates a voltage divider (see the Supporting Information Fig-
ure S3) which reduces the measured trans-membrane potential
Vm by a factor depending on Gm and G0 as shown in the litera-
ture [Eq. (6)]:[30, 31]

Vm ¼ V
Gm � G0

Gm

ð6Þ
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Here, the terms of the equation are the same as previously
defined in Equations (1)–(3).

2.2. The Conductance of the Lipid Membrane in the
Presence of Indole and 4 F-Indole

First, we analyse our electrophysiology measurements which
demonstrate that indole and 4 F-indole transport charge across
artificial lipid membranes. A black lipid membrane (BLM) is re-
constituted in a classic electrophysiology setup[16, 17] and the
membrane conductance is measured upon the addition of in-
doles. In Figure 1 a, b single representative experiments are
presented. It can be observed that the specific conductance of
the lipid membranes, calculated as described in the Experi-
mental Section (Gm

specific�G0
specific), increases with the increase in

concentration (Ctot), of indole or 4 F-indole. The dependence of
the indole-induced specific conductance (Gm

specific�G0
specific) on

the indole or 4 F-indole concentration can be described with
a quadratic function as predicted by Equation (1) (Figure 1 a,
b). This supports the hypothesis that indole forms dimers
when uncoupling the membrane. To complement Figure 1 a
and b with a better representation of the data, the logarithm
of the indole-induced specific conductance, Gm

specific�G0
specific, is

plotted as a function of the logarithm of the substrate concen-
tration Ctot (Figure 1 c). Here, an average of five different experi-
ments is shown for both indole and 4 F-indole. The data can
be described with Equation (2). At concentrations over 3 mm

the experimental data increase faster than the proposed fit
(Figure 1 c). This is probably due to the additional leakage cur-
rent passing through the lipid bilayer when the indole or 4 F-
indole concentration is increased. In support of this hypothesis
we observed that the stability of the lipid bilayer decreases
when the indole concentration exceeds 5 mm.

The dependence of membrane conductance on the concen-
tration of indole and 4 F-indole can be explained qualitatively
within the framework of the theoretical model. The quadratic
dependence of membrane conductance on the indole or 4 F-
indole concentration is predicted by Equation (1), and is a con-
sequence of the cooperative action between the uncoupler
molecules. The increased conductance in the presence of 4 F-
indole is due to the electronegative nature of the F atom,
which delocalizes the charge on the indole dimer [I2H�] , and
thus it reduces the energy required for the deprotonated 4 F-
indole to pass through the hydrophobic core of the lipid mem-
brane.[32] As the current-versus-voltage characteristics mea-
sured for both indole and 4 F-indole are sub-linear (Figure S4),
it is suggested[33] that the rate-limiting step for the conduction
process is the passage of the charged complex through the
lipid membrane. Consequently, 4 F-indole is a better ionophore
increasing Gm

specific�G0
specific by a factor of ~21 compared to

indole.

2.3. The Selectivity of Charge Transport in the Presence of
Indole and 4 F-Indole

Furthermore, we tested the selectivity of charge transport for
indole and 4 F-indole by investigating the response of the lipid

bilayer to a pH gradient. When a pH gradient is formed across
a lipid membrane in the presence of indole or 4 F-indole, an
ionic current flows through the membrane, even if there is no
voltage applied (Figure S4). If the pH is lower in the CIS cham-

Figure 1. The specific conductance of the lipid membrane (aqueous solu-
tion, pH 7.5) as a function of the indole concentration (circles) and 4 F-indole
concentration (squares). Specific membrane conductance plotted as a func-
tion of the a) indole concentration and b) 4 F-indole concentration. The
curves through the points are fitted according to Equation (1). c) Logarithm
of the bilayer conductance plotted against the logarithm of the concentra-
tion of indole or 4 F-indole (1 mm to 5 mm only). The curves through the
points are drawn according to Equation (2). In panels (a) and (b) single
traces are shown, while in panel (c) the means and standard deviations are
calculated from five independent repeats.
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ber (Figure S1), an equivalent proton current is flowing from
the CIS to the TRANS chamber. For both indole and 4 F-indole,
the membrane potential (Vt) required to stop the current gen-
erated by the pH gradient has a linear dependence on the
magnitude of the pH difference between the TRANS and the
CIS chambers of the lipid bilayer apparatus. In Figure 2 we
show the dependence of Vt on the pH difference for two con-
centrations of indole (2.5 mm and 5 mm) and 4 F-indole
(0.5 mm and 2.5 mm). A linear fit is applied to the data to de-
termine the measured trans-membrane potential required to
stop the current generated by a pH gradient of one pH unit
(Vm). For 4 F-indole we found Vm to be 40�2 mV per pH unit
at 0.5 mm (Figure 2 a). Increasing the concentration to 2.5 mm

leads to an increase in Vm to 55�1 mV per pH unit (Figure 2 b).
For indole we find a similar trend, with 39�1 mV per pH unit
obtained at 2.5 mm (Figure 2 c) and rising to 49�2 mV per pH
unit at 5 mm (Figure 2 d). The trans-membrane potential mea-
sured increases towards the Nernstian prediction of 58.6 mV
per pH unit, when the concentration of the indoles is in-
creased. This effect is explained by the presence of the leakage
conductance (G0 is around ~2 pS) and was discussed earlier in
Equation (6). Therefore, in the next paragraph we present the
theoretical predictions obtained with Equation (6) by plugging

in the experimental values measured for the leakage and con-
ductance in the presence of indole.

The total membrane conductance Gm measured in the pres-
ence of 2.5 mm indole is 9.3�2.7 pS and in the presence of
0.5 mm 4 F-indole is 10.9�3.8 pS. Using Equation (6) we pre-
dict the measured trans-membrane voltage, Vm, to be 45.8�
3.6 mV per pH unit for 2.5 mm indole and 47.3�3.7 mV per
pH unit for 0.5 mm 4 F-indole. These values are close to our ex-
perimental data presented in Figure 2. We suggest that the
slight difference between the measured values and the theo-
retical predictions comes from an underestimation of the leak-
age conductance in the presence of indole. As mentioned ear-
lier, a significant increase in leakage conductance at high
indole concentrations is suggested by the data in Figure 1 c. At
concentrations above 3 mm the increase in conductance with
concentration is slightly more than the quadratic dependence.
Increasing the concentration to more than 5 mm makes the
lipid bilayer prone to rupture. In the case of 4 F-indole the de-
viation from the quadratic increase is much less than that of
indole, and indeed it reflects a trans-membrane voltage closer
to the Nernst potential (55�1 mV per pH unit). Hence, our
data indicate that indole and 4 F-indole show characteristics
typical of protonophores.

Moreover, the pH dependence of the specific membrane
conductance minus the specific leakage conductance,
Gm

specific�G0
specific, in the presence of either 2.5 mm indole or 4 F-

indole was measured. Increasing the pH of the solution in the
presence of 2.5 mm indole or 2.5 mm 4 F-indole led to
a change of ionic conductance through the lipid membrane
(Figure 3). Nevertheless, the increase is slower than predicted
by the theoretical model [Eq. (4)] . Consequently, we fitted the
experimental data to the empirical Equation (7), which is simi-
lar to Equation (4):

log G½ � ¼ log Gm � G0½ � ¼ b � pHþ a ð7Þ

where a and b are empirical fitting parameters.

The theoretical model predicts b= 1 [Eq. (4)] . Experimentally
we obtain b= 0.127�0.014 for 2.5 mm indole and b= 0.130�
0.019 for 2.5 mm 4 F-indole. Thus, the increase in conductance
with the increase in pH is less than predicted by Equation (4).
This means that the membrane conductance does not strictly
follow the increasing formation of ionized dimer species [A2H�]
in solution. Therefore, the model fails to explain the pH de-
pendence. In the literature a similar behaviour is observed for
other ionophore molecules, for example, decylamine and picric
acid.[34, 35] To the best of our knowledge a satisfactory explana-
tion for this behaviour has not yet been formulated and is
beyond the scope of this paper.

2.4. The Effect of Indole and 4 F-Indole on the Mitochondrial
Oxygen Consumption

After discussing the effects of indole and 4 F-indole we now
turn to the biological relevance of these protonophores and
their effect on eukaryotic mitochondria. The generation of ATP
by mitochondria in eukaryotic cells depends on the establish-

Figure 2. Selectivity of charge transport for indole and 4 F-indole. The de-
pendence of the membrane potential (Vt) required to stop the current gen-
erated by a pH difference between the TRANS and the CIS chambers of the
lipid bilayer in the presence of a) 0.5 mm 4 F-indole, b) 2.5 mm 4 F-indole,
c) 2.5 mm indole, and d) 5 mm indole. The measurements were started at
pH 7 in 15 mm PB buffer and 100 mm KCl. The pH was modified in the CIS
chamber by the addition of HCl or KOH in aqueous solution. For a pH lower
than 7 in the CIS chamber the pH difference is denoted as positive and for
a pH higher than 7 as negative. For each set of data at least four different
bilayers were investigated and the raw data are presented here. A straight
line was fitted through the data and the trans-membrane voltages per pH
unit were found from the slope of the linear fit.
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ment of a proton gradient across the inner mitochondrial
membrane. This proton pumping is associated with the multi-
step transfer of electrons from NADH or FADH2 to oxygen
through the electron transport chain (ETC). If the proton gradi-
ent is reduced, for example, by an ionophore, this then allows
the protons to pass through the membrane, operation of the
ETC is stimulated, and oxygen consumption is increased. As
we showed herein, indole and 4 F-indole are proton iono-
phores and therefore should stimulate mitochondrial oxygen
consumption.

The effect of indole and 4 F-indole on the rate of oxygen
consumption by isolated rat liver mitochondria was measured

in the presence of succinate as substrate, but in the absence
of ADP in order to preclude any proton movement through
the ATP-synthase (Figure 4). Below 0.4 mm, indole does not
affect the mitochondrial respiration rate, but when the concen-
tration is raised from 0.4 mm to 0.8 mm there is a 60 % in-
crease. In contrast, 4 F-indole affects the mitochondrial oxygen
consumption rate at a concentration as low as 0.125 mm. An
increase of the 4 F-indole concentration to 0.375 mm raises the
rate of mitochondrial oxygen consumption by more than 65 %.
Thus, in agreement with the electrophysiology measurements,
charge transport across the inner membrane of mitochondria
is modified in the presence of indole or 4 F-indole. Both mole-
cules uncouple mitochondrial oxidative phosphorylation, with
4 F-indole being the more effective uncoupler, as expected
from our in vitro characterization.

Our measurements on diphytanoyl phosphatidylcholine
(DPhPC) lipids together with our experiments on mitochondrial
oxygen consumption indicate that indole not only affects bac-
teria, but has the capacity to affect nearby cells that may not
themselves produce indole. By its uncoupling action the bacte-
rial indole production could regulate the energy production of
surrounding cells. This could give the indole producer an ad-
vantage when struggling to survive (e.g. slowing down the
energy production in macrophages which are actively fighting
against bacteria). Therefore, our data provide a biophysical ex-
planation for how indole may link to the metabolism of bacte-
rial and eukaryotic cells and thus act as an inter-kingdom
signal.

3. Conclusion

We have shown that indole is a protonophore and that the
ionic conductance displays a quadratic dependence on its con-
centration in solution. Our results demonstrate that the trans-
port of indole is selective and that the charge transport across
the lipid membrane is enhanced by an increase in the bathing
pH. The efficiency of the indole molecule as a protonophore
was increased by the introduction of a fluorine atom in its
chemical structure, namely 4 F-indole. These results suggest

a biophysical mechanism for
small organic molecules, such as
indole that might be employed
by bacteria to influence the
energy production and thus the
behaviour of cells in surrounding
tissues. It is interesting to note
that in the human gut indole
concentrations reach concentra-
tions of up to 1 mm

[36, 37] and
thus, mitochondria in cells of the
gut epithelium could be directly
affected by the bacterial indole
production. Our measurements
confirm the action of indole and
analogues as uncouplers of oxi-
dative phosphorylation, reem-
phasize the potency of indole in

Figure 3. Dependence of the logarithm of the specific membrane conduc-
tance on the pH of the bathing solution in the presence of 2.5 mm indole
(circles) or 2.5 mm 4 F-indole (squares). The aqueous solution contained
0.1 m KCl and 15 mm PB buffer, 15 mm potasium citrate and 15 mm tris. The
pH was modified by the addition of KOH or HCl. The curves through the
points is drawn according to the empirical Equation (7).

Figure 4. Stimulation of oxygen consumption in rat liver mitochondria by indole (circles) and 4 F-indole (squares).
The mean and the standard deviation are calculated from four independent repeats.
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biological systems, and provide a biophysical explanation for
indole effects on eukaroyotic cells.

Experimental Section

Classical electrophysiology was used to study the permeability of
lipid membranes to ions in the presence of indole. A lipid bilayer is
formed in the round aperture of a Teflon foil (70–90 mm diameter,
25 mm thickness), using the Montal–Mueller technique.[16, 17] The
setup is shown in the Supporting Information Figure S1. A 2.5 %
(by volume) hexadecane solution (Sigma Aldrich) was used for
coating the Teflon foil before bilayer formation. 5 ml of a solution
of diphytanoyl phosphatidylcholine (DPhPC; Avanti Polar Lipids,
5 mg mL�1 in pentane) was spread on the water surface in the
compartments surrounding the lipid bilayer and subsequently the
lipid bilayer was formed. A model 2400, AM Systems, amplifier in
the voltage-clamp mode was used for applying the trans-mem-
brane voltage and for measuring the electric current. Electrical
noise was screened from the lipid membrane with a Faraday cage
connected to the ground of the amplifier. Ag/AgCl electrodes pro-
vided the electrical connection between the solutions and the
head stage of the amplifier. The ground and the live electrode of
the amplifier defined the CIS and the TRANS sides of the lipid bi-
layer, respectively. The applied voltage across the lipid bilayer was
varied in steps of 10 mV between + 50 and �50 mV, and for each
applied voltage the current was recorded for 10 s (Figure S2). The
data acquisition was made with a DAQ card (National Instruments)
and a custom written Lab View code. A Gaussian fit was made on
the histogram of the current trace and the average value of the
current was determined. A linear fit was applied to the current-
versus-voltage (I–V) characteristic (�50 mV) and the ionic conduc-
tance through the bilayer was extracted from the gradient of the
linear fit. The capacitance of the setup containing the lipid mem-
brane, evaluated each time before the measurement of the I–V
characteristic, was determined by applying a triangular potential
waveform to the lipid bilayer and measuring the resulting phase-
shifted square wave. In order to evaluate the capacitance of the
lipid membrane only, the capacitance of the setup embedding the
lipid membrane was subtracted from the total capacitance of the
setup. Fluctuations of the membrane conductance due to varia-
tions in the lipid membrane areas,[18] thickness, or composition
were taken into account by defining the specific membrane con-
ductance. This was the measured membrane conductance divided
by the capacitance of the lipid bilayer. The specific membrane con-
ductance was used in all our figures (specific conductance). Indole
(99.9 % purity, catalogue nr. 442619, Sigma Aldrich) was first diluted
to 125 mm in absolute ethanol (Fisher Scientific) and then diluted
to 10 mm in aqueous solution. This solution was used to adjust the
indole concentration in the solution surrounding the lipid mem-
brane. A similar procedure was followed for 4 F-indole (97 % purity,
catalogue nr. 457396, Sigma Aldrich). All measurements were made
in 100 mm KCl. The pH of the solutions was controlled, when not
otherwise mentioned, using 15 mm potassium phosphate (PB) in
acidic or basic form KH2PO4/K2HPO4. 10 % solution by mass in
water of HCl or KOH was used to adjust the pH, when a pH gradi-
ent across the lipid bilayer was introduced or when the pH de-
pendence of the membrane conductance was measured.

Mitochondria were isolated from the liver of male Wistar rats using
differential centrifugation. Briefly, rats were euthanized with
a rising concentration of CO2, after which livers were quickly ex-
cised and placed in ice-cold MSM buffer (220 mm mannitol, 70 mm

sucrose and 5 mm 3-(N-morpholino) propanesulfonic acid (MOPS),

pH 7.4) plus 2 mm ethylenediaminetetraacetic acid (EDTA). The
livers were finely minced and homogenised using a Teflon/glass
pestle and mortar. The homogenate was centrifuged at 400 g, to
remove nuclei and cell debris, and the resulting supernatant was
centrifuged at 7000 g to yield a mitochondrial pellet. The mito-
chondrial pellet was re-suspended twice in MSM buffer and centri-
fuged at 7000 g, before being suspended in a final volume of 1 mL
MSM. A protein assay was carried out on the final suspension to
determine the quantity of mitochondrial protein used in the respi-
ratory assays. Respiration rates of rat liver mitochondria were mea-
sured using Clark-type oxygen electrodes (Strathkelvin Instruments
Ltd, Glasgow, UK). Respiration rates were recorded and quantified
using 782 Oxygen System v4.0 software (Strathkelvin Instruments).
Oxygen concentrations were measured in 0.5 mL respiration
medium (100 mm KCl, 50 mm MOPS, 1.0 mm KH2PO4, defatted BSA
1.0 mg mL�1, pH 7.4) in two respiration chambers containing mag-
netic stirrers and maintained at 37 8C. Specific oxygen concentra-
tions were measured initially in the absence of mitochondria, and
then following the addition of mitochondria (equivalent of 0.75 mg
mitochondrial protein). Mitochondrial Complex II supported respi-
ration was initiated by the addition of 10 mm succinate in the ab-
sence of ADP (state II respiration). Succinate was chosen as the
substrate in these studies rather than glutamate, as pilot experi-
ments indicated that indole and 4 F-indole inhibited electron trans-
fer to mitochondrial Complex I. Indole or 4 F-indole were titrated
into each of the two chambers until a maximum uncoupled respi-
ration rate was observed. After each run, the chambers were thor-
oughly cleaned with ethanol and water.
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